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ABSTRACT 

 Previous research has demonstrated that BBB structure and function 

are altered as a result of various neurological disorders including ischemic 

stroke, traumatic brain injury, epilepsy, and infections of the brain. 

Additionally, the BBB has also been shown to alter its function in response 

to nociception. Despite the strong evidence for BBB alterations in both 

neurological disorders and pain, there is still debate on whether BBB 

permeability is altered in episodic headache disorders such as migraine. 

Cortical spreading depression (CSD) in the CNS is suggested as a common 

mechanism contributing to both headache production and BBB changes. In 

previous studies examining BBB changes in response to CSD, animals 

were anesthetized during the study, preventing any behavioral 

assessments. Additionally, in studies examining CSD induced nociceptive 

behaviors, BBB permeability was not assessed. Therefore, this work 

represents the first joint assessment of nociceptive responses and BBB 

integrity in response to CSD. In these studies, we observed a transient 

increase in BBB paracellular permeability in the cortex, but not brainstem, 

in response to KCl induced CSD. Additionally, at corresponding time points, 

we found that KCl induced CSD reduced periorbital withdrawal thresholds 

and rearing behavior, indicative of a state of facial mechanical allodynia.  

 Despite strong evidence for CNS involvement in headache 

disorders, drug development for headache disorders remains focused on 

peripheral targets. Difficulty in delivering drugs across the BBB may partially 
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account for this disparity. In this work, we demonstrated that KCl induced 

CSD increased the CNS uptake of radiolabeled sumatriptan in both the 

cortex and the brainstem. We also found that KCl induced CSD increased 

the expression of the putative sumatriptan transporter Oatp1a4 in the 

brainstem, which likely underlies the observed increased brainstem 

permeability to sumatriptan following CSD induction. Repeated CSD events 

may be harmful long-term. Therefore, we also investigated whether pre-

treatment with the migraine prophylactic topiramate could prevent the CSD 

induced increase in BBB permeability. In these studies a single dose of 

topiramate was not able to block CSD induced BBB changes; importantly, 

topiramate and other migraine prophylactic drugs are typically given 

chronically to reduce the occurrence and severity of attacks. Therefore 

further studies should be conducted to determine if chronic topiramate 

treatment has any protective effects on the BBB in this model. 

 Often, changes in BBB permeability are accompanied by decreases 

in tight junction protein expression, including occludin, claudin-5, and ZO-1. 

Here, however, we did not observe any changes in expression of either 

occludin or claudin-5 in response to cortical KCl induced CSD. BBB 

permeability can also be decreased through changes in TJ protein 

localization. We observed a change in claudin-5, but not occludin or ZO-1, 

localization in rats where CSD was induced with cortical KCl injections. This 

was recapitulated in an in vitro model using bEnd.3 mouse brain endothelial 

cells. Additionally, treatment of these cells with a CSD cocktail comprised 
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of KCl, ATP, and glutamate with a pH of 6.8 was also able to cause claudin-

5 relocalization. Interestingly, potassium influx mechanisms including the 

Na+/K+ ATPase and Kir6 channels have been implicated in BBB regulation. 

We found that blockade of these mechanisms with digoxin or AMP-PNP, 

respectively was able to prevent KCl or CSD cocktail-induced claudin-5 

relocalization. Since claudin-5 is the component of the BBB which regulates 

permeability to ions and small molecules, these changes may represent the 

BBB’s effort to re-establish membrane ionic equilibrium. 

 Finally, this work addresses sex differences in migraine, particularly 

as they relate to the BBB. In previous studies, female sex hormones have 

been shown to facilitate both nociception and CSD production. Here, we 

found that female rats had a more intense response to cortical KCl induced 

CSD. Additionally, we demonstrated that the female sex hormone 17-β-

estradiol can, on its own, induce nociceptive behaviors in rats. Finally we 

observed several changes in BBB structure and function related to sex 

hormones. Consistent with previous studies, we found that ovariectomy 

increased BBB permeability. When investigating estradiol induced 

molecular changes at the BBB, we turned our attention to the 

sodium/hydrogen exchanger NHE1 due to its role in regulating cell 

excitability, its reported functional regulation by estradiol, and in vitro data 

implying expression may play a role in triptan uptake. Here, we found that 

estradiol reduces NHE1 expression in a concentration dependent manner 

in GPNT rat brain endothelial cells, but not other CNS cell types such as 
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microglia or astrocytes. Additionally, we found that testosterone did not 

affect its expression. These data suggest that estradiol may control CNS 

ion balance and excitability due to its regulation of BBB ion exchangers such 

as NHE1. 

 Together, the results presented herein demonstrate that CSD 

induces episodic headache-like behaviors that coincide with alterations in 

BBB structure and function. These changes can be taken advantage of 

clinically, by dosing drugs at specific times to increase their access to the 

CNS. On the other hand, episodic headache induced BBB changes may 

also produce long-term deleterious effects. Therefore, further studies 

should be conducted to fully elucidate the mechanisms behind headache 

induced BBB changes so that they may be prevented through appropriate 

therapeutic interventions. 
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1.1 Primary Headache Disorders 

Headache is a common neurological disorder, with nearly half of the global 

population experiencing at least one headache episode per year 1. Assessment of 

recent studies has placed headache disorders as the sixth leading cause of 

disability worldwide 2. Headache disorders can be classed as either primary or 

secondary depending on their underlying etiology 3. Disorders where no other 

underlying pathology or trauma is found are classed as primary headache 

disorders 4. The primary headache disorders include migraine, tension-type, and 

trigeminal autonomic cephalalgias 3.  Although the studies discussed in this work 

may be applicable to multiple variants of primary and secondary headache, the 

bulk of the research presented here is focused specifically on migraine. 

 

1.1.1 Migraine 

Migraine disorders are very common, affecting roughly 15 percent of the 

world population 5. This high prevalence of migraine, combined with the often 

severe and debilitating symptoms results in a significant decreased quality of life 

for migraineurs 4. As a result of inadequate management, more than 90 percent of 

migraine sufferers report being unable to work or function normally. In fact, 

migraine and chronic headache was found to be the second most frequently 

identified cause of short-term absence in employees, comprising 47% of examined 

reports 6-8. This loss in productivity, combined with the disabling pain and 

accompanying symptoms experienced by the migraineurs, qualify migraine as a 
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global health issue. In fact, the World Health Organization has classified migraine 

as one of the most disabling illnesses in the world 5, 8. Alone, migraine was classed 

as the 21st leading cause of disabilities worldwide 2. Furthermore, migraine 

represents the sixth leading cause of disability worldwide in the age group 25-39 

years 2.   

The first written record of migraine is thought to have been transcribed 

thousands of years ago; however, significant advances in migraine research did 

not occur until the early 20th century 8-10. Studies by Graham and Wolff in the 1930’s 

described migraine as an exclusively vascular disease triggered by the painful 

expansion of the cranial arterial walls 8, 10. Now, migraine is generally accepted as 

a multifaceted neurological disorder, likely arising from a combination of vascular, 

neural, and genetic factors 8, 11. 

Migraine is a complex neurological disorder 12. Migraine attacks are typically 

divided into four phases, however, not all migraine patients experience all phases 

during episodes. The prodrome phase occurs hours or days prior to the headache 

and consists of nonspecific or vague symptoms such as tiredness and difficulty 

concentrating 4. Following headache, some patients experience aura, which 

typically precedes the headache phase by ~10 minutes 4; in some cases, aura may 

overlap with headache onset. The headache portion of the attack classically 

includes a throbbing, usually unilateral headache of moderate to severe intensity 

which lasts 4-72 hours 8, 12. This headache presents as unilateral (does not cross 

hemispheres), and pain is usually localized to the ocular, temporal, and frontal 

regions 4. In addition to headache, migraine sufferers experience numerous other 
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symptoms during attacks including nausea, vomiting, and hypersensitivity to 

sensory stimuli including visual, auditory, and olfactory 8, 12.  These symptoms, 

particularly the pain aspect, are often reported to worsen with movement and 

exercise 4. Following the resolution of the headache phase, patients often 

experience a postdrome phase characterized by a state of general depression, 

irritability, and fatigue 4. In episodic migraine disorders these attacks most often 

occur less than once per month, however, this can vary and may be up to 14 

attacks in one month 4. Migraine can also become chronic if patients experience 

at least 15 migraine attacks per month over a 3 month period.  Episodic migraine 

disorders progress to chronic disorders in about 15 percent of migraineurs, with 

certain variants of migraine (migraine with aura) being more prone to progression 

to chronic migraine 4. 

Attacks of migraine are often reported by migraineurs to be brought on by 

specific precipitating factors, or triggers. Triggers are reported by up to 90 percent 

of patients and can vary from person to person 4. Common triggers include stress 

and anxiety, sleeping difficulties or fatigue, certain foods or drinks, weather 

changes, strong smells, and menstruation 4. In particular, hormone changes 

brought on by the menstrual cycle are strongly linked with migraine attacks.  

Migraine, as well as some other headache disorders, predominantly affect women 

with about 75 percent of migraineurs being female 13-17. Clinically, ~25 percent of 

female migraineurs report mestrually related migraine 4.  

Sporadic migraine disorders are broadly classified as either migraine with 

aura or migraine without aura 3. Approximately 25 percent of migraineurs 
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experience aura, a preceding sensory disturbance (usually visual) about one hour 

prior to the headache phase of migraine 8, 12. Migraine with aura variants have 

been linked to production of cortical spreading depression (CSD), an electrical 

phenomenon in the brain 18. CSD is a propagating wave of depolarization followed 

by suppression of neuronal activity with corresponding changes in ionic balance 

18. Studies have shown that CSD can trigger activation and persistent sensitization 

of meningeal nociceptors, potentially contributing to the production of pain in 

headache disorders 19, 20.   

In addition to sporadic migraine disorders, familial variants also exist3. 

Familial hemiplegic migraine (FHM) is a genetic variant of migraine with aura 

which, in addition to classical migraine symptoms, includes weakness on one side 

of the body as a symptom during attacks 3, 8, 21. Migraine attacks in FHM have been 

more strongly linked to CSD than in classical migraine with aura, making it a useful 

disorder for studying potential causes of CSD in migraine 8, 21. In FHM, migraine 

occurs due to genetic defects in ion channels critical for the maintenance of 

neuronal activity homeostasis 22.  The most common form of FHM (type 1) is 

caused by a mutation in the CACNA1A gene encoding the pore forming subunit of 

P/Q type calcium channels 8, 23. This mutation enables these channels to open at 

more negative membrane potentials resulting in a lower threshold for CSD initiation 

8, 23. The less common forms of FHM also involve mutations of critical ion channels 

such as ATP1A2 (type 2), encoding the astrocytic Na+/K+ ATPase, and SCN1A 

(type 3) which encodes the alpha subunit of the voltage gated sodium channel 
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Nav1.1 8, 24. It is thought that all of these genetic variants increase neuronal 

excitability leading to an increased likelihood of CSD production 24. 

 

1.1.2 Tension-type Headaches 

Tension-type headache (TTH) is exceptionally common with almost all 

individuals experiencing at least one episode in their lifetime. Depending on the 

study, TTH has a reported prevalence of 30% to 80% in the adult population 3, 4.  

Episodic TTH disorders are further subdivided into infrequent (~1 attack/month) 

and frequent (>1-15 attacks/month) variants, with infrequent variants being the 

most common 3, 4. Additionally, episodic TTH progresses to chronic TTH (>15 

attacks/month) in about 25% of patients 4. Headache pain in TTH is described as 

a bilateral dull, tight, and pressurelike with mild to moderate intensity. These 

headache attacks can last between 30 minutes and 7 days 3, 4. Pain in TTH is most 

often referred to occipital, parietal, temporal, or frontal areas. Unlike migraine, TTH 

incidence has no gender bias and pain in TTH does not typically worsen with 

exercise. Additionally, patients with TTH experience little to no photophobia or 

phonophobia with no associated with nausea, vomiting 3.  Although symptoms of 

TTH are distinct from migraine, it is often difficult to distinguish between TTH and 

migraine without aura due to their high co-occurrence in patients 3.   

 The underlying pathologies leading to TTH production have yet to be fully 

elucidated. Thus far, evidence suggests that different mechanisms may play a 

central role in episodic vs. chronic TTH 25. In episodic headache pain is thought to 
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occur mainly due to aberrant activation of peripheral pain pathways, while in 

chronic TTH central mechanisms have also been shown to play a large role in 

headache production and persistence 25. In both chronic and, to a lesser degree, 

episodic TTH pressure pain hypersensitivity and pericranial muscle tenderness are 

seen and occur at least partly via peripheral mechanisms. Inflammation, decreases 

in blood flow, and aberrant peripheral muscle function 25. In particular, numerous 

studies have shown that abnormalities in peripheral muscle exist in chronic TTH 

including increased activity, atrophy, and altered metabolism 25, 26.  In chronic TTH 

patients, the consistency of pericranial muscle is palpably changed, with increased 

muscle hardness and tenderness being seen even between headache attacks 27.  

These observation have contributed to the belief that pain in TTH occurs due to 

increased contraction of muscles in the head and neck. Rather than global 

increases in muscle activity, however, clinical electromyography studies (EMG) 

studies have demonstrated increased muscle activity only in certain trigger points 

in chronic TTH patients 26, 27. Increased activation at these trigger points has been 

suggested to contribute to peripheral nociceptor activation and sensitization 

through the release of vasoactive and nociceptive substances in the vicinity of 

these nociceptors 26.  Though strong evidence exists for the involvement of 

abnormal muscle activity in chronic TTH, the lack of universal efficacy of muscle 

relaxants or pericranial Botox injections suggests that other complex mechanisms 

may be play a role in chronic TTH production and/or persistence 28. In support of 

this idea, central, genetic, and psychological mechanisms leading to TTH 

chronification have also been suggested both experimentally and clinically 25, 26.    
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1.1.3 Trigeminal Autonomic Cephalalgias 

Trigeminal autonomic cephalalgias (TACs) are a group of headache disorders 

characterized by the occurrence of trigeminal pain coupled with other autonomic 

symptoms 3, 4. The TACs include variants of cluster headache, paroxysmal 

hemicrania, Short-lasting unilateral neuralgiform headache attacks, and 

hemicrania continua 3. The location, duration, and specific symptoms associated 

with each disorder allow for clinical distinction between the TACs. Pain referral to 

certain orofacial regions in TACs, however, sometimes leads to misdiagnosis as 

dental pain or sinus pathology 4. Cluster headache (CH) is the classical example 

of TAC, and also the most common of these disorders 4, 29. Unlike migraine, CH is 

most often seen in males 29.  Like other headache disorders, CH disorders are 

classified as either episodic or chronic, with episodic disorders being the most 

common (~85 percent of CH is classed as episodic). Episodic CH attacks occur in 

distinctive circadian and/or circannual clusters with periods of remission that can 

last from weeks to years 4, 29. During these cluster attacks, headaches typically 

occur daily at consistent times of day at specific times during the year. These 

clusters often last weeks or months followed by a long-lasting remission 4, 29.  This 

unique episodic feature of CH suggests that abnormalities in CNS processing, 

especially related to hypothalamic pathways involved in circadian light-dark 

sensation, are involved in CH production 29.   

 Headache attacks in CH are characterized by a severe, unilateral, 

throbbing, stabbing, or burning pain with a typical duration between 15 minutes 
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and 3 hours. Some patients also complain of a low-level, persistent pain between 

attacks. In addition to headache pain, CH patients complain of restlessness and 

experience one or more local autonomic symptoms including: lacrimation (90% of 

cases), nasal congestion, facial sweating, miosis and ptosis, and eyelid edema 4.  

A prodrome phase similar to what is seen in migraine is also sometimes 

experienced by CH patients 30. Additionally, some CH patients experience aura 

symptoms prior to CH attacks 31.   

 Information regarding the underlying pathological mechanisms in CH is 

limited. Currently, it is believed that CH occurs due to a combination of vasomotor, 

inflammatory, autonomic, hypothalamic, and genetic defects 32, 33. Hypothalamic 

contribution to CH stands out due to its involvement in numerous CH relevant 

areas including autonomic control, circadian rhythm and sleep, and facial pain 

processing 8, 34-37. A few genome-wide analysis (GWAS) studies have also found 

genetic variants in a few genes in patients with CH 32. Of the identified genes, two 

are also thought to be involved in migraine pathogenesis; pituitary adenylate 

cyclase-activating polypeptide (PACAP) and phosphatase and actin regulator 1 

(PHACTR1) 32. CH and migraine also share some symptoms including unilateral, 

throbbing headache pain and the presence of prodrome and aura phases in a 

subset of patients. It is therefore possible that these shared genetic variants may 

contribute to these shared characteristics in CH and migraine. 

 

1.2 Secondary Headache Disorders 
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Secondary headaches are headaches induced by a separate causal 

disorder such as blunt trauma or other damaging events in the CNS. A large 

number of disorders can manifest in secondary headache production. Examples 

include: intracerebral hemorrhage (ICH), bacterial meningitis, space occupying 

lesions, epilepsy, traumatic brain injury (TBI), ischemic stroke, and other 

cardiovascular disorders 12. This vast diversity of disorders producing headache, 

with varying severity, makes efficient diagnosis of the underlying cause of 

headache imperative in the clinical setting 38.  This task is made more difficult since 

secondary headaches often symptomatically mimic the primary headache 

disorders, therefore diagnosis of serious underlying pathologies may be missed in 

patients with a history of primary headache  3.  In the emergency department it is 

therefore vital to thoroughly investigate the cause of headache. Often this is 

achieved using a combination of computed tomography (CT),   magnetic 

resonance imaging (MRI), lumbar puncture, and other diagnostic tests depending 

on the specific constellation of symptoms 38. 

Molecular mechanisms of secondary headache likely vary depending on the 

root cause of the headache. Many disorders that present with secondary headache 

have also been shown to induce CSD, providing an interesting link between 

primary and secondary headaches.  CSD has been tied to numerous pathological 

outcomes in neurological disorders including potentiation of excitotoxicity, 

production of CNS lesions, and disruption of cerebral blood flow 39.  The main 

disorders which produce both headache and CSD are ischemic stroke, intracranial 
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hemorrhage, and traumatic brain injury. Additionally, some evidence suggests that 

CSD also occurs in epilepsy 39 

Ischemic stroke, in particular, is interesting due to the correlation between 

migraine, stroke risk, and CSD vulnerability. Patients with ischemic stroke often 

exhibit an exaggerated CSD state, where numerous CSD occur in repetition for 

hours to days after ischemic stroke initiation 40. CSD occurring near the ischemic 

core has been shown to cycle through penumbra, potentially contributing to the 

progressive growth of the infarct region that is seen in patients 41. CSD in ischemic 

stroke is believed to be caused by failure of regulators of ion homeostasis, in 

particular, Na+/K+-ATPase. Over time this will cause a sufficient rise in extracellular 

K+ to trigger CSD 42.  Though ischemic stroke has the propensity to cause severe 

damage and ionic dysfunction, CSD occurs in only a subset of patients 40. Genetic 

factors are thought to be the main contributors to CSD susceptibility in ischemic 

stroke 39. Experimentally, it has been shown that the FHM type-1 mutation in the 

CACNA1A gene leads to increased CSD production and worse outcome in the 

transient filament occlusion of the middle cerebral artery (fMCAO) mouse model 

of ischemic stroke 43. Conversely, it is also well known that patients with migraine 

with aura have a risk of stroke development compared to the general population 

39. Additionally, patients with a history of migraine with aura often exhibit 

accelerated infarct growth when they present with ischemic stroke 39.  This 

observed interrelationship between CSD in migraine and ischemic stroke, as well 

as the observation of headache in both states, suggests a degree of pathological 

correlation between the two disease states. The contribution of each variable to 
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headache production vs. other neurological defects has yet to be fully elucidated, 

however, therefore further studies are warranted. 

 

1.3 Transmission of Nociceptive Signals in Migraine 

The precise mechanisms for headache production in migraine disorders are 

still unidentified, however, it is known that activation of trigeminal afferents is 

generally necessary for headache pain sensation 44. As the fifth cranial nerve, the 

trigeminal nerve contains the major primary afferents for the relay of facial and 

scalp sensory information, including pain 8, 44. The trigeminal nerve separates into 

three branches: the ophthalmic nerve (V1), the maxillary nerve (V2), and the 

mandibular nerve (V3) 8, 44. The ophthalmic and maxillary nerves solely transmit 

sensory information, while the mandibular nerve performs both motor and sensory 

functions 8, 44.  

 

1.3.1 Ascending Transmission of Head and Facial Pain 

The initial step in head and facial pain transmission is the translation of 

noxious events such as chemical, mechanical, and thermal stimuli into electrical 

events in the sensory nerve endings of the head and scalp. These pain sensing 

neurons contain cell bodies which are bundled into nuclei in the periphery. In 

somatic pain, these cell bodies are clustered outside the spinal cord into dorsal 

root ganglion (DRG), while in head and facial pain these cell bodies, called 

trigeminal ganglion (TG) are located outside the brainstem.    
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Beyond localization, peripheral nociceptors can be further divided into 

subtypes based on their physical features and the type of stimuli they are 

responsive to.  Sensory nerves are generally separated into 5 types: type Ia and 

Ib (group Aα), type II (group Aβ), type III (group Aδ), and IV (group C). Of these, 

the medium diameter thinly myelinated, type III Aδ and small diameter, 

unmyelinated type IV C fibers are the fiber classes mainly responsible for 

transmission of thermal and nociceptive information. These nociceptors are 

multimodal and are therefore able to respond to multiple types of nociceptive 

stimuli. For example, Aδ fibers can respond to combinations of chemical, 

mechanical and thermal stimuli, while C fibers are only known to transmit 

mechanical and thermal information. Additionally, some evidence suggests that 

the light-touch responsive myelinated, large diameter type II Aβ fibers can also 

relay nociceptive information  in some cases, providing further evidence for axon 

heterogeneity 45. 

 Following their activation, the peripheral trigeminal nociceptors originating 

from the dura project through the trigeminal tract to the caudal medulla and the 

upper cervical spinal cord 8, 46-49. Second order neurons originating largely from the 

spinal trigeminal nucleus caudalis (TNC) convey nociceptive information to several 

brainstem relay centers including the rostral ventromedial medulla (RVM) and 

periaqueductal gray (PAG)8, 37, 50. Nociceptive signals from the TNC are also sent 

to the hypothalamus and thalamus for further processing and relay to higher order 

cortical centers (Figure 1) 8, 35-37. 
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1.3.2 Descending Modulation of Pain Signals 

Following transmission to brain and brainstem processing centers, 

nociceptive signals originating from meningeal nociceptors can be modulated 

supraspinally via descending facilitation or inhibition 8, 51, 52. Experimental evidence 

suggests the importance of the PAG and RVM in descending pain modulation 8, 53. 

In the RVM, ON and OFF cells are known regulators of descending pain 

modulation 54. Following nociceptive stimulation in the periphery, activity of ON 

cells has been shown to increase their activity, while OFF cells show reduced or 

halted activity 54. The PAG is also known to modulate pain transmission via 

connections with cortical and brainstem areas involved in the sensation of pain. 

Initial studies on the PAG in regard to nociception demonstrated that electrical 

stimulation of the PAG in rats prevented a behavioral response to noxious stimuli 

53. Opioid, serotonergic, and noradrenergic pathways have all been implicated in 

descending pain inhibition through the RVM and PAG 8, 55. Recently, migraine 

patients have been shown to have abnormal connectivity in pain modulatory 

regions in the brainstem 8, 56. Interestingly, migraine patients have been shown to 

exhibit reduced functional connectivity between the PAG and the rostral anterior 

cingulate cortex and medial prefrontal cortex, which are key brain regions involved 

in descending pain modulation 57. The magnitude of these changes in connectivity 

was found to be associated with migraine headache intensity 8, 57, suggesting that 

migraine patients may have deficits in pain modulation through modifications in 

descending pain inhibition.  



Page | 40  
 

 

Figure 1 
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Figure 1: Broad overview of headache pain transmission through the CNS. 

Stimuli from peripheral nociceptors induce transmission through trigeminal 

ganglion to second order neurons in the trigeminal nucleus caudalis. They are then 

directed to relay centers in the brainstem including the rostral ventral medulla and 

periaqueductal gray. Nociceptive transmissions are also conducted to the 

thalamus and hypothalamus for relay to higher order cortical regions. From here, 

descending pain modulation can occur through efferent connections with the 

periaqueductal gray.  

 

 

 

 

 

 

 

 

 

 

 

  



Page | 42  
 

1.3.3 Meningeal Nociceptor Activation by Neurogenic Inflammation 

Numerous mechanisms by which the nociceptive fibers of the trigeminal 

nerve are stimulated during migraine have been proposed including neurogenic 

inflammation of the dura mater and the occurrence of CSD 8. Neurogenic 

inflammation is a process in which certain neuronal activity can produce 

inflammation characterized by vasodilation, increased vascular permeability 

leading to local edema, and hypersensitivity 58, 59. Early studies examining 

neurogenic inflammation noted that the presence of intact sensory nerves is 

required for the acute inflammatory response seen following application of mustard 

oil to the skin 58. Neurogenic inflammation is often produced in response to release 

of neuropeptides such as Substance P, Neurokinin A, and calcitonin gene-related 

peptide (CGRP) which evoke the release of endogenous inflammatory mediators 

58. These neuropeptides are thought to be released due to retrograde stimulation 

of already activated primary afferents 59.    

Studies on migraine in recent decades have shifted the view of migraine 

from a purely vascular disorder to a more complex neurovascular disorder with 

genetic and environmental components. Evidence for the development of 

neurogenic inflammation in migraine has provided a link between the vascular 

changes and nociceptor activation seen during attacks. In migraine, neurogenic 

inflammation is most often tied to degranulation of mast cells in the dura, causing 

stimulation of meningeal afferents in the trigeminovascular system 8, 60. Noxious 

stimuli in the primary afferents of the trigeminovascular system have been shown 
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experimentally to contribute to release of vasoactive and neurogenic 

neuropeptides such as substance P and CGRP 8, 61, 62.  

Though it performs many functions in the body, CGRP has been 

demonstrated to play a fundamental role in migraine pathology 8, 62, 63.  CGRP is 

both a potent vasodilator and nociceptive neurotransmitter acting at multiple levels 

of nociceptive transmission including at first-order meningeal neurons and second 

order neurons in the spinal cord and TNC 8, 63, 64. CGRP induced vasodilation of 

meningeal arteries prior to migraine attacks is thought to cause extravasation of 

inflammatory mediators onto dural afferents, leading to their activation 8, 62. CGRP 

has also been suggested to directly cause mast cell degranulation which can 

perpetuate persistent neurogenic inflammation by causing additional CGRP 

release and further activation of trigeminal nociceptors 8, 65. These mechanisms 

have yet to be definitively confirmed clinically, however, studies on serum, CSF, 

and saliva levels of CGRP in migraine patients have shown elevated levels of 

CGRP both during and between attacks as compared to healthy controls 8, 62, 66-68. 

Additionally, infusion of CGRP in migraine prone individuals reproducibly induces 

a migraine like attack several hours post infusion 63. Presently, the evidence 

implying a connection between neurogenic inflammation and CGRP and migraine 

provides a compelling explanation for some features of migraine pain; however, 

the underlying mechanisms for episodic mast cell degranulation, meningeal 

nociceptor activation, and the endogenous cause of increased CGRP levels seen 

in migraine is unknown 8. .  
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1.4 The Central Nervous System in Migraine Disorders 

Evidence suggests the importance of the CNS in the pathology of all 

migraine variants. Perception of all pain, including headache, is ultimately 

generated via processing in the CNS. In migraine with aura, headache pain may 

be, at least partially, generated from within the CNS through CSD. Additionally, 

strengthening of central synapses involved in pain transmission by central 

sensitization has been suggested as an important mechanism leading to the 

persistent recurrence of headache attacks in migraine 8. 

 

1.4.1 Central Sensitization 

In the acute setting, nociception occurs as a direct response to potentially 

damaging stimuli such as extreme temperature and traumatic mechanical 

stimulation. In chronic pain conditions, however, nociceptive signaling persists 

long after the harmful stimuli have been removed and tissue damage has been 

resolved.  The development of central sensitization has been suggested to explain 

the chronic and recurring nature of migraine and other pain states 8, 69. The 

occurrence of central sensitization in pain has been observed and investigated in 

several animal models as well as human pain conditions 8, 70. Central sensitization 

leads to increased nociceptor excitability due to strengthening of the central 

synapse by increasing neurotransmitter release and/or changing post-synaptic 

receptor density 49, 71.  When sensitized, second order neurons are able to be 

activated in response to previously subthreshold, nociceptive stimuli. These 
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changes are marked in both humans and animals as allodynia, a painful response 

to a usually innocuous stimulus, and hypersensitivity, an exaggerated response to 

a painful stimulus 49, 72.  

Nociceptive trigeminal primary afferents synapse in the spinal trigeminal 

nucleus in the medulla. In migraine, these primary afferents are thought to undergo 

primary sensitization due to repeated or prolonged activation69. In turn, the 

sensitized primary afferents stimulate the medullary second order neurons with 

increasing intensity, leading to the development of central sensitization 69.  

Sustained sensitization of these medullary dorsal horn neurons has been shown 

to occur in response to dural inflammation in rats, providing evidence for the 

development of central sensitization in headache disorders 8, 49. In migraine, CSD, 

autonomic dysfunction, and/or increased circulating levels of pro-inflammatory 

molecules in patients are thought to contribute to central sensitization. Interleukin-

6 (IL-6), which has been shown to be elevated in migraine patients, has been 

demonstrated to impact priming and sensitization of second-order neurons in the 

TNC 8, 73-75. This effect was dependent on centrally-acting brain derived 

neurotrophic factor (BDNF) within the brainstem 8, 73. CGRP is also thought to play 

a key role in central sensitization in response to migraine. CGRP is co-released 

with glutamate from trigeminal primary afferents onto second-order neurons in the 

TNC thus lowering the activation threshold of the second order neuron to 

glutamate 8, 76. This increase in central CGRP can stimulate glial cells in the CNS 

to release inflammatory mediators, further perpetuating this inflammatory state and 

central sensitization 8, 77.   
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Symptoms suggesting the development of central sensitization have also 

been observed in migraine patients. Many migraineurs experience hypersensitivity 

on their face and scalp during migraine attacks which persists after the primary 

migraine pain has subsided. In these patients, even common grooming activities 

such as combing their hair can become painful 8, 78.  One study in migraine patients 

by Burstein et al. demonstrated increased ipsilateral head/facial skin sensitivity 

during headache attacks in 79% of patients 79. Interestingly, 69% of these patients 

also had increased sensitivity in non-headache regions such as the contralateral 

facial region and the forearms 79. This hypersensitivity in other regions suggests 

the development of central sensitization, leading to a more global hypersensitivity 

to sensory input 69. 

 

1.4.2 Cortical Spreading Depression 

CSD is another postulated mechanism by which the trigeminal nerve is 

activated in migraine. CSD is described as a self-propagating wave of neuronal 

and glial depolarization followed by a wave of inhibition across the cortex. CSD is 

thought to be the underlying cause of the aura phase of migraine 8, 18. Some 

evidence also suggests that the CSD itself may be contributing to the activation 

and sensitization of meningeal nociceptors 19, 20. CSD has been shown to cause 

release of numerous pronociceptive substances including CGRP, glutamate, ATP, 

and hydrogen ions in the cortex that can diffuse to and activate meningeal 

nociceptors 8, 80. Furthermore, one study examining gene expression in the cortex 

following KCl induced CSD in FHM1 mice showed increased expression of genes 
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involved in inflammation (Cd53, Ms4a6d, Anxa2, Ccl2, Vim, C3ar1 and Timp1) 81. 

These experiments further suggest the possibility for CSD induced activation of 

nociceptors in pain pathways via changes in inflammation state. Activation of these 

nociceptors can then elicit further neurogenic inflammation through mast cell 

degranulation and vasodilation of meningeal blood vessels causing subsequent 

diffusion of inflammatory mediators onto meningeal afferents as a positive 

feedback that exacerbates migraine and other headache disorders 8, 60.  

Mechanisms of CSD initiation in migraine have not been fully elucidated; 

however, aberrations in neurotransmitter and neuropeptide release and function 

have been suggested as major contributors to CSD propagation 8. Glutamate is 

the major excitatory neurotransmitter in the brain and is present in a large majority 

of synaptic connections in the CNS. Receptors for glutamate can be either 

ionotropic (AMPA, NMDA, kainate) or metabotropic (mGluR1-mGLuR6). Glutamate 

is known to both trigger CSD and to be released into the extracellular space during 

CSD propagation82, 83.  In contrast, one study using large-scale mass spectrometry 

imaging (MSI) to examine biomolecular changes in the brain following CSD in 

FMH1 mice found a decrease in glutamate levels in the brain following CSD 84. 

The authors note, however, that these FHM1 transgenic mice also have an 

increased expression of the glutamate transporters EAAT1 and EEAT2 compared 

to wildtype mice; which may indicate a compensatory mechanism for clearing the 

excess glutamate released during CSD 84. Regardless, it is clear that changes in 

glutamate transmission occur in response to CSD. Additionally, increases in 
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glutamatergic transmission in specific brain regions likely contributes to CSD 

production in migraine and other neurological disorders. 

Changes in ionic balance are also known to both contribute to, and occur 

due to CSD. Elevated extracellular K+ levels have been demonstrated as sufficient 

to induce CSD85.  Additionally, In FHM2, mutations in ATP1A2 have been shown 

to cause defective clearance of both K+ and glutamate leading to an increased 

susceptibility to CSD 86. The electric depression during CSD is also known to cause 

a breakdown of ion homeostasis 87. During CSD extracellular K+ concentrations 

increase dramatically, whereas extracellular Ca2+, Na+, and Cl- concentrations 

decrease 87. Additionally, extracellular pH changes in a biphasic fashion following 

CSD; with an initial alkalization followed by longer lasting acidification 88. These 

observations demonstrate the contribution of ionic dysfunction to CSD initiation 

and outcomes.   

Repeated excitatory stimulation can also lead to release of neuropeptides 

such as CGRP. CGRP is released in response to CSD 80. Additionally, CGRP 

application has been shown to promote CSD in response to elevated extracellular 

K+ in rat neocortical slices. The same study demonstrated a dose dependent 

inhibition of CSD with three different CGRP receptor antagonists 8, 89. Furthermore, 

the CGRP receptor antagonist MK-8825 was shown in a separate study to 

attenuate CSD induced pain behaviors, although they did not observe any effect 

of MK-8825 on CSD initiation or propagation 90. It is known that CGRP is elevated 

in serum, saliva, and CSF in migraineurs both ictally and interictally 8, 62, 66, 67. 
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Therefore it is plausible that elevated CGRP levels in these patients can trigger a 

CSD and resulting migraine when combined with other migraine triggers8.  

Psychological and environmental triggers are also known to trigger migraine 

attacks. One of the most commonly reported migraine triggers is stress. Some 

studies suggest that the increased cortisol levels brought on by stress can increase 

CSD susceptibility 8, 91. One study showed that pre-treatment of FHM1 mice with 

corticosterone increased the frequency of CSD events in response to elevated 

extracellular K+ 8, 91. Another study examining the effect of environmental stress on 

trigeminal activation in a rat model of medication overuse headache found that 

bright light stress significantly increases TNC Fos staining, indicating an increase 

in trigeminal afferent activation 8, 92. Additionally, it has been demonstrated that 

CGRP can stimulate corticosteroid release 8, 93. On the other hand, high levels of 

cortisol have been shown to reduce CGRP plasma levels in patients with cluster 

headache, however it is unknown if a similar effect would be seen in migraine 94. 

If true in migraineurs, this may partially explain why many patients experience 

migraines at the resolution of a period of high stress. Together these studies 

validate stress as a probable trigger for CSD initiation in migraine patients 8.  

Genetic factors have also been implicated in migraine. The influence of 

genetic factors on CSD in sporadic migraine disorders has not been fully 

established. In FHM, CSD is potentially caused by defects in ion channels critical 

for the maintenance of neuronal activity homeostasis 8, 22. The link between CSD 

and migraine attacks is better established in FHM than in sporadic migraine with 

aura, making it a useful model for examining the relation between CSD and 
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migraine 21. In all FHM variants, mutations in genes involved in ion homeostasis 

have been shown to lead to the development of migraine attacks. It is thought that 

all of these mutations lead to an increased likelihood of CSD initiation by increasing 

neuronal excitability, thus establishing CSD as a key component in FHM 8, 24. 

In sporadic forms of both migraine with and without aura, genetic factors 

have been suggested to increase susceptibility to migraine; though identification 

of discrete loci is still in the early stages. An analysis of fifty years of family and 

twin studies estimated that 42% of migraine can be attributed to genetic factors95. 

Mutations in genes involved in ion homeostasis regulation in FHM suggest the 

importance of ion regulation in migraine, however, a recent meta-analysis of genes 

related to migraine susceptibility uncovered few genes related to ion transport. This 

suggests that other mechanisms must also be involved in CSD initiation and/or 

trigeminal activation in the common forms of migraine with aura 8, 96. Even so, the 

ion channel associated genes identified in relation to migraine do provide some 

link between common forms of migraine and CSD. Of the thirty-eight migraine 

susceptibility loci identified in the meta-analysis; two contained genes for ion 

channels (KCNK5 and TRPM8) and three contained genes related to ion 

homeostasis (SLC24A3, ITPK1, and GJA1) 8, 96. Of these genes, KCNK5 and 

SLC24A3, stand out as being potentially pertinent to CSD.  KCNK5 is a protein 

encoding gene for a two-pore domain acid-sensitive potassium channel TASK-2 8, 

97. Immunostaining of TASK-2 in the rat CNS indicates that this channel is highly 

expressed in many migraine-relevant regions including the hypothalamus and 

amygdala in the brain as well as the periaqueductal grey, locus coeruleus, and 
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trigeminal brainstem complex 8, 98.  The functional outcome of specific mutations 

found in this channel in migraine is unknown; however, its role in migraine can be 

postulated based on the channels’ function. TASK channels, including TASK-2, 

contribute to the potassium leak current in neurons and are involved in setting and 

modulating the membrane potential and controlling neuronal firing 97, 98. Therefore, 

down-regulation in the function or expression of the TASK-2 channel could lead to 

conditions favoring CSD induction 8.  

SLC24A3, encodes for the K+ dependent Na+/Ca2+ exchanger NCKX3 96. 

NCKX3, along with the other Na+/Ca2+ exchange proteins, is prominently involved 

in regulation of Ca2+ homeostasis in neurons; functionally it exchanges one 

intracellular Ca2+ and K+ for four extracellular Na+ 99. The role of K+ in CSD 

production is well known. Additionally, increased Ca2+ influx has been shown in 

rats to assist in the propagation and acceleration of CSD 100. Therefore, 

dysregulation of this channel may lead to alterations in ionic equilibrium across 

neuronal and glial membranes, potentially effecting CSD susceptibility. As with 

TASK-2, however, the function of NCKX3 in migraine has not been experimentally 

validated, thus more research is warranted to determine the contribution of these 

genetic polymorphisms to CSD and migraine 8.  

Many studies have provided evidence for CSD production in migraine due 

to genetic, environmental, and neurochemical defects (Figure 2). As migraine is a 

recurring, episodic disorder, it is likely that these patients experience repeated 

CSD events throughout their lifetime. Long term effects of repeated CSD events in 

migraine are largely unknown. Imaging studies in humans have provided evidence 
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for both structural and functional anomalies in the CNS in migraine patients. 

Structural anomalies including white matter abnormalities (WMA), Infarct-like 

lesions (ILL), and changes in gray matter and white matter volume have been 

observed in population-based and cross sectional human neuroimaging studies 8, 

101. Although the findings were not universal in each study, several meta-analyses 

have provided evidence that migraineurs, especially those with aura, have a higher 

prevalence of these CNS structural abnormalities than healthy controls suggesting 

a neural component of the pathology 101. The functional outcome of these structural 

differences in migraine has not been definitively determined, though have been 

suggested to occur due to migraine-related disruption of cerebral blood flow 

resulting from CSD 8, 102. These changes suggest that repeated CSD events may 

induce long-term changes in the brains of migraine patients. These structural 

anomalies highlight the importance of further studies examining the long-term 

effects of CSD in migraine. 
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Figure 2 
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Figure 2: Depiction of influencing factors and consequences of CSD in 

relation to migraine with aura. Numerous hormones and neurotransmitters 

including female sex hormones, CGRP, and corticosteroids increase CSD 

susceptibility and incidence due to high K+. Genetic modification in genes for ion 

channels or proteins related to ion homeostasis also increase CSD susceptibility 

in FHM. As a consequence of CSD, alterations in pH, blood-brain barrier integrity, 

and cerebral blood flow have been shown to occur. Several inflammatory 

molecules are also released into the cortex and meningeal nociceptors are 

activated and sensitized. Long term, structural abnormalities such as white matter 

lesions and infarct-like lesions are thought to take place as a result of recurrent 

CSDs. 
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1.5 Sex Hormone Involvement in Migraine Production 

According to the American Migraine Prevalence and Prevention Study 

published in 2013, over three times as many women met the criteria for migraine 

and have more severe migraine-related symptoms compared to men103.   Steroid 

sex hormones such as estrogen and progesterone have been implicated in 

migraine pathogenesis. Events or factors that influence female sex hormones such 

as menses, pregnancy, oral contraceptive intake, hormone replacement, and 

menopause have all been shown to modify migraine in affected individuals 104.  Of 

these women who experience migraine with aura, many experience migraines 

during discreet times in their menstrual cycle, either when their female sex 

hormones are at their lowest or their highest 8, 12. One study demonstrated the 

ability of both 17-β estradiol and progesterone to increase the amplitude of high K+ 

induced CSDs in rat somatosensory neocortical slices. Additionally, this study 

showed enhanced long-term potentiation (LTP) in these slices with high levels of 

female sex hormones 8, 105.  

 Some in vivo studies have also demonstrated the ability of female sex 

hormones to influence CSD. One study showed 17-β estradiol and progesterone 

to increase the frequency of K+ induced CSDs in anesthetized rats 8, 106. More 

recently, systemic administration of high-dose 17-β estradiol was shown on its own 

to elicit CSD events and pain behaviors in alert, awake, and freely moving rats 107. 

Interestingly this effect was inhibited not only by estrogen receptor antagonism, 

but also by pretreatment with the migraine therapeutic sumatriptan 107. These data 
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provide a link between female sex hormones, CSD, and migraine. Conversely, in 

a separate study, the male sex hormone testosterone was shown to decrease CSD 

susceptibility in a mouse model of familial hemiplegic migraine 8, 108.  These 

reported effects of sex hormones suggest that female sex hormones can both 

increase the risk of CSD as well as modulate cortical synaptic transmission.  

The mechanism underlying the influence of female sex hormones on CSD 

are largely undiscovered.  Estrogens and progestogens are known trophic factors 

involved in modulating brain structure and function over a woman’s lifespan 109. 

Female sex hormones are involved in structural regulation and outgrowth of CNS 

neurons, particularly in regions involved in cognition, learning, and emotional 

responses 109.  Interestingly, estrogens have been shown to increase BDNF 

expression in numerous CNS regions 110. As BDNF has been shown to play an 

important role in the development of central sensitization resulting from IL-6 

activity, it is possible that Estrogen fluctuations contribute to the episodic instances 

of central sensitization seen in migraine. This effect was partially observed in one 

study, where estrogen was shown to increase CNS BDNF release evoked by 

intraplantar formalin injection 111.  This role of estrogen in migraine, however, has 

yet to be experimentally demonstrated, so future studies are necessary in order to 

examine estrogens role in central sensitization in migraine. 

Female sex hormones acting on nuclear receptors can also induce changes 

in a host of genes, some of which may be involved in migraine pathogenesis. One 

of the genes identified in the GWAS analysis of migraine, NCKX3, has also been 

shown to be influenced by17-β-estradiol levels. NCKX3 is broadly expressed 
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throughout the CNS 112. Interestingly, the expression of NCKX3 in the uterus has 

been shown to be significantly increased with increasing 17-β-estradiol levels 8, 113. 

It is possible that circulating estrogen levels may more broadly influence NCKX3 

levels in CNS regions, and that increased NCKX3 function or expression in 

migraineurs may contribute to aberrant regulation of Ca2+ homeostasis 8.  

17-β-estradiol has also been shown in a number of cell types to regulate 

expression of Gap junction alpha-1 protein (GJA1)/Connexin 43 (Cx43); another 

gene identified in the migraine GWAS study 96, 114-118.  Cx43 is connexin protein 

involved in the formation of gap junctions. Cx43 is highly expressed in astrocytes 

and, therefore, contributes to rapid astrocyte-astrocytes communication as well as 

communication between astrocytes and other cell types 119. Following CSD, 

astrocytes have been shown to transmit Ca2+ waves120. Inhibition of these calcium 

waves does not prevent CSD propagation, however, it has been shown to 

influence further gliotransmission as well as neuronal excitability in some brain 

regions 120, 121. One way Ca2+ waves may be transmitted is via astrocytic ATP 

release through Cx43 and Panx1 hemichannels. This ATP can then act on other 

astrocytes to amplify Ca2+ wave propagation. Therefore, 17-β-estradiol induced 

changes in Cx43 expression may influence the strength of calcium wave stimulus 

to contribute to CSD induced changes in neuronal excitability. This effect has not 

been experimentally validated, however, so further studies are necessary to fully 

elucidate estrogen’s influence on CSD via regulation of gene and protein 

expression.  
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1.6 Current Strategies for Clinical Treatment of Migraine Disorders 

Clinical treatment of migraine is still quite limited due to a lack of migraine 

specific therapies. Pharmacological treatments include non-steroidal anti-

inflammatory drugs (NSAIDs), opioids, ergotamines, triptan compounds, and 

prophylactic therapies 8, 122, 123. NSAIDs are most commonly used as abortive 

treatments for mild to moderate migraine, however, they are often not efficacious 

and their continued use may lead to adverse effects such as Gastrointestinal (GI) 

irritation 8, 122. In other chronic pain conditions, more severe pain is most frequently 

treated with opioids. Opioid use in migraine is restricted, however, due to the 

development of medication overuse headache, which may cause progression of 

acute migraine to chronic 123-125.  

Treatment of more severe cases of migraine headache is difficult because 

very few migraine specific drugs exist. Furthermore, those drugs that do exist have 

been shown to exacerbate headache if taken too frequently. Therefore it has been 

suggested that patients with frequent migraine episodes reserve treatment for only 

their most severe episodes 125. This treatment strategy, however, still leaves 

patients with a significant amount of untreated pain125. Triptan drugs are first-line 

of migraine specific abortive drugs 8, 122. Currently, there are seven triptans 

clinically available: sumatriptan, naratriptan, zolmitriptan, rizatriptan, eletriptan, 

frovatriptan, and almotriptan.  Of these, sumatriptan is the most commonly used126. 

Triptans act as agonists at 5-HT1B/1D/1F serotonergic receptors 127, 128. The 5HT1 

class of receptors are Gαi/o coupled GPCRs which are negatively coupled to 

adenylate cyclase 129. These receptors are believed to function primarily as auto-
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receptors, inhibiting the release of serotonin from central and peripheral termini 

and thereby reducing glutamatergic transmission 8, 127, 128. This halts synaptic 

transmission from peripheral nociceptors in the dura to the TNC 8. Studies have 

revealed minimal crossing of triptans through the BBB under normal conditions, 

leading to the conclusion that triptans work primarily at peripheral sites128. 5-

HT1B/1D/1F serotonergic receptors are known to be highly expressed in the CNS, 

however, and have the potential to produce functionally relevant changes in the 

context of migraine 8, 130. Inhibition of second order neurons in the TNC by triptans 

may prevent synaptic relay of nociceptive signals to higher order processing 

centers 8, 131. It has widely been assumed that this inhibition occurs as a 

consequence of presynaptic actions of triptans at the primary nociceptor. Despite 

this, experimental evidencesupports the additional function of triptans as direct 

inhibitors of second order neurons in the TNC 131, 132. As increased BBB 

permeability during migraine attacks has been demonstrated in some studies, the 

ability of triptans to inhibit second-order neurons in the TNC may represent a 

therapeutically relevant mechanism of action for triptans 8, 133, 134.  

Although triptans are generally safe, with minimal major adverse reactions, 

they are reported to be ineffective in fully relieving migraine pain in as many as 55 

percent of patients 6, 8, 122, 127. Additionally, their use in patients with frequent 

headache episodes is limited due to their potential to induce medication overuse 

headache 125. To combat this issue many drugs are used off-label for migraine 

prophylaxis 135. Migraine patients are prescribed prophylactic drugs for a number 

of reasons including the occurrence of multiple episodes per month, failure of 
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currently available acute treatments, and contraindication or  drug interactions with 

currently available treatments 135. There are several drugs used for migraine 

prophylaxis, many of which affect ion channels or otherwise dampen neuronal 

transmission. These prophylactic drugs include topiramate, sodium valproate, 

propranolol, timolol, amitriptyline, divalproex, and botulinum toxin 135, 136. Often 

patients may need to try several of these drugs before finding one that is 

efficacious. Ultimately, the goal of prophylactic treatment is to reduce the 

frequency, severity, and duration of migraine attacks to improve the patients 

overall quality of life 135.  

Despite the number of drugs being used prophylactically to treat migraine, 

many patients still report inadequate treatment 137.  In order to fill this therapeutic 

gap, targeting of CGRP and its receptor continues to be thoroughly researched as 

a new therapeutic option for migraine management 8, 77, 138, 139. Based on 

overwhelming experimental evidence suggesting CGRP as a crucial element in 

migraine pathogenesis, much interest has been generated in the development of 

CGRP antagonizing drugs8.  The first orally available small molecule CGRP 

antagonist, telcagepant was developed by Merck Research Laboratories139. In 

clinical trials, telcagepant was found to be as efficacious as triptans in aborting 

migraine headaches while displaying minimal acute side effects 139;continued 

analysis of its long term side effect profile, however, revealed liver toxicity in some 

patients 140. Due to this finding, Merck Research Laboratories suspended the 

development of telcagepant 8. Although the small molecule CGRP antagonizing 

drugs failed to reach the clinic, their efficacy in relieving migraine pain encouraged 
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researchers to continue searching for new safe and efficacious methods for 

blocking CGRP’s effects. As a result of these efforts, monoclonal antibodies 

against CGRP and its receptor were developed 139. These mAbs have proved thus 

far in clinical trials to be highly efficacious and safe as migraine preventatives 8.  

 

1.7 Animal Models of Headache Disorders 

The underlying causes as well as molecular outcomes of migraine are still 

poorly understood. In order to effectively investigate these factors in migraine it is 

imperative that valid and reliable animal models are established 141. Due to the fact 

that migraine is a multifactorial disorder, which likely has heterogeneous etiology, 

establishment of a universal animal model has not been possible. Therefore, 

several models have been developed which focus on certain features of migraine.  

Models for FHM have been relatively easy to establish due to the Mendelian 

nature of the disorders. As previously discussed, FHM variants arise due to known 

mutations in genes responsible for ion homeostasis. Based on these mutations, 

researchers have generated transgenic mouse models of FHM. Since the 

occurrence of CSD is better established, these models have proved useful for 

investigating CSD regulation in migraine disorders. Investigations into sporadic 

migraine however, have suggested that, among other factors, multiple genetic 

variances may be involved in migraine production. Therefore, FHM models may 

not represent the complexity of sporadic migraine variants 142.  

To attempt to recapitulate the more complex features of migraine, 

stimulation based animal models have been developed. These models aim to 
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recapitulate the migraine phenotype by stimulating the dural afferents. This is 

typically accomplished using either electrical stimulation or application of 

nociceptive substances to the dura143. Since neurogenic inflammation is thought 

to contribute to migraine pain, CGRP or an inflammatory soup are often used to 

induce a migraine-like model in animals 143. These models have been shown to 

replicate some aspects of migraine. Imaging studies in dural stimulation preclinical 

models have been demonstrated to induce similar peripheral and central activation 

patterns to those found in human patients 143. These dural inflammation models 

have limitations, however, which may impede their translational relevance. One 

major criticism is that application of inflammatory mediators onto the dura 

effectively produces meningitis, which is not known to occur in clinical migraine 144. 

Therefore, when testing new therapeutics for preclinical efficacy, it is important to 

employ the use of multiple models. 

In humans, systemic administration of nitric oxide (NO) donors such as 

glycerol trinitrate (GTN) have been shown to induce a delayed migraine-like 

headache145. Interestingly, this was only observed in patients who were prone to 

migraine. Based on this observation animal models of GTN infusion have been 

developed. In addition to dural afferent activation, systemic GTN infusion has the 

added benefit of inducing cerebral artery dilation, which some studies have 

correlated to GTN-induced headache in humans 146. In rodents, these GTN 

infusion models have been shown to evoke migraine-like pain behaviors.  

Additionally, chronic or repeated GTN administration can be useful for studying 

nociceptive sensitization. Repeated administration of GTN to mice has been 
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shown to induce both an acute mechanical hyperalgesia as well as a progressive, 

persistent basal hyperalgesia 147. As in all animal models of migraine, however, 

the GTN infusion model has limitations. Failure of this model to translate clinically 

is the major concern when using this model. In humans, GTN is only shown to 

provoke migraine-like headache in a portion of migraine patients. Meanwhile, in 

healthy controls GTN administration only produces an acute non-migraine 

headache. Therefore, it is difficult to determine if GTN infusion in animals is truly 

producing a migraine, rather than just headache, phenotype.  

The aura phase of migraine, which occurs in about 25-30 percent of 

patients, is thought to occur due to CSD 145. CSD is also thought to contribute to 

the painful aspects of migraine. For example, experimental CSD has been shown 

to activate and sensitize meningeal nociceptors 19, 20. In rodents, CSD has been 

also been shown to produce migraine-like nociceptive behaviors 148. Additionally, 

CSD was shown in this study to induce Fos expression, an indicator of neuronal 

activity, in the TNC148.  In animals CSD is typically induced by application/injection 

of KCl in the cortex, electrical, or mechanical stimulation of the cortex via pinprick 

145. In addition to producing pain behaviors, experimental CSD also replicates other 

features of migraine with aura including changes in cerebral blood flow and 

microglial activation, which has been shown to be a key mechanism in the 

development of central sensitization 145. Though these factors make CSD an 

attractive choice for the study of migraine with aura, it is important to consider the 

drawbacks of this model, as well. One major criticism for this model is the 

predominate use of anesthetized animals for these studies. With the exception of 
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a few studies, CSD has typically been induced and monitored under general 

anesthesia. Besides precluding behavioral assessments, this may also alter 

neuronal activity and, thus, outcomes of CSD. In order to circumvent this issue, 

models with cannula placement to allow cortical injections in awake animals may 

be used. 

 

1.8 The Blood-Brain Barrier 

Based on research findings to date, it is clear that CNS mechanisms are 

important in the pathogenesis of migraine headache 8. In order for a therapeutic to 

effectively target these migraine-relevant CNS regions they need to first bypass 

the BBB. The BBB is a multicellular structure which plays an important role in the 

regulation of ion and nutrient homeostasis and prevents toxic substances from 

accessing the CNS 8, 149, 150. Continuous, non-fenestrated, polarized endothelial 

cells joined together to form tight junctions (TJ). These endothelial cells are 

fundamental components of the BBB and greatly restrict the paracellular passage 

of molecules through the brain vasculature 8, 149. In addition, the presence of active 

influx and efflux transporters further regulates the substances which are allowed 

to pass from the general circulation into the brain 8, 151.  The permeability of the 

BBB is also regulated by its other components which make up the neurovascular 

unit (NVU). In addition to brain endothelial cells, neurons, astrocytes, pericytes, 

extracellular matrix (ECM) and microglia in close proximity to the brain vasculature 

comprise the NVU. These interactions allow the BBB to respond to changes in 

brain activity or disease8, 152. 
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1.8.1 Cellular and Molecular Components of the BBB 

The BBB is comprised of several cell types which communicate with one 

another to regulate barrier properties. These different cell types, including brain 

endothelial cells, neurons, astrocytes, pericytes, and microglia, make up the NVU. 

Each cell type of the NVU is situated in close contact with the brain endothelial 

cells which make up the cerebral microvasculature 150. Astrocytes and pericytes 

completely cover the abluminal, or brain side, of the cerebral microvessels of the 

BBB with their processes150. In larger vessels, a continuous layer of smooth 

muscle replaces pericytes153.  Neuronal processes are also in close proximity to 

the cerebral microvessel and signal to the BBB when their oxygen or nutrient 

requirements change150.  Communications among these elements of the BBB are 

vital for barrier integrity. Consequently, if these connections are compromised to 

reduce BBB integrity and function, dysregulation of the passage of compounds 

across the endothelium, including toxins and pathogens, will occur 150.  

At the molecular level, TJs of the BBB are comprised of select proteins, 

such as occludin and the claudins, which are anchored to the actin cytoskeleton 

by the zona occludens (ZO) linker proteins. Importantly, these interactions are 

dynamic, and therefore change in response to surrounding cues 149. The different 

TJ proteins provide different types of regulation of the BBB. Occludin regulates the 

passage of compounds paracellularly, while claudins regulate paracellular ion 

permeability and/or size selectivity153. These TJ proteins are primarily clustered on 

the apical side of the membrane. Adherens junctions (AJ) located toward the 
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basolateral membrane are also involved in regulating barrier permeability. AJ 

proteins vascular endothelial (VE)-cadherin, neural (N)-cadherin, and β-catenin 

make up the AJ in brain endothelial cells 150, 154. VE-cadherin, like the TJ proteins, 

is involved in connecting neighboring endothelial cells. N-cadherin, on the other 

hand, has the unique role of joining endothelial cells to pericytes 150. Together 

these TJ and AJ proteins regulate the passage of all hydrophilic substances, 

including ions, into the brain. This unique feature of the BBB provides immense 

protection to the brain but, conversely, presents a great challenge when trying to 

deliver drugs to the CNS150. 

Various efflux transporters located on brain endothelium provide further 

regulation of compound access to the CNS. One of the largest groups of efflux 

transporters is the ATP-binding cassette (ABC) transporters 154. The major BBB 

efflux transporters from this group are p-glycoprotein (P-gp), breast cancer 

resistance protein (BCRP), and the multidrug resistance proteins (MRPs) 154. Of 

these, P-gp has the greatest impact on access of compounds to the CNS due to 

the vast number and variety of compounds which act as substrates for it. P-gp is 

broadly involved in protecting the CNS from various toxic substances. This is 

accomplished by P-gp’s ability to transport both small and large molecules with 

various chemical structures 154. Endogenously, P-gp is thought to transport, and 

therefore regulate CNS uptake, of cytokines, lipids, steroid hormones, and 

peptides 154. Many drugs are also extruded from the CNS via P-gp, which greatly 

dampens their ability to reach central sites of action. Based on this fact, it may be 

tempting to design adjunct therapeutics to reduce P-gp activity in order to improve 
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CNS penetrance of drugs. Unfortunately, P-gp blockade is associated with 

significant toxicity due to its ubiquitous expression throughout the body 154. 

Therefore, other approaches must be taken in order to improve CNS access of 

drugs.  

One way in which substances, including drugs, can gain access to the CNS 

is through active uptake transporters. For certain endogenous substances, specific 

transporters exist to facilitate their passage between the circulating blood and the 

brain (i.e. GLUT-1 for glucose) 150. Other endogenous compounds, as well as 

drugs, can be passed between the blood and CNS via transporters that recognize 

certain structural elements 154. The solute carrier (SLC) superfamily of transporters 

is the primary group of transporter involved in facilitating uptake of various 

compounds. Of these, organic anion transporters polypeptides (OATPs or Oatps 

in rodents), organic anion transporters (OATs/ rodent Oats), and organic cation 

transporters (OCTs/ rodent Octs) are particularly relevant in regulating uptake of 

drugs into the CNS. Transport via these proteins is not dependent on ATP, 

therefore, direction of transport (blood to CNS or CNS to blood) is determined by 

compound gradients as well as by membrane localization (luminal/abluminal) 154. 

Figure 3 presents a summary of the various elements of the BBB (figure 3). 
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Figure 3 
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Figure 3: Summary depiction of the molecular components of BBB 

endothelial cells. Apical tight junction proteins such as occludin and claudins-3 

and 5 restrict the passage of molecules from the blood to the brain and vice-versa.   

Adherens junction proteins (more basal than TJ) such as VE-cadherin, N-cadherin, 

and β-catenin provide further support for TJ proteins. TJ and AJ proteins preserve 

BBB integrity through binding with other TJ proteins on neighboring cells causing 

physical restriction of paracellular transport. TJ and AJ are further fixed in place 

via anchoring to the actin cytoskeleton via ZO-1,2,3. Additionally, these endothelial 

cells contain numerous influx and efflux transporters, which tightly regulate the 

substances which can pass from the general circulation into the brain 
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1.8.2 Methods of BBB Regulation 

Extracellular loops (ECLs) of TJ proteins bind to adjacent brain vascular 

endothelial cells through interactions with both their membrane lipids, as well as 

with the ECLs of their associated TJ proteins 155. In this manner, TJ proteins “zip-

up” adjacent endothelial cells by assembling into dimeric and oligomeric 

complexes which span multiple cells 155. Regulation of BBB permeability is often 

achieved by disrupting these multicellular organizations of TJ proteins. This can 

be accomplished in a number of ways including down-regulation of TJ protein 

expression, altering their membrane localization, reducing their binding affinity with 

one another by post-translational modification (PTM), or through physical 

separation due to changes in cytoskeletal actin contractility 154-156.  

Dysregulation of TJ protein expression and localization is the most studied 

mechanism leading to increased BBB permeability (figure 4). A number of 

signaling events have been shown to down-regulate or re-localize TJ proteins.  TJ 

proteins occludin, claudin-3, and clauin-5 have all been shown to have multiple 

phosphorylation sites 157. Additionally, the ZO linker proteins can also be 

phosphorylated157.  Phosphorylation at these sites has been shown to alter the 

affinity of TJ proteins for one another which affects the tightness of the BBB 157. 

This can lead to either internalization and degradation or re-localization of the TJ 

proteins. Both cases will result in less functional TJ and increased BBB 

permeability.   
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Phosphorylation of the TJ proteins can occur at both Serine/Threonine 

(Ser/Thr) and Tyrosine (Tyr) phosphorylation sites 157.  Numerous signaling 

pathways have been identified that can lead to TJ protein phosphorylation. Ser/Thr 

phosphorylation has been shown to be mediated by: protein kinase-A (PKA), 

multiple isoforms of protein kinase-C (PKC), Rho-associated 

protein kinase (ROCK), and myosin light chain kinase (MLCK) 158-162. In occludin, 

PKC mediated Ser/Thr phosphorylation was initially shown to improve barrier 

tightness, whereas de-phosphorylation has been shown to disrupt TJ integrity 157. 

Conversely, TJ protein phosphorylation by some PKC isoforms has been shown 

to disrupt TJ protein integrity. Phosphorylation of claudin-5, occludin, and ZO-1 by 

nPKC-θ (Thr538) and aPKC-ζ (Thr410) was shown in one study to contribute to 

BBB breakdown following hypoxia/reoxygenation (H/R) stress 161. Additionally, Thr 

phosphorylation of claudin-5 by PKA or ROCK has been shown to disrupt TJ 

protein binding affinity and lead to increased barrier permeability 157, 159, 162.  

Unlike Ser/Thr phosphorylation, TJ protein phosphorylation at Tyr sites has 

been exclusively associated with BBB disruption 157. Phosphorylation of occludin 

at Tyr-sites in cultured rat brain endothelial cells exposed to glutamate was shown 

to mediate increased permeability 163. Several growth factors and cytokines, 

including transforming growth factor-beta (TGF-β) and vascular endothelial growth 

factor (VEGF),  involved in decreasing BBB integrity have also been shown to do 

so by increasing Tyr phosphorylation of TJ proteins 157. However, the precise 

kinases which mediate these effects are largely unknown. 
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 Re-localization and degradation of TJ proteins is also thought to be induced 

by changes in actin dynamics. In endothelial cells, actin is primarily present in its 

monomeric globular form (G-actin). Activation of this G-actin induces its shift to 

filamentous actin (F-actin), which makes up the contractile bundles of actin known 

as stress fibers 164. Under normal flow conditions, a basal equilibrium of G-actin/F-

actin is reached and TJ and AJ are linked to membranes of adjacent endothelial 

cells. Contraction of these F-actin stress fibers under stress conditions leads to 

intercellular gaps between endothelial cells due to physical separation of the TJ 

and AJ proteins 165.   

 The ECM is another component important in the maintenance of BBB 

integrity through establishment of the basement membrane (BM) 166, 167. In certain 

disease states, disruption of BBB is mediated through changes in signaling or 

degradation of the ECM and BM, leading to re-localization or degradation of TJ 

proteins 167.  Matrix receptors of the BBB, including dystroglycan and integrins, 

bind to ECM ligands to induce a number of signaling pathways important for growth 

and survival including c-Jun N-terminal kinase (JNK), extracellular signal regulated 

kinases (ERK) and VEGF167.  These signals can also regulate BBB permeability. 

In several disease states the ECM and BM are degraded by matrix 

metalloproteinases (MMPs) 167, specifically MMP-2 and MMP-9. Under normal 

conditions, MMPs are important for ECM degradation during remodeling 167. 

During disease, however, up-regulation of MMP-2 and MMP-9 expression and 

function leads to lasting BM degradation and BBB leak 167.    
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Figure 4 
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Figure 4: Summary of signaling events leading to increased blood-brain 

barrier (BBB) permeability. Various cell stressors including: cytokines, growth 

factors, Ca2+ signaling, oxidative stress, integrin binding and activation, and other 

cell stressors can cause reduced BBB integrity through numerous cell signaling 

pathways. These pathways lead to changes in tight junction (TJ) proteins through 

phosphorylation, stress fiber formation, or degradation of the extracellular matrix 

(ECM) and basement membrane (BM). 
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1.8.3 BBB Communication with the Neurovascular Unit (NVU) 

 The endothelial cells comprise the core basis of the BBB as the physical 

barrier between the circulating blood and the brain. Establishment and 

maintenance of this barrier is dependent on endothelial interactions with the other 

components of the NVU including neurons, astrocytes, pericytes, ECM, and 

microglia. Additionally, these interactions allow the BBB to modify its permeability 

in response to changes in brain activity and/or nutrient requirements 150. 

 The central function of the BBB is to maintain ideal conditions for neurons. 

Therefore, it is vital the neurons be able to signal to the brain endothelial cells when 

their energy and nutrient requirements change 150.  Some studies suggest that 

certain types of neurons can signal to the BBB via direct innervation of the vascular 

endothelium.  Additionally, neurons can also communicate with the BBB indirectly, 

through astrocytes and pericytes 150. 

 Astrocytes play a vital role in numerous CNS processes including 

maintenance of the BBB. Astrocytes are involved in synapse development, the 

uptake and reuse of neurotransmitters and ions, and regulating inflammation150.  

Astrocyte end-feet make direct contact with the abluminal BM of the brain 

endothelial cells. These end feet processes cover most of the brain 

microvasculature168. This allows them to communicate with the BBB and alter 

cerebral blood flow in response to changes in neuronal activity. Astrocytes regulate 

ionic equilibrium in BBB endothelial cells via particular channels including   Kir4.1 

K+ channels and aquaporin 4 169. Additionally, astrocytic processes wrap around 
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neuronal synapses, allowing them to modulate neuronal activity via intra-astrocytic 

Ca2+ signals 169.  

Astrocytes release soluble mediators which help to maintain BBB 

properties. These soluble mediators include VEGF, glial derived neurotrophic 

factor (GDNF), basic fibroblast growth factor (bFGF), angiopoietin-1, 

apolipoprotein-E, angiotensin II, and sonic hedgehog150, 169. In addition to 

supporting barrier properties under normal conditions, these astrocyte secreted 

factors also help maintain the BBB during inflammation by counteracting BBB 

endothelial inflammation 150.  

 Pericytes are perivascular cells which are vital for the maintenance of the 

BBB.  Pericytes are embedded in the BM and wrap around the cerebral 

microvessels. This close contact between pericytes and the microvascular 

endothelium allows for direct intercellular transmissions between the two cell 

types170.  These direct transmissions occur through gap junctions and are 

facilitated by adhesion plaques, which anchor pericytes to endothelial cells, and 

peg-and-socket contacts, which allow pericytes to infiltrate through gaps in the BM 

to make direct connections with the endothelial cells 171. These communications 

have been shown to be vitally important for the establishment of the tightness of 

the BBB. In culture, the presence of pericytes was shown to increase the trans-

endothelial cell electrical resistance (TEER) by four-fold, signifying increased 

tightness 172 . In Pdgfrb-/- mice, which have defects in pericyte generation, 

impaired BBB is not be due to effects on BBB specific protein expression (including 

TJ proteins), but rather due to changes in protein trafficking 172. The same study 
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also demonstrated an increase in MMP-9 as well as a decrease in certain collagen 

subunits indicating that pericytes also help maintain the ECM 172.  

 Pericytes are contractile cells with a high expression of α-smooth muscle 

actin.  This allows them to regulate microvessel dilation and, therefore, cerebral 

blood flow in response to neuronal activity150.  Numerous vasoactive substances 

can alter their contraction. Both cholinergic and adrenergic receptors are found on 

pericytes and act to induce relaxation (β-receptors) or contraction (α-2 receptors) 

171. Additionally, pericytes also respond to angiotensin II, endothelin-1, and NO 171.  

Finally, pericytes of the CNS have been shown to carry out macrophage-

like actions including pinocytosis of small, soluble molecules, and phagocytosis of 

various types of molecules 171. These actions have led to the suggestion that 

pericytes act as precursor cells for brain macrophages. In support of this 

hypothesis, pericytes have been shown to express the macrophage marker ED-2 

and also the leukocyte surface marker integrin alpha M (ITGAM) 173.  

 

1.9 Changes in BBB in Response to Disease and Impact on Therapeutic 

Targeting to the CNS 

Abundant evidence supports the necessity of the NVU for proper BBB 

function. Additionally, BBB endothelial interactions with other CNS cells types 

allows for the BBB to respond to, and change its permeability, based on alterations 

in neuronal activity. Therefore, it is not surprising that neurological disorders, which 

can produce striking changes in neuronal activity, can also increase BBB 

permeability. In these disorders, the increased BBB permeability becomes 



Page | 78  
 

pathogenic and can contribute to further disease progression. Additionally, 

changes in BBB permeability in disease states can also change drug uptake into 

CNS. Specific knowledge of these kinetic changes is vital in order to effectively 

administer drugs in the clinic.  

In conditions such as TBI and ischemic stroke, the integrity of the BBB is 

altered following injury 174, although this loss of integrity is most often associated 

with trauma within the CNS. In ischemic stroke, cerebral blood flow is decreased 

due to obstruction of blood vessels which bring blood to the brain 175. This results 

in oxygen and glucose deprivation, which leads to cell death via a sequence of 

events including acidosis, metabolic dysfunction, glutamate toxicity, inflammation, 

and ionic imbalance. During stroke, it is important to restore blood flow to the 

ischemic core, or penumbra, in order to prevent a more widespread injury. When 

blood flow to the affected area resumes, however, the reintroduction of oxygen to 

the damaged tissue can lead to significant oxidative stress 175.  Both the ischemia 

and the reperfusion injuries are known to induce BBB breakdown. This breakdown 

is induced by a number of elements including edema, inflammation, and significant 

changes in NVU dynamics. 

At early time points following H/R injury, BBB disruption has been shown to 

occur due to ROCK signaling to induce actin stress fibers 176.  Within a few hours 

this initial BBB leak has been shown to lead to a severe loss in BBB integrity by 

enabling increased MMP-9 activity and TJ protein reorganization and degradation 

176. Other occurrences in I/R injury have also been shown to contribute to BBB 

disruption in stroke. Astrocytes have been shown to play an important role in BBB 



Page | 79  
 

disruption following H/R via a number of mechanisms including the release of the 

inflammatory mediators interleukin 1α- and β(IL-1α, IL-1β),  tumor necrosis factor  

α (TNF-α), and interferon γ (IFN-γ). Additionally, astrocytes release growth factors 

including VEGF, bFGF, and TGF-β in response to H/R events 175.  These signals 

cause decreased BBB integrity by increasing phosphorylation of TJ proteins, 

leading to mislocalization and degradation of TJ proteins 157.  Furthermore, 

following H/R, astrocyte end feet have been shown to detach from the 

endothelium, leading to their reduced ability to induce barrier tightness 175.  

In stroke, BBB breakdown contributes significantly to pathological outcomes 

due to the BBB no longer being able to provide an ideal environment for neuronal 

activity; this leads to neuronal cell death.  It would therefore seem logical to create 

therapeutics to either prevent the BBB dysfunction or the resulting neuronal cell 

death. This task has been made difficult, however, due to changes in BBB 

transporter expression following stroke 175. Expression of the efflux transporter P-

gp has been shown to be increased in a mouse model of ischemic stroke, leading 

to a decreased ability of CNS active drugs to reach the brain following stroke 177.  

On the other hand, several studies have shown that H/R upregulates expression 

of Oatp1a4/Oatp2 in rats, leading to an increased uptake of its substrates in the 

CNS178, 179. Therefore, finding neuroprotective drugs which are substrates for this 

transporter might be useful in the treatment of stroke.  

Evidence provided over the last several decades has also indicated the 

capacity of the BBB to alter in response to nociceptive stimuli 180. Studies have 

indicated that peripheral inflammatory pain transiently produces increased 
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leakiness at the BBB, which can be blocked with the peripheral application of 

bupivacaine 8, 181. In these studies, some changes in TJ protein expression were 

seen, however, complex reorganization of the TJ protein occludin were shown to 

be the major factor resulting in BBB changes 182 Research in the migraine field, 

however, has been less conclusive in regard to BBB changes 8. In contrast to 

disorders such as ischemic stroke and TBI, some studies examining primary 

headache disorders, where no obvious CNS trauma exists, have demonstrated 

increased BBB permeability (i.e., in models of migraine with aura) 8, 18, 133, 183. One 

study in humans has demonstrated and increase in MMP-9 activity in migraine 

patients during headache attacks, indicating a breakdown of the BBB 8, 133. 

Additionally, a study done in rats showed increased MMP-9 activity as well as 

increased brain permeability to Evans blue-albumin in response to CSD 8, 134. A 

separate study has shown KCl induced CSD to cause migraine-like pain behaviors 

in awake, freely moving rats 8, 148.  

Conversely, several studies have displayed evidence against BBB 

disruption in migraine models 8. One study in rats showed no change in BBB 

permeability to [(51) Cr]-EDTA in response to dural inflammation induced by either 

complete Freund's adjuvant (CFA) or inflammatory soup (IS) 8, 184.  Additionally, a 

few human studies have shown a lack of BBB changes in migraine. A positron 

emission tomography (PET) imaging study in migraine patients determined no 

increase in BBB permeability to 11C-dihydroergotamine in response to GTN 

induced migraine 185. Furthermore, dynamic contrast-enhanced high-field 

magnetic resonance imaging (DCE-MRI) during spontaneous migraine with aura 



Page | 81  
 

attacks showed a change in brainstem perfusion, but no BBB disruption 186. In this 

study, however, the time from start of migraine to MRI scanning was highly 

variable; ranging from 1 hour to 22.8 hours. Moreover, the sample size (n=19) was 

relatively small.  Even with variability and small sample size, some areas such as 

the anterior cerebral artery territory had a trend toward increased permeability (p= 

0.06) in the affected hemisphere 186.  These human studies have been very 

important to further our understanding of potential BBB changes in migraine. The 

variable results between studies, however, suggests that further studies are 

needed to fully understand what is happening to the BBB during migraine attacks. 

Lesions seen in migraine with aura, such as WMAs and ILLs, have been 

shown in other models to occur as a result of BBB disruption caused by chronic 

cerebral hypoperfusion 8, 187. CSD has been shown to temporarily disrupt cerebral 

blood flow, which may induce outcomes similar to those seen with hypoperfusion 

8, 188-190.  Notably, these lesions are also seen in numerous brain disorders causing 

BBB disruption including ischemic stroke and TBI 8, 191, 192. Interestingly, a 

significant link between migraine with visual aura and the incidence of ischemic 

stroke has been shown, indicating an increased risk for ischemic stroke in migraine 

with aura 8, 193. It is apparent that these conditions share common features, 

including the occurrence of CSD and the development of white matter lesions 8, 87. 

It is possible that in migraine with aura, as in other disorders sharing these similar 

features, these abnormalities arise in response to changes in cerebral blood flow 

and BBB disruption brought on during attacks 8. 
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One of the main functions of the BBB is to regulate the ionic environment of 

the CNS 152. In cells, ions are responsible for regulating several things including 

cell excitability and pH balance. Before and during CSD, imbalances in both 

excitability and pH occur. Changes in ionic balance are known contribute greatly 

to CSD production and consequences. During CSD a breakdown of ion 

homeostasis occurs 87. CSD has been shown to significantly increase extracellular 

K+ concentrations while reducing extracellular Ca2+, Na+, and Cl- concentrations 

87.  Changes in extracellular pH are also known to occur as a result of CSD. 

Following CSD an initial cortical alkalization followed by longer lasting acidification 

occurs 88.  

 The ionic dysfunction seen during CSD likely arises due to dysfunction of 

many different ionic regulators. One such regulator, which may be of interest in 

migraine, is a class of proteins called sodium-proton exchangers (NHEs). These 

proteins can regulate both excitability and pH by bringing sodium ions (Na+) into 

the cell and transporting protons (H+) out of the cell 194. Additionally, some 

evidence suggests that estrogens may play a role in regulating the function of one 

of the NHE proteins, NHE1 195. Such an effect may be relevant to hormonal 

migraine. 

 

1.10 Impact of BBB changes on Therapeutic Targeting to the CNS 

Research findings thus far have provided much evidence that CNS 

mechanisms are essential in the pathogenesis of migraine 8. The design of novel, 

CNS penetrant migraine therapeutics is necessary to combat these components 
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of migraine8. While new, peripherally directed therapeutics such as CGRP 

monoclonal antibodies hold significant potential, numerous migraineurs do not 

respond to these treatments 8, 138 and are left with little to no relief from their 

symptoms8.  Drugs can access the CNS via paracellular and transcellular 

mechanisms including uptake by drug influx transporters 8, 151, 196.  Changes in 

paracellular permeability due to CSD and migraine, therefore, have the ability to 

influence drug uptake and activity in the CNS 134, 197, 198. Few studies have 

examined the ability of migraine drugs to act as substrates for uptake transporters. 

Some studies found triptans to act as substrates for the influx transporter 

OATP1A2 8, 199. Increases in the functional expression of Oatp1a4, the rodent 

homolog of OATP1A2, have been observed at the BBB in response to 

inflammatory pain as well as hypoxia/reoxygenation stress 8, 178, 200. Changes in 

Oatp1a4 expression in migraine, however, have not been reported. Such changes 

would further strengthen the argument for centrally mediated actions of triptans 8. 

Further evidence has suggested increased BBB permeability and/or 

changes in CNS uptake of triptans during migraine. Studies have showed marginal 

crossing of triptans across the BBB under normal conditions 8, 128. This has led to 

the belief that triptans do not work at CNS sites8, 128. The 5-HT1B/1D/1F serotonergic 

receptors are expressed in the CNS in regions relevant to migraine, suggesting 

the possibility for therapeutic actions of triptans in the CNS 8, 130. For instance, 

blockade of second order neurons in the TNC by triptans may prevent nociceptive 

transmission to higher order processing centers 8, 131. It has been assumed that 

this inhibition occurs due to presynaptic actions of triptans at the primary 
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nociceptor 8. Experimental evidence, however, suggests that triptans can also act 

as direct inhibitors of second order neurons in the TNC 8, 131, 132. One study 

demonstrated  a sumatriptan mediated decrease in Fos immunostaining in the 

TNC following electrical stimulation of primary afferents 8. This effect was only seen 

following BBB opening via mannitol infusion, suggesting the ability of triptans to 

inhibit second order neurons through direct mechanisms 8, 47, 201. As increased BBB 

permeability during migraine attacks has been suggested to occur, the ability of 

triptans to inhibit second-order neurons in the TNC may represent a therapeutically 

relevant mechanism of action for triptans 8, 133, 134.  

 

1.11 Hypothesis 

 In the present studies we had two major investigative aims, the first being 

to investigate whether changes in BBB structure and function occurred in models 

of episodic headache. In these studies, we hypothesized that transient 

dysregulation of BBB integrity would occur during episodic headache to regulate 

blood-to-CNS uptake of anti-headache medication. Additionally, we hypothesized 

that these changes would occur due to changes in TJ proteins, either in their 

expression or localization. 

 Our second aim for the work presented here represents a separate, but 

related project, involving female sex hormone regulation of both nociceptive 

behaviors and BBB characteristics. In these studies, we wanted to investigate 

several aspects including whether sex differences were present in our model of 

episodic headache, whether the female sex hormone 17-β-estradiol could, on its 
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own, produce nociceptive behaviors, and whether estradiol played a role in 

regulating molecular aspects of the BBB during CSD. Here we hypothesized that, 

since sex differences in headache exist clinically, sex differences would also occur 

in our model of episodic headache. Additionally, we also proposed that estradiol 

would be able to induce nociception since it has been demonstrated to influence 

nociceptive transmission. Finally, since estrogens have been shown to play a role 

in BBB regulation, we hypothesized that it would also decrease expression of 

molecular transporters of the BBB to restrict passage of compounds across the 

barrier.  
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CHAPTER 2: MATERIALS AND METHODS  

2.1 In vivo 

2.1.1 Animals 

All animal procedures were performed during the light phase and according to the 

policies and recommendations of the International Association for the Study of 

Pain, the NIH guidelines for laboratory animals, and with approval from the IACUC 

of the University of Arizona. Male or female Sprague Dawley rats (200-250g) were 

purchased from Envigo (Indianapolis, IN) and housed in a climate-controlled room 

on a regular 12 hour light/dark cycle with lights on at 7:00 am with food and water 

available ad libitum in the vivarium 5 floors below the lab.  For Number of Animals 

Consistent with NIH policy (NOT-OD-15-102) on relevant biological variables, (e.g. 

strain, sex and age) experiments were randomized to blinded treatment 

(topiramate, sumatriptan, or vehicle), injury (KCl or aCSF), and control groups, 

giving 80% power to detect a treatment effect size of 20% compared to a baseline 

response of 5% at a significance level of 0.05. Numbers required to achieve 

statistical power for each sub-aim were determined by G.Power3.1.  Female rats 

were exclusively used in most studies as headache disorders affect females to 

males at a nearly 3:1 ratio13-17. 

 

2.1.1.1 Vaginal Smears 

Estrous cycles of intact female rats were monitored by daily vaginal smears. The 

vaginal smears were interpreted as described by Goldman et al. 202. Briefly, vaginal 

openings were flushed with 200 µL of sterile saline. Fresh samples were evaluated 
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for cytology at the same time daily for 8 days using a Zeiss Axioskop 40 (10x/0.3 

numerical aperture EC Plan-Neofluar objective, Carl Zeiss Microscopy; 

Thornwood, NY, USA).  

 

2.1.2 Compounds for in vivo studies 

For complete information on compounds used for in vivo studies, see table 1 (table 

1). Ketamine/xylazine was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Serotonin hydrochloride was purchased from TCI America (Portland, OR, USA). 

Histamine was purchased from Sigma-Aldrich. Bradykinin was purchased from 

Bachem (Bubendorf, Switzerland). Prostaglandin E2 (PGE2) was purchased from 

Tocris (Bio-Techne- Minneapolis, MN, USA). 14C- sucrose and optiphase supermix 

scintillation cocktail were purchased from Perkin Elmer (Shelton, CT, USA). 3H-

sumatriptan was purchased from American Radiolabeled Chemicals Inc (Saint 

Louis, MO, USA). Sumatriptan was generously donated by the Porreca Lab 

(University of Arizona- Source: Abmole Bioscience, Houston, TX, USA). 

Topiramate was purchased from Cayman Chemical (Ann Arbor, MI, USA).  TS-2 

tissue solubilizer was purchased from Research Products International (Mt. 

Prospect, IL, USA). Ethylenediaminetetraacetic acid (EDTA)-free complete 

protease inhibitors were purchased from Roche (Indianapolis, IN, USA). The 

Coomassie Plus Better Bradford Assay Kit was purchased from Thermo Scientific 

(Rockford, IL, USA). XT sample buffer, XT reducing agent, Precision Plus dual 

color prestained molecular weight markers, and TGX criterion gels were purchased 

from Bio-Rad (Hercules, CA, USA). Primary antibodies used are given in table 1 
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(table 1). Secondary antibodies for western blotting (WB) were purchased from 

Cell Signaling Technology (Danvers, MA, USA) and used in a 1:20,000 dilution.  

Cy2 and C3 Secondary antibodies for Immunohistochemistry (IHC) were 

purchased from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA, 

USA) and used at 1:200 and 1:500 respectively for IHC. All other chemicals were 

purchased from Sigma-Aldrich 

 

2.1.3 Surgical Procedures 

All animals received prophylactic gentamicin (8mg/ml, 1ml/kg, s.cu.) during 

surgical preparation. Animals were monitored and those with signs of neurological 

deficits following surgery or with greater than 10% loss in body weight were not 

used for further studies. 

 

2.1.3.1 Acute cortical injections 

Anesthesia was induced with 5% isoflurane in O2 (2.5 l min−1) and maintained at 

2.5% isoflurane. Rats were placed in a stereotactic frame (Stoelting Co. Wood 

Dale, IL, USA), with an isoflurane attachment to maintain anesthesia. A 1.5-2cm 

incision was made to expose the skull. A 0.66-1mm hole (Pinprick/KCl: -6mm A/P, 

-3mm M/L from bregma) was made with a hand drill (DH-0 Pin Vise; Plastics One, 

Roanoke, VA, USA) to carefully expose, but not damage, the dura. For studies 

utilizing inflammatory mediator soup (IM), 10μL of either IM (2 mM histamine, 

serotonin, bradykinin and 0.2 mM PGE2 in 10 mM Hepes buffer, pH 5.0) or the 

control solution, synthetic interstitial fluid (SIF (10 mM Hepes, 5 mM KCl, 1 mM 
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MgCl2, 5 mM CaCl2, and 135 mM NaCl, pH 7.3)) was applied topically to the dura. 

For studies using KCl, the dura was pierced to deliver 0.5 µl of 1 M KCl cortically 

via a Hamilton injector (30 GA, #80308 701 SN, Hamilton Company, Reno, NV, 

USA) customized to project 1.0 mm into the brain. In control conditions, a separate 

injector of equal length was used to pierce through the dura, but no compounds 

were injected (pinprick). In both IM and KCl experiments, the drill hole was then 

filled with bone wax (Medline Industries, Mundelein, IL, USA) and the skin was 

closed with 3-0 non-absorbable surgical suture (MedRep Express, Gurricane, UT, 

USA). Following anesthesia recovery, rats were immediately used for further 

studies. 

 

2.1.3.2 Dural Cannulation 

Anesthesia was induced with intraperitoneal 80mg/kg: 12mg/kg ketamine:xylazine. 

Rats were placed in a stereotactic frame (Stoelting Co. Wood Dale, IL, USA), and 

a 1.5-2cm incision was made to expose the skull. A 0.66-1mm hole (Pinprick/KCl: 

-6mm A/P, -3mm M/L from bregma) was made with a hand drill (DH-0 Pin Vise; 

Plastics One, Roanoke, VA, USA) to carefully expose, but not damage, the dura. 

A guide cannula (0.5mm from top of skull, 22 GA, #C313G; Plastics One) was 

inserted into the hole and sealed into place with glue. Two additional 1mm holes 

were made caudal to the cannula to receive stainless-steel screws (#MPX-080-

3F-1M; Small Parts, Miami Lakes, FL, USA), and dental acrylic was used to fix the 

cannula to the screws. A dummy cannula (#C313DC; Plastics One) was inserted 

to ensure patency of the guide cannula. Rats were housed individually and allowed 
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6-8 days to recover. Cannula placement and dural integrity was confirmed post-

mortem. 

 

2.1.3.3 Dural EEG electrode implantation 

Silver chloride (AgCl) electrodes were prepared by flaming 0.25mm Ag wire (A-M 

Systems, Inc., Everett, WA) into spherical tips (1mm diameter) and coating the tips 

with Cl-. Rats were anaesthetized with ketamine/xylazine (as above) then fixed to 

a stereotaxic frame (Stoelting). Three burr holes were drilled through the skull 

using a manual drill to allow placement of the AgCl recording electrodes. The 

frontal and parietal lead electrodes were placed from bregma: 2 mm lateral and 

1.5 mm anterior, 2 mm lateral and -2.5 mm posterior to bregma, respectively; the 

reference electrode was placed -7.5mm A/P, 2mm M/L. Two screws (#MPX-080-

3F-1M, Small Parts Inc., Miami Lakes, FL) were fastened into the skull without 

going through it. The four electrodes were soldered into a multi-pin connector 

(Continental Connector, Hatfield, PA), and the apparatus was fixed into place using 

dental cement. Animals were housed individually and allowed 2-3 days to recover 

to ensure electrode integrity for recordings. 

 

2.1.3.4 Ovariectomy 

Rats were anaesthetized with ketamine/xylazine (as above). The ovaries were 

excised through a bilateral side approach, whereby a 3-5 mm incision is made 

through the skin, fascia and muscle. Ovarian arteries were ligated and the ovary 

removed. The rats recovered for 7 days before any experiment 107. 
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2.1.4 Injection Procedures 

2.1.4.1 Intraperitoneal (i.p.)   

Briefly, animals were restrained by hand and inverted allowing for exposing of the 

ventral lower quadrants of the body. A 25 gauge needle was inserted at a 45° angle 

and positioned so the tip pointed toward midline. Volume of injection varied by 

compound/experiment; these values are given in section 2.1.5 Drug Treatment. 

 

2.1.4.2 Intravenous (i.v.)  

Intravenous injection of Evans-blue dye was performed in un-anesthetized rats. A 

2% Evans blue solution in sterile saline (0.9% W/V) was injected (3-ml/kg dose via 

the tail vein) 15 minutes before acute cortical injection. For i.v. injection, rats were 

restrained by hand and their tail held in warm water for 5 sec to dilate the tail vein. 

A 30 gauge disposable needle on a disposable 1 cc syringe was inserted into the 

tail vein. Injections of dye were performed over a 10 sec period and were noted as 

positive by the presence of blood in the tip of the syringe before injection, the 

absence of an out-pocketing of the tail-skin at the site of injection, and visual 

confirmation of blue dye circulation.  

 

2.1.4.3 Intracortical 

Cortical injections were performed by employing a Hamilton injector (30 GA, 

#80308 701 SN, Hamilton Company, Reno, NV, USA) customized to project 1.0 

mm into the brain. The injector was inserted through the guide cannula to deliver 
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0.5 µl of 1 M KCl or artificial cerebral spinal fluid (aCSF) into the cerebral cortex. 

aCSF was comprised of 145 mM NaCl, 2.7 mM KCl, 1mM MgCl2, 1.2 mM CaCl2, 

2 mM Na2HPO4, pH was adjusted to 7.4 and the solution was passed through a 

0.2 µm syringe filter.  

 

2.1.4.4 Subcutaneous 

Subcutaneous (s.cu.) injections were performed for surgical administration of 

supplementary fluids (sterile saline) and prophylactic antibiotic (gentamycin). 

Anesthetized rats were manually held and a 25 gauge disposable needle on a 

disposable 1 mL syringe (gentamycin) or 10mL syringe (saline) was inserted 

dorsally, assuring that the needle remained between the muscle and the skin of 

the animal. Injections of compounds were noted as positive by the development of 

an out-pocketing of the skin at the site of injection. Gentamycin was dosed in mg/kg 

as determined by total body weight. 

 

2.1.5 Drug treatments 

Topiramate (Cayman Chemical (40mg/kg in suspension)) or vehicle (saline) was 

injected Intraperitoneally (I.P.) 30 minutes prior to cortical injection of either KCl or 

aCSF. Permeability of the BBB was assessed 1.5 hours post-cortical injection. 17-

β-estradiol ( Sigma-Aldrich (180 μg/kg)) or vehicle (castor oil, 1ml/kg) was injected 

I.P. Behaviors and BBB permeability were assessed 2 hours post injection. 

 

2.1.6 Behavioral testing protocols 
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2.1.6.1 Periorbital allodynia 

In experiments administering either acute cortical KCl or acute dural IM, periorbital 

allodynia was assessed before and at 0.5, 1.0, 1.5, 3, 4, 5, and 24 hours post 

administration.  In studies on cortical KCl induced CSD injected via cannula, 

periorbital allodynia was evaluated before and at 0.5, 1, 1.5, 3, 6, 24-72 h after 

cortical injection. In studies on 17-β-estradiol, measurements were taken before 

and 2 hours after I.P. estradiol injection. Rats were grouped based on their post-

surgical baseline to ensure equivalent pre-injection thresholds, any rats exhibiting 

excessive post-surgical allodynia (threshold <4 g) were removed from the study. 

Rats were acclimated to the testing box 90 minutes prior to evaluation of periorbital 

mechanical allodynia with calibrated von Frey filaments (Stoelting). Calibrated von 

Frey filaments were applied perpendicularly to the midline of the forehead at the 

level of the eyes until the filament is slightly bent while held for 5 seconds. A 

positive response was indicated by a sharp withdrawal of the head or vocalizing. 

Withdrawal thresholds (g) were calculated using FlashCalc, which employs a 

modified version of Dixon’s “up, down” method for calculation. 

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 (𝑔) = (10(𝑋𝑓+𝑘𝛿))/10,000 

Xf = the log value of the final von Frey filament used 

k= the tabular value given in the appendix of Chaplan et al., 1994 for the 

positive/negative response pattern203 

δ= the mean difference (log value) between stimuli 

 

2.1.6.2 Rearing 
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Rearing is a normal exploratory behavior in rodents, and decreased rearing 

indicates general discomfort in rodents. Vertical rears were counted each time a 

rat stood on both hind paws without grooming. In studies with cortical KCl injection, 

rearing events were assessed for 5 minute intervals before and at 0.5, 1, 1.5, 3, 6, 

24-72 h after cortical KCl or aCSF injection. Rearing events were graphed as AUC 

for the whole timecourse ± SEM. For studies using 17-β-estradiol, the total number 

of rearing events was assessed for 5 minutes, 2 h after vehicle or 17-β-estradiol 

administration. Rearing events were represented as total rears in 5 minutes. 

 

2.1.6.3 Head-tucking 

Head tucking indicates general discomfort in rodents. Head tucking was defined 

as the rat fully pushing its head under its body and pressing its head to the ground. 

The total time spent head-tucking over 5 min at 0.5, 1, 1.5, 3, 6, 24-72 h after 

cortical KCl or aCSF injection was measured and graphed as AUC for the whole 

timecourse ± SEM. 

 

2.1.7 In situ brain perfusion 

Briefly, rats were anesthetized with ketamine/xylazine (as described above) and 

heparinized (10,000 U/kg i.p.). Body temperature was maintained at 37°C using a 

heating pad. The common carotid arteries were bi-laterally cannulated and 

connected to a perfusion circuit. The perfusate was an erythrocyte-free modified 

mammalian Ringer’s solution (in mM): 117 NaCl, 4.7 KCl, 0.8 MgSO4, 1.2 KH2PO4, 

2.5 CaCl2, 10 D-glucose, 3.9% (w/v) dextran (MW. 60,000), and 1.0 g/L bovine 
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serum albumin (type IV), pH 7.4, warmed to 37°C and oxygenated with 95% O2/5% 

CO2, Evan’s blue dye (55 mg/L) was added to the perfusate to serve as a visual 

marker of BBB integrity. Perfusion pressure and flow rate were maintained at 95-

105 mmHg and 3.1 mL/min, respectively. Both jugular veins were severed to allow 

for drainage of the perfusate. Using a slow-drive syringe pump (0.5 mL/min per 

hemisphere; Harvard Apparatus, Holliston, MA, USA), 14C-sucrose(0.5 μCi/ml) or 

3H-sumatriptan(0.25 μCi/ml) was added to the inflowing perfusate for 10 minutes 

followed by a 2-minute washout period in which non-radioactive ringer was 

perfused to clear vascular radioactivity. Following perfusion, the rat was 

decapitated and the brain removed. The meninges and choroid plexus were 

removed, cerebral hemispheres were sectioned and the brain was divided and 

placed into pre-weighed vials. TS2 tissue solubilizer (1 mL) was added to each 

tissue sample, and the samples were solubilized for two days at room temperature. 

To eliminate chemiluminescence, 100 μL of 30% glacial acetic acid was added, 

along with 1.5 mL Optiphase SuperMix liquid scintillation cocktail (PerkinElmer). 

Perfusion media was also sampled and placed in triplicate 100μl aliquots in 

scintillation vials and processed in the same manner as the tissue samples. All 

samples were then measured for disintegrations per minute (dpm) (1450 LSC and 

Luminescence Counter; Perkin Elmer). The ratio of the concentration of 14C-

sucrose or 3H-sumatriptan in tissue (Cbrain; in dpm/g) was compared with perfusate 

(Cperfusate; in dpm/mL) and expressed as a percent ratio Rbrain=(Cbrain/Cperfusate) × 

100%. 
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2.1.7.1 Paracellular uptake of 14C-sucrose 

14C-sucrose was used to evaluate paracellular permeability at the BBB due to its 

relative inability to cross the BBB under non-stressed/normal conditions and due 

to the lack of any known active transport to the brain. 14C-sucrose was supplied by 

Perkin Elmer at a concentration of 0.1 mCi/mL and was diluted to 0.5μCI/mL for 

perfusions.  

 

2.1.7.2 Uptake of 3H-sumatriptan 

3H-sumatriptan was used to determine if changes in migraine relevant drugs 

occurred following CSD induced headache. Since sumatriptan may be delivered 

to the CNS via active transport 199, in situ brain perfusion utilizing radiolabeled 

sumatriptan did not distinguish between paracellular and transporter mediated 

uptake.  3H-sumatriptan was supplied by American Radiolabeled Chemicals Inc. 

at 1mCi/mL and diluted to 0.25μCi/mL for perfusions.  

 

2.1.8 Evan’s-blue dye brain uptake 

Rats were injected with 2.0% Evan’s Blue in sterile saline (3mg/kg) 15 minutes 

prior to headache induction with either KCl of IM with cortical pinprick or SIF as 

respective controls. 1.5 (KCl model) or 24 (IM model) hours later rats were then 

perfused transcardially with 0.9% saline and brains were harvested and split into 

cortices and weighed. Brains were incubated in 2 mL trichloroacetic acid overnight 

at 4°C. Samples were then centrifuged for 30 min at 1,000 x g at 4 °C. 100 μl of 

each sample was then added to a 96 well plate. Evans Blue absorbance was 
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measured at 620 nm on a Biotek plate reader.  The dye concentration was 

calculated as the ratio of absorbance relative to the weight of tissue. 

 

2.1.9 Dural EEG electrophysiological recording 

Forty-eight hours after dural electrode implantation, rats were placed in a recording 

chamber (40 cm L x 49 cm W x 37 cm H) and the multi-pin connector attached to 

an electro-cannular swivel (#CAY-675-6 commutator, Airflyte, Bayonne, NJ, USA) 

mounted in the ceiling of the chamber. The swivel allowed rats to move freely about 

the chamber during the recording period. Animals were allowed to habituate to the 

chamber for two hours to permit electrical recordings to stabilize. Only those rats 

with stable electrical recordings were included in experimental groups. Signals 

leading to separate DC and AC amplifiers (Grass Model 15 amplifier system, 

15A12 DC and 15A54 AC amplifiers, Astro-Med Inc.  West Warick, RI, USA) 

through insulated cables and were collected with EEG recording analysis software 

Gamma v.4.9 (Astro-Med, Inc.). The recording data was reviewed with Gamma 

Reviewer (Astro-Med, Inc.) and analyzed for SD events offline. SD was defined by 

significant reductions in both the power and amplitude of the EEG tracings and 

was only considered as an event when 1) the AC current was reduced by half; 2) 

the DC current exhibited a downward shift by a minimum of 1mV; and 3) the 

duration was a minimum of 30 s. 

 

2.1.10 Tissue collection  

2.1.10.1 Fresh tissue collection for immunoblotting 
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Rats were anesthetized with ketamine/xylazine mix as described above, 

decapitated, and the cortices or brainstems were placed in ice-cold collection 

buffer (136.9mM NaCl; 2.7mM KCl; 1mM CaCl2; 1.5mM KH2PO4, 8.1mM 

Na2HPO4; 0.5mM MgCl2; 5mM glucose; 1mM sodium pyruvate, pH7.4) 

supplemented with Roche EDTA-free Complete Protease Inhibitor cocktail, Sigma 

protease inhibitor cocktail, Bimake protease inhibitor cocktail, Bimake 

phosphatase inhibitor cocktail, and 2 mM phenylmethylsulfonyl fluoride. All 

subsequent steps were performed on ice or at 4°C. Choroid plexus and meninges 

were removed, tissues from three rats/treatment were pooled and homogenized in 

20 mL collection buffer using a Potter-Elvehjem homogenizer followed by eight 

strokes in a glass dounce homogenizer by hand. Samples were stored at −80°C 

until use. 

 

2.1.10.2 Fixed tissue collection 

Rats were anesthetized with ketamine/xylazine mix as described above. Rats were 

perfused transcardially with 0.1 M PB followed by 4% formaldehyde solution in 

0.1M PB (vol/vol). The cortex was removed within 30 min and post-fixed in the 

perfusion fixative for a minimum of 4 hrs. Cortical tissue was then cryoprotected in 

30% sucrose at 4o C for a minimum of 48 hours until sectioning was performed. 

 

2.2 Ex Vivo 

2.2.1 Brain tissue immunoblotting 



Page | 100  
 

Tissue samples were prepared with inhibitors as described above. Samples were 

incubated for 10 min at 70°C and centrifuged for 5 min at 13,000 × g at 21°C prior 

to gel electrophoresis. Protein content was assessed using a BCA protein assay 

which produces a colorimetric representation of protein content. Protein 

concentration was found by measuring absorbance at 520nm and fitting values to 

a standard curve.  10-20 µg of total proteins were loaded on TGX precast gels and 

separated by SDS-PAGE and then transferred to polyvinylidene difluoride 

membranes (Imobilon, Millipore, Waltham, MA, USA) and blocked in 5% BSA at 

room temperature for 1 hour. Primary antibodies and dilutions are given in table 1 

(table 1). All antibodies were diluted in 5% BSA in tris-buffered saline with Tween 

20 (TBST).  Immunoblots were revealed by enhanced chemiluminescence 

(WBKLS0500, Millipore) and imaged on photographic film. To visualize multiple 

bands on the same blot, blots were stripped with Restore Western Blot Stripping 

Buffer (Pierce, Thermo Fisher, Waltham, MA). Films were scanned, digitized, and 

quantified using Un-Scan-It gel version 6.1 scanning software (Silk Scientific Inc.; 

Orem, UT, USA). 

 

2.2.2 Cortical slice immunohistochemistry  

Transverse sections of the cortex were cut and 30 µm slices were collected serially 

in 0.1 M PBS for free-floating IHC as described 148, 204. Following collection, slices 

were incubated in 1% sodium borohydride, rinsed with 0.1M PB and 0.1M Tris-

saline and blocked in 5% BSA in 0.1M Tris-saline for 30 minutes. Tissues were 

incubated in primary antibodies (see table 1) for 48 hours at 4°C. Tissues were 
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then rinsed with Tris-saline and incubated in secondary antibody (table 1) for 2 

hours at room temperature, protected from light. Slices were mounted to slides 

using Prolong Gold Antifade. Slice images were viewed on an Olympus 

microscope.  

 

2.3 In vitro 

2.3.1 Materials for In vitro experiments 

For information on materials used for in vitro experiments see table 1 (table 1). 

bEnd.3, C8-D1A and C8-D4 cell lines were purchased from ATCC. GPNT rat brain 

endothelial cells were generously donated by the laboratory of Dr. Thomas Davis 

at the University of Arizona. Live cells were incubated in a water jacketed CO2 

incubator (VWR) set to 37⁰C, 5.0% CO2. For in vitro assays, cells were centrifuged 

and counted using a gridded hemocytometer (Hausser Scientific, Horsham, PA). 

 

2.3.2 Cell culture 

GPNT cells were cultured on 75cm2 collagenated flasks or 12mm glass coverslips 

and sustained with media comprised of 1:1 Ham’s F12: MEM α, supported with 5 

µg/ml transferrin (Sigma I1884-1VL), 5 µg/ml insulin (Sigma-Aldrich), 5 ug/ml 

selenite (Sigma Aldrich), 2 ng basic Fibroblast Growth Factor (BD), 2 mM 

glutamine, 1% pen/strep (Thermo Fisher Scientific (10,000 U penicillin)), and 10% 

fetal bovine serum (Gemini bio-products, West Sacramento, CA, USA). bEnd.3 

cells were cultured in 75cm2 standard flasks or 12mm glass coverslips and 

sustained with media comprised of DMEM (Thermo Fisher Scientific) 
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supplemented with 2μM L-glutamine, 10% FBS (Gemini bio-products), and 1% 

pen/strep (Thermo Fisher Scientific (10,000 U penicillin)). C8-D1A and C8-D4 cells 

were grown in standard 75cm2 flasks and sustained with media comprised of 

DMEM (Thermo Fisher Scientific) supplemented with 10% FBS (Gemini bio-

products), and 1% pen/strep (Thermo Fisher Scientific (10,000 U penicillin)). All 

cells were cultured under sterile conditions and split regularly to avoid 

overcrowding.  

 

2.3.3 Cell treatments 

For Phalloidin staining, GPNT cells were treated with KCl (30mM and 100mM) and 

ATP (10µM, 30µM, and 100µM), or media as the vehicle control, for 10 minutes 

followed immediately by fixing and staining with Phalloidin. For claudin-5 

localization studies in GPNT cells, GPNT cells were treated with media control, 

100mM KCl, or 20µM ATP for 10 minutes followed by an 80 minute incubation in 

normal culture media. For KCl mediated TJ protein localization studies, bEnd3 

cells were treated with 100mM or 60 mM KCl in media, in addition to a vehicle 

(media) control, for 5 minutes followed by a 25 minute incubation in normal media. 

For assessment of localization of TJ proteins mediated by compounds released 

during CSD, bEnd.3 cells were treated with a CSD cocktail (60mM KCl, 70μM L-

glutamate, 30μM α,β-methylene Adenosine 5'-triphosphate, pH 6.8) for 5 minutes, 

followed by a 25 minute incubation in normal media. For assessment of potassium 

channel blockers (Na+/K+ ATPase and Kir6 (KATP)), 0.1μM digoxin or 100μM AMP-

PNP (Tocris Bio-Techne Corp, Minneapolis, MN, USA) Bend.3 cells were pre-
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treated cells 30 minutes prior to either KCl (100mM) or CSD cocktail treatment. For 

estrogen studies, rat brain endothelial (GPNT) cells, C8-D1A astrocytes, and C8-

D4 microglia were treated with 17-β-estradiol concentrations corresponding to 

serum levels in female rats over the estrous cycle( Diestrus-73pM, Estrus-147pM, 

Proestrus- 294pM) , during pregnancy (440pM), and in males (18pM) for 24 hours, 

in addition to a vehicle (standard media) control. To assess ER inhibition with ICI 

182, 780, GPNT cells were treated with 10nM in either the presence or absence 

of the pregnancy (HE-440pM) levels of 17-β-estradiol for 24 hours.  For 

testosterone experiments, cells were treated with concentrations corresponding to 

levels seen during the estrous cycle of the female rat: estrus (350pM), Diestrus 

days 1 and 2 (690pM), Diestrus day 3 (1.39nM), Proestrus (1.74nM), and average 

male levels (3.12nM) 205.  

2.3.4 Cell line co-culture  

For co-culture experiments, bEnd.3 mouse brain endothelial cells and C8-D1A 

mouse astrocytes were cultured together in order to increase bEnd.3 cell 

monolayer formation and induce cell polarity. A transwell system was used (VWR) 

to plate C8-D1A mouse astrocytes on the bottom, or abluminal side, and bEnd.3 

mouse brain endothelial cells on the top, or luminal side of the transwell. The top 

portion of the transwell consisted of a polyester mesh insert with 0.4 μm pores to 

allow the passage of soluble molecules which preventing cell migration across the 

membrane. C8-D1A cells were plated on the abluminal side and allowed to 

become confluent for 1-2 days. Then, bEnd.3 cells were plated on the luminal side 
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and allowed to grow for 4-5 day, until a confluent monolayer had formed. Both cell 

types were initially plated at 200,000 cells/mL. 

 

2.3.5 Sodium fluorescein permeability 

 For bEnd.3 cell permeability assays, C8-D1A astrocytes and bEnd.3 mouse brain 

endothelial cells were co-cultured using a non-contact transwell system as 

described previously (C8-D1A on bottom/abluminal chamber, bEnd.3 on transwell 

insert/luminal chamber). Cells were treated with either KCl or CSD mix as 

previously described and, following the 5 minute treatment, media was replaced 

and media containing 100µg/mL Sodium fluorescein (Sigma-Aldrich (Na–F)) was 

loaded onto the luminal side of a transwell insert. 10µL samples were removed 

from the abluminal chamber and placed in black 96 well plates at 10, 20, 30, 

60,120,180, and 360 minutes post treatment initiation. The concentration of Na-F 

was determined using a fluorescent plate reader (Ex(λ) 485nm; Em(λ) 530nm) and 

the passage into the abluminal chamber over time was calculated.  

 

2.3.6 TEER measurement 

Transepithelial/transendothelial electrical resistance (TEER) is 

the measurement of electrical resistance across a cell monolayer and was used to 

assess permeability of the bEnd.3 cell monolayer. A chopstick electrode system 

(World precision instruments, Sarasota, FL, USA) was used to assess TEER. 

Baseline TEER measurements were taken and the TEER measurement for just 

media (no cells) was subtracted as the “blank” value. Cells were treated with KCl 
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or CSD mix as described above and TEER measurements were taken at 10, 20, 

30, 60,120,180, and 360 minutes post treatment.  

 

2.3.7 Calcium imaging 

Fura-2AM (Thermo Fisher Scientific) Ca2+ imaging was performed on GPNT cells. 

Cells were loaded with Fura-2AM for 30 minutes at 37⁰C.  A standard bath solution 

containing 139 mM NaCl, 3 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2, 10 mM 

NaHEPES, pH 7.4, 5 mM glucose was perfused over cells using  a Valvelink 8.1 

controlled gravity-driven perfusion system (Automate Scientific, San Francisco, 

CA, USA). Cells were exposed to a 10 sec pulse of 90 mM KCl, 20μM ATP, or 

100μM L-glutamate delivered by pipette. Fluorescence imaging was performed 

with an inverted microscope (Nikon Eclipse TE2000-U) using objective Nikon 

Super Fluor 20 × 0.75 numerical aperture and a Photometrics cooled CCD camera 

CoolSNAPHQ (Roper Scientific-photometrics Tucson, AZ, USA) controlled by 

MetaFluor 6.3 software (Molecular Devices San Jose, CA, USA). Images were 

taken every 10 seconds and the changes in [Ca2+]c were monitored by following 

the ratio of F340/F380, calculated after subtracting the background from both 

channels 206. 

 

2.3.8 Cell line immunocytochemistry 

Cells were treated in manners previously described in section 2.3.3. Following 

treatment, cells were washed with 1X PBS and fixed in a 1% Formaldehyde 

solution in 1X PBS (vol/vol) for 10 minutes. Cells were washed between each step 
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with 1X PBS. Cells were permeabilized with a 0.2% Triton-X-100 solution in 1X 

PBS (vol/vol) for 10 minutes. They were then blocked in a 10% BSA (w/vol), 0.1% 

Triton-X-100 (vol/vol) solution for 1 hour. Cells were incubated in primary antibody 

(table 1) in blocking buffer overnight at 4⁰C. Then, cells were incubated in 

secondary antibody (table 1) in blocking buffer for 1 hour at room temperature. 

The coverslips with cells were then mounted to slides with Prolong Gold Antifade 

with DAPI mounting media and allowed to dry.  The slides were visualized using 

an Olympus microscope.  

 

 

2.3.9 Immunoblotting 

Following treatment, cells were lysed with buffer containing 20 mM Tris-HCl (pH 

7.4), 50mM  NaCl, 2mM MgCl2 hexahydrate, 1% (vol/vol) NP40, 0.5% (w/vol) 

sodium deoxycholate, 0.1% (w/vol) SDS supplemented with Bimake protease 

inhibitor cocktail and Bimake phosphatase inhibitor cocktail. Protein content was 

assessed using a BCA protein assay which produces a colorimetric representation 

of protein content. Protein concentration was found by measuring absorbance at 

520nm and fitting values to a standard curve. 10 µg of total proteins were loaded 

on TGX precast gels and separated by SDS-PAGE and then transferred to 

polyvinylidene difluoride membranes (Imobilon, Millipore, Waltham, MA, USA) and 

blocked in 5% BSA at room temperature for 1 hour. Primary antibodies and 

dilutions are given in table 1 (table 1). All antibodies were diluted in 5% BSA in 

tris-buffered saline with Tween 20 (TBST).  Immunoblots were revealed by 
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enhanced chemiluminescence (WBKLS0500, Millipore) and imaged on 

photographic film. To visualize multiple bands on the same blot, blots were stripped 

with Restore Western Blot Stripping Buffer (Pierce, Thermo Fisher, Waltham, MA). 

Films were scanned, digitized, and quantified using Un-Scan-It gel version 6.1 

scanning software (Silk Scientific Inc.; Orem, UT, USA). 

 

2.3.10 Phalloidin staining 

GPNT cells on collagen coated glass slides were treated with 30mM KCl, 100mM 

KCl, 10μM ATP, 30μM ATP, or 100μM ATP for 10 minutes. Following treatment, 

cells were fixed for 10 minutes with a solution of 3.7% paraformaldehyde-no 

methanol (w/vol) in 1X PBS. Cells were washed with 1X PBS between steps. Cells 

were permeabilized in a solution of 0.1% Triton-X-100 in 1X PBS for 5 minutes.  

Then cells were incubated in Alexa Fluor 488 Phalloidin (Fisher Scientific) diluted 

1:40 in 1X PBS with 1% BSA for 20 minutes at room temperature (protected from 

light).  Coverslips were air dried and mounted on slides with Prolong Gold Antifade 

with DAPI. Slides were visualized using an Olympus microscope.  

 

2.3.11 bEnd.3 brain endothelial cell proteomic assessment using 

high performance liquid chromatography 

electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS)  

 

Cell lysates of untreated p23 bEnd.3 cell were prepared in lysis buffer containing 

20 mM Tris-HCl (pH 7.4), 50mM  NaCl, 2mM MgCl2 hexahydrate, 1% (vol/vol) 
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NP40, 0.5% (w/vol) sodium deoxycholate, 0.1% (w/vol) SDS supplemented with 

Bimake protease inhibitor cocktail and Bimake phosphatase inhibitor cocktail. 

Protein content was assessed as 7μg/uL, and lanes with 25, 50, 100, and 200 μg 

of protein were separated by precast one-dimensional SDS polyacrylamide gel 

(12%, Bio-Rad, Hercules, CA). Proteins were visualized with Coomassie blue stain 

(Bio-Rad, Hercules, CA) and cut into 8 sections. Gel pieces were processed and 

assessed as described by Xie et al., 2010, Journal of Proteome Research.  

 

“The gel pieces were placed in a 0.6 ml polypropylene tube, washed with 

400 µl of water, destained twice with 300 µl of 50% acetonitrile (ACN) in 40 

mM NH4HCO3 and dehydrated with 100% ACN for 15 minutes. After 

removal of ACN by aspiration, the gel pieces were dried in a vacuum 

centrifuge at 62°C for 30 minutes. Trypsin (250 ng; Sigma Chemical Co., 

St. Louis, MO) in 20 µl of 40 mM NH4HCO3 was added and the samples 

were maintained at 4°C for 15 minutes prior to the addition of 50 µl of 40 

mM NH4HCO3. The digestion was allowed to proceed at 37°C overnight and 

was terminated by addition of 20 µl 5% formic acid (FA). After incubation at 

37°C for an additional 30 minutes and centrifugation for 1 minute, each 

supernatant was transferred to a clean polypropylene tube. The extraction 

procedure was repeated using 40 µl of 0.5% FA, and the two extracts were 

combined. The sample volume was reduced to ~5 µl by vacuum 

centrifugation, and the resulting peptide mixtures were purified by solid-

phase extraction (C18 ZipTip; Millipore, Billerica, MA) after sample loading 
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in 0.05% heptafluorobutyric acid:2% formic acid (vol/vol) and elution with 4 

µl 50% acetonitrile:1% formic acid (vol/vol) and 4 µL 80%ACN:1%FA (v/v), 

respectively. The two eluates were combined and the samples were dried 

by vacuum centrifugation. 10 µl 0.5% FA: 2%ACN (v/v) was added 207, 208.” 

This procedure was followed by “high performance liquid chromatography-

electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS) 

using a hybrid linear ion trap-Fourier Transform Ion Cyclotron Resonance 

mass spectrometer (Thermo Fisher, San Jose, CA) fitted with a PicoView 

TM nanospray source (New Objective, Woburn, MA). Normalized spectral 

abundance factors (NSAF) were used to determine protein abundance 207, 

208 with a false discovery rate of 5.27% at the peptide level and 0.28% at 

the protein level. Only pep- tides with >95% probability were considered. 

Criteria for protein identification included detection of at least two unique 

identified pep- tides and a probability score of >99%, based on Scaffold 

analysis207, 208” 

 

2.4 Statistical analysis 

GraphPad Prism 7.0 software (GraphPad Software; San Diego, CA, USA) was 

used for statistical analysis. Unless otherwise stated, the data were expressed as 

mean ± standard error of the mean (SEM). Periorbital allodynia, TEER, and Na-F 

measurements were assessed using a repeated measure two-way analysis of 

variance (ANOVA) to analyze differences between treatment groups over time with 

a Bonferroni test applied post-hoc. Additionally, in Na-F measurements, a best fit 
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line was generated and difference between the slopes of the lines were determined 

using a linear regression model with post-test to determine statistical differences 

in slope. In CSD induced rearing and head tucking experiments, data were 

expressed as AUC ± SEM for rears performed or time spent head tucking for the 

duration of the timecourse. Differences between groups were assessed using an 

unpaired t-test with Welch’s correction. Western blot studies were compared by 

one-way ANOVA or Student’s T-test. In situ perfusion results and Evan’s blue 

albumin uptake measurements were compared by one-way ANOVA and an 

unpaired t-test with Welch’s correction to determine statistical significance. When 

p-values were ≤ 0.05, they were accepted as statistically significant. Phalloidin, 

IHC, and ICC results were visually analyzed and no statistical inferences were 

made based on these observations. 

 



Page | 111  
 

Table 1 

Item Company CAT# Purpose Notes: 

Ketamine MWI 501072 Surgeries 
 80mg/mL final 
concentration 
Dose 80mg/kg I.P. 

Xylazine MWI 510004 Surgeries 
12mg/mL final 
concentration 
Dose 12 mg/kg I.P. 

Gentamicin Sulfate 
Sparhawk 
laboratories 

NDC:58005-633-
05 

Surgeries 
8mg/mL final 
concentration 
Dose 8mg/kg S. cu. 

Serotonin 
Hydrochloride 

TCI America S0370 
IM 
component 

2mM in SIF 

HEPES pH 5.0-6.5 Sigma-Aldrich H7523-50G 
IM and SIF 
component 

10mM in SIF 

Histamine Sigma-Aldrich H7125-1G 
IM 
component 

2mM in SIF 

Bradykinin acetate 
salt 

Bachem H-1970.0100 
IM 
component 

2mM in SIF 

Prostaglandin E2 Tocris 2296 
IM 
component 

0.2mM in SIF 

Guide cannula Plastics One C313G 
Dural 
cannulation 
surgery 

Adjust length to 
0.5mm 
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Dummy cannula Plastics One C313DC 
Dural 
cannulation 
surgery 

Adjust length to fit 
guide cannula 

Silver wire spool A-M Systems 787500 
CSD 
surgery 

For electrodes- 
remove PFA coating 
first 

Isoflurane UAC supplied 502017 
Acute 
injection 
surgery 

5.0% induction, 
2.5% maintenance 

Topiramate 
Cayman 
Chemical 

13623 
CSD pre-
treatment 
studies 

40mg/mL 
suspension in sterile 
saline final 
concentration 
Dose 40mg/kg I.P. 

Hamilton injector 
Hamilton 
Company 

80308 701 SN 
Cortical 
injection 

Project 1.0mm into 
brain 

Evan’s-blue Sigma-Aldrich E2129-100G 

In situ brain 
perfusion, 
direct 
uptake 
studies 

0.055 g/L in ringer 
(In situ),  
2.0% In sterile saline 
(3ml/kg I.V.) for 
uptake studies 

Heparin sodium  Sigma-Aldrich H3393-250KU 

In situ brain 
perfusion, 
transcardial 
perfusion 

11 mg/mL sterile 
saline,  
Standard dose 0.1 
mL/rat I.P. 

14
C- sucrose  Perkin Elmer NEC100X001MC 

In situ brain 
perfusion 

Use at 0.5 μCi/mL in 
ringer 
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3
H-sumatriptan  

American 
Radiolabeled 
Chemicals Inc. 

 ART 1619-50 
µCi 

In situ brain 
perfusion 

Use at 0.25μCi/mL 
in ringer 

Optiphase supermix 
scintillation cocktail 

Perkin Elmer 1200-439 
In situ brain 
perfusion 

1.5 mL/scintillation 
vial 

Glacial acetic acid Fisher scientific 64-19-7 
In situ brain 
perfusion 

100 μL/scintillation 
vial 

TS-2 tissue 
solubilizer 

Research 
Products 
International 
Corp. (RPI) 

112001 
In situ brain 
perfusion 

1.0 mL/scintillation 
vial 

4-O suture silk 
Braintree 
Scientific 

SUT-S 108 
In situ brain 
perfusion 

 

Von Frey touch 
sensory probes 

Stoelting 58011 
Periorbital 
allodynia   

 

PMSF 
Phenylmethylsulfonyl 
fluoride 

Sigma-Aldrich 10837091001 
Western 
Blot 

2mM in lysis buffer 

cOmplete™, EDTA-
free Protease 
Inhibitor Cocktail 

Sigma-Aldrich 5056489001 
Western 
Blot 

Use 1 tablet/50 mL 
lysis buffer 

Protease inhibitor 
cocktail 

Bimake B14002 
Western 
Blot 

Dilute 1:100 in lysis 
buffer 

Phosphatase 
inhibitor  

Bimake B15002 
Western 
Blot 

Dilute 1:100 in lysis 
buffer 
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Pierce™ Coomassie 
Plus (Bradford) 
Assay Kit 

Thermo Fisher 
Scientific 

23236 
Western 
Blot 

Dilute tissue 
samples 1:10 for 
optimal protein 
assessment, 
No sample dilution 
for cells 

4X-XT sample buffer Bio-rad 1610791 
Western 
Blot 

Dilute 1:4 in 
normalized protein 
lysate 

XT reducing agent Bio-rad 1610792 
Western 
Blot 

Dilute 1:20 in 
normalized protein 
lysate 

Precision Plus 
Protein™ Dual Color 
Standards 

Bio-rad 1610374 
Western 
Blot 

 

4-20% Criterion TGX 
precast midi protein 
gel 

Bio-rad 5671093 
Western 
Blot 

 

Immobilon-P PVDF 
Membrane 

Millipore Sigma IPVH304F0 
Western 
Blot 

 

Stripping Buffer 
GM 
Biosciences 

GM6015 
Western 
Blot 

Faster stripping 
protocol 

Stripping buffer 
Thermo Fisher 
Scientific 

21059 
Western 
Blot 

 

Claudin-5 antibody 
Invitrogen 
(Thermo 
Fisher) 

35-2500 
Western 
Blot, IHC, 
ICC 

1:500 WB 
1:200 IHC 
1:200 ICC 
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Occludin antibody 
Invitrogen 
(Thermo 
Fisher) 

OC-3F10 
Western 
Blot, IHC 

1:1000 WB 
1:200 IHC 
  

ZO-1 antibody 
Invitrogen 
(Thermo-
Fisher) 

33-9100 IHC, ICC 
1:200 IHC 
1:200 ICC 

NHE-1 antibody Abcam ab67313 
Western 
Blot 

1:1000 WB 

SLCO1A2/Oatp1a4 
antibody 

Aviva Systems 
Biology Corp. 

ARP43899_P050 
Western 
Blot 

1:500 WB 

α-Tubulin antibody Cell Signaling DM1A 
Western 
Blot 

1:5000 WB 

β-actin antibody Abcam ab8226 
Western 
Blot 

1:2000 WB 

Cy 2 fluorescent 
antibody 

Jackson 
Immuno 
Research 

715-225-151 IHC 1:200 IHC 

Cy 3 fluorescent 
antibody 

Jackson 
Immuno 
Research 

715-165-151 IHC, ICC 
1:500 IHC 
1:1000 ICC 

Anti-mouse HRP 
linked antibody 

Cell signaling 
technology 

7076S 
Western 
Blot 

1:20,000 WB 

Anti-rabbit HRP 
linked antibody 

Cell signaling 
technology 

7074S 
Western 
Blot 

1:20,000 WB 

Alexa Fluor 488 
Phalloidin 

Fisher Scientific A12379 
Stress fiber 
staining 
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DMEM, high glucose, 
pyruvate  

Thermo Fisher 
Scientific 

11995073 Cell culture 
bEnd.3, C8-D1A, 
C8-B4 cell lines 

L-glutamine 
Thermo Fisher 
Scientific 

25030081  Cell culture bEnd.3, GPNT cells 

Alpha MEM 
Thermo Fisher 
Scientific 

12561072 Cell culture GPNT cells 

F-12 Ham  With 
sodium bicarbonate, 
without L-glutamine 

Sigma-Aldrich N4888 Cell culture GPNT cells 

Insulin-transferrin-
sodium selenite 
media supplement 

Sigma-Aldrich I1884 Cell culture GPNT cells 

Basic Fibroblast 
Growth Factors 
(bFGF), Human 
Recombinant 

Thermo Fisher 
Scientific 

CB-40060 Cell culture GPNT cells 

Fetal Bovine Serum 
Gemini Bio-
products 

100-106 Cell culture 
10% in all culture 
media 

Penicillin 
Streptomycin 

Thermo Fisher 
Scientific 

15140122 Cell culture 
1% in all culture 
media 

0.25% Trypsin-EDTA 
Thermo Fisher 
Scientific 

25200056 Cell culture  

17-β-estradiol Sigma-Aldrich E8875-5G 

Cell culture 
treatments, 
Rat 
treatment 

For rats: 180μg/mL 
final concentration in 
castor oil 
Dose 180μg/kg I.P. 
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Testosterone Sigma-Aldrich T1500-1G 
Cell culture 
treatments 

 

α,β-methylene 
Adenosin 5'-
triphosphate (sodium 
salt) 

Cayman 
Chemical 

10008956 
Cell culture 
treatments 

Treat at 10, 30, or 
100 μM for 
Phalloidin studies 
Treat at 30μM for 
localization studies 

L-glutamate Abcam Ab120049 
Cell culture 
treatments 

Treat at 70 μM for 
localization studies 
Treat at 100μM for 

Ca
2+ 

imaging studies 

Digoxin Tocris 4583 
Cell culture 
treatments 

 

AMP PNP Tocris  6086 
Cell culture 
treatments 

 

Fura-2 AM 
Thermo Fisher 
Scientific 

F1221 Ca
2+ 

imaging 
 

Prolong gold 
mountant with DAPI 

Thermo Fisher 
Scientific 

P36931 ICC  

Fluorescein sodium 
salt 

Sigma-Aldrich F6377-500G 
Cell 
permeability  

 

12mm, 0.4 μm pore 
size transwell 

VWR 3460 
Cell co-
culture 

 

Bovine Serum 
Albumin (BSA) 

Gold 
Biotechnology 

A-420-500 General   
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CHAPTER 3:  EXAMINING CHANGES IN BBB 

PERMEABILITY IN MODELS OF EPISODIC 

HEADACHE
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3.1 Introduction 

Although other pain states have been shown to cause a transient disruption 

of BBB integrity, it is not well understood if migraine attacks can cause changes in 

BBB permeability180, 181. One study in rats revealed increased MMP-9 activity as 

well as increased brain permeability to Evans blue-albumin in response to KCl 

induced CSD, a model of migraine with aura 134. This model has also been shown 

to cause migraine-like nociceptive behaviors in rats in a few separate studies90, 148. 

On the other hand, studies done in other headache models have shown clear 

evidence against BBB disruption. For example, no change in BBB permeability to 

51Cr-EDTA was seen in response to dural inflammation 184. In another study, BBB 

permeability following repeated dural inflammation was only seen in the TNC in 

the brainstem 183.  Based on these conflicting reports, we hypothesized that the 

occurrence and nature of BBB changes in preclinical models of episodic headache 

would be model specific.  

 

3.2 Acute craniotomy and CSD induction causes periorbital allodynia in both 

CSD and control groups 

CSD is an electrical phenomenon in the brain which is thought to underlie 

the aura phase of migraine with aura  18. CSD has also been shown to induce 

activation and persistent sensitization of meningeal nociceptors in an anesthetized 

in vivo prep, as well as nociceptive behaviors in awake animals 19, 20, 90, 148.   

Presently, the preclinical models of CSD induced migraine involve acute 
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application of CSD inducing compounds through a large window in the skull 134, 184. 

This causes damage to the skull and may cause inflammation and additional 

activation of dural nociceptors, leading to difficulties in distinguishing between 

surgical and model induced outcomes. Additionally, with a few exceptions, studies 

on CSD are performed in anesthetized animals, making observation of behavioral 

outcomes unfeasible.  

In order to determine whether acute CSD induction produced 

distinguishable nociceptive behaviors, facial withdrawal thresholds were 

determined in female Sprague Dawley rats immediately following cortical pinprick 

± KCl injection to induce CSD. On the day of behavioral assessment, rats were 

anesthetized with isoflurane (for rapid anesthesia recovery) and affixed to a 

stereotax where the craniotomy and injection was performed. Facial withdrawal 

behavior was assessed at 0.5, 1.0, 1.5, 3, 4, 5, and 24 hours post pinprick ± KCl 

(0.5 μL, 1M). In both rats given cortical pinprick, as well as those receiving cortical 

KCl, facial withdrawal thresholds were reduced drastically at 0.5 hours post 

injection (PP (n=3)= 1.52 ± 0.47g, KCl (n=3)= 0.50 ± 0.07g) compared to baseline 

thresholds (6.35 ± 0.87g), indicating a higher level of allodynia. In rats that received 

a cortical pinprick only, the facial withdrawal thresholds gradually recovered back 

to baseline values over the 24 hour timecourse. In rats that were given cortical KCl 

injections, however, facial withdrawal thresholds remained significantly reduced for 

the full 24 hour timecourse. However, a significant difference between pinprick and 

KCl injected groups was not seen until 24 hours post injection (figure 5). These 

data suggest that distinguishing behavioral differences between CSD and control 
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groups at early time points is not possible following acute cortical injections. This 

is likely due to the craniotomy induced inflammation and nociception, rather than 

due to an effect of the pinprick control. 
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Figure 5
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Figure 5: Facial withdrawal thresholds following cortical pinprick ± KCl. 

Acute pinprick through the dura transiently reduced facial withdrawal thresholds. 

Pinprick coupled with cortical injection of KCl (1 M) significantly decreased facial 

withdrawal thresholds for 24 hr. Arrow indicates the time of dural pinprick ± cortical 

KCl. * indicates significant difference from baseline (p<0.05) determined using a 

one-way ANOVA with Tukey post-test applied to compare all values to baseline. # 

indicates significant difference from pinprick group as determined by a two-way 

ANOVA with Tukey post-test applied to compare all values between KCl and 

pinprick groups. 
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3.3 Acute craniotomy and CSD induction increases cortical BBB 

permeability to Evans Blue albumin but not 14C-sucrose 

 Other studies examining BBB changes following CSD have utilized an 

anesthetized acute craniotomy model with CSD induction and BBB assessments 

immediately following 134, 197.  In these studies, increased BBB permeability to 

Evans Blue dye was seen following CSD induction 134, 197. Given our finding that 

behavioral changes were difficult to discern between our control and KCl induced 

CSD groups, we next sought to determine if changes in BBB paracellular 

permeability could be assessed in this model. Evans Blue is a dye that conjugates 

to albumin to create a large, non-CNS penetrating molecule which makes it  useful 

for assessment of large breaches in BBB permeability 209.  

To establish whether acute craniotomy and CSD induction increased BBB 

permeability to Evan Blue dye, rats were given either cortical pinprick ± KCl (0.5 

μL, 1M) as described previously. Rats were transcardially perfused with 0.9% 

saline 90 minutes post injection, and brains were collected, weighed, and 

assessed for Evans Blue accumulation. Significantly increased Evans Blue content 

was seen following CSD induction with KCl on the ipsilateral side (side of injection), 

but not the contralateral side of the cortex as compared to naïve rats (n=3, KCl 

ipsilateral 202.94% naïve ± 19.12) (figure 6). 

Since Evans Blue dye creates a very large molecule when conjugated to 

albumin, we next wanted to determine whether changes in permeability to small 

molecules also occurred in this model. For these studies, 14C-sucrose was 

selected as a permeability marker due to its polarity, relatively small size (342 Da), 
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lack of metabolism in rat brain, and lack of transporter mediated uptake 210.   This 

makes it a useful marker of paracellular BBB permeability to small, polar 

molecules, such as drugs. As in previous studies, rats were given either cortical 

pinprick ± KCl (0.5 μL, 1M). At 90 minutes post injection permeability to 14C-

sucrose was assessed using the in situ brain perfusion technique (figure 7). This 

technique is useful for assessing compound uptake into the brain because it allows 

for the direct infusion of the compound of interest to the brain; largely eliminating 

confounding factors including compound metabolism of changes in cerebral blood 

flow 210, 211. Permeability to 14C-sucrose was not changed between groups given 

pinprick or KCl, though a non-significant increase in permeability was seen in both 

groups as compared to naïve rats (naïve= 1.36 ± 0.17,  PP = 3.14 ± 2.59, KCl= 

3.09 ± 0.68) . To assess whether these small changes were model induced, we 

assessed 14C-sucrose permeability 90 minutes after the acute craniotomy only. In 

this group, a non-significant permeability increase was also observed, which was 

akin to both the pinprick and KCl induced CSD groups (3.26 ± 1.38) (figure 8). 

Taken together these data suggest that acute craniotomy and CSD induction 

produce a BBB breach, which increases permeability to Evans Blue dye. 

Assessment of BBB permeability to small molecules was not observable, however, 

potentially due to surgical induced tissue damage, inflammation, and BBB leak.  
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Figure 6
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Figure 6: Cortical permeability to Evans Blue dye following acute cortical KCl 

injection. Acute dural pinprick + KCl, but not pinprick alone, increased uptake of 

Evans blue albumin into the ipsilateral side in intact female rats 1.5 hours after 

injection. * indicates significant difference from side-matched naïve uptake values 

(p<0.05) determined using a one-way ANOVA and an unpaired t-test with Welch’s 

correction. 
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Figure 7
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Figure 7: Schematic of in situ brain perfusion technique. The carotid arteries 

are cannulated bi-laterally and modified rat ringer was perfused at a rate of 3.1 

mL/min. The radiolabeled compound is introduced into the ringer perfusate via a 

syringe pump which delivers 0.5mL/min of compound, for a total flow rate of 

3.6mL/min. Flow pressure is monitored with a pressure monitor throughout the 

experiment to ensure pressures between 95-105 mmHg are maintained. 
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Figure 8
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Figure 8: Cortical uptake of 14C-sucrose 1.5 hours after acute cortical KCl 

injection. Acute craniotomy and dural pin-prick ± cortical KCl show a trending 

increased uptake of 14C-sucrose as measured by In Situ brain perfusion. No 

significant difference from naïve uptake values was seen as determined using a 

one-way ANOVA and an unpaired t-test with Welch’s correction. 
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3.4 Acute craniotomy and dural application of inflammatory mediators (IM) 

produces periorbital allodynia in both IM and control groups 

Numerous studies have used models of dural inflammation to investigate 

migraine. Additionally, dural inflammation has been shown to induce nociceptive 

behaviors and activation of CNS pain pathways 212-214. To determine whether dural 

application of inflammatory mediators following an acute craniotomy would 

produce distinguishable nociceptive behaviors, facial withdrawal thresholds were 

determined in female Sprague Dawley rats immediately following dural application 

of either IM or vehicle control (SIF) to induce dural inflammation. On the day of 

behavioral assessment, rats were anesthetized with isoflurane and affixed to a 

stereotax where the craniotomy and dural IM or SIF application was performed. 

Facial withdrawal behavior was assessed at 0.5, 1.0, 1.5, 3, 4, 5, and 24 hours 

post Dural IM or SIF application. In both groups, facial withdrawal thresholds were 

reduced drastically within 0.5 hours post dural application compared to baseline 

thresholds (BL= 7.58 ± 0.34g, IM (n=2)= 0.51 ± 0.01g, SIF (n=3)= 0.70 ±0.17g). 

The SIF control treated rats recovered quickly, within 1.5 hours (4.85 ± 1.54g). The 

rats treated with IM, however, maintained significantly reduced facial withdrawal 

thresholds for the entire 24 hour timecourse. Additionally, in contrast to the CSD 

model, a significant difference between SIF and IM groups was seen 1.5 hours 

post dural application (figure 9). These data suggest that acute craniotomy and 

dural application of IM produces headache-like facial allodynia which is 

distinguishable from facial allodynia induced by craniotomy and SIF application 



Page | 133  
 

alone. This suggests that dural compound application produces less surgical 

induced allodynia than cortical injection when done in conjunction with an acute 

craniotomy. 
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Figure 9 
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Figure 9: Facial withdrawal thresholds following dural application of 

inflammatory mediators. Acute dural application of synthetic interstitial fluid 

(SIF) briefly reduced facial withdrawal thresholds for 1 hour post application. Dural 

application of inflammatory mediators significantly decreased facial withdrawal 

thresholds which persited for 24 hr. Arrow indicates the time of dural application of 

either SIF or IM. * indicates significant difference from baseline (p<0.05) 

determined using a one-way ANOVA with Tukey post-test applied to compare all 

values to baseline. # indicates significant difference from SIF group as determined 

by a two-way ANOVA with Tukey post-test applied to compare all values between 

IM and SIF groups. 
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3.5 Acute craniotomy and dural application of inflammatory mediators (IM) 

increases cortical BBB permeability to 14C-sucrose but not Evans Blue 

albumin 

Studies on BBB changes following dural inflammation have produced 

conflicting results. While one study clearly showed no permeability changes 

following dural inflammation, another showed increased permeability in the TNC, 

a migraine relevant CNS region 183, 184. These studies, however, utilized different 

animal conditions (anesthetized or awake respectively) and different permeability 

markers (51Cr-EDTA/Evans Blue or Na+-fluorescein respectively). In order to 

determine if BBB permeability was altered in our model of dural inflammation, rats 

were treated with dural IM or SIF as previously described. Since increased BBB 

permeability to the small molecule Na+-Fluorescein had been previously observed 

following dural inflammation, we first assessed BBB permeability to 14C-sucrose, 

which is a similar size. We assessed permeability to 14C-sucrose at 3 and 24 hours 

post dural IM application using the in situ brain perfusion technique as illustrated 

previously. At 3 hours post dural compound application, all rats, including those 

given SIF or craniotomy alone, showed a significant increase in permeability to 

14C-sucrose compared to naïve rats (Naïve 1.36 ± 0.05, craniotomy= 3.26 ± 0.98, 

SIF= 4.02 ± 0.54, IM= 4.47 ± 0.27) (figure 10A). By 24 hours post application, BBB 

permeability to 14C-sucrose was further increased compared to naïve, however, 

BBB permeability to 14C-sucrose was still increased in rats given SIF or craniotomy 

alone (Craniotomy= 3.26 ± 0.98, SIF= 3.27 ± 0.49, IM= 7.38 ± 0.33)(figure 10B). 
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Due to the fact that we observed a distinct, significant increase in BBB 

permeability at 24 hours post dural IM application, we next sought to determine 

whether BBB permeability to Evans Blue dye would also occur 24 hours after dural 

IM application.  Rats were treated with IM or SIF as described above and 

transcardially perfused with 0.9% saline 24 hours after treatment. Brains were then 

collected, weighed, and Evans Blue uptake was assessed. No change in Evans 

Blue uptake was seen in the SIF or IM groups on either the ipsilateral or 

contralateral side as compared to naïve uptake (figure 11). Due to the observed 

increased uptake of the small molecule permeability marker 14C-sucrose, but not 

the larger Evans Blue- Albumin marker, these data suggest that a smaller, delayed 

BBB breach occurs as a result of dural inflammation as compared to CSD. 
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Figure 10 
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Figure 10: Cortical uptake of 14C-sucrose 3 hours and 24 hours post-dural 

inflammatory mediator application.  (A) Acute craniotomy, dural application of 

SIF, and IM significantly increased BBB permeability 3 hours post application as 

assessed by in situ brain perfusion via uptake of  [14C]-sucrose. (B) At 24 hours 

post application, BBB permeability was still increased in craniotomy and SIF 

groups.  Permeability to [14C]-sucrose was further increased at 24 hours in dural 

IM treated rats. # indicates significant difference from Naive (p<0.05), * indicates 

significant difference from craniotomy and SIF groups as determined using a one-

way ANOVA with Tukey post-test applied to compare all values. 
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Figure 11 
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Figure 11: Examining Evans Blue Dye cortical uptake 24 hours post-dural 

inflammatory mediator application. Acute dural IM application did not 

significantly increase uptake of Evans blue albumin into either the ipsilateral or 

contralateral side of IM application in intact female rats 24 hours after injury, as 

determined using a one-way ANOVA and an unpaired t-test with Welch’s 

correction. 
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3.6 Cortical injection via cannula induces cortical spreading depression 

(CSD) and nociceptive behaviors in KCl but not aCSF (control) groups 

 In the previous studies, acute craniotomy and headache induction with 

either IM or KCl to induce CSD was shown to produce facial allodynia and some 

BBB leak, however these effects were, at times, indistinct from the control groups. 

This was likely due to the contribution of the surgical trauma and inflammation to 

both outcomes. We, therefore, decided to surgically cannulate the rats to allow 

them time to recover from surgery. This model was described in a separate study, 

which showed that cortical KCl, but not control injections, produced CSD and facial 

allodynia 148. Based on these results, as well as due to the stronger correlation 

between CSD and BBB leak, we decided to proceed using only the KCl induced 

CSD model.  

Studies investigating the effect of CSD on nociceptive behaviors and BBB 

changes have used male rats to evaluate these outcomes134, 148, 197. Migraine, 

however, is known to afflict women more than men 7. Therefore, we opted to 

perform our studies in intact female rats. Following cannula implantation, rats were 

allowed to recover for 7-10 days. Pinprick control was also replaced with an aCSF 

injection control to account for the slight volume displacement from the KCl 

injection.  As compared to acute craniotomy with pinprick, rats given a cortical 

aCSF injection maintained high facial withdrawal thresholds immediately (0.5 

hours) after injection demonstrating that the initial allodynia seen following pinprick 

was likely caused by surgical trauma (Naïve (n=15) = 7.76 ±0.13g, post-surgical 
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BL (n=16)= 5.63 ± 0.47g, aCSF (n=16)= 5.39 ± 0.59g, pinprick (n=3)= 1.52 ± 0.47) 

(figure 12).  Following cortical injection of either KCl or aCSF, the development of 

CSD was monitored 148. CSD was defined by significant reductions in both the 

power and amplitude of the EEG tracings and was only considered as an event 

when 1) the AC current was reduced by half; 2) the DC current exhibited a 

downward shift by a minimum of 1mV; and 3) the duration was a minimum of 30 s. 

Rats injected with cortical KCl experienced up to 3 CSD events within the first 2 

hours of recording, while rats given cortical aCSF did not show any CSD events 

(figure 13A, figure 13B). 

Facial withdrawal thresholds were determined at post-surgical baseline and 

0.5, 1.0, 1.5, 3.0, 6.0, 24, 48, and 72 hours post cortical injection of either KCl or 

aCSF control. Rats receiving a cortical KCl injection exhibited significantly reduced 

periorbital withdrawal thresholds within 0.5 hours which peaked between 1 hour 

and 3 hours. Facial withdrawal thresholds recovered significantly within 6 hours, 

but remained significantly lower than pre-injection baselines for the remainder of 

the 72-hour time-course. (KCl withdrawal thresholds (n=21) at 0.5 hours 3.043 ± 

0.49g, 1 hour 1.23 ± 0.27g, 1.5 hours 0.96 ± 0.22g, 3 hours 1.21 ± 0.41g, 6 hours 

2.70 ± 0.41g, 24 hours 2.44 ± 0.39g, 48 hours 2.55 ± 0.48g, and 72 hours 2.27 ± 

0.21g)  Rats receiving a 0.5 μl cortical injection of aCSF did not exhibit significantly 

decreased facial withdrawal thresholds from baseline at any of the examined time 

points suggesting that head nociception was not induced (figure 14).  

Non-evoked, or pain suppressed behavior, was also assessed in response 

to CSD. Previous studies have shown that rearing behaviors are suppressed in 
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response to facial allodynia 107, 215. Additionally, head-tucking behaviors were 

assessed based on the assumption that this behavior was akin to “head-pressing”; 

a veterinary condition associated with neurological disorders.  The ability of cortical 

KCl to depress rearing or induce head-tucking behavior was assessed throughout 

the 72 hour behavioral timecourse. Throughout the behavioral timecourse, total 

rearing events in KCl injected rats were significantly decreased compared to rats 

injected with aCSF (AUC aCSF (n=10) = 850.5 ± 83.04, AUC KCl (n=12) 302.5 ± 

54.45) (figure 15A). The amount of time spent head-tucking throughout the 

timecourse was not-significantly increased in rats given KCl injections when 

compared to those receiving aCSF (figure 15B).  Together, these data support the 

validity of injection of cortical KCl in awake, freely moving female rats as a model 

of CSD induced episodic headache.  
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Figure 12 
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Figure 12: Comparison of control group periorbital withdrawal thresholds in 

models using acute craniotomy and cannulae for injections. Surgical 

cannulation significantly improves periorbital withdrawal thresholds 0.5 hours post 

control injections. At 7-10 days post cannulation surgery, female rats have reduced 

withdrawal thresholds compared to naïve (PS-BL), however, control aCSF 

injections do not reduce thresholds further. In rats given acute craniotomy with 

cortical pinprick, thresholds are severely reduced compared to naïve rats. 

Thresholds for PP rats were also decreased compared to the PS-BL and aCSF 

treated rats. * indicates significant difference from naïve values (p<0.05), and # 

indicates significant difference (p< 0.05) from PS-BL as determined using a one-

way ANOVA and an unpaired t-test with Welch’s correction. 
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Figure 13 
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Figure 13: Electrophysiological confirmation of CSD occurrence following 

cortical KCl injection. (A) Representative EEG trace from cortical KCl induced 

CSD (B) Rats injected with KCl experienced at least 1 CSD event lasting  between 

~33 seconds and 83 seconds. No CSD events were seen in rats given cortical 

aCSF injections. 
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Figure 14 
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Figure 14: Cortical injection of 1M KCl via cannula induces periorbital 

allodynia. Prior to surgery rats to not exhibit significant periorbital allodynia (BL). 

Cortical injection of KCl (1 M, 0.5 µl), but not aCSF (0.5 µl) significantly decreased 

facial withdrawal thresholds beginning 30 minutes post injection which improved 

by 6 hours but did not return to pre-injection baseline thresholds during the 72 hour 

timecourse. * Denotes significant (p < 0.05) differences from PS-BL as assessed 

by a one-way ANOVA. # denotes significant (p < 0.05) differences from aCSF 

injected group as assessed by a two-way ANOVA. 
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Figure 15 
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Figure 15: Cortical KCl injection induced pain suppressed behaviors. (A) KCl 

injected rats exhibited significantly fewer rears than aCSF injected rats over the 72 

hour behavioral timecourse (B) KCl injected rats trended toward spending more 

time “head-tucking” than pinprick-aCSF injected rats. (AUC ± SEM). * indicates 

significant (p<0.05) KCl vs aCSF injected rats as determined using an unpaired t-

test of AUC with Welch’s correction.  
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3.7 Cortical KCl injection via cannula induces transient increases in cortical, 

but not brainstem, BBB permeability 

The capacity of CSD to produce changes in BBB integrity has been shown 

in a few studies using anesthetized animals 134, 197. Currently, however, no studies 

have evaluated BBB integrity or permeability in relation to behavioral changes 

following cortical KCl injection in awake, freely moving rats. Cortical BBB 

permeability was, again, assessed using the in situ brain perfusion technique.  

Compared to naïve rats (1.68 ±0.35 N=8), cortical KCl injection increased BBB 

permeability of 14C-sucrose in the cortex within 0.5 hours (4.24 ± 0.17 N=7). 

Permeability returned to naïve levels within 6 hours post KCl injection (3.12 ± 0.13, 

N=10 at 1.5 hours and 2.37 ± 0.12, N=8 at 6 hours) (figure 16A).  This time-course 

of increased cortical BBB permeability corresponds with the duration of periorbital 

allodynia seen during behavioral assessment following cortical KCl injection. No 

change in BBB permeability was seen with cortical aCSF injection compared to 

naïve rats (Figure 16A).  

BBB permeability was also assessed in the brainstem of rats receiving a 

cortical injection of KCl, due to the significance of the brainstem in the transmission 

of nociceptive signals related to headache production. Rats injected with either 

cortical KCl or aCSF showed no change in BBB permeability to 14C-sucrose in the 

brainstem compared with naïve rats (Naïve RBR 1.632 ± 0.356, N=9) (Figure 

16B). These data suggest the ability of KCl injected cortically in awake, freely 
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moving rats to induce significant changes in BBB permeability in the cortex, but 

not brainstem, at times corresponding with decreased facial withdrawal thresholds.   
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Figure 16 
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Figure 16: Timecourse of 14C-sucrose permeability in the cortex and 

brainstem following cortical KCl injection. Cortical KCl injection increased BBB 

permeability to 14C-sucrose in the cortex but not brainstem as assessed with In 

situ brain perfusion (A) Cortical injection of KCl (0.5 μl, 1M) induced an increase 

in cortical BBB permeability to 14C-sucrose at 30 minutes post injection. 

Permeability returned to naïve levels (indicated by dashed line) within 6 hours. (B) 

Injection of KCl (0.5 μl, 1M) into the cortex did not produce significant changes in 

brainstem permeability to 14C-sucrose. Naïve values for 14C-sucrose are denoted 

by the dashed line. The amount of radioactivity in the cortex and brainstem versus 

the perfusate was expressed as RBR%. * Denotes significant (p < 0.05) differences 

compared to naïve uptake as assessed by one-way ANOVA and an unpaired t-

test with Welch’s correction to determine statistical significance. 
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CHAPTER 4: CLINICAL IMPLICATIONS OF 

INCREASED BBB PERMEABILITY IN 

EPISODIC HEADACHE
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4.1 Introduction 

Conditions resulting in primary and secondary headache have diverse 

origins. While their pathologies are wide-ranging, CSD represents a common 

occurrence amongst them 19, 39, 60, 87, 190, 216-219.  In tissue that has already been 

damaged, such as in ischemic stroke, CSD has been shown to accelerate neuronal 

death 220 193. On the other hand, CSD arising in otherwise non-damaged tissue, 

such as in migraine with aura, is perceived to be reasonably innocuous. It is 

thought, though,  that repeated CSD in migraine with aura may contribute to an 

increased risk for stroke 221.  Increased in BBB permeability has been 

demonstrated in several disease states to promote CNS damage 198.  Conversely, 

temporary rises in BBB permeability resulting from conditions such as migraine 

with aura may afford an opportunity to improve drug delivery to the CNS, potentially 

improving disease outcomes. Triptans, such as sumatriptan, have been shown to 

have minimal BBB permeability 128. It is known, however that sites of action are 

present in the CNS, suggesting their potential to exert therapeutically relevant 

effects in the brain 130. Based on our previous data, we hypothesized that our 

model of CSD induced episodic headache would increase CNS uptake of the 

migraine therapeutic sumatriptan. On the other hand, we also wanted to examine 

if pre-treatment with the migraine prophylactic topiramate would prevent the 

increase in BBB permeability resulting from CSD induction. Such an effect may 

help reduce some of the long-term effects of repeated CSD events. 
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4.2 Cortical KCl injection increased uptake of 3H-sumatriptan in the cortex 

and the brainstem 

Studies have shown minimal crossing of sumatriptan through the BBB, 

suggesting it works primarily in the periphery128. Some experiments, however, 

have shown the ability of triptans such as sumatriptan to act as direct inhibitors of 

second order neurons in the TNC in the brainstem 131, 132. In order to evaluate BBB 

permeability to sumatriptan, 3H-sumatriptan was perfused into the brain using the 

in situ brain perfusion technique. As this compound had not been previously used 

for in situ brain perfusion, uptake kinetics were first assessed in naïve female rats. 

Naïve rats were perfused with 3H-sumatriptan for 5, 10, or 20 minutes and uptake 

was assessed in both the cortex and brainstem at these time points. In the cortex, 

3H-sumatriptan showed a time dependent increase in uptake (slope= 0.33, 

R2=0.97), however, no change in uptake over time was seen in the brainstem 

(slope=0.02, R2=0.80) (figure 17).  

Following the naïve uptake assessment, permeability to 3H-sumatriptan was 

determined. The 1.5-hour time point was chosen for this and following experiments 

based on behavioral data showing peak facial allodynia 1.5 hours post injection as 

well as significant BBB leak. Additionally, a perfusion time of 10 minutes was used 

because uptake values were similar between the cortex and brainstem at this time 

point. Uptake of 3H-sumatriptan was initially assessed in naïve rats and showed 

minimal uptake in both the cortex and brainstem; consistent with previous studies. 

Consistent with results seen using 14C-sucrose, uptake of 3H-sumatriptan was 

significantly increased in the cortex 1.5 hours post KCl injection (Naïve RBR 1.77 
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±0.15, N=11, KCl RBR 3.756 ± 0.41 N=8) (figure 18A). In contrast, uptake of 3H-

sumatriptan was also robustly increased in the brainstem 1.5 hours post injection 

(Naïve brainstem RBR 0.92 ± 0.59, N=11, KCl brainstem RBR 4.03 ± 0.25, N=8) 

(figure 18B). These results suggest the possibility that changes in active transport 

occur in the brainstem following CSD. As with studies using 14C-sucrose, rats 

injected with cortical aCSF had no significant change in BBB permeability 

compared to naïve rats. These data suggest the ability of sumatriptan to reach 

headache relevant CNS areas, such as the TNC, during headache episodes to 

exert additional therapeutic actions.  
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Figure 17 
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Figure 17: Uptake timecourse of 3H-sumatriptan in naïve rats.  Multiple-time 

analysis of blood to CNS uptake of [3H]-sumatriptan in naïve female rats. Uptake 

values for 5, 10, and 20 minute perfusion times were fitted to a linear trendline for 

both cortex and brainstem. [3H]-sumatriptan had a time dependent increase in 

uptake over time in the cortex (slope= 0.33, R
2
=0.97), but not the brainstem 

(slope= 0.02, R
2
=0.80).  
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Figure 18 
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Figure 18: Cortical KCl injection increases both cortical and brainstem BBB 

permeability to 3H-sumatriptan. (A) Leakiness of the BBB to 3H-sumatriptan was 

observed in response to cortical KCl injection compared to naïve values. No 

significant difference was observed between naïve rats and those given a cortical 

aCSF injection. (B) Brainstem permeability to 3H-sumatriptan was also increased 

in response to cortical KCl injection 1.5 hours after injection. The amount of 

radioactivity in the cortex and brainstem versus the perfusate was expressed as 

RBR%.   * Denotes significant (p < 0.05) differences compared to naïve uptake as 

determined using a one-way ANOVA and an unpaired t-test with Welch’s 

correction. 
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4.3 Cortical KCl injection increases brainstem, but not cortical, expression 

of the putative sumatriptan transporter Oatp1a4 

In addition to passing paracellularly, drugs can also access the CNS via 

transcellular mechanisms including uptake by drug influx transporters 151, 196. A 

small number of studies have tested the ability of migraine drugs to act as 

substrates for uptake transporters. One study revealed triptans to act as substrates 

for the influx transporter OATP1A2 (rodent homolog Oatp1a4) 199. Increased 

functional expression of Oatp1a4 has been observed at the BBB in response to 

inflammatory pain as well as hypoxia/reoxygenation stress 178, 200. It is unknown, 

however, if migraine produces similar increases in Oatp1a4 expression.  

Based on our previous observation, that cortical KCl increased BBB 

permeability to 3H-sumatriptan in both the cortex and the brainstem, we next 

sought to determine whether the increased uptake in the brainstem could 

correspond to changes in Oatp1a4 expression. To determine if cortical KCl 

induced BBB leak corresponded to changes in Oatp1a4 protein expression, we 

assessed expression of Oatp1a4 in whole cortex and brainstem 1.5 hours after 

cortical KCl treatment. Whole cortex and brainstem samples were collected and 

processed and expression of Oatp1a4 was determined via western blot analysis. 

At 1.5 hours post cortical injection, no change in expression of Oatp1a4 was seen 

in the cortex following cortical KCl injection (KCl cortex = 101.08% naïve ± 0.59%) 

(figures 19A, 19B). Expression of Oatp1a4 was significantly increased in the 

brainstem of rats given cortical KCl compared to naïve levels (KCl brainstem 
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expression = 206.92% naïve ± 4.16%) (figures 19C, 19D). These data strengthen 

the idea that the increase in 3H-sumatriptan uptake in brainstem occurs due to 

increased active transport, potentially via increased Oat1a4 expression. 
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Figure 19 
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Figure 19: Protein expression of Oatp1a4 1.5 hours after cortical KCl 

injection. (A) Representative blot and (B) graphical representation demonstrating 

no change in expression of Oatp1a4 1.5 hours post injection in Cortical samples 

from KCl (1M) treated rats. (C) Representative blot and (D) graphical 

representation  showing significantly increased expression of Oatp1a4 in 

brainstem 1.5 hours post cortical KCl. * denotes significant (p<0.05) change from 

naïve as determined using a one-way ANOVA and an unpaired t-test with Welch’s 

correction. 
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4.4 Acute systemic pretreatment with migraine prophylactic topiramate does 

not prevent cortical KCl induced BBB permeability changes 

Topiramate is an anti-epileptic drug which has also been utilized for 

migraine prevention 222. Topiramate has been shown in other studies to inhibit 

cortical KCl induced CSD 222, 223.  Since BBB changes have been shown to occur 

as a result of CSD, we sought to determine whether topiramate could prevent CSD 

induced BBB changes. Such an effect could have potential long-term effects by 

reducing the pathological outcomes of repeated CSD events. To evaluate if a 

single injection of topiramate, as a CSD preventative, blocked the cortical BBB 

leakiness seen in response to KCl, topiramate (40mg/kg) or saline was given 

systemically (I.P.) 30 minutes prior to cortical KCl injection. 1.5 hours following 

cortical KCl or aCSF injections, BBB permeability to 14C-sucrose was assessed. 

Acute topiramate prophylaxis was not able to prevent increased BBB permeability 

to 14C-sucrose in response to cortical KCl injection (Topiramate +KCl RBR 1.091 

±0.4856 N=23, Saline + KCl RBR 1.314 ± 0.5571 N=22) (Figure 5A). In rats given 

cortical aCSF, topiramate produced no significant changes in 14C-sucrose uptake 

compared to those treated with saline (Topiramate +aCSF RBR 0.9405 ±0.3069 

N=17, Saline + aCSF RBR 0.8902 ± 0.3411 N=21) (figure 20A).  Furthermore, no 

significant deviations in 14C-sucrose uptake in the brainstem were observed in any 

treatment group (Figure 20B). These data suggest that pre-treatment with a single 

dose of topiramate is not adequate to prevent cortical KCl induced BBB leakiness 

and that the mechanism of barrier leak may be multi-faceted. 
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Figure 20 
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Figure 20: Topiramate pre-treatment did not prevent KCl induced BBB 

leakiness to 14C-sucrose. (A) Cortical KCl injection increased 14C-sucrose 

uptake in the cortex. This increase in leak was not changed by pre-treatment with 

the anti-epileptic and headache prophylactic drug topiramate.  (B) No significant 

difference were observed in brainstem permeability to 14C-sucrose in response to 

either KCl or topiramate. Topiramate did not alter BBB permeability in either the 

cortex or brainstem in control, aCSF treated rats. The amount of radioactivity in 

the cortex and brainstem versus the perfusate was expressed as RBR%. *Denotes 

significant (p = 0.0279) differences compared to saline/KCl treated rats s 

determined using a one-way ANOVA with Tukey post-test applied to compare all 

values. 
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CHAPTER 5: INVESTIGATING MOLECULAR 

CHANGES IN BRAIN ENDOTHELIAL CELLS IN 

RESPONSE TO CSD CONDITIONS



Page | 173  
 

5.1 Introduction 

Conditions resulting in increased BBB permeability frequently do so by 

down-regulating TJ protein expression. In some cases, TJ protein membrane 

localization is also altered, reducing their ability to maintain barrier tightness. 

Additionally, CNS disorders can initiate signaling pathways which will either 

phosphorylate TJ proteins, reducing their binding affinity with one another or 

change cytoskeletal actin contractility, resulting in physical separation of the 

junctional contact points 154-156. Changes in expression or localization of TJ 

proteins are the best studied mechanisms leading to increased BBB permeability, 

and are seen in the majority of studies which show changes in BBB integrity. Since 

we observed increases in BBB permeability as a result of CSD induced episodic 

headache, we hypothesized that cortical KCl injection would result in changes in 

TJ protein expression or localization. Additionally, we hypothesized that treatment 

of brain endothelial cells with either KCl, or compounds released during CSD would 

recapitulate these effects in vitro. 

 

5.2 Cortical KCl injection does not change expression of tight junction (TJ) 

proteins in the cortex 

A majority of the studies that found induced BBB permeability changes also 

observed a decrease in TJ protein expression that occurred in conjunction with 

these permeability changes. Many of these disorders resulting in TJ protein 

expression changes, such as ischemic stroke and TBI, share some characteristics 
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with migraine including CSD and headache 39, 216, 224, 225. Conversely, these 

disorders also present with trauma within the CNS, which is thought to be the 

greatest contributor to BBB dysfunction in these disorders.   

To uncover whether CSD induced BBB leak corresponded to changes in TJ 

protein expression, we assessed expression of TJ proteins occludin and claudin-

5 at 1.5, 6, and 24 hours post-cortical KCl treatment using western blot analysis. 

Expression of claudin-5 in whole cortex samples was unchanged compared to 

naïve rats following either cortical KCl or aCSF injection (N=3 pools of 3 rats) 

(figures 21A, 21B). Samples from whole cortex also revealed no change in 

occludin expression in response to either cortical KCl or aCSF (N=3 pools of 3 

rats) (figures 21A, 21C). This data suggests that other changes in BBB structure 

(i.e. TJ protein localization), rather than changes in TJ protein expression, are likely 

implicated in the BBB permeability changes seen in our model of CSD induced 

episodic headache. 
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Figure 21 
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Figure 21: Timecourse of expression of TJ proteins occludin and claudin-5 

following cortical KCl injection. (A) Representative blot from cortex samples. 

And graphical representation of protein expression of occludin (B) and claudin-5 

(C) in cortical samples. The Western analysis of whole cortex samples showed 

statistically insignificant changes in the total expression of tight junction proteins 

compared to naïve rats following either cortical KCl or aCSF injection. 
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5.3 Cortical KCl injection disrupts claudin-5 localization in vivo 

Studies examining BBB disruption resulting from both acute inflammatory 

pain and ischemic stroke demonstrated changes in occludin assembly at the tight-

junctional membrane as a major underlying contributor to increased barrier 

permeability 182. Based on similarities between these conditions and CSD induced 

episodic headache, we were interested in determining if changes in occludin 

localization occurred in our model. Additionally, we were interested if any changes 

in claudin-5 localization would occur, as claudins are known to regulate 

paracellular ion permeability and size selectivity153. This function of claudin-5 is 

particularly relevant to our studies because in both our model of KCl induced CSD 

as well as in naturally occurring CSD, ion gradient disturbances are known to both 

contribute to and result from CSD generation.  

To examine whether localization changes in TJ proteins occurred due to 

cortical KCl injection, we performed IHC in cortical tissues on ZO-1, occludin, and 

claudin-5. At 1.5 hours post cortical KCl or aCSF injection transverse sections of 

the cortex were cut and 30 µm serial slices were collected and compared to naïve 

sections (figures 22A, 22E, and 22I). Localization and expression of ZO-1 and 

occludin appeared un-altered in the cortex of both KCl and aCSF injected rats 

compared to naïve (figures 22B, 22C, 22D, 22E, 22F, 22G, 22H). In naïve and 

aCSF injected rats, claudin-5 expression appeared uniformly around visually 

identified vessels (figures 22J, 22K). In rats receiving cortical KCl injection, 

however, claudin-5 expression on the vessels was punctate and visually disrupted 
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(figure 22 L). Since claudin-5 is responsible for regulating ion permeability, these 

data suggest that claudin-5 disruption may be occurring to account for KCl and 

CSD induced modifications in the membrane ion gradient. Future studies are 

needed, however, to confirm this hypothesis. 
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Figure 22 
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Figure 22: Immunohistochemistry on expression of TJ proteins ZO-1, 

occludin, and claudin-5 in cortical slices 1.5 hours post cortical injection.     

(A) 4x magnification image of ZO-1 immunofluorescence indicating the location of 

interest. (B) 20x magnification of ZO-1 immunofluorescence in naïve rats. (C) No 

change in ZO-1 immunofluorescence was seen in slices from either cortical aCSF 

(D) or cortical KCl treated rats as compared to naïve. (E) 4x magnification image 

of occludin immunofluorescence indicating the location of interest. (F)  20x 

magnification of occludin immunofluorescence in naïve rats. (G) No change in 

occludin immunofluorescence was seen in slices from either cortical aCSF (H) or 

cortical KCl treated rats as compared to naïve. (F) 4x magnification image of 

claudin-5 immunofluorescence indicating the location of interest. (J)  20x 

magnification of cluadin-5 in naïve rats, claudin-5 is seen expressed continuously 

around visually identified blood vessels in cortical slices. (K) Cortical aCSF 

injection did not significantly alter claudin-5 expression of vessels. (L)  1.5 hours 

post KCl, claudin-5 expression around blood vessels appears punctate and 

expression is disrupted as assessed visually.
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5.4 Examining BBB changes in GPNT rat brain endothelial cells 

In order to more efficiently examine BBB changes occurring due to CSD, 

we next sought to find an in vitro cell line model which would be suitable for these 

studies. Finding a cell line model for the BBB would be useful for several reasons. 

First, cell experiments are faster and less expensive than animal experiments. This 

allows for a larger amount of data to be generated, for les cost, in a shorter period 

of time. Secondly, this efficiency allows for rapid screening of potential hit 

compounds, which can be refined into therapeutic leads and then tested in other, 

more complex systems. Finally, the use of effective in vitro models directly 

addresses the Institutional Animal Care and Use Committee’s (IACUC) “3 R’s” 

which include replacement, refinement, and reduction of animals. This means that 

other, non-animal models should be used whenever they represent a suitable 

alternative. Due to the fact that our initial studies took place in rats, we first decided 

to assess the rat brain endothelial cell line, GPNT. GPNT cells were derived from 

the parental GP8/3.9 cell line via transfection with a puromycin-resistance gene 

followed by clonal selection based on endothelial morphology, growth capacity, 

and expression of endothelial cell markers  226. 

One of the best described outcomes of cell treatment with high potassium 

is depolarization due to increased Ca2+ influx. This occurs due to disturbance in 

cell membrane ion gradients. Notably, Ca2+ flux is known to increase actin stress 

fiber formation, which can cause physical separation of TJ and, therefore, increase 

BBB permeability165. To assess GPNT cell calcium response to KCl, GPNT cells 
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were loaded with the cell permeant calcium dye Fura-2AM, which is a ratiometric 

calcium dye. GPNT cells were stimulated with a pulse of 90mM KCl, and the ratio 

of Fura-2 fluorescence (340/380) was observed. Following KCl stimulation no 

calcium influx was seen (figures 23A, 23B). Based on this observation, we wanted 

to determine whether GPNT cells would flux calcium in response to compounds 

released as a result of CSD, specifically glutamate and ATP. GPNT cells were 

stimulated with either 100 µM glutamate or 20 µM ATP and calcium flux was 

assessed. No calcium flux was seen in response to glutamate (figures 23A, 23D), 

however GPNT cells did flux Ca2+ in response to ATP stimulation (maximum flux 

171.73 % baseline ± 1.87%) (figures 23A, 23C).  

After determining that ATP caused Ca2+ flux in GPNT cells, we next wanted 

to determine whether ATP or KCl increased actin stress fiber formation. In order 

to accomplish this we treated GPNT cells with different concentrations of both KCl 

(30mM and 100mM) and ATP (10µM, 30µM, and 100µM), or media as the vehicle 

control, for 10 minutes followed immediately by fixing and staining with Phalloidin, 

a marker for actin stress fiber formation. Microscopic assessment of the images 

for this experiment proved challenging due to a lack of monolayer formation by the 

GPNT cells. Although both KCl (figure 24B) and ATP (figure 24 C) appeared to 

increase actin stress fiber formation compared to media treated cells (figure 24A), 

the “clumping” and layering of the GPNT cells made this claim impossible to fully 

demonstrate. Additionally, we also wanted to assess whether treatment of GPNT 

cells with either 100mM KCl or 20µM ATP would cause changes in claudin-5 

localization, as seen in tissue IHC. GPNT cells were treated with either KCl, ATP, 
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or media control, and stained for claudin-5. No change in claudin-5 expression or 

localization was seen in response to any treatment (figures 25A, 25B, 25C), 

furthermore, many large gaps in cell contact areas were seen in the GPNT cells. 

These observations suggest that GPNT cells do not form functional TJ, and may 

not be the best model for further studies. 



Page | 184  
 

Figure 23 
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Figure 23:   Calcium imaging assessment of GPNT cell response to CSD 

relevant stimuli.  (A) Trace representation of stimuli responses. Calcium 

response was assessed through measurement of the ratio (340nm/380nm) of 

Fura-2AM fluorescence. (B) GPNT rat brain endothelial cells do not influx calcium 

in response   to 90mM KCl (C) 20μM ATP in GPNT cells induced calcium flux into 

cells, which was rapidly reversed with ATP removal. (D) Application of 100μM 

glutamate also did not induce calcium influx in GPNT cells. 
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Figure 24 
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Figure 24:  Examination of Actin stress fiber formation in GPNT cells 

following KCl or ATP treatment.  (A) Staining of actin stress fibers with 

Phalloidin 488 Alexa Fluor in media (control) treated GPNT cells. (B) No changes 

in phalloidin staining were seen when cells were treated with 30mM or 100mM 

KCl (C) or 10μM, 30μM, or 100μM ATP for 10 minutes.  
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Figure 25 
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Figure 25:  Immunofluorescent staining of claudin-5 in GPNT cells treated 

with KCl or ATP. (A)  Visualization of claudin-5 in media (control) treated GPNT 

cells. (B) No change in claudin-5 expression or localization was seen in response 

to treatment with either 100mM KCl (C) or 20μM ATP. In all treatment groups, 

GPNT cells did not form continuous monolayers.
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5.5 Assessment of bEnd.3 cells as an in vitro model of the BBB 

bEnd.3 cells are a mouse brain microvascular cell line which express TJ 

proteins, including claudin-5, in a similar manner to primary mouse endothelial 

cells 227. These cells also produce improved monolayers compared to GPNT cells. 

In particular, immunofluorescence characterization of these cells revealed a 

distinct membrane expressing of TJ linker protein ZO-1 227. Proteomic assessment 

of bEnd.3 cells also revealed a high expression of ZO-1 (higher spectra count 

indicates higher expression) (table 2). We therefore utilized ZO-1 

immunofluorescence to assess optimal culture conditions for bEnd.3 cell 

monolayer and TJ formation. We first assessed ZO-1 expression in monoculture 

conditions. Monoculture produced a continuous cell layer with most cells 

maintaining cell-cell contacts, though some cell overlap occurred. Additionally, 

some areas of disrupted ZO-1 expression at the membrane were seen. (figures 

26A, 26B, and 26C). Since astrocytes are known to increase BBB tightness, and 

have been shown in cell culture models to induce monolayer formation, we next 

cultured bEnd.3 cells on the luminal side of a transwell culture plate, with the 

mouse type 1 astrocyte cell line C8-D1A in the abluminal chamber. When grown 

with C8-D1A astrocytes, bEnd.3 cells produced a continuous and uniform cell layer 

with less cell overlap as visualized by ZO-1 immunofluorescence (figures 27A, 

27B, and 27C). Finally, we wanted to see if we could achieve the result of the co-

culture system without the use of transwell. To do this we incubated confluent 

bEnd.3 cells with astrocyte conditioned media for 24 hours, followed by fixing and 
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staining. Using this method, we observed similar monolayer formation as seen with 

the transwell system, as visualized by ZO-1 immunofluorescence (figures 28A, 

28B, 28C). Additionally, we also visualized claudin-5 immunofluorescence under 

these conditions and observed a mixed membrane and cytoplasmic distribution. 

This may be due to continuous TJ protein turnover, and is similar to what is seen 

from other assessments of this cell line227 (figures 28D, 28E, 28F). Since the 

astrocytes conditioned media successfully facilitated bEnd.3 monolayer formation, 

without the need for co-culturing, we chose to conduct further 

immunocytochemistry studies under these conditions.  

As briefly mentioned above, we performed proteomic analysis of bEnd.3 

cells using HPLC-ESI-MS/MS. This analysis revealed expression of key BBB cell 

components including claudin-5, ZO -1, -2, and -3, JAM-A, and –C, cadherin-5, 

and -13, and von Willebrand factor. Additionally, several BBB regulating proteins, 

and transporters were also identified (table 2). Although occludin was not seen, 

these data otherwise suggest that bEnd.3 cells are a suitable cell line for 

assessment of BBB changes.  
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Figure 26 
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Figure 26:  ZO-1 immunofluorescence in bEnd.3 monocultures.  (A) 10x 

magnification showing ZO-1 immunofluorescence in bEnd.3 mouse brain 

endothelial cells in monoculture. Higher magnification images at (B) 20x and (C) 

40x illustrate monolayer formation with some areas of discontinuous ZO-1 

expression in bEnd.3 cell monocultures. 
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Figure 27 
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Figure 27:  Transwell culture of bEnd.3 cells with C8-D1A astrocytes 

improves bEnd.3 cell monolayer formation. (A) 10x magnification of ZO-1 

immunofluorescence on bEnd.3 mouse brain endothelial cells grown in a co-

culture system with C8-D1A mouse astrocytes. (B) Images taken with a 20x and 

(C) 40x objective demonstrate   a continuous ZO-1 membrane expression, and 

improved monolayer formation when grown in conjunction with astrocytes. 
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Figure 28 
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Figure 28: Astrocyte conditioned media effectively facilitates bEnd.3 cell 

monolayer formation. (A) 10x magnification showing ZO-1 immunofluorescence 

in bEnd.3 cells grown in C8-D1A astrocyte conditioned media. (B) 20x 

magnification and (C) 40x magnification images demonstrate that astrocyte 

conditioned media can recapitulate the effects of astrocyte co-culture on bEnd.3 

ZO-1 expression and monolayer formation. (D) 10x magnification showing claudin-

5 immunofluorescence in bEnd.3 cells grown in C8-D1A astrocyte conditioned 

media. (E) Higher magnification images taken with 20x (F) and 40x objectives 

demonstrate that claudin-5 exhibits a mixed cytoplasmic/membrane expression in 

bEnd.3 cells grown in astrocyte conditioned media. 
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Table 2 

Identified Proteins (4347 total) 
Accession 

Number 
Total Spectrum 

Count 

Brain endothelial cell components 

Cadherin-13  CAD13_MOUSE 10 

Cadherin-5  CADH5_MOUSE 28 

Claudin-5  CLD5_MOUSE 4 

Junctional adhesion molecule A  JAM1_MOUSE 8 

Junctional adhesion molecule C  JAM3_MOUSE 2 

Tight junction protein ZO-1  ZO1_MOUSE 124 

Tight junction protein ZO-2  ZO2_MOUSE 29 

Tight junction protein ZO-3  ZO3_MOUSE 3 

von Willebrand factor  VWF_MOUSE 31 

BBB regulating kinases 

C-Jun-amino-terminal kinase-interacting protein 3  JIP3_MOUSE 9 

C-Jun-amino-terminal kinase-interacting protein 4  JIP4_MOUSE 45 

Myosin light chain kinase, smooth muscle  MYLK_MOUSE 39 

Protein kinase C alpha type  KPCA_MOUSE 3 

Protein kinase C delta type  KPCD_MOUSE 7 

Protein kinase C eta type  KPCL_MOUSE 6 

Rho-associated protein kinase 1  ROCK1_MOUSE 49 

Rho-associated protein kinase 2  ROCK2_MOUSE 227 

Tyrosine-protein kinase JAK1  JAK1_MOUSE 6 

Tyrosine-protein kinase receptor Tie-1  TIE1_MOUSE 12 

Other BBB regulators 

Focal adhesion kinase 1  FAK1_MOUSE 31 

Inhibitor of nuclear factor kappa-B kinase subunit alpha  IKKA_MOUSE 14 

Inhibitor of nuclear factor kappa-B kinase subunit beta  IKKB_MOUSE 6 

Inhibitor of nuclear factor kappa-B kinase-interacting 
protein  

IKIP_MOUSE 10 

Integrin-linked protein kinase ILK_MOUSE 14 
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NF-kappa-B inhibitor beta  IKBB_MOUSE 2 

Nitric oxide synthase, endothelial  NOS3_MOUSE 170 

Nuclear factor NF-kappa-B p100 subunit  NFKB2_MOUSE 11 

Nuclear factor NF-kappa-B p105 subunit  NFKB1_MOUSE 11 

P2X purinoceptor 4  P2RX4_MOUSE 3 

P2X purinoceptor 7  P2RX7_MOUSE 10 

TGF-beta receptor type-2  TGFR2_MOUSE 6 

Transforming growth factor beta-1-induced transcript 1 
protein  

TGFI1_MOUSE 5 

Vascular endothelial growth factor receptor 1  VGFR1_MOUSE 19 

Vascular endothelial growth factor receptor 2  VGFR2_MOUSE 20 

Vascular endothelial growth factor receptor 3  VGFR3_MOUSE 12 

Ion or Compound transporters 

Multidrug resistance protein 1B  MDR1B_MOUSE 22 

Na(+)/H(+) exchange regulatory cofactor NHE-RF1  NHRF1_MOUSE 13 

Na(+)/H(+) exchange regulatory cofactor NHE-RF2  NHRF2_MOUSE 59 

Sodium/calcium exchanger 1  NAC1_MOUSE 4 

Sodium/potassium-transporting ATPase subunit beta-3  AT1B3_MOUSE 10 

Sex hormone receptors 

Membrane-associated progesterone receptor component 1  PGRC1_MOUSE 15 

Membrane-associated progesterone receptor component 2 
7 7 GN7Pgrmc2 PE71 SV72 

PGRC2_MOUSE 9 
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5.6 Effect of KCl or CSD cocktail on bEnd.3 mouse brain endothelial cell line 

permeability 

 Permeability of brain endothelial cell lines such as bEnd.3 can be assessed 

in vitro using several techniques including TEER measurement and sodium 

fluorescein (Na-F) uptake measurements.  We assessed the effect of either KCl 

(60mM) or a CSD cocktail comprised of compounds released following CSD 

(60mM KCl, 70μM L-glutamate, 30μM α,β-methylene Adenosine 5'-triphosphate, 

pH 6.8) on BBB permeability. bEnd.3 cells were plated on the luminal side of a 

transwell with C8-D1A mouse astrocytes plated on the abluminal side. The luminal 

side was treated with either 60mM KCl or CSD cocktail for 5 minutes, followed by 

replacement with normal media containing 100μg/mL Na-F (on luminal side only). 

Passage of Na-F to the abluminal side was measured by fluorescence intensity in 

samples taken at various time points (10, 20, 30, 60, 120, 180, and 360 minutes). 

Cells given KCl, but not CSD cocktail had a slight, trending increase of Na-F uptake 

compared to saline control treated cells (maximum difference was at 60 minutes: 

KCl (n=4) = 2847.00 ± 325.05, saline control (n=4) = 1744.75 ± 266.70). No 

significant difference, however, was seen between any of the groups (figure 29A). 

 To assess TEER, cells were plated as described above. Baseline 

measurements were taken and then cells were treated as in the Na-F experiment 

or treated on the abluminal side. TEER measurements were taken at 10, 20, 30, 

60, 120, 180, and 360 minutes post treatment. A significant decrease in TEER, 

indicating greater permeability, was seen in cells treated both luminally (KCl n=5, 
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minimum TEER 70.11% ± 5.00, significant at 60, 120, 180, 360 mins compared to 

saline control: CSD n=5, minimum TEER 76.25% ± 2.82, significant at 180 mins 

compared to saline control) and abluminally with KCl or CSD cocktail (KCl n=4, 

minimum TEER 57.03% ± 16.74 significant at 60, 120, 180, 360 minutes: CSD 

n=3, minimum TEER 73.26% ± 2.29, significant at 60, 120, 180, 360 minutes) 

(figure 29B, 29C). Therefore, both KCl and CSD cocktail induced significant 

changes in bEnd.3 cell permeability. Future studies are needed to fully assess in 

vitro permeability changes due to KCl or CSD cocktail.  
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Figure 29 
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Figure 29:   Assessment of bEnd.3 cell permeability following treatment with 

60mM KCl or CSD cocktail. (A)  Sodium fluorescein permeability assay on 

bEnd.3 cells grown on transwells with C8-D1A astrocytes. bEnd.3 cells treated 

with 60mM KCl showed a trending increase in permeability of Na-F between the 

luminal and abluminal compartments of bEnd.3 cells grown on transwells as 

compared to saline (control) treated cells. No change in Na-F permeability was 

seen in bEnd.3 cells treated with CSD cocktail. (B) Measurement of TEER in 

bEnd.3 cells showed a significant decrease in TEER values following luminal KCl 

or CSD cocktail treatment. TEER following KCl treatment was decreased 

beginning 60 minutes post treatment and persisting for the full 360 minute 

timecourse.  TEER following   CSD cocktail treatment was significantly decreased 

only at 180 minutes post luminal treatment as compared to saline control and 

assessed by a two-way ANOVA with Tukey posttest applied to compare between 

groups.  (C) Measurement of TEER in bEnd.3 cells showed a significant decrease 

following abluminal KCl or CSD cocktail treatment. Both treatments reduced TEER 

beginning 60 minutes post-treatment and persisted for the full 360 minute 

timecourse as compared to saline control and assessed by a two-way ANOVA with 

Tukey posttest applied to compare between groups.
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5.7 Application of KCl or CSD cocktail on bEnd.3 mouse brain endothelial 

cells changes claudin-5 membrane localization 

Dysregulation of TJ protein can also lead to increased BBB permeability. 

Numerous signaling events can lead to phosphorylation of TJ proteins 157. 

Phosphorylation has been demonstrated to change the affinity of TJ proteins for 

one another, which may lead to their internalization or degradation 157. Both 

circumstances will result in increased BBB permeability.  In order to determine if 

KCl or CSD cocktail resulted in changes in TJ proteins localization, 

immunocytochemistry for ZO-1 and claudin-5 was performed on bEnd.3 cells 

grown in astrocyte conditioned media following either KCl (60mM or 100mM) or 

CSD cocktail treatment.  

First ZO-1 and claudin-5 immunofluorescence was visualized after 60mM 

or 100mM KCl treatment. Visual observation of ZO-1 immunofluorescence 

following treatment with either 60mM (figures 30C, 30D) or 100mM (figures 30E, 

30F) KCl did not result in any changes in ZO-1 localization compared to non-

treated cells (figures 30A, 30B). As in previous experiments, claudin-5 

immunofluorescence showed a mixed membrane and cytoplasmic distribution in 

non-treated cells (figures 31A, 31B). Following 60mM KCl treatment, no change 

in claudin-5 localization was observed (figures 31C, 31D). Treatment with 100mM 

KCl, however, produced an obvious and substantial internalization of claudin-5 

with most of the membrane expression being lost (figures 31E, 31F). These data 

correspond with the IHC results seen following cortical KCl injections in vivo. This 
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suggests that changes in claudin-5 localization seen after KCl treatment either in 

vivo or in vitro occur due to direct action of KCl on microvascular endothelial cells. 

Further studies are needed in order to determine how or if these changes in 

localization contribute to the increased BBB permeability seen in response to 

cortical KCl induced CSD.  

 Next, immunofluorescent visualization of ZO-1 and claudin-5 was 

performed following treatment with a CSD cocktail, which contained KCl, 

glutamate, ATP, and had a pH of 6.8. This cocktail was formulated to recapitulate 

the extracellular conditions in the cortex following CSD. Following CSD cocktail 

treatment, disruption of claudin-5 (figure 32A, 32B), but not ZO-1 (figure 32C, 

32D) localization was seen, which was consistent with the prior studies using only 

KCl.  These data further suggest that changes in claudin-5 localization underlie the 

changes in BBB permeability seen in response to CSD. Further studies are 

required, however, to elucidate which components of the CSD cocktail are 

mediating this effect. 
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Figure 30 
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Figure 30:   ZO-1 immunofluorescence in bEnd.3 cells treated with KCl. (A) 

Images taken with a 40x (B) and s 20x objective   demonstrate continuous ZO-1 

expression in untreated bEnd.3 cells grown in C8-D1A astrocyte conditioned 

media. (C)   No change in ZO-1 localization or expression were seen in 40x (D) or 

20x magnification images of bEnd.3 cells treated with 60mM KCl. (E) Images 

taken at 40x magnification of bEnd.3 cells treated with 100mM KCl demonstrate 

no change in ZO-1 localization or expression however, (F) Images taken at 20x 

magnification demonstrate some gaps in bEnd.3 monolayers following treatment 

with 100mM KCl. 
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Figure 31 
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Figure 31: KCl treatment changes the expression pattern of claudin-5 in 

bEnd.3 cells. (A) 40x and (B) 20x magnification images demonstrate expression 

of claudin-5 in both the cytoplasm and at the membrane of bEnd.3 cells, with 

continuous expression of claudin-5 around the membrane. (C) 40x and (D) 20x 

magnification images demonstrate that treatment with 60mM KCl did not alter 

claudin-5 expression or localization. (E) Images taken at 40x or (F) 20x 

magnification shown a loss of membrane expression, and internalization or 

claudin-5 in bEnd.3 cells when treated with 100mM KCl. 



Page | 210  
 

Figure 32 
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Figure 32: Treatment with CSD cocktail changes claudin-5, but not ZO-1, 

localization in bEnd.3 cells. (A) 40x magnification image of claudin-5 

immunofluorescence in untreated bEnd.3 cells shows both cytoplasmic and 

membrane expression of claudin-5 with a continuous claudin-5 expression on the 

membrane. (B) Treatment with CSD cocktail appears to disrupt the membrane 

expression, and induce more internalization of claudin-5 in bEnd.3 cells. (C) 

Immunofluorescence of ZO-1 is localized to the membrane in untreated bEnd.3 

cells. (D) Membrane localization of ZO-1 is not disrupted in bEnd.3 cells treated 

with CSD cocktail. 
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5.8 Pre-treatment with Digoxin or AMP-PNP prevents changes in claudin-5 

localization in response to KCl or CSD cocktail in bEnd.3 cells 

Since we previously observed a lack of calcium response to KCl in brain 

endothelial cells, a result which has also been demonstrated in other studies on 

calcium responses in brain endothelial cells 228, we next wanted to investigate how 

KCl and/or CSD was causing changes in claudin-5 localization. Interestingly, 

several potassium channels have been shown to influence the BBB. Of these we 

decided to investigate the Na+/K+ ATPase pump and the Kir6 channels. In 

preliminary studies, pretreatment of bEnd.3 cells with 0.1 μM of digoxin, a Na+/K+ 

ATPase inhibitor, was able to partially attenuate the observed changes in claudin-

5 membrane localization seen in response to 100mM KCl treatment. As in previous 

experiments, no change in claudin-5 localization was seen when bEnd.3 cells were 

treated with 60mM KCl. Additionally, digoxin did not cause any effects on claudin-

5 localization when given prior to 60mM KCl. (figure 33 A, 33B, 33E, 33F). 

Additionally, when we assessed the effect of digoxin pretreatment on CSD cocktail 

induced changes in claudin-5 localization, we also observed an attenuation of 

claudin-5 internalization (figure 34A, 34B, 34C). 

Next, we investigated the effect of pretreatment with the Kir6 (KATP) channel 

blocker AMP-PNP on changes in claudin-5 localization. In our preliminary studies, 

AMP-PNP pre-treatment changed claudin-5 localization in response to 100mM, 

with no changes seen with 60mM KCl treatment (figure 33A, 33B, 33D, 33E, 33G). 

Pre-treatment of bEnd.3 cells with AMP-PNP was also able to partially attenuated 
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changes in claudin-5 localization in response to CSD cocktail (figure 34A, 34B, 

34D). This result suggests that blockade of Kir6 is able to prevent claudin-5 re-

localization in some circumstances. Further studies are required to fully elucidate 

the effect of Kir6 channels on BBB characteristics in response to KCl or CSD 

conditions.  
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Figure 33 
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Figure 33: Pre-treatment with digoxin or AMP-PNP prevents KCl induced 

claudin-5 re-localization in bEnd.3 cells. (A) 40x magnification image of claudin-

5 immunofluorescence in untreated bEnd.3 cells shows both cytoplasmic and 

membrane expression of claudin-5 with a continuous claudin-5 expression on the 

membrane.  (B) No change in claudin-5 localization was seen   in response to 

60mM KCl and (C) pre-treatment with either digoxin or (D) AMP-PNP did not 

induce changes in claudin-5 when given prior to 60mM KCl treatment. 

(E)Treatment of bEnd.3 cells with 100mM KCl, again, disrupted claudin-5 

membrane expression and induced its internalization. (F) Pretreatment with either 

digoxin or (G) AMP-PNP was able to prevent the claudin-5 re-localization seen 

after treatment with 100mM KCl. 
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Figure 34 
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Figure 34: Pre-treatment with digoxin or AMP-PNP prevents CSD cocktail 

induced claudin-5 re-localization in bEnd.3 cells. (A) 40x magnification image 

of claudin-5 immunofluorescence on untreated bEnd.3 cells demonstrates 

continuous membrane expression with some protein expressed in the cytoplasm. 

(B)  CSD cocktail treatment disrupted claudin-5 membrane localization and 

induced its internalization. (C)  Pretreatment with either digoxin or (D) AMP-PNP 

was able to prevent the CSD cocktail induced changes in claudin-5 localization.
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CHAPTER 6: SEX HORMONE REGULATION 

OF BBB IN RESPECT TO EPISODIC 

HEADACHE



Page | 219  
 

6.1 Introduction 

Female sex hormones are involved in migraine occurrence both clinically 

and pre-clinically 229-231. Clinically, migraine attacks often correspond with 

hormonal variations due to puberty, pregnancy, menopause, and some 

contraceptives 16, 229, 232, 233. It is also known that migraine variants can be both 

elicited and aggravated by sharp fluctuations in ovarian hormones13, 230, 234-236. In 

preclinical studies, estrogens have been demonstrated to increase CSD 

susceptibility in brain slices 105. Additionally, estrogen has also been shown to 

influence CSD in vivo. In anesthetized rodents estrogen fluctuations increased the 

incidence and velocity of CSD; while in awake, freely moving rats, administration 

of high dose estrogen was able to elicit CSD on its own in ovariectamized rats106, 

107, 237, 238. Estrogens have also been shown to regulate BBB integrity. Loss of 

female sex hormones via ovariectomy is associated with increased BBB 

permeability, which can be rescued with estrogen replacement. Based on these 

observations, we hypothesized that estradiol treatment in ovarectamized rats 

would, in addition to producing CSD, induce nociceptive behaviors. We also 

hypothesized that estradiol treatment would induce changes in BBB integrity and 

molecular composition. 

 

6.2 Female rats experience more frequent and severe periorbital allodynia in 

response to cortical KCl injection 
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It is well known that migraine is more common in women than men, with 

women making up 75% of migraineurs 7. Additionally, women more commonly 

experience secondary headaches following TBI and ischemic stroke events224, 239. 

Based on this knowledge, we first wanted to compare behavioral outcomes in our 

model of CSD induced episodic headache in male rats compared to female rats. 

To discern this, the facial withdrawal thresholds of male and females rats post-

surgery, and at 30, 60, 90,120, 180, and 240 minutes post cortical KCl injection 

were plotted and differences were compared between them. In male rats, no post-

surgical allodynia was observed (7.86 ± 0.42g). Female rats, however, had a 

significantly reduced post-surgical baseline compared to males (4.43 ± 2.98 g, 

n=19). Following cortical KCl injection, female rats experience more severe facial 

allodynia throughout the entire timecourse as compared to male rats (figure 35A). 

Additionally, we compared the percentage of female vs. male rats developing 

periorbital allodynia for the full time course following cortical KCl injections (defined 

as withdrawal thresholds < 4.0g). Post-surgery, 56 percent of female rats already 

exhibited periorbital allodynia, while none of the male rats had any allodynia. 

Additionally, following cortical KCl injection, a large portion of male rats (71.43 

percent) did not develop allodynia throughout the entire timecourse. Meanwhile, 

100 percent of female rats developed allodynia after cortical KCl injection (between 

120 and 180 minutes post injection) (figure 35B).  These data suggest that sex 

differences exist in our model of episodic headache, with female rats experiencing 

more frequent and severe allodynia as a result of CSD induction. These data 
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recapitulate clinical observations, where females have a higher incidence of 

migraine headaches. 
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Figure 35
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Figure 35: Female rats experience have a greater incidence, and more severe 

presentation, of facial allodynia after cortical KCl injection.  (A) Periorbital 

allodynia is induced after dural pinprick + KCl with a greater severity and duration 

and (B) in a higher percentage of female rats when compared to male rats.   * 

indicates significant differences (P<0.05) from male rats as assessed with a 2-way 

ANOVA and Bonferroni post-hoc applied. 
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6.3 Effect of systemic administration of high dose 17-β-estradiol and 

ovariectomy on nociceptive behaviors and BBB permeability in female rats 

Variations in serum estradiol are linked with CSD and migraine. Women 

who experience migraine with aura often report having attacks during discreet 

times in their menstrual cycle, when their female sex hormones are either peaking 

or declining8, 12. Previous studies from our lab demonstrated that systemic 

administration of a high dose of 17-β-estradiol (180μg/kg) was able to elicit CSD 

in ovariectamized (OVX) rats 107.  Examination of nociceptive behaviors under the 

same conditions, however, provided some conflicting results. In these studies rats 

underwent surgery to remove their ovaries (OVX). Additionally, some rats were left 

with intact ovaries and given no surgery. Following 7 days of recovery from 

surgery, rats were given either a systemic (I.P.) high dose of 17-β-estradiol 

(180μg/kg) or vehicle (castor oil). At 2 hours post injection facial withdrawal 

thresholds and rearing behaviors were assessed. Following vehicle injection, facial 

withdrawal thresholds were not significantly different in either intact and OVX rats 

as compared to baseline (baseline (n=31) = 7.13 ± 0.30g, intact vehicle (n=8) = 

7.85 ± 0.16g, OVX vehicle (n=8) = 6.24 ± 0.92g). Administration of 17-β-estradiol 

significantly reduced facial withdrawal thresholds in both intact and OVX rats as 

compared to baseline values (intact estradiol (n=8) = 4.22 ± 1.12g, OVX estradiol 

(n=9) = 3.99 ± 1.04g).  No significant difference in facial withdrawal threshold was 

observed between OVX and intact rats following estradiol treatment (figure 36A). 

Since no CSDs were reported in intact rats given estradiol 107, these data suggest 
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that systemic estradiol administration causes facial allodynia independent of CSD 

production. 

Next, rearing behaviors were assessed over a 5 minute period, at 2 hours 

post injection with systemic (I.P.) high dose of 17-β-estradiol (180μg/kg) or vehicle 

(castor oil). Since rearing behaviors are dependent of rats being able to fully extend 

on to their hind paws, a sham OVX group was added to account for any effects of 

post-surgical pain or discomfort on this behavior.  No difference in rearing behavior 

was observed in intact or sham OVX rats given either vehicle or estradiol (intact 

vehicle (n=11) = 15.91 ± 2.30 rears, intact estradiol (n= 10) = 18.30 ± 2.79 rears, 

sham OVX vehicle (n= 6) = 16.5 ± 1.26 rears, sham OVX estradiol (n=6) = 13.17 

±2.10 rears). Rearing behavior in OVX rats was reduced in both vehicle and 

estradiol treated rats, and no significant difference in rearing was seen between 

the two groups (OVX vehicle (n=8) = 8.25 ± 1.80 rears, OVX estradiol (n=7) = 3.00 

± 0.65 rears) (figure 36B). These data suggest that rearing behaviors are reduced 

in response to OVX and that this effect was not changed by CSD induction with 

estradiol. 

Female sex hormones, including 17-β-estradiol, are known to influence 

BBB characteristics. OVX  has been shown to increase BBB permeability to Lucifer 

Yellow (LY), which was reversed with chronic estrogen replacement 240. However, 

the effect of a single high dose of estradiol on BBB permeability in OVX rats is not 

known. In order to determine BBB permeability under these conditions the in situ 

brain perfusion techniques was used. BBB permeability to 14C-sucrose was 

assessed in OVX rats 2 hours post vehicle or estradiol injection. Compared to 
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naïve rats, OVX rats treated with vehicle showed increased BBB permeability to 

14C-sucrose. Systemic administration of high dose estradiol did not rescue this 

effect, but did not exacerbate it either (naïve RBR (n=14) = 1.36 ± 0.17, OVX 

vehicle RBR (n=7) = 3.64 ± 0.41, OVX estradiol RBR (n=8) = 3.89 ± 0.74) (figure 

37). This data demonstrates that female sex hormones have protective effects on 

the BBB, since BBB permeability increased due to OVX. These results are 

consistent with literature reported data 240. Additionally, unlike studies done using 

chronic estradiol administration, systemic administration of high dose estrogen in 

OVX rats had no further effect on BBB permeability. 
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Figure 36
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Figure 36: OVX and estradiol induce nociceptive behaviors.  (A) Systemic 

treatment with high dose 17-β-estradiol significantly reduces facial withdrawal 

thresholds 2 in both intact and OVX rats 2 hours post injection.  * indicates 

significant difference (p<0.05) as compared to baseline values. (B) OVX, but not 

sham-OVX, reduced rearing behavior 2 hours post estradiol or vehicle injection as 

assessed over a 5 minute period. Estradiol did not significantly reduce rearing 

behaviors in either group assessed. * indicates significant difference (p<0.05) as 

compared to intact vehicle treated rats. In both studies, significance was assessed 

using a one-way ANOVA with Tukey post-hoc applied to assess difference 

between groups. 
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Figure 37
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Figure 37: OVX increases BBB permeability to 14C-sucrose, which is not 

rescued with acute estradiol treatment.   OVX in rats increased BBB 

permeability to 14C-sucrose as assessed with the in situ brain perfusion technique. 

Systemic treatment with 17-β-estradiol in OVX rats neither worsened, nor 

improved the observed increase in barrier permeability. * indicates significant 

difference (p<0.05) compared to naïve rats as assessed with a one-way ANOVA 

with Tukey post-hoc test applied to assess differences between groups. 
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6.4 Physiologically relevant concentrations of 17-β-estradiol reduce NHE-1 

antiporter expression in GPNT cells in a concentration dependent manner 

One of the main functions of the BBB is to regulate the ionic environment of 

the CNS 152. Changes in ionic balance are known contribute greatly to CSD 

production and consequences. Additionally, estrogens have been shown to 

potentiate or even cause CSD, suggesting they may be important for ion 

homeostasis. Changes in extracellular pH are also known to occur as a result of 

CSD. Following CSD an initial cortical alkalization followed by longer lasting 

acidification occurs 88. NHE1 is a protein which regulates pH and ionic balance by 

acting as a Na+/H+ exchanger. Some evidence also suggests its function may be 

regulated by estrogens. We were therefore interested in whether 17-β-estradiol 

would regulate NHE1 expression in brain endothelial cells. To do this we used 

GPNT rat brain endothelial cells. Our first step was to determine whether GPNT 

cells express estrogen receptors (ER).  Prior studies have shown that estrogens 

act through both nuclear α- and β-estrogen receptors as well as GPR30241, 242. 

Expression of these three receptors was assessed in untreated GPNT cells via 

western blot and all ER receptor subtypes were observed (figure 38A).  Next, we 

treated GPNT cells with physiologically relevant concentrations of 17-β-estradiol 

for 24 hours. These concentrations corresponded to literature reported rat serum 

levels in males (LE, 18pM), and females during diestrus (DE, 73pM), estrus (EE, 

147pM), proestrus (PE, 294pM), and pregnancy (HE, 440pM) 243, 244. Following 

estradiol treatment, NHE1 expression was decreased in a concentration 
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dependent manner compared to vehicle treated cells. This decrease was 

significantly different from vehicle treatment in the PE and HE treated groups 

(vehicle (n=3) = 100 ± 18.68%, LE (n=3) = 68.79 ± 20.78%, DE (n=3) = 47.40 ± 

13.75%, EE (n=3) = 57.21 ±16.26%, PE (n=3) = 27.75 ±11.65%, and HE (n=3) = 

12.28 ± 1.65%) (figure 38B, 38C).  

To confirm that the estradiol mediated effects on NHE1 expression in GPNT 

cells was occurring due to ER mediated actions, cells were co-treated for 24 hours 

with17-β-estradiol (HE) and ICI 182, 780 an non-selective nuclear ER antagonist 

and weak GPR30 agonist.  Interestingly, ICI 182, 780 alone significantly increased 

NHE1 expression compared to vehicle controls. Furthermore, ICI 182, 780 co-

treatment with estradiol not only rescued the estradiol induced reduction in NHE1 

expression, but also further increased its expression when compared to either 

vehicle and ICI 182, 780 treatment alone (vehicle (n=2) = 100 ± 8.28%, ICI 182, 

780 (n=2) = 205.75 ± 7.18%, and ICI 182, 780 + estradiol (n=2) = 419.06 ± 29.42%) 

(figure 39A, 39B). These data suggest that the estradiol mediated effects on 

NHE1 are ER mediated. Additionally, since ICI 182, 780 is a weak GPR30 agonist, 

it suggests that GPR30 activation may increase NHE1 expression, however these 

data require further studies and validation to confirm these ideas. 

Following assessment of estradiol’s effect on NHE1 expression in GPNT 

cells, we next determined if similar trends were observed in other CNS cells types. 

To examine this, we assessed NHE1 expression in both C8-B4 mouse microglial 

cells and C8-D1A mouse astrocytes following 24 hour treatment with 17-β-

estradiol as described above. In both of these cell types, however, no significant 
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changes in NHE1 expression were seen with any of the estradiol concentrations 

(figure 40A, 40B, 40C, and 40D). Further studies are warranted to confirm these 

findings to account for several discrepancies between these studies including 

differences in rodent species (rat vs. mouse).  

Finally, we determined if testosterone levels seen in females would impact 

NHE1 expression in GPNT rat brain endothelial cells. We treated GPNT cells with 

concentrations corresponding to serum levels found in female rats throughout the 

estrous cycle: Estrus (350pM), Diestrus days 1 and 2 (690pM), Diestrus day 3 

(1.39nM), Proestrus (1.74nM), and average male levels (3.12nM) 205. No change 

in NHE1 expression was seen with any of the concentrations tested, however, 

suggesting that estrogens, but not androgens, regulate its expression, at least in 

GPNT cells (figure 41A, 41B).  
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Figure 38
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Figure 38: Estradiol reduces NHE1 expression in GPNT cells in a 

concentration dependent manner.  (A) Western blot analysis demonstrating 

expression of both nuclear (ER-α and ER-β) and membrane bound (GPR30) 

estrogen receptors. (B) Representative blot and (C) graphical representation of 

western blot data showing decreased NHE1 expression when GPNT cells are 

treated with increasing  physiologically relevant concentrations (vehicle, low 

estrogen (LE), diestrus (DE), estrus (EE), proestrus (PE), and high estrogen (HE)) 

of estradiol.  * indicates statistical difference from vehicle treated cells as assessed 

with a one-way ANOVA with Tukey post-hoc test applied to compare values 

between groups. 
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Figure 39
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Figure 39: co-treatment of estradiol and ER inhibitor ICI 182,780 prevents 

estradiol induced reductions in NHE1 expression in GPNT cells. GPNT cells 

were treated with high estrogen (HE) levels in the presence or absence of ICI 

182,780 for 24 hours. (A) Representative blot and (B) Graphical representation of 

the data demonstrating that the estradiol induced decrease in NHE1 expression 

was blocked by the E2 receptor antagonist ICI 182,780. * indicates significant 

difference (p<0.05) from vehicle treated cells. # indicates significant difference 

(p<0.05) from cells treated with ICI 182, 780 alone. Both measures were 

determined using a one-way ANOVA with Tukey post-hoc test applied to examine 

differences between groups. 
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Figure 40 
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Figure 40: Estradiol does not alter NHE1 expression in either C8-B4 microglia 

or C8-D1A astrocyte cell lines. (A) Representative blot and (B) graph 

demonstrating no significant change in NHE1 expression in the C8-B4 microglial 

cell line when treated with escalating concentrations of estradiol. (C) 

Representative blot and (D) graph showing that estradiol treatment also has no 

effect on NHE1 expression in the C8-D1A astrocytic cell line at any of the 

concentrations tested as assessed using a one-way ANOVA with Tukey post-hoc 

test applied to examine differences between concentrations. 
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Figure 41 
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Figure 41: Testosterone treatment does not change NHE1 expression in 

GPNT cells.   GPNT cells were treated with concentrations of testosterone 

corresponding to levels seen throughout the estrous cycle of female rats. (A)  

Representative blot and (B) graph demonstrating a lack of effect of testosterone 

on NHE1 expression in GPNT rat brain endothelial cells as assessed using a one-

way ANOVA with Tukey post-hoc test applied to determine differences between 

concentrations.
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CHAPTER 7:  DISCUSSION AND FUTURE 

DIRECTIONS
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7.1 Variances in nociceptive behaviors and BBB permeability between 

headache models 

Several animal models of headache have been created in attempt to 

recapitulate the clinical features of migraine. Since migraine is a multifactorial 

disorder, each model has been developed to mimic certain migrainous features.  

Therefore, all of these models, while complimentary, do have different features. In 

regard to the BBB, various reports suggest the possibility for model specific effects 

on BBB permeability. Permeability of the BBB has been shown to increase in 

response to painful stimuli (i.e. peripheral inflammation) 180. However, studies on 

BBB changes in migraine or models of migraine have shown mixed results. For 

example, increased MMP-9 activity was observed in migraine patients during 

headache attacks in one study133. Likewise, a preclinical study demonstrated 

increased MMP-9 activity and BBB permeability in response to CSD, which has 

been shown in this work, as well in previous reports, to induce nociceptive 

behaviors 90, 134, 148. Alternatively, several studies have shown a clear lack of BBB 

permeability in response to migraine or preclinical migraine models. 184 185 186. 

Several models of migraine, including GTN infusion models and dural IM 

models have provided evidence for an absence of BBB changes in migraine184 185 

186. For example, dural inflammation induced by either complete Freund's adjuvant 

(CFA) or inflammatory soup (IS) was did not cause increased BBB permeability in 

one study184.  In contrast, we observed an increase in BBB permeability at 24 hours 

post-dural inflammation. One explanation for this discrepancy may be in the 

severity of the model. In the previously mentioned published study, a large 6mm 
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craniotomy was performed, which would produce a larger area of tissue damage. 

Additionally, the rats used were anesthetized at the time of dural inflammation and 

remained under anesthesia for some time following surgery. In our experiments, 

there was some difficulty in differentiating between BBB changes due to the 1mm 

(smaller but still causes some tissue damage) craniotomy or the noxious insult of 

the meninges. Since BBB changes in models of pain have been tied to nociceptive 

transmission, and possibly perception, it is possible that this factor could have 

prevented or blunted any BBB changes which would have occurred184 

Neurological disorders such as TBI and ischemic stroke are known to 

induce both CSD and increase BBB permeability 174, however these outcomes are 

primarily linked to direct CNS damage (i.e. blunt/ischemic trauma). Additionally, 

some studies examining primary headache disorders have also shown CSD and 

increased BBB permeability18, 133, 183. In our studies using an acute craniotomy to 

inject cortical KCl, increased BBB permeability to Evans Blue was seen, but was 

not seen using radiolabeled sucrose, yet only on the side ipsilateral to the injection. 

In further studies, surgical implantation of dural cannulae allowed us to induced 

CSD in awake, freely moving female rats. We observed an increase in cortical, but 

not brainstem, BBB paracellular permeability to 14C-sucrose. Additionally, we 

noted that this permeability change occurs in parallel to CSD events and periorbital 

allodynia.  

Numerous measures have been used to determine if a certain model 

recapitulates migraine pathology including electrophysiology of TG or the TCC, c-

Fos activation in the TCC, middle meningeal artery (MMA) dilation and blood flow, 
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and measurement of neurogenic inflammation, mast cell degranulation, and 

circulating neuropeptides 245. While all of these measures are useful, it is vital that 

nociceptive behaviors are also measured to determine if the model truly 

recapitulates clinical migraine. This can be achieved through measurement of 

hypersensitivity with calibrated von Frey filaments, or by assessing pain 

suppressed behaviors such as rearing or grooming146. Facial hypersensitivity has 

been observed in several models of migraine including IM application, CSD 

induction, and GTN infusion 90, 148, 212, 246, 247. Several differences exist, however, 

in relation to duration and severity of the facial hypersensitivity observed in these 

models. These variances can be attributed to a number of model discrepancies 

including behavioral testing methods, surgical practices, and the sex of the animals 

being used. While a majority of migraineurs are female, most of the published 

studies on migraine done to date have been performed in male animals 148, 212, 246, 

247. Furthermore, females have been reported as being more susceptible to 

secondary headache production in both traumatic brain injury and ischemic stroke 

compared to males 224, 239.  For these reasons, we chose to perform our studies in 

intact female rats.  

Our initial studies utilized an acute craniotomy model with either cortical 

injection of KCl or dural application of IM to induce a migraine like state. In these 

experiments, rats were anesthetized with isoflurane, which has a fast onset and 

recovery, for the surgical injections. This allowed for behavioral assessment as 

soon as 30 minutes post injection. In these models, both the control conditions 

(cortical PP or dural SIF) and the experimental conditions (cortical KCl or dural IM) 
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produced facial allodynia, particularly at early time points.  This effect in the control 

conditions is likely due to post-surgical hypersensitivity, rather than due to any 

nociceptive effects. Due to this pitfall in our model, we began using surgically 

implanted guide cannulae as performed previously by our lab 148. In this way we 

eliminated much of the post-surgical facial allodynia we observed in our prior 

studies. Additionally, we chose to proceed with the CSD induced model of 

headache due to previous evidence supporting CSD related BBB changes, and 

due to its broad applicability to both primary and secondary headaches.  

Interestingly, a sex difference was observed in these studies when comparing 

post-surgical facial withdrawal thresholds between male and female rats. After 

surgery our female rats experienced significant post-surgical facial allodynia, 

which was not observed in male rats 148. Clinically, women are reported to 

experience longer-lasting, more intense post-surgical pain than males 248, 249.  

Following cortical KCl injection, significant periorbital allodynia was seen within 0.5 

hours. This allodynia was at its peak between 1.5 and 3 hours. Additionally, 

although withdrawal thresholds improved close to baseline levels within 6 hours, 

thresholds remained statistically lower up to 72 hours after KCl injection. This 

observation of lasting allodynia is contrasting with results found in other preclinical 

studies on migraine 148. It is again possible that this persistent nociception occurs 

due to sex differences in the studies, however, further experimentation in required 

to fully assess this claim.  
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7.2 Exploiting BBB permeability changes to improve migraine therapeutic 

access to the CNS 

Studies in the field of medicinal chemistry have provided information on 

ideal properties of CNS active drugs. These properties heavily feature attributes 

that improve a drug’s ability to permeate the BBB, including high lipophilicity, low 

molecular weight, lower polar surface area, lower molecule flexibility, and 

possession of a positive charge at physiological pH 250.  In practice, however, 

designing a new drug with all of these attributes may not be possible depending 

on the drug’s target. These drugs, although they may have the theoretical potential 

to provide beneficial outcomes, may not be able to reach their targets. In this 

regard, examination of disease induced BBB changes may provide insight on 

whether this issue can be circumvented with appropriate dosing schedules. 

Additionally, drugs that have demonstrated efficacy but poor CNS permeability can 

be reassessed for CNS activity in disease states where BBB integrity is decreased.  

One such drug, which has been traditionally thought to act in the periphery, 

is sumatriptan. Sumatriptan is a commonly used migraine abortive drug. 

Sumatriptan has also demonstrated efficacy in improving secondary headaches 

resulting from meningitis and subarachnoid hemorrhage 127, 128, 251.  Under normal 

conditions, sumatriptan has been shown to have minimal BBB permeability, which 

suggests that it exerts its anti-headache actions in the periphery128. Some 

experiments, however, have shown that sumatriptan can directly inhibit second 

order neurons in the TNC131, 132. In these experiments, this effect was only seen if 

BBB permeability was increased via mannitol infusion. This demonstrates that, at 
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least in preclinical models, sumatriptan has the ability to directly inhibit second 

order neurons 47, 201. Interestingly, sumatriptan has also been shown in clinical 

studies to be most effective when given in the aura phase or as soon as possible 

after the start of the headache phase 122, 252-256, suggesting that variations in drug 

delivery dynamics may occur in a time dependent manner during migraine attacks. 

Based on these observations, we determined if changes in sumatriptan 

CNS uptake occurred in our model of CSD induced episodic headache. Initially, 

we assessed uptake of 3H-sumatriptan in naïve rats and found minimal uptake in 

both the cortex and brainstem. These results corresponded to previous reports 

showing minimal CNS penetration of sumatriptan under normal conditions. 

Consistent with 14C-sucrose uptake studies, 3H-sumatriptan CNS permeability was 

increased in the cortex 1.5 hours post KCl injection. Interestingly, we also observed 

increase uptake of 3H-sumatriptan in the brainstem (summary in figure 42A, 

42B). This inconsistency amongst brainstem permeability of 14C-sucrose and 3H-

sumatriptan may be partially accounted for by changes in active transport. 

Sumatriptan, unlike sucrose, has at least one putative transporter. In vitro studies 

have demonstrated the ability of OATP1A2/Oatp1a4 to transport sumatriptan, 

though its ability to transport sumatriptan in vivo has not been investigated 199. In 

tissue samples taken from the cortex and brainstem of rats 1.5 hours post cortical 

KCl injection we observed an increased expression of Oatp1a4. These data further 

suggest that sumatriptan can be actively transported via Oatp1a4, to access CNS 

areas such as the TNC to exert further therapeutic effects. These data 

demonstrating increased CNS permeability to sumatriptan in the brainstem 
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suggest an opportunity for migraine therapeutics, including sumatriptan, to exert a 

therapeutic effect in relevant brainstem areas such as the TNC.  This information 

may improve dosing of these drugs in order to achieve a greater therapeutic 

efficacy. Further investigation is warranted, however, to determine the exact cause 

of increased sumatriptan uptake in the brainstem following cortical KCl injection. 

In addition to assessing changes in sumatriptan uptake in our model of 

episodic headache, we also aimed to determine whether prophylactic treatment 

would be able to prevent changes in BBB permeability resulting from CSD and 

headache induction. While transient disruptions in BBB permeability resulting from 

CSD may improve outcomes by facilitating drug delivery to the CNS, it is also 

thought that repeated CSD events may underlie the increased risk for stroke seen 

due to migraine with aura 221.  In other neurological disorders, increases in BBB 

permeability have been shown to facilitate CNS damage 198.  Brain imaging studies 

done in migraine with aura patients have found structural abnormalities including 

white matter abnormalities (WMAs) and infarct like lesions (ILLs) 101. In other 

neurological disorders, these lesions have been shown to correspond to BBB 

disruption cause by chronic cerebral hypoperfusion 187. CSD is known to transiently 

decrease cerebral blood flow, which may contribute to brain lesion production188-

190.  Based on these observations, it would be ultimately beneficial to be able to 

prevent BBB changes in migraine. Since BBB changes have been tied to CSD, we 

wanted to asses if topiramate, as a CSD preventative, could block KCl induced 

BBB permeability increases. Topiramate is an anti-epileptic and migraine 

prophylactic which functionally modulates voltage gated sodium and calcium 
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channels, GABA receptors, and blocks glutamatergic transmission 222. Other 

studies have also demonstrated the ability of topiramate to block CSD initiation 92, 

222, 223.  In our studies, a single topiramate pretreatment was not able to block KCl 

induced BBB leakiness. Since topiramate therapy for migraine is often prophylactic 

254, 257-259 and not abortive, it is possible that repeated administration of topiramate 

may be required to have effects on periorbital allodynia in this model.  Additionally, 

topiramate has been demonstrated as an effective prophylactic in both migraine 

with aura and migraine without aura 260. Since CSD has not been implicated in 

migraine without aura, it is likely that the migraine preventative effect of topiramate 

is unrelated to its effects on CSD. Thus, future studies are required to assess 

whether chronic topiramate treatment can prevent BBB changes in our model. 

Furthermore, effects on BBB permeability of other migraine prophylactics should 

be investigated in future studies. 
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Figure 42 
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Figure 42: Schematic of effects of KCl induced spreading depression on BBB 

permeability. (A) Under normal conditions, both sucrose and sumatriptan have 

minimal penetration into the CNS. (B) Following KCl induced CSD, both sucrose 

and sumatriptan have increased entry into the cortex. This increased entry can be 

explained via an increase in paracellular leak of the BBB, either through changes 

in tight junction function or localization. Additionally, increased uptake of 

sumatriptan, but not sucrose, was seen in the brainstem. This increased uptake in 

the brainstem may be due to increased active transport.
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7.3 Influence of CSD induced BBB changes on Tight Junction TJ proteins 

Most often, in studies demonstrating increased BBB permeability in models 

of neurological disorders, decreased expression of TJ proteins is also seen. This 

can occur via a number of mechanisms including TJ protein phosphorylation, 

which can induce their internalization and degradation, and through upregulation 

of BM degrading MMPs, particularly MMP2 and MMP9157 167. In our initial 

assessments of TJ protein expression post-KCl injection, however, we did not 

observe any difference in expression of either occludin or claudin-5. Though often 

overlooked, BBB permeability can also be increased by inducing actin stress fiber 

formation or by altering TJ protein localization 154-156, 165. Our in vivo IHC studies 

on the cortex provided the first suggestion that the increased BBB permeability in 

response to CSD may be due to TJ protein reorganization, as claudin-5 expression 

around the vessels appeared disrupted after cortical KCl injection. This effect was 

only seen with claudin-5, and may occur as a result of claudin-5 specific functions 

at the BBB. Claudin-5 has been shown to regulate permeability to ions and other 

small molecules (i.e. sodium fluorescein) 261. Since CSD is correlated with large 

shifts in ion gradients, these changes in claudin-5 localization may represent an 

effort to re-equilibrate the membrane ionic gradients. Further studies are warranted 

to investigate this claim, and to further elucidate the mechanism.  

In switching to in vitro models to assess BBB changes in response to KCl, 

we first used the GPNT rat brain endothelial cell line in order to maintain species 

consistency between our in vivo and in vitro studies. We assessed changes in actin 
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dynamics in response to KCl. In these studies, we did not observe any changes in 

calcium influx or stress fiber formation in GPNT cells in response to KCl. These 

are in line with reports in primary rat brain endothelial cells 228. During these 

experiments, however, we noted that the GPNT cells did not form continuous 

monolayers and tended to clump together. Based on these observations, we chose 

to continue our experiments in the bEnd.3 mouse brain endothelial cell line. 

Although these cells are derived from mouse, and our in vivo studies were 

performed in rats, they provided continuous monolayers which allowed us to 

assess changes in their permeability and the underlying mechanisms.  

 In response to KCl, as well as a CSD mediator cocktail, we observed 

a change in claudin-5 localization in the bEnd.3 cell line as assessed by 

immunofluorescence. This observation paralleled our in vivo data. Since these 

cells were grown in a monoculture with astrocyte conditioned media, this effect 

was due to direct actions of KCl/CSD cocktail on the bEnd.3 cells. Since our 

studies, as well as other studies, demonstrated a lack of calcium influx in response 

to KCl in brain endothelial cells, we turned our attention toward other BBB 

regulators which could respond to KCl. Interestingly, the Na+/K+ ATPase pump has 

been shown to regulate TJ formation in other organ systems that contain epithelial 

TJs (i.e. kidney) 262. Additionally, high potassium conditions have been shown to 

increase the activity of the Na+/K+ ATPase pump in brain microvessels 263. 

Furthermore, abhorrent Na+/K+ ATPase activity has been suggested as a potential 

mechanism for the observed increase in extracellular sodium concentration seen 

in migraine 264.  We found that pre-treatment with digoxin, a Na+/K+ ATPase 
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inhibitor, was able to partially attenuate the observed changes in claudin-5 

membrane localization seen in response to either KCl or CSD cocktail treatment.  

Additionally, we investigated the effect of the Kir6 (KATP) channel blocker 

AMP-PNP on KCl/CSD cocktail induced changes in claudin-5 localization. Kir6 

channels have been reported to have mixed effects on barrier permeability. While 

one study demonstrated Kir6.1 knockout aggravated BBB disruption in a model of 

stroke265, another study showed that increased blood-brain tumor barrier 

permeability  induced by bradykinin occurred due to increased Kir6 channel activity 

266. Pre-treatment of bEnd.3 cells with AMP-PNP partially attenuated changes in 

claudin-5 localization in response to CSD cocktail. AMP-PNP pre-treatment also 

changed claudin-5 localization in response to 100mM. Since KATP channels are 

sensitive to ATP concentration, this result suggests that ATP may be partially 

responsible for claudin-5 changes seen in response to CSD. High extracellular 

potassium concentration has been shown to increase ATP release in astrocytes 

through activation of the ATP release channel pannexin1 (Panx1) 267. It is also 

possible that K+ and ATP may have joint actions on the BBB, to induce changes in 

claudin-5 localization, especially in the presence of very high extracellular 

potassium concentrations. Additional studies are necessary to fully elucidate these 

claims, as well as to verify the results presented here.  

 

7.4 Female sex hormones and headache 
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Clinically, women have a much higher prevalence of migraine compared to 

men, with over one third of migraineurs being female 103. Female steroid sex 

hormones such as estrogen and progesterone have been implicated in migraine 

pathogenesis. In particular, estrogens have been demonstrated to both cause and 

enhance CSD production.  Here, we further demonstrated the ability of female sex 

hormones to contribute to headache pain production. Assessment of facial 

withdrawal data in male and female rats following cortical KCl injection revealed a 

striking sex difference in both the intensity and prevalence of facial nociception in 

this model of episodic headache. Cortical KCl injection has been shown to reliably 

elicit CSD in both male and female rats148, however, while all of the female rats 

developed facial allodynia as a result, only ~28 percent of the male rats 

experienced significant allodynia. Additionally, almost all of the female rats were 

sensitive to the minimum von Frey filament tested, indicating very severe allodynia 

in these rats. On the other hand, male rats experienced a much milder 

hypersensitivity and recovered much more quickly from cortical KCl injections. 

Furthermore, we also tested nociceptive behaviors in both intact and OVX rats in 

response to systemic estradiol treatment. In these studies we observed an 

estrogen induced decrease in facial withdrawal thresholds. We also saw an OVX 

induced reduction in rearing behavior, though whether this effect was due to 

nociceptive differences or other factors (i.e. anxiety, depression) is at this point 

unknown. These data suggest that female sex hormones not only influence CSD 

production, but also effect nociceptive transmission and pain perception.  
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Female sex hormones, particularly estrogens, have also been shown to 

regulate the BBB. OVX in rodents has been shown to increase BBB permeability, 

which can be rescued with chronic estradiol supplementation 240. We observed, in 

agreement with previous studies, that OVX increased BBB permeability. 

Additionally, we did not observe any BBB changes when we acutely administered 

estradiol. This suggests that estrogens may play a modulatory role in BBB 

regulation via long-term effects. In the estrous cycle of both rodents and humans, 

female sex hormones are known to fluctuate and, thus, there are periods where 

their concentrations are very high or low 205, 243, 244, 268. In examining these 

fluctuations, we were interested in whether estradiol would modulate any CNS 

transporters that may be pertinent to migraine. One potentially relevant transporter 

is the sodium/hydrogen exchanger NHE1. NHE1 has been suggested to play a 

role in several pain states 269. Notably, amiloride, which is a non-selective blocker 

of acid sensing ion channels (ASICs), ENaC, and NHE1, has been shown to both 

pre-clinically block CSD and clinically to reduce aura frequency and headache 

severity 270.   Interestingly, estradiol has been indirectly suggested to play a role in 

NHE1 activity in brain microvessels. In this study, NHE1 activity was shown to be 

increased in response to arginine vasopressin. This effect was blocked with 

estradiol co-treatment 195.  NHE1’s function, as a Na+/H+ exchanger, give it the 

ability to control both pH and sodium gradients, both of which are altered during 

CSD and, potentially, migraine194, 271. In GPNT rat brain endothelial cells, we 

observed a concentration dependent decrease in NHE1 expression when cells 

were treated with 17-β-estradiol for 24 hours, which could be revered with a non-
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selective estrogen receptor inhibitor. Additionally, we did not observe any effect of 

testosterone on NHE1 expression. NHE1 is known to be expressed on both the 

luminal and abluminal sides of brain microvessels, with a higher expression on the 

luminal side195.  Many female migraineurs experience migraines at times in their 

menstrual cycle when their female sex hormones are at their lowest or their highest 

8, 12. Interestingly, both deficiency and an excess of NHE1 activity have been 

demonstrated to increase neuronal excitability 272, 273. It is possible that migraineurs 

experience greater changes in NHE1 expression and/or function at certain times 

during their estrous cycle, which may compound with other issues to contribute to 

a migraine attack. Further studies are required to elucidate the role of NHE1 in 

migraine.   

 

7.5 Future directions 

While the data presented here clearly demonstrate that changes in BBB 

permeability occur in our model of CSD induced episodic headache, the 

mechanism by which this occurs has yet to be fully elucidated. Although some 

preliminary data portrayed within suggests the role of potassium exchangers, 

including the Na+/K+ ATPase pump and the Kir6 channels, this is most certainly 

not the full story. Therefore future studies should be directed at more fully 

describing the molecular changes occurring as a result of KCl/CSD. In examining 

the molecular mechanism behind CSD induced BBB changes, it make sense 

based on time and cost, to proceed in an in vitro model with subsequent validation 

in vivo. It is important that these results be confirmed in vivo, because, while useful, 
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cell models do have caveats. These include a lack of a full organ system, effects 

of procedures on the animal’s perception and stress, and a lack of sensory input, 

all of which may affect the experimental outcome. Still, a more complete cellular 

model provides a fast, low cost alternative to animal work. Presented here is some 

preliminary work which begins to build such a model, however a more complex 

model that can more fully recapitulate the neurovascular unit should be carefully 

designed to improve the in vitro to in vivo translatability of future studies. Such 

studies may use a co-culture system which, in addition to astrocytes, includes 

neurons, pericytes, and other glial cell types. In our initial assays looking at 

permeability changes in response to KCl or CSD cocktail, we observed only a mild, 

not statistically significant increase in bEnd.3 cell permeability. Since CSD includes 

a large neuronal response, the addition of neurons to the culture system may be 

particularly important in moving forward.   

Additionally, we presented here a preliminary proteomic screen on proteins 

expressed in the bEnd.3 mouse brain endothelial cell line (table 2). Interestingly, 

although claudin-5 and the ZO proteins are expressed, occludin was not present 

in our findings. This initial proteomics screen was done on bEnd.3 cells which were 

grown in monoculture. It would, therefore, be interesting to examine if changes in 

expression of BBB relevant proteins, including occludin, would change if the cells 

were grown in a co-culture (i.e. with astrocytes, neurons, etc.). Additionally, our 

preliminary screen showed that these cells express numerous proteins relevant to 

BBB regulation including kinases, VEGF, integrins, and transporters (table 2). This 
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provides a starting point to begin to investigate the role of some of these proteins 

in the BBB changes we see in response to CSD conditions. 

Another interesting area, which requires further research, is how female sex 

hormones regulate the BBB on a molecular level and how this may contribute to 

migraine production. The studies presented here suggest a role for estradiol in 

regulating NHE1 expression, which may lead to changes in neuronal excitability 

and CSD production. Moving forward, several avenues for further discovery come 

to mind. For instance, it would be interesting to know how estradiol is regulating 

NHE1 expression. The initial results showing that the nuclear ER blocker/GPR30 

agonist was able to not only rescue estradiol induced NHE1 reductions, but also 

further enhance its expression suggest some receptor specific effects of estradiol 

in regard to NHE1. Additionally, future studies should also examine not only NHE1 

expression, but also function in response to estradiol. Furthermore, although most 

of our work on this topic has been done in vitro, demonstration of similar effect in 

an in vivo model would strengthen our preliminary data. These experiments are 

particularly important because many other factors, including other hormones, 

peptides, and transmitters come into play in an in vivo setting, which may ultimately 

either enhance or negate this observed effect of estradiol on NHE1 expression. 

Additionally, the influence of estradiol on NHE1 activity should be assessed in our 

model of CSD induced episodic headache to, ultimately, determine its contribution 

to migraine pathogenesis. 

 

7.6 Concluding remarks and significance 
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In closing, transient increases in BBB permeability occurred in our model of 

CSD induced episodic headache. As some clinical studies have demonstrated 

increased BBB permeability in migraine, it is likely that our result can translate 

clinically, at least in some migraine variants. These data represent a novel finding, 

in that we were able to temporally link nociceptive behaviors and BBB changes in 

a model of episodic headache. The need to overcome the BBB is one of the major 

hurdles in designing CNS active drugs. Therefore, knowledge of these changes 

can help in developing appropriate dosing regimens in migraine. Additionally, since 

migraine drugs are traditionally thought to act in the periphery, these results open 

the possibility for their CNS activity and presents the CNS as a potentially relevant 

target area for future migraine drug design. With current drug discovery efforts in 

the migraine field being focused primarily on peripheral targets, this work suggests 

that CNS targets should be considered and pursued in the future.  

 



Page | 262  
 

 

Appendix A: list of publications and presentations 

PUBLICATIONS 

1. Alexander J. Sandweiss, Karissa E. Cottier, Mary I. McIntosh, Gregory Dussor Ph.D., 
Thomas P. Davis Ph.D., Todd W. Vanderah Ph.D., Tally M. Largent-Milnes Ph.D. “17-
β-estradiol induces spreading depression and pain behavior in alert female rats”.” 
Research Manuscript, Oncotarget, 2017 

 

2. Karissa E. Cottier, Tally M. Largent-Milnes, Todd W. Vanderah. “The CNS as a primary 
target for migraine therapeutics.” Review, Current Topics in Pharmacology, 2017. 

 

3. Aubin Moutal, Liberty François-Moutal, Samantha Perez-Miller, Karissa Cottier, May 
Khanna and Rajesh Khanna. “(S)-Lacosamide binding to CRMP2 subverts its 
phosphorylation by Cdk5, regulating CaV2.2 activity.” Research manuscript, 
Molecular Neurobiology, April 2016 

 

4. Liberty François-Moutal, Yue Wang,  Aubin Moutal,  Karissa E Cottier, Ohannes K 
Melemedjian,  Xiaofang Yang,  Yuying Wang, Weina Ju,  Tally M Largent-Milnes, May 
Khanna,  Todd W Vanderah, Rajesh Khanna. “A membrane-delimited N-
myristoylated CRMP2 peptide aptamer inhibits CaV2.2 trafficking and reverses 
inflammatory and post-operative pain behaviors.” Research manuscript, Pain, July 
2015 

 

5. Karissa E. Cottier, Elise M. Fogle, David A. Fox, Salah-uddin Ahmed. “Noxa in 
rheumatic diseases: present understanding and future impact.” Review, 
Rheumatology, September 2014 

 

POSTER PRESENTATIONS/ABSTRACTS 

1. Karissa E. Cottier, Emily A. Galloway, Hong Zhang, Margaret Tome, Chaz Schaefer, 
Elisa Calabrese, John Kim, Todd W. Vanderah, Thomas P. Davis, Tally M. Largent-
Milnes. “Blood-Brain Barrier Integrity is Temporally Dysregulated in a 
Spreading Depression Induced Model of Episodic Headache.” University of Arizona 
College of Medicine Junior Investigator Poster Forum. November 2017 
 

2. Tissiana G. Vallecillo, Emily A. Galloway, Karissa E. Cottier, Thomas P. Davis, Todd 
W. Vanderah, Tally M. Largent-Milnes. “Testosterone Effect on Na+/H+ Exchanger 
NHE1 Expression. KEYS Research Showcase. July 2017 

 

3. Karissa E. Cottier, Emily A. Galloway, Margaret Tome, Chaz Schaefer, Elisa 
Calabrese, John Kim, Todd W. Vanderah, Thomas P. Davis, Tally M. Largent-Milnes. 
“Transient Decreases in Blood-Brain Barrier Integrity Correspond with Facial 



Page | 263  
 

Allodynia Duration in a Model of Migraine with Aura” 36th Annual American Pain 
Society Meeting. May 2017. 
 

4. Emily A. Galloway, Karissa E. Cottier, John Kim, Thomas P. Davis, Todd W. Vanderah, 
Tally M. Largent-Milnes. “Estrogen Regulation of Endothelial Na+/H+ Exchanger 
NHE1: Implications for Migraines.” BECUR (Biological, Engineering, and Chemical 
Undergraduate Research) Conference. February 2017. 
 

5. Emily A. Galloway, Karissa E. Cottier, John Kim, Thomas P. Davis, Todd W. Vanderah, 
Tally M. Largent-Milnes. “Effect of Estrogen on Sodium-proton Exchanger NHE1 in 
the Context of Migraines.” 2017 University of Arizona UBRP Conference. January 
2017. 
 

6. John Kim, Karissa E. Cottier, Emily A. Galloway, Thomas P. Davis, Todd W. Vanderah, 
Tally M. Largent-Milnes. “NHE1 Expression in Naïve Rats: Differences Between 
Sexes.” 2017 University of Arizona UBRP Conference. January 2017. 
 

7. Karissa E. Cottier, Emily A. Galloway, Todd W. Vanderah, Thomas P. Davis, Tally M. 
Largent-Milnes. “Migraine Induced Changes in Blood-Brain Barrier Permeability and 
Sumatriptan Uptake to the CNS.” 19th Symposium on Signal Transduction at the 
Blood-Brain Barriers. September 2016. 
 

8. Salahuddin Ahmed, Elise M. Fogle, Maria Beamer, Christopher Trabbic, Karissa 
Cottier. “Induction of apoptosis by pentacyclic triterpenoid-rich fraction of apple 
peels in rheumatoid arthritis synovial fibroblasts.” 11th International Conference on 
Function Foods and Chronic Inflammation. August 2012. 

 

ORAL PRESENTATIONS 

1. “Temporal Dysregulation of Blood-Brain Barrier Permeability in KCl Induced Model 
of Episodic Headache.” Pharmacology Department Student Seminar Series. 
October 2017 
 

2. “Facial Allodynia Duration Corresponds to Transient Increases in Blood-Brain 
Barrier Permeability in a Model of Migraine with Aura.” 2nd Annual Pharmacology 
Data Blitz. May 2017.  
 

3. “Spreading Depression and Facial Allodynia Duration Correspond to Transient 

Increases in Blood-Brain Barrier Permeability in a Model of Migraine with Aura” 

36th Annual American Pain Society Meeting Data Blitz. May 2017 
 

4. “Migraine With Aura Transiently Impairs Blood-Brain Barrier Integrity.” 
Pharmacology Department Student Seminar Series. January 2017.  
 

5. “Migraine Induced Changes in Blood-Brain Barrier Permeability.” Pharmacology 
Department Student Seminar Series. April 2016 
 

6. “Migraine Induced Changes in Blood-Brain Barrier Permeability and Triptan Uptake 
to the CNS.” 1st Annual Pharmacology Data Blitz. April 2016 



Page | 264  
 

 

7. “CRMP-2: Putative Role in Protein Translation Regulation.” Pharmacology 
Department Student Seminar Series. May 2015. 

 



Page | 265  
 

Appendix B:  Human/Animal subjects approval 



Page | 266  
 



Page | 267  
 

 

References: 

 

 

1. Jay, G.W. and R.L. Barkin, Primary Headache Disorders Part I- Migraine 
and the Trigeminal Autonomic Cephalalgias. Dis Mon, 2017. 63(11): p. 
308-338. 

2. Steiner, T.J., L.J. Stovner, and T. Vos, GBD 2015: migraine is the third 
cause of disability in under 50s. J Headache Pain, 2016. 17(1): p. 104. 

3. Headache Classification Committee of the International Headache Society 
(IHS) The International Classification of Headache Disorders, 3rd edition. 
Cephalalgia, 2018. 38(1): p. 1-211. 

4. Benoliel, R. and E. Eliav, Primary headache disorders. Dent Clin North 
Am, 2013. 57(3): p. 513-39. 

5. Vos, T., et al., Years lived with disability (YLDs) for 1160 sequelae of 289 
diseases and injuries 1990-2010: a systematic analysis for the Global 
Burden of Disease Study 2010. Lancet, 2012. 380(9859): p. 2163-96. 

6. Lipton, R.B., et al., Prevalence and burden of migraine in the United 
States: data from the American Migraine Study II. Headache, 2001. 41(7): 
p. 646-57. 

7. Hu, X.H., et al., Burden of migraine in the United States: disability and 
economic costs. Arch Intern Med, 1999. 159(8): p. 813-8. 

8. Cottier, K.E., T.W. Vanderah, and T.M. Largent-Milnes, The CNS as a 
primary target for migraine therapeutics. Current Topics in Pharmacology, 
2017. 21: p. 1-16. 

9. York, G.K., 3rd and D.A. Steinberg, Chapter 3: neurology in ancient Egypt. 
Handb Clin Neurol, 2010. 95: p. 29-36. 



Page | 268  
 

10. Tfelt-Hansen, P.C. and P.J. Koehler, One hundred years of migraine 
research: major clinical and scientific observations from 1910 to 2010. 
Headache, 2011. 51(5): p. 752-78. 

11. Edvinsson, L., C.M. Villalon, and A. MaassenVanDenBrink, Basic 
mechanisms of migraine and its acute treatment. Pharmacol Ther, 2012. 
136(3): p. 319-33. 

12. Headache Classification Committee of the International Headache, S., 
The International Classification of Headache Disorders, 3rd edition (beta 
version). Cephalalgia, 2013. 33(9): p. 629-808. 

13. Bolay, H., N.E. Berman, and D. Akcali, Sex-related differences in animal 
models of migraine headache. Headache, 2011. 51(6): p. 891-904. 

14. Stucky, N.L., et al., Sex differences in behavior and expression of CGRP-
related genes in a rodent model of chronic migraine. Headache, 2011. 
51(5): p. 674-92. 

15. Misra, U.K., J. Kalita, and S.K. Bhoi, Allodynia in migraine: clinical 
observation and role of prophylactic therapy. Clin J Pain, 2013. 29(7): p. 
577-82. 

16. Chai, N.C., B.L. Peterlin, and A.H. Calhoun, Migraine and estrogen. Curr 
Opin Neurol, 2014. 27(3): p. 315-24. 

17. Faria, V., et al., The migraine brain in transition: girls vs boys. Pain, 2015. 
156(11): p. 2212-21. 

18. Charles, A.C. and S.M. Baca, Cortical spreading depression and migraine. 
Nat Rev Neurol, 2013. 9(11): p. 637-44. 

19. Zhang, X., et al., Activation of meningeal nociceptors by cortical spreading 
depression: implications for migraine with aura. J Neurosci, 2010. 30(26): 
p. 8807-14. 

20. Zhao, J. and D. Levy, Cortical Spreading Depression Promotes Persistent 
Mechanical Sensitization of Intracranial Meningeal Afferents: Implications 
for the Intracranial Mechanosensitivity of Migraine. eNeuro, 2016. 3(6). 



Page | 269  
 

21. Pelzer, N., et al., Familial and sporadic hemiplegic migraine: diagnosis 
and treatment. Curr Treat Options Neurol, 2013. 15(1): p. 13-27. 

22. Gasparini, C.F., R.A. Smith, and L.R. Griffiths, Genetic insights into 
migraine and glutamate: a protagonist driving the headache. J Neurol Sci, 
2016. 367: p. 258-68. 

23. van den Maagdenberg, A.M., et al., A Cacna1a knockin migraine mouse 
model with increased susceptibility to cortical spreading depression. 
Neuron, 2004. 41(5): p. 701-10. 

24. Dichgans, M., et al., Mutation in the neuronal voltage-gated sodium 
channel SCN1A in familial hemiplegic migraine. Lancet, 2005. 366(9483): 
p. 371-7. 

25. Yu, S. and X. Han, Update of chronic tension-type headache. Curr Pain 
Headache Rep, 2015. 19(1): p. 469. 

26. Bendtsen, L. and C. Fernandez-de-la-Penas, The role of muscles in 
tension-type headache. Curr Pain Headache Rep, 2011. 15(6): p. 451-8. 

27. Ashina, M., et al., Muscle hardness in patients with chronic tension-type 
headache: relation to actual headache state. Pain, 1999. 79(2-3): p. 201-
5. 

28. Straube, A., et al., Pericranial injection of botulinum toxin type A (Dysport) 
for tension-type headache - a multicentre, double-blind, randomized, 
placebo-controlled study. Eur J Neurol, 2008. 15(3): p. 205-13. 

29. Stillman, M.J., Chapter 2: Diagnosis of Trigeminal Autonomic 
Cephalalgias, in The Cleveland Clininc Manual of Headache Therapy, S.J. 
Tepper, Tepper, D.E., Editor. 2014, Springer International Publishing. p. 
21-30. 

30. Blau, J.N. and H.O. Engel, Premonitory and prodromal symptoms in 
cluster headache. Cephalalgia, 1998. 18(2): p. 91-3; discussion 71-2. 

31. Langedijk, M., et al., Cluster-like headache aura status. Headache, 2005. 
45(1): p. 80-1. 



Page | 270  
 

32. Bacchelli, E., et al., A genome-wide analysis in cluster headache points to 
neprilysin and PACAP receptor gene variants. J Headache Pain, 2016. 
17(1): p. 114. 

33. Barloese, M.C., A Review of Cardiovascular Autonomic Control in Cluster 
Headache. Headache, 2016. 56(2): p. 225-39. 

34. Barloese, M., et al., Blunted autonomic response in cluster headache 
patients. Cephalalgia, 2015. 35(14): p. 1269-77. 

35. Malick, A. and R. Burstein, Cells of origin of the trigeminohypothalamic 
tract in the rat. J Comp Neurol, 1998. 400(1): p. 125-44. 

36. Denuelle, M., et al., Hypothalamic activation in spontaneous migraine 
attacks. Headache, 2007. 47(10): p. 1418-26. 

37. Liu, Y., et al., Brainstem and thalamic projections from a craniovascular 
sensory nervous centre in the rostral cervical spinal dorsal horn of rats. 
Cephalalgia, 2009. 29(9): p. 935-48. 

38. Tabatabai, R.R. and S.P. Swadron, Headache in the Emergency 
Department: Avoiding Misdiagnosis of Dangerous Secondary Causes. 
Emerg Med Clin North Am, 2016. 34(4): p. 695-716. 

39. Chen, S.P. and C. Ayata, Spreading Depression in Primary and 
Secondary Headache Disorders. Curr Pain Headache Rep, 2016. 20(7): p. 
44. 

40. Dohmen, C., et al., Spreading depolarizations occur in human ischemic 
stroke with high incidence. Ann Neurol, 2008. 63(6): p. 720-8. 

41. Nakamura, H., et al., Spreading depolarizations cycle around and enlarge 
focal ischaemic brain lesions. Brain, 2010. 133(Pt 7): p. 1994-2006. 

42. Ayata, C. and M. Lauritzen, Spreading Depression, Spreading 
Depolarizations, and the Cerebral Vasculature. Physiol Rev, 2015. 95(3): 
p. 953-93. 



Page | 271  
 

43. Eikermann-Haerter, K., et al., Migraine mutations increase stroke 
vulnerability by facilitating ischemic depolarizations. Circulation, 2012. 
125(2): p. 335-45. 

44. Go, J.L., P.E. Kim, and C.S. Zee, The trigeminal nerve. Semin Ultrasound 
CT MR, 2001. 22(6): p. 502-20. 

45. Djouhri, L. and S.N. Lawson, Abeta-fiber nociceptive primary afferent 
neurons: a review of incidence and properties in relation to other afferent 
A-fiber neurons in mammals. Brain Res Brain Res Rev, 2004. 46(2): p. 
131-45. 

46. Goadsby, P.J. and A.S. Zagami, Stimulation of the superior sagittal sinus 
increases metabolic activity and blood flow in certain regions of the 
brainstem and upper cervical spinal cord of the cat. Brain, 1991. 114 ( Pt 
2): p. 1001-11. 

47. Kaube, H., et al., Expression of c-Fos-like immunoreactivity in the caudal 
medulla and upper cervical spinal cord following stimulation of the superior 
sagittal sinus in the cat. Brain Res, 1993. 629(1): p. 95-102. 

48. Hoskin, K.L., A.S. Zagami, and P.J. Goadsby, Stimulation of the middle 
meningeal artery leads to Fos expression in the trigeminocervical nucleus: 
a comparative study of monkey and cat. J Anat, 1999. 194 ( Pt 4): p. 579-
88. 

49. Burstein, R., et al., Chemical stimulation of the intracranial dura induces 
enhanced responses to facial stimulation in brain stem trigeminal neurons. 
J Neurophysiol, 1998. 79(2): p. 964-82. 

50. Hoskin, K.L., et al., Fos expression in the midbrain periaqueductal grey 
after trigeminovascular stimulation. J Anat, 2001. 198(Pt 1): p. 29-35. 

51. Bingel, U. and I. Tracey, Imaging CNS modulation of pain in humans. 
Physiology (Bethesda), 2008. 23: p. 371-80. 

52. Moulton, E.A., et al., Interictal dysfunction of a brainstem descending 
modulatory center in migraine patients. PLoS One, 2008. 3(11): p. e3799. 



Page | 272  
 

53. Mason, P., Deconstructing endogenous pain modulations. J Neurophysiol, 
2005. 94(3): p. 1659-63. 

54. Fields, H.L., et al., The activity of neurons in the rostral medulla of the rat 
during withdrawal from noxious heat. J Neurosci, 1983. 3(12): p. 2545-52. 

55. Ossipov, M.H., G.O. Dussor, and F. Porreca, Central modulation of pain. J 
Clin Invest, 2010. 120(11): p. 3779-87. 

56. Schwedt, T.J., et al., Allodynia and descending pain modulation in 
migraine: a resting state functional connectivity analysis. Pain Med, 2014. 
15(1): p. 154-65. 

57. Li, Z., et al., Altered periaqueductal gray resting state functional 
connectivity in migraine and the modulation effect of treatment. Sci Rep, 
2016. 6: p. 20298. 

58. Foreman, J.C., Peptides and neurogenic inflammation. Br Med Bull, 1987. 
43(2): p. 386-400. 

59. Malhotra, R., Understanding migraine: Potential role of neurogenic 
inflammation. Ann Indian Acad Neurol, 2016. 19(2): p. 175-82. 

60. Bolay, H., et al., Intrinsic brain activity triggers trigeminal meningeal 
afferents in a migraine model. Nat Med, 2002. 8(2): p. 136-42. 

61. Goadsby, P.J., L. Edvinsson, and R. Ekman, Release of vasoactive 
peptides in the extracerebral circulation of humans and the cat during 
activation of the trigeminovascular system. Ann Neurol, 1988. 23(2): p. 
193-6. 

62. Goadsby, P.J., L. Edvinsson, and R. Ekman, Vasoactive peptide release 
in the extracerebral circulation of humans during migraine headache. Ann 
Neurol, 1990. 28(2): p. 183-7. 

63. Lassen, L.H., et al., CGRP may play a causative role in migraine. 
Cephalalgia, 2002. 22(1): p. 54-61. 



Page | 273  
 

64. Eftekhari, S. and L. Edvinsson, Calcitonin gene-related peptide (CGRP) 
and its receptor components in human and rat spinal trigeminal nucleus 
and spinal cord at C1-level. BMC Neurosci, 2011. 12: p. 112. 

65. Eftekhari, S., et al., Differentiation of nerve fibers storing CGRP and 
CGRP receptors in the peripheral trigeminovascular system. J Pain, 2013. 
14(11): p. 1289-303. 

66. Jang, M.U., et al., Plasma and saliva levels of nerve growth factor and 
neuropeptides in chronic migraine patients. Oral Dis, 2011. 17(2): p. 187-
93. 

67. van Dongen, R.M., et al., Migraine biomarkers in cerebrospinal fluid: A 
systematic review and meta-analysis. Cephalalgia, 2016. 

68. Cernuda-Morollon, E., et al., Interictal increase of CGRP levels in 
peripheral blood as a biomarker for chronic migraine. Neurology, 2013. 
81(14): p. 1191-6. 

69. Dodick, D. and S. Silberstein, Central sensitization theory of migraine: 
clinical implications. Headache, 2006. 46 Suppl 4: p. S182-91. 

70. Landy, S., K. Rice, and B. Lobo, Central sensitisation and cutaneous 
allodynia in migraine: implications for treatment. CNS Drugs, 2004. 18(6): 
p. 337-42. 

71. Woolf, C.J., Central sensitization: implications for the diagnosis and 
treatment of pain. Pain, 2011. 152(3 Suppl): p. S2-15. 

72. Drummond, P.D., Scalp tenderness and sensitivity to pain in migraine and 
tension headache. Headache, 1987. 27(1): p. 45-50. 

73. Burgos-Vega, C.C., et al., Dural stimulation in rats causes BDNF-
dependent priming to subthreshold stimuli including a migraine trigger. 
Pain, 2016. 

74. Waeber, C. and M.A. Moskowitz, Migraine as an inflammatory disorder. 
Neurology, 2005. 64(10 Suppl 2): p. S9-15. 



Page | 274  
 

75. Sarchielli, P., et al., Proinflammatory cytokines, adhesion molecules, and 
lymphocyte integrin expression in the internal jugular blood of migraine 
patients without aura assessed ictally. Headache, 2006. 46(2): p. 200-7. 

76. Ho, T.W., L. Edvinsson, and P.J. Goadsby, CGRP and its receptors 
provide new insights into migraine pathophysiology. Nat Rev Neurol, 
2010. 6(10): p. 573-82. 

77. Durham, P.L. and C.V. Vause, Calcitonin gene-related peptide (CGRP) 
receptor antagonists in the treatment of migraine. CNS Drugs, 2010. 
24(7): p. 539-48. 

78. Bernstein, C. and R. Burstein, Sensitization of the trigeminovascular 
pathway: perspective and implications to migraine pathophysiology. J Clin 
Neurol, 2012. 8(2): p. 89-99. 

79. Burstein, R., et al., An association between migraine and cutaneous 
allodynia. Annals of Neurology, 2000. 47(5): p. 614-624. 

80. Russo, A.F., Calcitonin gene-related peptide (CGRP): a new target for 
migraine. Annu Rev Pharmacol Toxicol, 2015. 55: p. 533-52. 

81. Eising, E., et al., Cortical Spreading Depression Causes Unique 
Dysregulation of Inflammatory Pathways in a Transgenic Mouse Model of 
Migraine. Mol Neurobiol, 2017. 54(4): p. 2986-2996. 

82. Basarsky, T.A., D. Feighan, and B.A. MacVicar, Glutamate release 
through volume-activated channels during spreading depression. Journal 
of Neuroscience, 1999. 19(15): p. 6439-6445. 

83. Fabricius, M., L.H. Jensen, and M. Lauritzen, Microdialysis of interstitial 
amino acids during spreading depression and anoxic depolarization in rat 
neocortex. Brain Res, 1993. 612(1-2): p. 61-9. 

84. Carreira, R.J., et al., Large-scale mass spectrometry imaging investigation 
of consequences of cortical spreading depression in a transgenic mouse 
model of migraine. J Am Soc Mass Spectrom, 2015. 26(6): p. 853-61. 



Page | 275  
 

85. Grafstein, B., Mechanism of Spreading Cortical Depression. Journal of 
Neurophysiology, 1956. 19(2): p. 154-171. 

86. Capuani, C., et al., Defective glutamate and K+ clearance by cortical 
astrocytes in familial hemiplegic migraine type 2. EMBO Mol Med, 2016. 
8(8): p. 967-86. 

87. Lauritzen, M., et al., Clinical relevance of cortical spreading depression in 
neurological disorders: migraine, malignant stroke, subarachnoid and 
intracranial hemorrhage, and traumatic brain injury. J Cereb Blood Flow 
Metab, 2011. 31(1): p. 17-35. 

88. Zhou, N., et al., Transient swelling, acidification, and mitochondrial 
depolarization occurs in neurons but not astrocytes during spreading 
depression. Cereb Cortex, 2010. 20(11): p. 2614-24. 

89. Tozzi, A., et al., Critical role of calcitonin gene-related peptide receptors in 
cortical spreading depression. Proc Natl Acad Sci U S A, 2012. 109(46): p. 
18985-90. 

90. Filiz, A., et al., CGRP receptor antagonist MK-8825 attenuates cortical 
spreading depression induced pain behavior. Cephalalgia, 2017: p. 
333102417735845. 

91. Shyti, R., et al., Stress hormone corticosterone enhances susceptibility to 
cortical spreading depression in familial hemiplegic migraine type 1 mutant 
mice. Exp Neurol, 2015. 263: p. 214-20. 

92. Green, A.L., et al., Increased susceptibility to cortical spreading 
depression in an animal model of medication-overuse headache. 
Cephalalgia, 2014. 34(8): p. 594-604. 

93. Edwards, A.V. and C.T. Jones, Autonomic control of adrenal function. J 
Anat, 1993. 183 ( Pt 2): p. 291-307. 

94. Neeb, L., et al., Corticosteroids alter CGRP and melatonin release in 
cluster headache episodes. Cephalalgia, 2015. 35(4): p. 317-26. 



Page | 276  
 

95. Polderman, T.J., et al., Meta-analysis of the heritability of human traits 
based on fifty years of twin studies. Nat Genet, 2015. 47(7): p. 702-9. 

96. Gormley, P., et al., Meta-analysis of 375,000 individuals identifies 38 
susceptibility loci for migraine. Nat Genet, 2016. 48(8): p. 856-66. 

97. Lesage, F. and M. Lazdunski, Molecular and functional properties of two-
pore-domain potassium channels. Am J Physiol Renal Physiol, 2000. 
279(5): p. F793-801. 

98. Gabriel, A., et al., Localization of the tandem pore domain K+ channel 
KCNK5 (TASK-2) in the rat central nervous system. Brain Res Mol Brain 
Res, 2002. 98(1-2): p. 153-63. 

99. Jalloul, A.H., R.T. Szerencsei, and P.P. Schnetkamp, Cation 
dependencies and turnover rates of the human K(+)-dependent Na(+)-
Ca(2)(+) exchangers NCKX1, NCKX2, NCKX3 and NCKX4. Cell Calcium, 
2016. 59(1): p. 1-11. 

100. Torrente, D., et al., Increased calcium influx triggers and accelerates 
cortical spreading depression in vivo in male adult rats. Neurosci Lett, 
2014. 558: p. 87-90. 

101. Bashir, A., et al., Migraine and structural changes in the brain: a 
systematic review and meta-analysis. Neurology, 2013. 81(14): p. 1260-8. 

102. Bednarczyk, E.M., et al., Global cerebral blood flow, blood volume, and 
oxygen metabolism in patients with migraine headache. Neurology, 1998. 
50(6): p. 1736-40. 

103. Buse, D.C., et al., Sex differences in the prevalence, symptoms, and 
associated features of migraine, probable migraine and other severe 
headache: results of the American Migraine Prevalence and Prevention 
(AMPP) Study. Headache, 2013. 53(8): p. 1278-99. 

104. Granella, F., et al., Migraine with aura and reproductive life events: a case 
control study. Cephalalgia, 2000. 20(8): p. 701-7. 



Page | 277  
 

105. Sachs, M., et al., The effect of estrogen and progesterone on spreading 
depression in rat neocortical tissues. Neurobiol Dis, 2007. 25(1): p. 27-34. 

106. Chauvel, V., J. Schoenen, and S. Multon, Influence of ovarian hormones 
on cortical spreading depression and its suppression by L-kynurenine in 
rat. PLoS One, 2013. 8(12): p. e82279. 

107. Sandweiss, A.J., et al., 17-beta-Estradiol induces spreading depression 
and pain behavior in alert female rats. Oncotarget, 2017. 8(69): p. 114109-
114122. 

108. Eikermann-Haerter, K., et al., Androgenic suppression of spreading 
depression in familial hemiplegic migraine type 1 mutant mice. Ann 
Neurol, 2009. 66(4): p. 564-8. 

109. Barth, C., A. Villringer, and J. Sacher, Sex hormones affect 
neurotransmitters and shape the adult female brain during hormonal 
transition periods. Front Neurosci, 2015. 9: p. 37. 

110. Zhou, J., et al., Effects of estrogen treatment on expression of brain-
derived neurotrophic factor and cAMP response element-binding protein 
expression and phosphorylation in rat amygdaloid and hippocampal 
structures. Neuroendocrinology, 2005. 81(5): p. 294-310. 

111. Allen, A.L. and K.E. McCarson, Estrogen increases nociception-evoked 
brain-derived neurotrophic factor gene expression in the female rat. 
Neuroendocrinology, 2005. 81(3): p. 193-9. 

112. Lytton, J., et al., K+-dependent Na+/Ca2+ exchangers in the brain. Ann N 
Y Acad Sci, 2002. 976: p. 382-93. 

113. Yang, H., et al., Distinct expression of the calcium exchangers, NCKX3 
and NCX1, and their regulation by steroid in the human endometrium 
during the menstrual cycle. Reprod Sci, 2011. 18(6): p. 577-85. 

114. Andersen, J., Comparing regulation of the connexin43 gene by estrogen in 
uterine leiomyoma and pregnancy myometrium. Environ Health Perspect, 
2000. 108 Suppl 5: p. 811-5. 



Page | 278  
 

115. Gulinello, M. and A.M. Etgen, Sexually dimorphic hormonal regulation of 
the gap junction protein, CX43, in rats and altered female reproductive 
function in CX43+/- mice. Brain Research, 2005. 1045(1-2): p. 107-115. 

116. Moinfar, Z., et al., Estradiol Receptors Regulate Differential Connexin 43 
Expression in F98 and C6 Glioma Cell Lines. PLoS One, 2016. 11(2): p. 
e0150007. 

117. Ren, J., et al., 17beta estradiol regulation of connexin 43-based gap 
junction and mechanosensitivity through classical estrogen receptor 
pathway in osteocyte-like MLO-Y4 cells. Bone, 2013. 53(2): p. 587-96. 

118. Tsai, C.F., et al., Inhibition of estrogen receptor reduces connexin 43 
expression in breast cancers. Toxicol Appl Pharmacol, 2018. 338: p. 182-
190. 

119. Sarrouilhe, D., C. Dejean, and M. Mesnil, Involvement of gap junction 
channels in the pathophysiology of migraine with aura. Front Physiol, 
2014. 5: p. 78. 

120. Wu, D.C., et al., Spreading Depression Promotes Astrocytic Calcium 
Oscillations and Enhances Gliotransmission to Hippocampal Neurons. 
Cereb Cortex, 2017: p. 1-13. 

121. Peters, O., et al., Different mechanisms promote astrocyte Ca2+ waves 
and spreading depression in the mouse neocortex. J Neurosci, 2003. 
23(30): p. 9888-96. 

122. Gilmore, B. and M. Michael, Treatment of acute migraine headache. Am 
Fam Physician, 2011. 83(3): p. 271-80. 

123. Starling, A.J. and D.W. Dodick, Best practices for patients with chronic 
migraine: burden, diagnosis, and management in primary care. Mayo Clin 
Proc, 2015. 90(3): p. 408-14. 

124. Morey, S.S., Guidelines on migraine: Part 2. General principles of drug 
therapy. Am Fam Physician, 2000. 62(8): p. 1915-7. 



Page | 279  
 

125. Taylor, F.R. and R.G. Kaniecki, Symptomatic treatment of migraine: when 
to use NSAIDs, triptans, or opiates. Curr Treat Options Neurol, 2011. 
13(1): p. 15-27. 

126. Pringsheim, T. and W.J. Becker, Triptans for symptomatic treatment of 
migraine headache. BMJ, 2014. 348: p. g2285. 

127. Ferrari, M.D., et al., Triptans (serotonin, 5-HT1B/1D agonists) in migraine: 
detailed results and methods of a meta-analysis of 53 trials. Cephalalgia, 
2002. 22(8): p. 633-58. 

128. Ahn, A.H. and A.I. Basbaum, Where do triptans act in the treatment of 
migraine? Pain, 2005. 115(1-2): p. 1-4. 

129. Veldman, S.A. and M.J. Bienkowski, Cloning and pharmacological 
characterization of a novel human 5-hydroxytryptamine1D receptor 
subtype. Mol Pharmacol, 1992. 42(3): p. 439-44. 

130. Charnay, Y. and L. Leger, Brain serotonergic circuitries. Dialogues Clin 
Neurosci, 2010. 12(4): p. 471-87. 

131. Cumberbatch, M.J., R.G. Hill, and R.J. Hargreaves, Rizatriptan has central 
antinociceptive effects against durally evoked responses. Eur J 
Pharmacol, 1997. 328(1): p. 37-40. 

132. Goadsby, P.J., S. Akerman, and R.J. Storer, Evidence for postjunctional 
serotonin (5-HT1) receptors in the trigeminocervical complex. Ann Neurol, 
2001. 50(6): p. 804-7. 

133. Leira, R., et al., Mmp-9 immunoreactivity in acute migraine. Headache, 
2007. 47(5): p. 698-702. 

134. Gursoy-Ozdemir, Y., et al., Cortical spreading depression activates and 
upregulates MMP-9. J Clin Invest, 2004. 113(10): p. 1447-55. 

135. Modi, S. and D.M. Lowder, Medications for migraine prophylaxis. Am Fam 
Physician, 2006. 73(1): p. 72-8. 



Page | 280  
 

136. Blumenfeld, A., Botulinum toxin type A as an effective prophylactic 
treatment in primary headache disorders. Headache, 2003. 43(8): p. 853-
60. 

137. Maze migraine survey. Chronic Illn, 2005. 1(1): p. 9-10. 

138. Dodick, D.W., et al., Safety and efficacy of ALD403, an antibody to 
calcitonin gene-related peptide, for the prevention of frequent episodic 
migraine: a randomised, double-blind, placebo-controlled, exploratory 
phase 2 trial. Lancet Neurol, 2014. 13(11): p. 1100-7. 

139. Edvinsson, L., CGRP receptor antagonists and antibodies against CGRP 
and its receptor in migraine treatment. Br J Clin Pharmacol, 2015. 80(2): 
p. 193-9. 

140. Hoffmann, J. and P.J. Goadsby, New Agents for Acute Treatment of 
Migraine: CGRP Receptor Antagonists, iNOS Inhibitors. Curr Treat 
Options Neurol, 2012. 14(1): p. 50-9. 

141. McGonigle, P., Animal models of CNS disorders. Biochem Pharmacol, 
2014. 87(1): p. 140-9. 

142. Storer, R.J., W. Supronsinchai, and A. Srikiatkhachorn, Animal models of 
chronic migraine. Curr Pain Headache Rep, 2015. 19(1): p. 467. 

143. Romero-Reyes, M. and S. Akerman, Update on animal models of 
migraine. Curr Pain Headache Rep, 2014. 18(11): p. 462. 

144. Andreou, A.P., et al., Animal models of headache: from bedside to bench 
and back to bedside. Expert Rev Neurother, 2010. 10(3): p. 389-411. 

145. Munro, G., I. Jansen-Olesen, and J. Olesen, Animal models of pain and 
migraine in drug discovery. Drug Discov Today, 2017. 22(7): p. 1103-
1111. 

146. Ashina, M., J.M. Hansen, and J. Olesen, Pearls and pitfalls in human 
pharmacological models of migraine: 30 years' experience. Cephalalgia, 
2013. 33(8): p. 540-53. 



Page | 281  
 

147. Pradhan, A.A., et al., Characterization of a novel model of chronic 
migraine. Pain, 2014. 155(2): p. 269-74. 

148. Fioravanti, B., et al., Evaluation of cutaneous allodynia following induction 
of cortical spreading depression in freely moving rats. Cephalalgia, 2011. 
31(10): p. 1090-100. 

149. Abbott, N.J., et al., Structure and function of the blood-brain barrier. 
Neurobiol Dis, 2010. 37(1): p. 13-25. 

150. Obermeier, B., A. Verma, and R.M. Ransohoff, The blood-brain barrier. 
Handb Clin Neurol, 2016. 133: p. 39-59. 

151. Urquhart, B.L. and R.B. Kim, Blood-brain barrier transporters and 
response to CNS-active drugs. Eur J Clin Pharmacol, 2009. 65(11): p. 
1063-70. 

152. Hawkins, B.T. and T.P. Davis, The blood-brain barrier/neurovascular unit 
in health and disease. Pharmacol Rev, 2005. 57(2): p. 173-85. 

153. Tenreiro, M.M., et al., Cellular response of the blood-brain barrier to injury: 
Potential biomarkers and therapeutic targets for brain regeneration. 
Neurobiol Dis, 2016. 91: p. 262-73. 

154. Sanchez-Covarrubias, L., et al., Transporters at CNS barrier sites: 
obstacles or opportunities for drug delivery? Curr Pharm Des, 2014. 
20(10): p. 1422-49. 

155. Haseloff, R.F., et al., Transmembrane proteins of the tight junctions at the 
blood-brain barrier: structural and functional aspects. Semin Cell Dev Biol, 
2015. 38: p. 16-25. 

156. Keaney, J. and M. Campbell, The dynamic blood-brain barrier. FEBS J, 
2015. 

157. Luissint, A.C., et al., Tight junctions at the blood brain barrier: 
physiological architecture and disease-associated dysregulation. Fluids 
Barriers CNS, 2012. 9(1): p. 23. 



Page | 282  
 

158. Kuhlmann, C.R., et al., Inhibition of the myosin light chain kinase prevents 
hypoxia-induced blood-brain barrier disruption. J Neurochem, 2007. 
102(2): p. 501-7. 

159. Soma, T., et al., Thr(207) of claudin-5 is involved in size-selective 
loosening of the endothelial barrier by cyclic AMP. Experimental Cell 
Research, 2004. 300(1): p. 202-212. 

160. Stamatovic, S.M., et al., Protein kinase Calpha-RhoA cross-talk in CCL2-
induced alterations in brain endothelial permeability. J Biol Chem, 2006. 
281(13): p. 8379-88. 

161. Willis, C.L., D.S. Meske, and T.P. Davis, Protein kinase C activation 
modulates reversible increase in cortical blood-brain barrier permeability 
and tight junction protein expression during hypoxia and posthypoxic 
reoxygenation. J Cereb Blood Flow Metab, 2010. 30(11): p. 1847-59. 

162. Yamamoto, M., et al., Phosphorylation of claudin-5 and occludin by rho 
kinase in brain endothelial cells. Am J Pathol, 2008. 172(2): p. 521-33. 

163. Andras, I.E., et al., The NMDA and AMPA/KA receptors are involved in 
glutamate-induced alterations of occludin expression and phosphorylation 
in brain endothelial cells. J Cereb Blood Flow Metab, 2007. 27(8): p. 1431-
43. 

164. Adyshev, D.M., et al., Ezrin/radixin/moesin proteins differentially regulate 
endothelial hyperpermeability after thrombin. American Journal of 
Physiology-Lung Cellular and Molecular Physiology, 2013. 305(3): p. 
1240-1255. 

165. Manaenko, A., et al., Inhibition of stress fiber formation preserves blood-
brain barrier after intracerebral hemorrhage in mice. Journal of Cerebral 
Blood Flow and Metabolism, 2018. 38(1): p. 87-102. 

166. Lakhan, S.E., et al., Matrix metalloproteinases and blood-brain barrier 
disruption in acute ischemic stroke. Front Neurol, 2013. 4: p. 32. 

167. Baeten, K.M. and K. Akassoglou, Extracellular matrix and matrix receptors 
in blood-brain barrier formation and stroke. Dev Neurobiol, 2011. 71(11): 
p. 1018-39. 



Page | 283  
 

168. Mathiisen, T.M., et al., The perivascular astroglial sheath provides a 
complete covering of the brain microvessels: an electron microscopic 3D 
reconstruction. Glia, 2010. 58(9): p. 1094-103. 

169. Cabezas, R., et al., Astrocytic modulation of blood brain barrier: 
perspectives on Parkinson's disease. Front Cell Neurosci, 2014. 8: p. 211. 

170. Armulik, A., G. Genove, and C. Betsholtz, Pericytes: developmental, 
physiological, and pathological perspectives, problems, and promises. 
Dev Cell, 2011. 21(2): p. 193-215. 

171. Bergers, G. and S. Song, The role of pericytes in blood-vessel formation 
and maintenance. Neuro Oncol, 2005. 7(4): p. 452-64. 

172. Daneman, R., et al., Pericytes are required for blood-brain barrier integrity 
during embryogenesis. Nature, 2010. 468(7323): p. 562-6. 

173. Balabanov, R., et al., CNS microvascular pericytes express macrophage-
like function, cell surface integrin alpha M, and macrophage marker ED-2. 
Microvasc Res, 1996. 52(2): p. 127-42. 

174. Prakash, R. and S.T. Carmichael, Blood-brain barrier breakdown and 
neovascularization processes after stroke and traumatic brain injury. Curr 
Opin Neurol, 2015. 28(6): p. 556-64. 

175. Tornabene, E. and B. Brodin, Stroke and Drug Delivery--In Vitro Models of 
the Ischemic Blood-Brain Barrier. J Pharm Sci, 2016. 105(2): p. 398-405. 

176. Shi, Y., et al., Rapid endothelial cytoskeletal reorganization enables early 
blood-brain barrier disruption and long-term ischaemic reperfusion brain 
injury. Nat Commun, 2016. 7: p. 10523. 

177. Spudich, A., et al., Inhibition of multidrug resistance transporter-1 
facilitates neuroprotective therapies after focal cerebral ischemia. Nat 
Neurosci, 2006. 9(4): p. 487-8. 

178. Thompson, B.J., et al., Hypoxia/reoxygenation stress signals an increase 
in organic anion transporting polypeptide 1a4 (Oatp1a4) at the blood-brain 



Page | 284  
 

barrier: relevance to CNS drug delivery. J Cereb Blood Flow Metab, 2014. 
34(4): p. 699-707. 

179. Dazert, P., et al., Differential regulation of transport proteins in the 
periinfarct region following reversible middle cerebral artery occlusion in 
rats. Neuroscience, 2006. 142(4): p. 1071-9. 

180. Huber, J.D., et al., Inflammatory pain alters blood-brain barrier 
permeability and tight junctional protein expression. Am J Physiol Heart 
Circ Physiol, 2001. 280(3): p. H1241-8. 

181. Campos, C.R., et al., Nociceptive inhibition prevents inflammatory pain 
induced changes in the blood-brain barrier. Brain Res, 2008. 1221: p. 6-
13. 

182. McCaffrey, G., et al., Occludin oligomeric assembly at tight junctions of the 
blood-brain barrier is disrupted by peripheral inflammatory hyperalgesia. J 
Neurochem, 2008. 106(6): p. 2395-409. 

183. Fried, N.T., et al., Region-specific disruption of the blood-brain barrier 
following repeated inflammatory dural stimulation in a rat model of chronic 
trigeminal allodynia. Cephalalgia, 2017: p. 333102417703764. 

184. Lundblad, C., et al., Experimental inflammation following dural application 
of complete Freund's adjuvant or inflammatory soup does not alter brain 
and trigeminal microvascular passage. J Headache Pain, 2015. 16: p. 91. 

185. Schankin, C.J., et al., Ictal lack of binding to brain parenchyma suggests 
integrity of the blood-brain barrier for 11C-dihydroergotamine during 
glyceryl trinitrate-induced migraine. Brain, 2016. 139(Pt 7): p. 1994-2001. 

186. Hougaard, A., et al., Increased brainstem perfusion, but no blood-brain 
barrier disruption, during attacks of migraine with aura. Brain, 2017. 

187. Ueno, M., et al., Blood-brain barrier disruption in white matter lesions in a 
rat model of chronic cerebral hypoperfusion. J Cereb Blood Flow Metab, 
2002. 22(1): p. 97-104. 



Page | 285  
 

188. Ostergaard, L., et al., Neurovascular coupling during cortical spreading 
depolarization and -depression. Stroke, 2015. 46(5): p. 1392-401. 

189. Shatillo, A., et al., Involvement of NMDA receptor subtypes in cortical 
spreading depression in rats assessed by fMRI. Neuropharmacology, 
2015. 93: p. 164-70. 

190. Hadjikhani, N., et al., Mechanisms of migraine aura revealed by functional 
MRI in human visual cortex. Proc Natl Acad Sci U S A, 2001. 98(8): p. 
4687-92. 

191. Miller, D.R., et al., White matter abnormalities are associated with overall 
cognitive status in blast-related mTBI. Brain Imaging Behav, 2016. 

192. Lee, K.B., et al., Clinical recovery from stroke lesions and related 
outcomes. J Clin Neurosci, 2016. 

193. Androulakis, X.M., et al., Ischemic stroke subtypes and migraine with 
visual aura in the ARIC study. Neurology, 2016. 87(24): p. 2527-2532. 

194. Orlowski, J. and S. Grinstein, Diversity of the mammalian sodium/proton 
exchanger SLC9 gene family. Pflugers Arch, 2004. 447(5): p. 549-65. 

195. Lam, T.I., P.M. Wise, and M.E. O'Donnell, Cerebral microvascular 
endothelial cell Na/H exchange: evidence for the presence of NHE1 and 
NHE2 isoforms and regulation by arginine vasopressin. Am J Physiol Cell 
Physiol, 2009. 297(2): p. C278-89. 

196. Bickel, U., How to measure drug transport across the blood-brain barrier. 
NeuroRx, 2005. 2(1): p. 15-26. 

197. Olah, G., et al., Unexpected effects of peripherally administered kynurenic 
acid on cortical spreading depression and related blood-brain barrier 
permeability. Drug Des Devel Ther, 2013. 7: p. 981-7. 

198. Friedman, A. and D. Kaufer, Blood-brain barrier in health and disease. 
Semin Cell Dev Biol, 2015. 38: p. 1. 



Page | 286  
 

199. Cheng, Z., et al., Hydrophilic anti-migraine triptans are substrates for 
OATP1A2, a transporter expressed at human blood-brain barrier. 
Xenobiotica, 2012. 42(9): p. 880-90. 

200. Ronaldson, P.T., et al., Inflammatory pain signals an increase in functional 
expression of organic anion transporting polypeptide 1a4 at the blood-
brain barrier. J Pharmacol Exp Ther, 2011. 336(3): p. 827-39. 

201. Shepheard, S.L., et al., Comparison of the effects of sumatriptan and the 
NK1 antagonist CP-99,994 on plasma extravasation in Dura mater and c-
fos mRNA expression in trigeminal nucleus caudalis of rats. 
Neuropharmacology, 1995. 34(3): p. 255-61. 

202. Goldman, J.M., A.S. Murr, and R.L. Cooper, The rodent estrous cycle: 
characterization of vaginal cytology and its utility in toxicological studies. 
Birth Defects Res B Dev Reprod Toxicol, 2007. 80(2): p. 84-97. 

203. Chaplan, S.R., et al., Quantitative assessment of tactile allodynia in the rat 
paw. J Neurosci Methods, 1994. 53(1): p. 55-63. 

204. Hegarty, D.M., et al., Capsaicin-responsive corneal afferents do not 
contain TRPV1 at their central terminals in trigeminal nucleus caudalis in 
rats. J Chem Neuroanat, 2014. 61-62: p. 1-12. 

205. Haim, S., et al., Serum levels of sex hormones and corticosterone 
throughout 4- and 5-day estrous cycles in Fischer 344 rats and their 
simulation in ovariectomized females. J Endocrinol Invest, 2003. 26(10): p. 
1013-22. 

206. Moutal, A., et al., (S)-lacosamide inhibition of CRMP2 phosphorylation 
reduces postoperative and neuropathic pain behaviors through distinct 
classes of sensory neurons identified by constellation pharmacology. Pain, 
2016. 157(7): p. 1448-63. 

207. Xie, X., et al., Characterization of the Human Adipocyte Proteome and 
Reproducibility of Protein Abundance by One-Dimensional Gel 
Electrophoresis and HPLC-ESI-MS/MS. J Proteome Res, 2010. 9(9): p. 
4521-34. 



Page | 287  
 

208. Xie, X., et al., Proteomics analyses of subcutaneous adipocytes reveal 
novel abnormalities in human insulin resistance. Obesity (Silver Spring), 
2016. 24(7): p. 1506-14. 

209. Wolman, M., et al., Evaluation of the Dye-Protein Tracers in Patho-
Physiology of the Blood-Brain-Barrier. Acta Neuropathologica, 1981. 
54(1): p. 55-61. 

210. Lochhead, J.J., et al., Oxidative stress increases blood-brain barrier 
permeability and induces alterations in occludin during hypoxia-
reoxygenation. J Cereb Blood Flow Metab, 2010. 30(9): p. 1625-36. 

211. Smith, Q.R. and D.D. Allen, In situ brain perfusion technique. Methods Mol 
Med, 2003. 89: p. 209-18. 

212. Edelmayer, R.M., M.H. Ossipov, and F. Porreca, An experimental model 
of headache-related pain. Methods Mol Biol, 2012. 851: p. 109-20. 

213. Su, M., et al., Rizatriptan overuse promotes hyperalgesia induced by dural 
inflammatory stimulation in rats by modulation of the serotonin system. 
Eur J Neurosci, 2016. 44(4): p. 2129-38. 

214. Becerra, L., et al., Brain network alterations in the inflammatory soup 
animal model of migraine. Brain Res, 2017. 1660: p. 36-46. 

215. Zhang, M., et al., Depression and anxiety behaviour in a rat model of 
chronic migraine. J Headache Pain, 2017. 18(1): p. 27. 

216. Hartings, J.A., et al., Spreading depolarizations and late secondary insults 
after traumatic brain injury. J Neurotrauma, 2009. 26(11): p. 1857-66. 

217. Dreier, J.P., et al., Delayed ischaemic neurological deficits after 
subarachnoid haemorrhage are associated with clusters of spreading 
depolarizations. Brain, 2006. 129(Pt 12): p. 3224-37. 

218. Woitzik, J., et al., Propagation of cortical spreading depolarization in the 
human cortex after malignant stroke. Neurology, 2013. 80(12): p. 1095-
102. 



Page | 288  
 

219. Olesen, J., et al., Timing and topography of cerebral blood flow, aura, and 
headache during migraine attacks. Ann Neurol, 1990. 28(6): p. 791-8. 

220. Dreier, J.P. and C. Reiffurth, The stroke-migraine depolarization 
continuum. Neuron, 2015. 86(4): p. 902-922. 

221. Santos, E., et al., Spreading depolarizations in a case of migraine-related 
stroke. Cephalalgia, 2012. 32(5): p. 433-6. 

222. Akerman, S. and P.J. Goadsby, Topiramate inhibits cortical spreading 
depression in rat and cat: impact in migraine aura. Neuroreport, 2005. 
16(12): p. 1383-7. 

223. Unekawa, M., et al., Suppressive effect of chronic peroral topiramate on 
potassium-induced cortical spreading depression in rats. Cephalalgia, 
2012. 32(7): p. 518-27. 

224. Lucas, S., et al., Characterization of headache after traumatic brain injury. 
Cephalalgia, 2012. 32(8): p. 600-6. 

225. Seifert, C.L., et al., Headache in acute ischaemic stroke: a lesion mapping 
study. Brain, 2016. 139(Pt 1): p. 217-26. 

226. Roux, F. and P.O. Couraud, Rat brain endothelial cell lines for the study of 
blood-brain barrier permeability and transport functions. Cell Mol 
Neurobiol, 2005. 25(1): p. 41-58. 

227. Yang, S., et al., Identification of two immortalized cell lines, ECV304 and 
bEnd3, for in vitro permeability studies of blood-brain barrier. PLoS One, 
2017. 12(10): p. e0187017. 

228. Paemeleire, K., A. de Hemptinne, and L. Leybaert, Chemically, 
mechanically, and hyperosmolarity-induced calcium responses of rat 
cortical capillary endothelial cells in culture. Exp Brain Res, 1999. 126(4): 
p. 473-81. 

229. Martin, V.T. and M. Behbehani, Ovarian hormones and migraine 
headache: understanding mechanisms and pathogenesis--part I. 
Headache, 2006. 46(1): p. 3-23. 



Page | 289  
 

230. Sacco, S., et al., Migraine in women: the role of hormones and their 
impact on vascular diseases. J Headache Pain, 2012. 13(3): p. 177-89. 

231. Silberstein, S.D., Headache and female hormones: what you need to 
know. Curr Opin Neurol, 2001. 14(3): p. 323-33. 

232. Martin, V.T., et al., Perimenopause and Menopause Are Associated With 
High Frequency Headache in Women With Migraine: Results of the 
American Migraine Prevalence and Prevention Study. Headache, 2016. 
56(2): p. 292-305. 

233. Aegidius, K.L., et al., Hormone replacement therapy and headache 
prevalence in postmenopausal women. The Head-HUNT study. Eur J 
Neurol, 2007. 14(1): p. 73-8. 

234. Granella, F., et al., Migraine without aura and reproductive life events: a 
clinical epidemiological study in 1300 women. Headache, 1993. 33(7): p. 
385-9. 

235. Mattsson, P., Hormonal factors in migraine: a population-based study of 
women aged 40 to 74 years. Headache, 2003. 43(1): p. 27-35. 

236. Melhado, E.M., et al., Headache classification and aspects of reproductive 
life in young women. Arq Neuropsiquiatr, 2014. 72(1): p. 17-23. 

237. Eikermann-Haerter, K., C. Kudo, and M.A. Moskowitz, Cortical spreading 
depression and estrogen. Headache, 2007. 47 Suppl 2: p. S79-85. 

238. Chauvel, V., et al., Effect of systemic kynurenine on cortical spreading 
depression and its modulation by sex hormones in rat. Exp Neurol, 2012. 
236(2): p. 207-14. 

239. Tentschert, S., et al., Headache at stroke onset in 2196 patients with 
ischemic stroke or transient ischemic attack. Stroke, 2005. 36(2): p. e1-3. 

240. Cipolla, M.J., J.A. Godfrey, and M.J. Wiegman, The effect of ovariectomy 
and estrogen on penetrating brain arterioles and blood-brain barrier 
permeability. Microcirculation, 2009. 16(8): p. 685-93. 



Page | 290  
 

241. Gu, Q., K.S. Korach, and R.L. Moss, Rapid action of 17beta-estradiol on 
kainate-induced currents in hippocampal neurons lacking intracellular 
estrogen receptors. Endocrinology, 1999. 140(2): p. 660-6. 

242. Razandi, M., et al., Cell membrane and nuclear estrogen receptors (ERs) 
originate from a single transcript: studies of ERalpha and ERbeta 
expressed in Chinese hamster ovary cells. Mol Endocrinol, 1999. 13(2): p. 
307-19. 

243. Rajkumar, L., et al., Short-term exposure to pregnancy levels of estrogen 
prevents mammary carcinogenesis. Proc Natl Acad Sci U S A, 2001. 
98(20): p. 11755-9. 

244. Biegel, L.B., et al., Effects of 17 beta-estradiol on serum hormone 
concentrations and estrous cycle in female Crl:CD BR rats: effects on 
parental and first generation rats. Toxicol Sci, 1998. 44(2): p. 143-54. 

245. Erdener, S.E. and T. Dalkara, Modelling headache and migraine and its 
pharmacological manipulation. Br J Pharmacol, 2014. 171(20): p. 4575-
94. 

246. Wieseler, J., et al., A novel method for modeling facial allodynia 
associated with migraine in awake and freely moving rats. J Neurosci 
Methods, 2010. 185(2): p. 236-45. 

247. Oshinsky, M.L. and S. Gomonchareonsiri, Episodic dural stimulation in 
awake rats: a model for recurrent headache. Headache, 2007. 47(7): p. 
1026-36. 

248. Morin, C., et al., Differences between the sexes in post-surgical pain. 
Pain, 2000. 85(1-2): p. 79-85. 

249. Storesund, A., et al., Females report higher postoperative pain scores 
than males after ankle surgery. Scandinavian Journal of Pain. 12: p. 85-
93. 

250. Pajouhesh, H. and G.R. Lenz, Medicinal chemical properties of successful 
central nervous system drugs. NeuroRx, 2005. 2(4): p. 541-53. 



Page | 291  
 

251. Girdley, F.M. and A.R. Rifkin, Headache secondary to mass responsive to 
sumatriptan: a brief report from primary care. Headache, 2012. 52(10): p. 
1590-2. 

252. Bigal, M.E., A.V. Krymchantowski, and T. Ho, Migraine in the triptan era: 
progresses achieved, lessons learned and future developments. Arq 
Neuropsiquiatr, 2009. 67(2b): p. 559-69. 

253. Bigal, M.E. and R.B. Lipton, Excessive acute migraine medication use and 
migraine progression. Neurology, 2008. 71(22): p. 1821-8. 

254. Martelletti, P., The therapeutic armamentarium in migraine is quite elderly. 
Expert Opin Drug Metab Toxicol, 2015. 11(2): p. 175-7. 

255. Thorlund, K., et al., Comparative efficacy of triptans for the abortive 
treatment of migraine: A multiple treatment comparison meta-analysis. 
Cephalalgia, 2014. 34(4): p. 258-67. 

256. Aurora, S.K., et al., Revisiting the efficacy of sumatriptan therapy during 
the aura phase of migraine. Headache, 2009. 49(7): p. 1001-4. 

257. Silberstein, S.D., et al., Topiramate in migraine prevention: results of a 
large controlled trial. Arch Neurol, 2004. 61(4): p. 490-5. 

258. He, A., et al., Unveiling the relative efficacy, safety and tolerability of 
prophylactic medications for migraine: pairwise and network-meta 
analysis. J Headache Pain, 2017. 18(1): p. 26. 

259. Silberstein, S.D., Topiramate in Migraine Prevention: A 2016 Perspective. 
Headache, 2017. 57(1): p. 165-178. 

260. Reuter, U., et al., Migraines with and without aura and their response to 
preventive therapy with topiramate. Cephalalgia, 2010. 30(5): p. 543-51. 

261. Piehl, C., et al., Participation of the second extracellular loop of claudin-5 
in paracellular tightening against ions, small and large molecules. Cell Mol 
Life Sci, 2010. 67(12): p. 2131-40. 



Page | 292  
 

262. Rajasekaran, A.K. and S.A. Rajasekaran, Role of Na-K-ATPase in the 
assembly of tight junctions. Am J Physiol Renal Physiol, 2003. 285(3): p. 
F388-96. 

263. Schielke, G.P., H.C. Moises, and A.L. Betz, Potassium activation of the 
Na,K-pump in isolated brain microvessels and synaptosomes. Brain Res, 
1990. 524(2): p. 291-6. 

264. Harrington, M.G., et al., Capillary endothelial Na(+), K(+), ATPase 
transporter homeostasis and a new theory for migraine pathophysiology. 
Headache, 2010. 50(3): p. 459-78. 

265. Dong, Y.F., et al., Kir6.1 knockdown aggravates cerebral 
ischemia/reperfusion-induced neural injury in mice. CNS Neurosci Ther, 
2013. 19(8): p. 617-24. 

266. Zhang, H., Y.T. Gu, and Y.X. Xue, Bradykinin-induced blood-brain tumor 
barrier permeability increase is mediated by adenosine 5'-triphosphate-
sensitive potassium channel. Brain Res, 2007. 1144: p. 33-41. 

267. Jackson, D.G., et al., ATP and potassium ions: a deadly combination for 
astrocytes. Sci Rep, 2014. 4: p. 4576. 

268. Borsook, D., et al., Sex and the migraine brain. Neurobiol Dis, 2014. 68: p. 
200-14. 

269. Torres-Lopez, J.E., et al., Role of NHE1 in Nociception. Pain Res Treat, 
2013. 2013: p. 217864. 

270. Dussor, G., ASICs as therapeutic targets for migraine. 
Neuropharmacology, 2015. 94: p. 64-71. 

271. Sun, X., et al., Simultaneous monitoring of intracellular pH changes and 
hemodynamic response during cortical spreading depression by 
fluorescence-corrected multimodal optical imaging. Neuroimage, 2011. 
57(3): p. 873-84. 



Page | 293  
 

272. Gu, X.Q., H. Yao, and G.G. Haddad, Increased neuronal excitability and 
seizures in the Na+/H+ exchanger null mutant mouse. American Journal 
of Physiology-Cell Physiology, 2001. 281(2): p. C496-C503. 

273. Liu, C.N. and C.J. Somps, Na+/H+ exchanger-1 inhibitors reduce neuronal 
excitability and alter Na+ channel inactivation properties in rat primary 
sensory neurons. Toxicological Sciences, 2008. 103(2): p. 346-353. 

 


