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CHAPTER I  

1.   INTRODUCTION 

 

1.1. Migraine Epidermiology 

Migraine is a disabling headache disorder that affects millions of 

individual’s life quality in United States. It is estimated 18% of women and 6% of 

men having migraine attack based on three large scale studies (Bigal and Lipton, 

2009). Cumulative life time incidence is 43% in women and 18% in men (Stewart 

et al., 2008). Therefore migraine is the most common neurological disorder. The 

enormous burden of migraine to individuals and society includes: significant 

disruption of family life, missed work and reduction in productivity. Little 

attention has been given to this common and burdensome disease. 

 

1.2. Migraine Symptoms 

A full Migraine attack includes five phases: prodromal phase, aura, 

headache phase and resolution phase and recovery (Lane, 2006). Comprehensive 

migraine symptoms can be described separately in these four phases. Patients 

who have prodromal symptoms will know the oncoming of headache based on 

some of the following symptoms: fatigue, thirst, anorexia, fluid retention, food 

cravings, gastrointestinal symptoms, and emotional or mood disturbances such 

as irritability, elation or depression (H. Royden Jones, 2011). In a cross sectional 

study, 32% migraine patients experience aura. (Rasmussen and Olesen, 1992) 

Aura is a focal neurologic symptom, although other sensory modality also 

happens, 99% of aura is visual disturbance (Russell and Olesen, 1996, Cologno et 

al., 2000, Kallela et al., 2001, Eriksen et al., 2004). Visual disturbance usually 
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characterized with scintillating scotoma in the vision field as it was first 

described by neuropsychologist Karl Lashley when analyzing his own visual 

aura. It usually last less than an hour and regress before the onset of headache 

(Cutrer and Huerter, 2007). The most debilitating phase is headache phase, 

which lasts from 4 to 72 hours.  According to the international classification of 

Headache Disorder-2 published by the International Headache Society, 

headaches in migraine patients are usually unilateral, throbbing or pulsating in 

quality, moderate to severe intensity and aggravate with routine physical 

activities. Nausea, vomiting is usual accompanying symptoms, as well as 

photophobia (hypersensitivity to light) and phonophobia (hypersensitivity to 

sound)(2004). Resolution phase is a similar to a hangover phenomenon following 

the fading away headache phase. Different migraine patients would have 

different combinations of symptoms described above. 

 

1.3. Migraine triggers  

Just as a prodromal phase will warn migraine patients with the coming 

attack of headache, many migraine patients will gradually learn what triggers 

the migraine with time. 75.9% of migraine patients report triggers before acute 

attack at least occasionally (Kelman, 2007). Stress, hormones in women, not 

eating, weather and sleep disturbance are among the most common triggers 

(Kelman, 2007). The vast majority of triggers occurred occasionally and not 

consistently, they are also not unique to migraine headache, tension-type 

headache also can be triggered by these triggers (Wober et al., 2006, Fukui et al., 

2008). How does these triggers induce headache is not clear. Many hypotheses 

have been proposed based on the known mechanisms of migraine but none of 
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them can satisfactorily explain how triggers can interact with the pain pathway 

and/or nonneuronal constituents that might play a role in promoting pathway 

activation (Lambert and Zagami, 2009, Levy et al., 2009). Better understanding 

whether different factors trigger migraine converge in a common neurobiological 

pathway or through different pathways might help us develop evidence based 

prophylactic treatment. 

 

1.4. Current pharmacological therapy 

Pharmacological treatment of migraine includes preventive and abortive 

treatments. Prophylactic treatment is usually given to patients whose frequency 

and pattern of migraine headache would benefit from preventive therapy based 

on the experience of physicians (Goadsby et al., 2002). Common preventive 

therapy includes: β-adrenergic receptor antagonists (propranonol), the 

antidepressant drug (amitriptyline) and the antiepileptic drugs (topiramate and 

valproic acid) (Galletti et al., 2009). The mechanism of how exactly prophylactic 

treatment prevent headache frequency and reduce severity is not clear, many 

hypothesis based on the receptors of these drugs target have been proposed. 

However, it was interesting to find most preventive anti-migraine drugs help 

inhibit Cortical spreading depression (CSD) (Ayata et al., 2006, Silberstein, 2006). 

CSD is characterized by a slowly spreading wave of cortical neuronal and glial 

depolarization lasting about 1 minute. CSD can be triggered by electrical or 

chemical stimulation. CSD has now been recognized as the electrophysiologic 

substrate of migraine aura (Hadjikhani et al., 2001, Eikermann-Haerter and 

Ayata, 2010).  
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Abortive medications can be further divided into non-specific and 

migraine or headache specific drugs. Nonsteroidal anti-inflammatory drugs 

(NASID: Aspirin and Acetaminophen) and Opioids are common non-specific 

drugs. The mechanisms of how they work are relatively better understood 

because they haven been used in many other pain conditions. NASIDs inhibit the 

activity of both cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) and 

thereby, the synthesis of prostaglandins and thromboxanes. Inhibiting COX-2 by 

NASIDs is believed responsible for their antiinflammatory, analgesic and 

antipyretic effects. The rational of NASIDs usage in migraine attack may be 

based on the ability to inhibit the neurogenic inflammation that was thought to 

be a key factor in migraine attack (Bussone et al., 1999). The use of opioids in 

migraine is contraversal (Buse et al., 2012). Migraine specific drugs include 

triptans and ergot derivatives (ergotamine, dihydroergotamin) (Goadsby et al., 

2002). Ergot derivatives are old drugs for acute migraine attack, the antimigraine 

effect is due to constriction of the intracranial extracerebral blood vessels through 

the 5-HT1B receptor, and by inhibiting trigeminal neurotransmitter release by 

the 5-HT1D receptors (Tfelt-Hansen et al., 2000). Based on the IMS Health 

provided information on 2011, Ergot derivatives only occupy 1% of globally 

prescribed migraine medication (2012). Ergotamine also acts on dopamine and 

adrenergic receptpors. Its side effect is mainly due to activation of D2 receptor 

and 5-HT1A receptors (Tfelt-Hansen et al., 2000). On the other hand, triptans 

share 94% of migraine prescriptions (2012). Triptans also exert their therapeutic 

effects by being agonists of 5-HT1B and 5-HT1D receptors. Despite the huge 

success of triptans on the market, adverse effects, non-responsiveness, and 

possibility to increase medication overuse headache are the three most concerns 
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of triptans users (De Felice et al., 2011). Therefore, more effective treatment is 

crucially needed. However, migraine headache is one of the least investigated 

disease fields in health research, the mechanism of its origin and 

pathophysiology is poorly understood. 

 

1.5. Migraine mechanism 

 

1.5.1. Vascular theory 

Even though the exact mechanism of migraine headache is still not clear, 

scientists have always been trying to find better explanations over these decades. 

Vascular theory was initially proposed in 1684 suggesting vasodilation is the 

primary cause of headache (Lance et al., 1983). Within the skull, pain sensitivity 

is primarily restricted to the meningeal blood vessels, which are densely 

innervated by nociceptive sensory afferent fibers of the ophthalmic division of 

the trigeminal nerve (Bronson S. Ray, 1940, Pietrobon and Striessnig, 2003). 

Vascular theory is supported by the early study done in 1940th by Wolff and his 

colleges. They performed a variety of procedures on contious patients under 

local anesthesia during brain surgery. They found out that stimulation of blood 

vessles, particularly large cerebral, meningeal, and temporal arteries evoked a 

throbbing pain. Moreover, stimulation of the middle meningeal artery not only 

produced throbbing pain, but also often localized to the back of the eye and 

sometimes associated with nausea. These symptoms are very close to migraine 

headache(Bronson S. Ray, 1940). Limitations of the vascular theory are gradually 

demonstrated by recent works. Migraine can be induced without dilation of the 

middle cerebral artery (Kruuse et al., 2003). Agent known to induce vasodilation 
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did not induce migraine headache (Rahmann et al., 2008). Vascular effect-free 5-

HT1F specific triptan is able to reduce migraine headache without any effect on 

the meningeal vasculature (Goadsby et al., 2009). These studies suggest that 

vasodilatation is not the cause of headache. Instead, nowadays it is generally 

recongnized that vascular response might be the secondary event after 

trigeminal afferent activation.   

 

1.5.2. Neurogenic inflammation 

As an alternative to the vasodilation theory of migraine, Moskowitz and 

others argued that migraine pain was caused by neurogenic inflammation within 

the meninges with consequent activation of trigeminal nerve terminal 

(Moskowitz, 1993, Williamson and Hargreaves, 2001). Neurogenic inflammation 

manifest as release of neuropeptides, such as substance P (SP), neurokinin A, and 

calcitoinin gene-related peptide (CGRP) from activated meningeal afferents, 

these neuropeptides evokes plasma protein extravasation, vasodilation, and the 

release of pro-inflammatory mediator such as bradykinin, prostanoids and 

protons(Holzer, 1998). It was later proposed that protein extravasation is not 

sufficient to induce headache. Because SP antagonist against NK1 receptor is able 

to reverse protein extravasation by did not reverse migraine headache (Goldstein 

et al., 1997).  

 

1.5.3. Brainstem generator 

Another view propose that the primary cause of migraine headache is an 

episodic dysfunction in the brainstem nuclei (Locus ceruleus) (Lance et al., 1983), 

periaqueductal grey region (PAG)(Raskin et al., 1987), dorsal rostral 
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brainstem(Bahra et al., 2001), substantia nigra and red nucleus(Cao et al., 2002)) 

that are involved in the central control of nociception (Pietrobon and Striessnig, 

2003). This hypothesis derived from studies that stimulating periaqueductal grey 

region (PAG) can produce migraine-like headaches in non-migraineurs (Raskin 

et al., 1987). Regional cerebral cerebral blood flow (rCBF) increases in several 

areas of the dorsal rostral brainstem during migraine attacks also promoted the 

idea of brainstem generator of migraine (Weiller et al., 1995). However, as 

discussed very well in a reviw (Olesen et al., 2009), the activated brainstem 

structures proposed as generator is not unique to headache itself but also apply 

to general pain state. Moreover, there is no evidence suggest stimulate 

“brainstem generator” is going to produce headache if there is no activation on 

trigeminal afferents (Olesen et al., 2009). Therefore, it seems more likely a 

permissive role of dysfunctional brainstem nuclei would be play in the genesis of 

migraine. 

 

1.5.4. CSD 

As mentioned in 1.4. Current pharmacological therapy, CSD has been 

widely studied as neurobiological basis of aura. There is also evidence 

suggesting although not confirmed that migraine without aura patients could 

also have a CSD in a silent cortex area(Pietrobon and Striessnig, 2003). During 

CSD, the involved cortex produces substantial amout of extracellular potassium 

ions, protons, nitrix oxide, arachidonic acid, ATP, and prostanglandins. Study by 

Burstein et.al had shown that induction of CSD by focal stimulation of the rat 

visual cortex can lead to activation of meningeal nociceptor (Zhang et al., 2010). 

These molecules released from CSD could activate and/or sensitize the 
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meningeal trigeminalvascular afferents. The mechanisms of how CSD initiate 

headache remain incompletely understood. Some hypothesize this might be due 

to hyperexcitability or periodical excitability changes of the involved cortex, but 

more evidence need to provide (Pietrobon and Striessnig, 2003). Recently, a 

study demonstrate that CSD induces megachannel (Pannexin 1) opening and 

caspase-1 activation followed by high-mobility group box 1 (HMGB1) release 

from neurons and neuclear factor ĸB activation in astroctyes. Suppresion of this 

pathway abolish CSD-induced trigeminalvascular activation, dural mast cell 

degranulation, and headache. This suggests CSD induced megachannel opening 

might promote sustained activation of trigeminal afferents via parenchymal 

inflammatory cascades reaching glia limitan (Karatas et al., 2013). 

 

1.5.5. Activation and sensitization of 

trigeminalvascular system (TGVS) 

Both neurogenic inflammation and CSD hypothsises support the idea that 

activaton and sensitization of TGVS is necessary for headache to occur (Dalkara 

et al., 2006, Levy, 2012). Nocecptive sensory afferents innervating extracranial 

arteries, dural arteries and pia arteries seem all involved in headache pain 

sensing (Olesen et al., 2009). CGRP release during neurogenic inflammation are 

proposed to activate and sensitize meningeal nociceptors, however, studies using 

intravenous and topical dural administration CGRP in anesthetized rats suggest 

CGRP was not sufficient in sensizting menigeal nociceptors(Levy et al., 2005). 

Meningeal afferents can be sensitzid by a variety of chemicals, one study 

demonstrates exposure to chemical agents associated with tissue injuries or 

inflammation produces discharges in some meningeal afferents (Strassman et al., 
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1996).  These chemical includes: high K+, hypotonic solutions, capsaicin, and 

inflammatory soup containing histamine, bradykinin, serotonin, prostaglandin 

E2 in pH 5.0. These agents made some of the meningeal afferents more sensitive 

to mechanical stimuli for a period of 1 to 2 hours (Strassman et al., 1996). 

Interstingly, CSD leads to increased extracellular concentration of many of these 

sensitizing substances (Pietrobon and Striessnig, 2003). Intravenous infusions of 

glyceryl trinitrate, a nitric oxide donor produced a delayed headache in 

migranuers that was indistinguishable from a spontaneous migraine attack. 

Several studies provide evidence that nitric oxide play a role in mediating 

activation and/or sensitization of the TGVS after dural stimulation. 

 

1.6. Our studies 

Our lab is expecially interested in what molecules mediate the activation 

of TGVS. In this thesis, first we will focus on what might be the molecule that 

mediate afferent activation during aggravation of headache during coughing, 

bending. Secordly, we focus on an important constituents of meninges that never 

been discussed in migraine field and how it could contribute to headache 

genesis. Thirdly, we study the sympathetic neurotransmitter norepinephrine 

(NE) in inducing migraine related pain behavior in animals and the underling 

mechanism. Fouthly, Previous work has shown Acid sensing ion channel (ASIC), 

particularly ASIC3 subunit containing ion channel as a potential target in 

detecting extracellular acid in the meninges (Yan et al., 2011, Yan et al., 2013). 

Mast cell degranulation release inflammatory mediators could sensitize dural 

afferents, so that even small change in meningeal pH could initiate afferent input 

leading to headache (Yan et al., 2013). In chapter 4, we will continue study ASIC3 
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as a target and how does ATP sensitize ASIC3 mediated effect could contribute 

to headache geneisis. 

 

1.7. Thesis format 

The format of this thesis will be to include work that has been published or 

which are under or about to under review for publication in peer reviewed 

journals. The author of this dissertation is the first author of all the work 

presented here. The author designed and executed all of the experiments 

presented here. There will be an overall conclusion of how these works might 

contribute to the understanding of migraine headache pathophysiology. 
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CHAPTER II 

2. ACTIVATION OF TRPV4 ON DURAL AFFERENTS PRODUCES HEADACHE-

RELATED BEHAVIOR IN A PRECLINICAL RAT MODEL 

 

2.1. Absract 

Background: The mechanisms contributing to the pain of migraine are poorly 

understood although activation of afferent nociceptors in the trigeminovascular 

system has been proposed as a key event. Prior studies have shown that 

duralafferent nociceptors are sensitive to both osmotic and mechanical stimuli. 

Based on the sensitivity to these stimuli we hypothesized that dural afferents 

express the osmo/mechano-sensitive channel transient receptor-potential 

vanilloid 4 (TRPV4). 

Methods: These studies used in vitro patch-clamp electrophysiology of 

trigeminal neurons retrogradely labeled from the dura to examine the functional 

expression of TRPV4. Additionally, we used a rat headache model in which 

facial/hind paw allodynia following dural stimulation is measured to determine 

whether activation of meningeal TRPV4 produces responses consistent with 

migraine. 

Results: These studies found that 56% and 49% of identified dural afferents 

generate currents in response to hypotonic solutions and 4a-PDD, respectively. 

The response to these stimuli indicates that dural afferents express TRPV4. 

Activation of meningeal TPRV4 using hypotonic solution or 4a-PDD in vivo 

resulted in both facial and hind paw allodynia that was blocked by the TRPV4 

antagonist RN1734. 
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Conclusion: These data indicate that activation of TRPV4 within the meninges 

produces afferent nociceptive signaling from the head that may contribute to 

migraine headache. 

 

2.2. Introduction 

Migraine headache is one of the most common chronic pain disorders, 

affecting up to 33% of women and 13% of men at some point in their lifetime (1). 

Despite its prevalence, the mechanisms contributing to migraine headache are 

still poorly understood. One likely source of headache is activation of afferent 

signaling from the cranial meninges. Earlier work in preclinical models has 

found that trigeminal pain-sensing neurons (nociceptors) innervating the dura 

are sensitive to mechanical stimulation (2–4). This may explain the worsening of 

migraine headache in response to increased mechanical forces such as sudden 

head movements or increased intracranial pressure during coughing. Strassman 

and colleagues also showed that trigeminal afferent nociceptors can be activated 

by dural application of solutions with either increased or decreased osmolarity 

(4). These findings suggest that dural afferents express the osmo/mechano-

sensitive ion channel transient receptor-potential vanilloid 4 (TRPV4). First 

described as a hypo-osmolar-activated ion channel, TRPV4 is a non-selective 

Ca2+ channel that responds to warm temperature as well as mechanical 

stimulation. Expression of mRNA for TRPV4 is found in the trigeminal ganglion 

(5) and functional effects of 

TRPV4 activation can be measured in trigeminal neurons in vitro (6, 7). 

TRPV4 can be activated by changes in osmolarity as well as by mechanical 

stimuli (8, 9) and mice lacking TRPV4 exhibited a loss in both osmotic and 
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pressure sensation (10, 11). Thus, TRPV4 is a possible candidate that contributes 

to the osmo- and mechano-sensitivity of dural afferent nociceptors. Using in vitro 

electrophysiology of identified dural afferents and a rat behavioral model of 

migraine, the purpose of the present studies was to determine whether dural 

afferents express TRPV4 and whether activation of this channel contributes to 

migrainerelated pain behavior. 

 

2.3. Materials and Methods  

 

2.3.1. Animals 

Adult, male Sprague Dawley rats (150–175 g for patch clamp, 250–300 g 

for behavior) were maintained in a climate-controlled room on a 12-hour 

light/dark cycle with food and water ad libitum. All procedures were performed 

in accordance with the policies and recommendations of the International 

Association for the Study of Pain, the National Institutes of Health guidelines for 

handling and use of laboratory animals, and by the Institutional Animal Care 

and Use Committee of the University of Arizona. 

 

2.3.2. Surgery 

2.3.2.1. Tracer Injection 

Dural afferents were identified as previously described (12). Briefly, 7 days prior 

to the sacrifice, animals were anesthetized. Under a dissecting microscope, two 

holes (3mm in diameter) were made in the skull using a Dremel Multipro 395 

fitted with a dental drill bit (Stoelting) leaving a thin layer of bone at the bottom 

of the hole. Fine forceps were used to carefully remove the remaining bone and 
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expose but not damage the dura. Five (5) ml Fluoro-Gold (4% in SIF: synthetic-

interstitial fluid) was then applied onto the dura. A small piece of gel foam was 

retained in the hole to increase absorption of dye and prevent dye spread out of 

the holes. The holes were covered with bone wax to prevent tracer leakage. 

Immediately postoperatively, animals received a single subcutaneous injection of 

gentamicin (8 mg/kg) to minimize infection. Only animals with intact dura were 

used for further experiments. 

 

2.3.2.2. Dura cannulation 

Dural cannulae were implanted as previously described (Yan et al., 2011). 

Animals were anesthetized with a combination of ketamine and xylazine (80 

mg/kg and 12 mg/kg; Sigma–Aldrich). A 2 cm incision was made to expose the 

skull. A 1 mm hole (above the transverse sinus; 2 mm left of sagittal suture and 2 

mm anterior to lambdoid suture) was made with a hand drill (Plastics One) to 

carefully expose the dura. A guide cannula (Plastics One), designed to extend 0.5 

mm from the pedestal to avoid irritation of the dural tissue, was inserted into the 

hole and sealed into place with glue. Two additional 1 mm holes were made 

rostrally to the cannula to receive stainless-steel screws (Small Parts), and dental 

acrylic was used to fix the cannula to the screws. A dummy cannula (Plastics 

One) was inserted to ensure patency of the guide cannula. Immediately 

postoperatively, animals received a single subcutaneous injection of gentamicin 

(8 mg/kg) to minimize infection. Rats were housed separately and allowed 6–8 

days of recovery. 
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2.3.3. Cell culture 

Seven days following fluorogold application, trigeminal ganglia were 

removed, enzymatically treated, and mechanically dissociated as previously 

described (Yan et al., 2011). Rats were anesthetized with isoflurane (Phoenix 

Pharmaceuticals) and sacrificed by decapitation. The trigeminal ganglia (TG) 

were removed and placed in ice-cold Hanks balanced-salt solution (divalent 

free). Ganglia were cut into small pieces and incubated for 25 min in 20 U/ml 

Papain (Worthington) followed by 25 min in 3 mg/ml Collagenase Type II 

(Worthington). Ganglia were then triturated through fire-polished Pasteur 

pipettes and plated on poly-D-lysine (Becton Dickinson) and laminin (Sigma)-

coated plates. After several hours at room temperature to allow adhesion, cells 

were cultured in a room-temperature, humidified chamber in Liebovitz L-15 

medium supplemented with 10% FBS, 10 mM glucose, 10 mM HEPES and 50 

U/ml penicillin/streptomycin. Cells were used within 24 h post plating. 

 

2.3.4. Electrophysiology 

Whole cell patch-clamp experiments were performed on isolated rat TG 

using a MultiClamp 700B (Axon Instruments) patch-clamp amplifier and 

pClamp 10 acquisition software (Axon Instruments). Recordings were sampled 

at 5 kHz and filtered at 1 kHz (Digidata 1322A, Axon Instruments). Pipettes (OD: 

1.5 mm, ID: 0.86 mm, Sutter Instrument) were pulled using a P-97 puller (Sutter 

Instrument) and heat polished to 2.5 – 4 MΩ resistance using a microforge (MF-

83, Narishige). Series resistance was typically < 7 MΩ and was compensated 60%. 

All recordings were performed at room temperature. A Nikon TE2000-S 

Microscope equipped with a mercury arc lamp (X-Cite®  120) was used to 
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identify FG-labeled dural afferents. Data were analyzed using Clampfit 10 

(Molecular Devices) and Origin 8 (OriginLab). Pipette solution contained (in 

mM) 140 KCl, 11 EGTA, 2 MgCl2, 10 NaCl, 10 HEPES, 2 MgATP, and 0.3 

Na2GTP, 1CaCl2 pH 7.3 (adjusted with N-methyl glucamine), and was ~ 315 

mosM. External solution contained (in mM) 135 NaCl, 2 CaCl2, 1 MgCl2, 5 KCl, 

10 Glucose, 10 HEPES, pH 7.4 (adjusted with N-methyl glucamine), and was ~ 

300 mosM. Hypotonic solution contained (in mM) 88 NaCl, 2 CaCl2, 1 MgCl2, 5 

KCl, 10 HEPES, pH 7.4 (adjusted with N-methyl glucamine), and was ~ 200 

mosm or was ~260 mosm following the addition of 60 D-Mannitol. Isotonic 

solution contained (in mM) 88 Nacl, 2 CaCl2, 1 MgCl2, 5 KCl, 106 D-Mannitol, 10 

HEPES, pH 7.4 (adjusted with N-methyl glucamine), and was 300 mosm. Isotonic 

solution (with equimolar Na+ concentration to the hypotonic solution) was 

applied to obtain a stable baseline before changing to hypotonic solution. 

Solutions were rapidly changed during recordings using gravity-fed flow pipes 

positioned near the cell and controlled by computer driven solenoid valves 

(Automate scientific, valvelink 8.2). The solution exchange time was ~ 20 ms. The 

application time of TRPV4 activators is 1 minute. A cutoff of 50pA was selected 

as minimum amplitude for response for both the TRPV4 activators. 

 

2.3.5. Behavioral testing 

Cutaneous allodynia measurements were performed as previously 

described (Edelmayer et al., 2009, Yan et al., 2011).  Rats were acclimated to 

suspended Plexiglas chambers (30 cm long _ 15 cm wide _ 20 cm high) with a 

wire mesh bottom (1 cm2). Ten microliters of vehicle or testing solution was 

injected through an injection cannula (Plastics One) cut to fit the guide cannula. 
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Withdrawal thresholds to probing the face and hind-paws were determined at 1-

h intervals after administration. A behavioral response to calibrated von Frey 

filaments applied to the midline of the forehead, at the level of the eyes, was 

indicated by a sharp withdrawal of the head. Paw withdrawal (PW) thresholds 

were determined by applying von Frey filaments to the plantar aspect of the 

hind-paws, and a response was indicated by a withdrawal of the paw. The 

withdrawal thresholds were determined by the Dixon up–down method. 

Maximum filament strengths were 8 and 15 gm for the face and hind-paws, 

respectively. 

 

2.3.6. Data analysis 

All data are presented as means ± SEM unless otherwise noted. Behavioral 

studies among groups and across time were analyzed by two-factor ANOVA. 

Data were converted to area over the time-effect curve. 

 

2.3.7. Solutions 

Fluorogold was purchased from Fluorochrome, LLC, and dissolved in 

synthetic interstitial fluid (SIF: pH 7.4, 310 mosm) to 4%. 4-α PDD (4a-phorbol 12, 

13-didecanote, a selective TRPV4 agonist) was purchased from Sigma. 4-α PDD 

was dissolved in DMSO to 10mM as a stock solution and diluted to 2µM. 

RN1734 was purchased from Tocris (Vincent et al., 2009). For behavior 

experiments, stock 4-α PDD (10mM in DMSO) and stock RN1734 (10mM in 

DMSO) were diluted to final concentrations of 100 μM and 500 μM, respectively 

in pH 7.4 SIF. Hypotonic solution was made by diluting SIF 1 to 10 and adjusting 

the pH to 7.4. 
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2.4. Results 

2.4.1. TRPV4 activators evoke currents in identified 

dural afferents 

Patch clamp electrophysiology was performed on trigeminal ganglion 

neurons (TG) in cultures from rats in which fluorogold were previously applied 

onto the dura. Retrogradely-labeled cells were selected for recording as these 

cells represent dural-projecting neurons. Examples of currents evoked by a 1 min 

application of TPRV4 activators from a representative dural afferent are shown 

in Fig 1A and Fig 1B. Among 87 dural afferents from 13 rats, 56% exhibit TRPV4-

like currents in response to exposure to hypotonic solutions of 200 and 260 

mosm, 49% exhibited TRPV4-like 4-α PDD evoked currents. 

 

2.4.2. Cutaneous allodynia following activation of 

TRPV4 within the dura 

Application of hypotonic solution (SIF 1:10) to the dura produced 

significant time-dependent and reversible reductions in withdrawal thresholds to 

tactile stimuli applied to the face or the hind-paws (Fig 2A and B). Maximal 

effects occurred 2 h after hypotonic solution application and sensory thresholds 

returned to baseline by 5 h.  Similarly, application of 4-α PDD to the dura 

produced significant time-dependent and reversible facial and hindpaw 

allodynia with the same time course as that observed following hypotonic 

solution (Fig 2C and 2D).  Co-application of the TRPV4 antagonist RN1734 with 

hypotonic SIF blocked the hypotonicity-induced allodynia (Fig 3A).  

Coapplication of RN1734 with 4-αPDD also blocked the 4-αPDD induced 
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allodynia (Fig 3B). Importantly, RN1734 application alone did not produce 

behavioral responses that were different than vehicle treatment (data not shown). 

These behavioral data indicate that activation of TRPV4 within the dura 

produces afferent nociceptive signaling and a migraine-related behavioral 

response. 

 

2.5. Discussion 

Although the mechanisms contributing to migraine are poorly 

understood, it is likely that migraine pain is a result of activation of nociceptive 

signaling from the meninges. Uncovering the receptors and proteins that lead to 

activation of dural afferents will not only contribute to the understanding of 

migraine headache pathophysiology, it may also propose new targets for 

treatment of migraine pain.  

The results of the present study implicate TRPV4 in the mechanisms 

contributing to migraine headache.  Electrophysiological recordings indicated 

that approximately half of the dural afferents studied express TRPV4 as they 

generated currents in response to 4-αPDD and hypotonic solutions. Further, 

activation of TRPV4 within the dura of freely moving animals induced migraine-

like behaviors (i.e. cephalic and extracephalic allodynia) that were blocked by an 

antagonist of the TRPV4 channel.  Thus, activation of dural afferent TRPV4 is one 

possible mechanism contributing to the pathophysiology of migraine headache 

and this finding suggests blockers of TRPV4 as novel therapeutics.  

While these studies demonstrate that activation of TRPV4 within the 

meninges produces dural afferent-activation and migraine-related behavior, they 

do not identify the endogenous mechanism of TRPV4 activation.  Hypotonic 
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stimuli were used throughout the manuscript as an activator of TRPV4 but there 

is currently no evidence that plasma osmolarity decreases before or during 

migraine, particularly to the extent used here (i.e. 260 mosm and below).  Thus, it 

is unclear whether decreased osmolarity is a mechanism leading to migraine.   

The TRPV4 channel may be activated/sensitized downstream of other 

receptors.  A recent study found sensitization of threshold mechanical responses 

of dural afferents in vivo following activation of the protease-activated receptor 2 

(PAR2) (Zhang and Levy, 2008).  PAR2 is activated by its N-terminus, which is 

cleaved by extracellular proteases including tryptase.  One likely source of these 

proteases (in addition to other pro-inflammatory mediators) is mast cells, which 

have been previously implicated in migraine pathophysiology (Levy et al., 2006, 

Levy et al., 2007, Zhang et al., 2007).  Consistent with this idea is a prior study 

indicating that PAR2 agonists sensitize TRPV4 currents in DRG neurons and lead 

to mechanical hyperalgesia in the hindpaw and hypersensitivity to colorectal 

distension that is dependent on expression of this channel (Grant et al., 2007, 

Cenac et al., 2008, Sipe et al., 2008).  Alternatively, TPRV4 is activated by 

arachidonic acid P450 epoxygenase-dependent metabolites such as 

epoxyeicosatrienoic acids (5’6’ EET) (Watanabe et al., 2003) so endogenous lipid 

mediators may contribute to channel activation. 

Although not directly tested here, it is tempting to speculate that TRPV4 

contributes to the mechanosensitivity of dural afferents and may play a role in 

the worsening of headache during cough or changes in intracranial pressure.  

Mechanical stimulation is known to activate TRPV4 (Liedtke et al., 2000, Liedtke 

et al., 2003) and defects in pressure sensation were observed in mice lacking 

TRPV4 (Mizuno et al., 2003, Suzuki et al., 2003).  Administration of inflammatory 
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soup (IS) into the paw results in hypersensitivity to osmotic and mechanical 

stimulation that is present in wild-type but not TRPV4-null mice. These 

observations suggest TRPV4 can be sensitized by pro-inflammatory mediators 

including those found in experimental IS and its mechanosensitivity is enhanced 

under inflammatory conditions.  This effect is decreased following antisense-

mediated knockdown of TRPV4 expression and is not observed in TRPV4 

knockout mice (Chen et al., 2007).  Together with the present findings, these 

studies suggest that TRPV4 may contribute to the mechanosensitivity of dural 

afferents but more detailed studies are required before this conclusion can be 

more definitively drawn. 

Although treatments for migraine headache are currently available, these 

treatments lack adequate efficacy for many patients.  Development of new 

therapeutics has been a slow process due, in part, to a lack of new drug targets.  

The results of the present study suggest that TRPV4 may be a novel target for the 

treatment of migraine headache.  Future studies will determine whether targeted 

therapies blocking this channel will bring relief to the large numbers of migraine 

patients that are currently left without adequate treatment. 
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2.6. Figures 

 

Figure 2.1: Dural afferents generate TRPV4-like currents in response to 

hypotonic stimuli and 4-αPDD. A) Currents from the same representative dural 

afferent neuron in response to a 1 minute application of 200 mosm or 260 mosm 

solutions.  Currents in response to hypotonic stimuli were observed in 56% of 

dural afferents. B) Current in response to a 1 minute application of 4-αPDD in a 

representative dural afferent.  4-αPDD-induced currents were observed in 49% of 

dural afferents. 
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Figure 2.2: Application of hypotonic solution and 4-αPDD to the dura elicited 

cutaneous allodynia via activation of TRPV4. A) Withdrawal thresholds to 

tactile stimuli applied to the face (top) and the hind-paws (bottom) were 

measured in rats before and for 5 hours after dural application of 10% SIF (n = 15) 

or normal osmolarity SIF (n = 11). For both facial and hind-paw responses, two-

factor analysis of variance with repeated measurement indicated that response 

thresholds of hypotonic solution-treated rats were significantly (p < 0.0001) less 

than those of standard SIF-treated rats. B) Withdrawal thresholds to tactile 

stimuli applied to the face (top)and the hind-paws (bottom) were measured in 

rats before and for 5 hours after dural application of 4-αPDD (100μM) (N=16) or 

Vehicle (n=16). For both facial and hind-paw responses, two-factor analysis of 

variance with repeated measurement indicated that response thresholds of 4-

αPDD treated rats were significantly (p < 0.0001) less than those of vehicle 

treated rats. 
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Figure 2.3: Cutaneous allodynia produced by hypotonic stimuli or 4-αPDD is 

blocked by a TRPV4 antagonist.  Application of 10% SIF or 4-αPDD was given 

either alone or in the presence of RN1734 (500μM, n=16 and 8 for 10% SIF and 4-

αPDD, respectively).  Vehicle control was SIF containing 5% DMSO which 

produced no allodynia. Significant (p < 0.05) differences among means for each 

group were determined by analysis of variance followed by Dunnett’s post hoc 

test. Coapplication of RN1734 significantly abolished behavioral signs of tactile 

allodynia of the face and hind-paw (p < 0.05). RN1734 alone did not induce 

allodynia. 
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CHAPTER III 

4. DURAL FIBROBLASTS PLAY AN ACTIVE ROLE IN HEADACHE 

PATHOPHYSIOLOGY 

 

3.1. Abstract 

Nociceptive signaling from the meninges is proposed to contribute to 

many forms of headache.  However, the events within the meninges that drive 

afferent activity are not clear.  Meningeal fibroblasts are traditionally thought to 

produce extracellular proteins that constitute the meninges but not to contribute 

to headache.  The purpose of these studies was to determine whether dural 

fibroblasts release factors that activate/sensitize dural afferents and produce 

headache-like behavior in rats. Dura mater was removed from male rats and 

dural fibroblasts were cultured.  Fibroblast cultures were stimulated with vehicle 

or lipopolysaccharide (LPS), washed, and conditioned media was collected. 

Fibroblast media conditioned with vehicle or LPS was applied in vitro to rat 

trigeminal neurons retrogradely labeled from the dura.  Patch-clamp 

electrophysiology and ratiometric calcium imaging were performed to determine 

whether conditioned media activated/sensitized dural afferents. A preclinical 

behavioral model was used where conditioned media was applied directly to the 

rat dura to determine the presence of cutaneous facial and hindpaw allodynia.  

Conditioned media was also tested for interleukin-6 (IL-6) content using an 

ELISA. Application of fibroblast media conditioned with LPS to dural afferents 

produced a significant increase in action potential firing as well as an increase in 

intracellular calcium.  Similarly, LPS-fibroblast media applied to the dura caused 

cutaneous facial and hindpaw allodynia. Finally, stimulation of cultured 
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fibroblasts with LPS increased IL-6 levels in the media. Fibroblasts stimulated 

with LPS release factors capable of activating/sensitizing dural afferents 

indicating that they can play an active role in the pathophysiology of headache. 

 

3.2. Introduction 

The lifetime prevalence of headache including migraine, tension-type and 

others is 47% globally (Jensen and Stovner, 2008). Despite this prevalence, the 

pathophysiology of many forms of headache is not clear. Within the skull, the 

only pain-sensitive structure is the meninges and the only sensation induced 

from the meninges is pain (Schumacher et al., 1940).  Understanding the 

mechanisms leading to activation/sensitization of meningeal afferents may 

provide important clues into the pathophysiology of headache.  

Many inflammatory mediators including acidic pH, histamine, 

bradykinin, prostaglandins, nitric oxide, and serotonin can activate and/or 

sensitize dural afferents (Yan et al., Strassman et al., 1996, Bove and Moskowitz, 

1997, De Col et al., 2003, Koulchitsky et al., 2004, Harriott and Gold, 2009, 

Vaughn and Gold, 2010) and the presence of these mediators in the meninges 

may cause headache. Mast cells and macrophages within the meninges have also 

been proposed to contribute to headache (Franceschini et al., Ottosson and 

Edvinsson, 1997, Reuter et al., 2001, Zhang et al., 2007) and these cells are a 

potential source of a variety of inflammatory mediators.  However, the primary 

resident cell type in the meninges is fibroblasts.  Dural fibroblasts are elongated 

cells with extended cell processes that show a fusiform or spindle-like shape and 

are oriented parallel to the flat axes of the dura mater (Haines et al., 1993).  These 

cells are responsible for producing the collagen, fibronectin, and other 
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extracellular matrix proteins that make up the meninges, particularly the dura 

(Vandenabeele et al., 1996). In addition to producing the dura, fibroblasts may 

also play a role in activating/sensitizing dural afferents via the release of pro-

inflammatory substances.  However, these cells have not been studied for 

potential contributions to headache. The purpose of these studies was to 

investigate whether dural fibroblasts play an active role in the pathophysiology 

of headache by examining their release of factors that can activate/sensitize dural 

afferents. 

 

3.3. Materials and Methods 

 

3.3.1. Animals 

Male Sprague-Dawley rats (35-100g for dural fibroblast culture, 150-175g 

for patch clamp studies, 250-300g for behavioral studies) were maintained in a 

climate-controlled room on a 12h light/dark cycle with food and water ad 

libitum. All procedures were performed in accordance with the policies and 

recommendations of the International Association for the study of Pain, the 

National Institutes of Health guidelines for handling and use of laboratory 

animals, and were approved by the Institutional Animal Care and Use 

Committee of the University of Arizona. 

 

3.3.2. Surgery 

3.3.2.1. Retrograde tracer injection 

Dural afferents were identified as previously described (Yan et al., 2011). 

Briefly, seven days prior to sacrifice, animals were anesthetized with a 



50 

combination of ketamine and xylazine (80 mg/kg and 12 mg/kg; Sigma-Aldrich), 

and two holes (3mm in diameter) were made in the skull. 5μl of Fluorogold (4% 

in SIF: synthetic-interstitial fluid) was then applied onto the dura. A small piece 

of gelfoam was retained in the hole to increase absorption of dye and prevent 

dye spread out of the holes. The holes were covered with bone wax to prevent 

tracer leakage. Immediately postoperatively, animals received a single 

subcutaneous injection of gentamicin (8 mg/kg) to minimize infection. 

Undamaged dura at the injection sites was evaluated at the time the animals 

were sacrificed and only data from animals with intact dura and no signs of 

damage were used for further analysis. 

 

3.3.2.2. Dura cannulation 

Dura cannulae were implanted as previously described. (Yan et al., 2011). 

Animals were anesthetized with a combination of ketamine and xylazine (80 

mg/kg and 12 mg/kg; Sigma–Aldrich). A 2 cm incision was made to expose the 

skull. A 1 mm hole (above the transverse sinus; 2 mm left of sagittal suture and 2 

mm anterior to lambdoid suture) was made with a hand drill (Plastics One) to 

carefully expose the dura. A guide cannula (Plastics One), designed to extend 0.5 

mm from the pedestal to avoid irritation of the dural tissue, was inserted into the 

hole and sealed into place with glue. Two additional 1 mm holes were made 

rostrally to the cannula to receive stainless-steel screws (Small Parts), and dental 

acrylic was used to fix the cannula to the screws. A dummy cannula (Plastics 

One) was inserted to ensure patency of the guide cannula. Immediately 

postoperatively, animals received a single subcutaneous injection of gentamicin 
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(8 mg/kg) to minimize infection. Rats were housed separately after surgery and 

allowed 6–8 days of recovery. 

 

3.3.3. Cell Culture 

3.3.3.1. Trigeminal ganglion culture for electrophysiology 

Seven days following fluorogold application, trigeminal ganglia (TG) 

were removed, enzymatically treated, and mechanically dissociated as 

previously described (Wei et al., 2011, Yan et al., 2011). Rats were anesthetized 

with isoflurane (Phoenix Pharmaceuticals) and sacrificed by decapitation. The 

TG were removed and placed in ice-cold Hanks balanced-salt solution (HBSS, 

divalent free). Ganglia were cut into small pieces and incubated for 25 min in 20 

U/ml Papain (Worthington) followed by 25 min in 3 mg/ml Collagenase Type II 

(Worthington). Ganglia were then triturated through fire-polished Pasteur 

pipettes and plated on poly-D-lysine (Becton Dickinson) and laminin (Sigma)-

coated plates. After several hours at room temperature to allow adhesion, cells 

were cultured in a room-temperature, humidified chamber in Liebovitz L-15 

medium supplemented with 10% FBS, 10 mM glucose, 10 mM HEPES and 50 

U/ml penicillin/streptomycin. Cells were used within 24 h post plating. 

 

3.3.3.2. Dural fibroblast culture 

Rats were anesthetized with isoflurane and sacrificed by decapitation. The 

dura mater from 6 animals were removed and placed in ice-cold HBSS. Dura 

mater were cut into small pieces and incubated in collagenase A (1 mg/ml, 

Roche) and collagenase D (1 mg/ml, Roche) with papain (30 U/ml, Roche) for 40 

to 50min. To eliminate debris, 70 μm cell strainers (BD Biosciences) were used. 
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The dissociated cells were resuspended in DMEM/F12 (Invitrogen) containing 1× 

pen-strep (Invitrogen), 1× GlutaMax and 10% fetal bovine serum (Hyclone). The 

cells were plated in one 6-well plate (BD Falcon) and incubated at 37°C in a 

humidified 95% air/5% CO2 incubator. Cultures were maintained in media until 

time of treatment. Dural fibroblasts were plated at a density that would achieve 

confluency by day 3 post-plating. 

 

3.3.3.3. TG culture for calcium imaging 

Rats were anesthetized with isoflurane and sacrificed by decapitation. TG 

were removed and placed in ice-cold HBSS. Ganglia were cut into small pieces 

and incubated in collagenase A (1 mg/ml, Roche) for 25 min and collagenase D (1 

mg/ml, Roche) with papain (30 U/ml, Roche) for 20 min. To eliminate debris, 70 

μm cell strainers (BD Biosciences) were used. The dissociated cells were 

resuspended in DMEM/F12 (Invitrogen) containing 1× pen-strep (Invitrogen), 1× 

GlutaMax, 3 μg/ml 5-FDU (Sigma) and 10% fetal bovine serum (Hyclone). The 

cells were plated in the middle of 35mm poly-d-lysine coated glass bottom dishes 

(Mat Tek Corporation) and incubated at 37°C in a humidified 95% air/5% CO2 

incubator. After 2 hours to allow adhesion, cultures were kept and maintained in 

media until the time of imaging. 

 

3.3.4. Fibroblast-conditioned media collection 

Confluent cultures of dural fibroblasts were treated with 5ug/ml of LPS 

from E. Coli (Sigma L2630) or vehicle for 1 hour. After treatment, cells were 

washed 3 times with media to remove the LPS. Next, 600 µ l of media 

(DMEM/F12 with 1X GlutaMax) was added to the dishes to collect factors 
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released from fibroblasts. The media was kept in the culture dishes for 5 hours 

and then collected. As a control, culture dishes with no fibroblasts were also 

treated with LPS and the same protocol was followed.  This control determined 

whether any effects of the conditioned media were due to residual LPS in the 

media that was not removed by washes.  Conditioned media was snap frozen in 

liquid nitrogen for later use. 

 

3.3.5. Calcium imaging 

Five days after dissection, rat trigeminal cultures were loaded with 5 µM 

Fura-2 (Invitrogen) in DMEM/F12 for 45min at 37°C in a humidified 95% air/5% 

CO2 incubator and then changed to Phenol red free DMEM/F12 and kept in CO2 

incubator for 15 min before imaging. Baseline and positive control 100 µ M ATP 

in Phenol red free DMEM/F12 were rapidly changed during recordings using 

gravity-fed flow pipes positioned near the cell and controlled by computer 

driven solenoid valves. Conditioned-media solutions were applied to neurons by 

manual injection through a 1 ml syringe connected with the flow pipes due to the 

small volume of media available.   

 

3.3.6. Electrophysiology 

Whole cell patch-clamp experiments were performed on isolated rat TG 

using a MultiClamp 700B (Axon Instruments) patch-clamp amplifier and 

pClamp 10 acquisition software (Axon Instruments). Recordings were sampled 

at 5 kHz and filtered at 1 kHz (Digidata 1322A, Axon Instruments). Pipettes (OD: 

1.5 mm, ID: 0.86 mm, Sutter Instruments) were pulled using a P-97 puller (Sutter 

Instruments) and heat polished to 2.5 – 4 MΩ resistance using a microforge (MF-
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83, Narishige). Series resistance was typically < 7 MΩ and was compensated 60-

80%. All recordings were performed at room temperature. A Nikon TE2000-S 

Microscope equipped with a mercury arc lamp (X-Cite®  120) was used to 

identify FG-labeled dural afferents. Data were analyzed using Clampfit 10 

(Molecular Devices) and Origin 8 (OriginLab). Cell sizes were not significantly 

different among groups (LPS: 44.39 ± 4.59 pF vs Vehicle: 44.76 ± 4.02 pF vs LPS 

cell free: 47.98± 3.89 pF, p > 0.05). The pipette solution contained (in mM) 140 

KCl, 11 EGTA, 2 MgCl2, 10 NaCl, 10 HEPES, 2 MgATP, and 0.3 Na2GTP, 1CaCl2 

pH 7.3 (adjusted with N-methyl glucamine), and was ~ 315 mosM. External 

solution contained (in mM) 135 NaCl, 2 CaCl2, 1 MgCl2, 5 KCl, 10 Glucose, 10 

HEPES, pH 7.4 (adjusted with N-methyl glucamine), and was ~ 300 mosM. 

Freshly thawed supernatant (600µl) was put on the TG culture for 15min and 

then replaced with bath solution before recording. Fluorogold positive neurons 

were identified and patched immediately after replacement of supernatant with 

bath. 

 

3.3.7. Behavioral testing 

Behavioral testing methods were as described previously (Wei et al., 2011, 

Yan et al., 2011).  Rats were acclimated to suspended Plexiglas chambers (30 cm 

long × 15 cm wide × 20 cm high) with a wire mesh bottom (1 cm2). Ten 

microliters of vehicle or testing solution was injected through an injection 

cannula (Plastics One) cut to fit the guide cannula. Withdrawal thresholds to 

probing of the face and hind-paws were determined at 1-h intervals after 

administration. A behavioral response to calibrated von Frey filaments applied 

to the midline of the forehead, at the level of the eyes, was indicated by a sharp 
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withdrawal of the head. Paw withdrawal (PW) thresholds were determined by 

applying von Frey filaments to the plantar aspect of the hind-paws, and a 

response was indicated by a withdrawal of the paw. The withdrawal thresholds 

were determined by the Dixon up–down method. Maximum filament strengths 

were 8 and 15 gm for the face and hind-paws, respectively. 

 

3.3.8. ELISA 

Confluent dural fibroblasts were stimulated with LPS (5μg/ml) for 1 hour 

and conditioned media collected as described above with the following 

exceptions for time course studies. First, 600 µ l media containing LPS was 

collected as a 1 hour time point, cells are then washed 3 times with media, 600 µ l 

media was again added to the dishes for 4 hours and collected or 5 hours and 

collected. A rat IL-6 DuoSet ELISA Development SYSTEM (R & D Systems) was 

used for detecting the IL-6 level in the conditioned media. Assay procedures 

were performed according to manufacturer’s instructions provided. Briefly, 96 

well plates (Nunc) were coated with 100µl of capture antibody at 4 ° C overnight 

and washed 3 times with wash buffer (0.05% Tween 20 in PBS) the next day. 

Plates were blocked with 1% BSA for 2 hours at room temperature and again 

washed 3 times with wash buffer. 100µL of standards or samples were 

immediately added to the wells and incubated at 4 °C overnight. Frozen 

conditioned media collected from dural fibroblasts cultures was thawed and 

centrifuged at 4 degrees for 15 min at 16,000 x g to remove any debris or dead 

cells and transferred to a fresh tube and used as samples. On the third day, 

samples and standards were removed and plates were washed 3 times with 

wash buffer. 100µl of the detection antibody was added to the wells and 
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incubated at 4 °C overnight. On the forth day, plates were washed 3 times with 

wash buffer and Streptavidin-HRP was added to the wells and incubated for 

20min at room temperature followed by 5 washes with wash buffer. The 

substrate solution was added and incubated for 10 min. 50µl of stop solution 1N 

HCl was added to stop the reaction and the plates were read at 450 nm with 

correction of 570 nm. 

 

3.3.9. Data analysis 

All data are presented as means ± SEM unless otherwise noted. Behavioral 

studies among groups and across time were analyzed by two-factor ANOVA. 

Data were converted to area over the time-effect curve. 

 

3.3.10. Drugs 

Fluorogold (Fluorochrome, LLC) was dissolved in SIF (pH 7.4, 310 Osm) 

to 4%. LPS (Sigma) was dissolved in DMEM/F12 in 5mg/ml as a stock solution 

and diluted to 5µg/ml. Disodium ATP was from Sigma. 

 

 

3.4. Results 

3.4.1. LPS-treated dural fibroblasts release mediators that sensitize dural 

afferents 

To explore functional interactions between dural fibroblasts and dural 

afferents, we first examined whether dural fibroblasts release mediators that 

sensitize dural afferents. Figure 1 shows a representative phase image of dural 

fibroblasts culture, the image shows that the cells are fibroblasts-like. 
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Retrogradely-labeled trigeminal neurons in vitro (i.e. identified dural afferents) 

were selected for patch clamp experiments. Slow ramp currents from 0.1 to 0.7 

nA with a ∆ = 0.2 nA were injected over 1s to mimic slow depolarization. Dural 

afferents treated for 15 min before recording with conditioned media from LPS-

treated dural fibroblasts showed a significant increase in the number of spikes 

compared to dural afferents treated for the same amount of time with 

conditioned media from vehicle-treated dural fibroblasts and LPS treated empty 

dishes (Figure 2).   

 

3.4.2. LPS-treated dural fibroblasts release mediators that induce calcium influx 

in trigeminal neurons 

We then examined whether LPS-conditioned media induces calcium 

influx in trigeminal ganglion neurons using Fura-2 based ratiometric imaging. 

Application of media collected from LPS-treated dural fibroblasts produced an 

increase in intracellular calcium in a subpopulation of TG neurons (78%, 28 out 

of 36) (Figure 3B). However, media from vehicle-treated and the LPS-treated 

empty dishes did not produce calcium responses in the TG neurons tested. ATP 

was used as a positive control as ATP increases intracellular calcium in many TG 

neurons and this stimulus was used to assess whether neurons were still viable 

at the end of each experiment. The increase in the fluorescence ratio before and 

after application of different media was calculated for each neuron tested. The 

calcium response of TG neurons with LPS-treated media was significantly 

greater than with media collected from vehicle-treated cells and the LPS-treated 

cell-free dishes (Fig 3A and Fig3C).  These results, together with the 

electrophysiological studies described above, indicate that dural fibroblasts 
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treated with LPS release mediators capable of activating and/or sensitizing dural 

afferents. 

 

3.4.3. LPS-treated dural fibroblasts release mediators that induce facial and 

hindpaw allodynia 

In order to determine whether cultured dural fibroblasts release mediators 

that can produce headache-like responses in vivo, a preclinical in vivo migraine 

model (Wei et al., 2011, Yan et al., 2011) was used to evaluate the effects of 

conditioned media on mechanical allodynia of the face and hindpaws.  

Application of media from LPS-treated dural fibroblasts to the dura produced 

significant time-dependent reductions in withdrawal thresholds to tactile stimuli 

applied to the face or the hind-paws (Figure 4). Media from vehicle-treated dural 

fibroblasts and media from empty dishes treated with LPS did not produce 

allodynia.  Thus, the mediators released from dural fibroblasts not only 

activate/sensitize dural afferents in vitro but they also initiate events within the 

meninges that lead to the development of headache-like responses. 

 

3.4.4. Dural fibroblasts release interleukin-6 (IL-6) in response to stimulation 

with LPS 

We have shown previously that IL-6 sensitizes dural afferents in vitro and 

produces cutaneous allodynia when applied to the dura in vivo (Yan et al., 2012).  

We next asked whether IL-6 is one potential mediator released from dural 

fibroblasts after stimulation with LPS.  Application of LPS to dural fibroblasts 

produced a time-dependent increase in the presence of IL-6 in the conditioned 

media as measured by ELISA (Figure 5).  After 1 hr of LPS treatment, there was 
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little to no IL-6 release in both vehicle-treated and LPS-treated dural fibroblasts 

cultures. However, after 5 hrs of stimulation, the same treatment time used for in 

vitro and in vivo experiments shown in Figures 1-3, there is significant IL-6 

release from the cells in the LPS-treatment group but not in the vehicle-treated 

group. Thus, IL-6 is among the mediators released from dural fibroblasts and 

may contribute to the activating/sensitizing effects of conditioned media 

observed on dural afferents in vitro and to the cutaneous allodynia in the 

behavioral studies.   

 

3.5. Discussion: 

The purpose of these studies was to test whether fibroblasts, the major cell 

type in the dura, can play an active role in headache pathophysiology. Pain 

signaling from the meninges has been proposed to be a key event in the 

pathophysiology of headache but little attention has been given to these cells that 

make the structural proteins that constitute the majority of the dura.  Using 

several preclinical in vitro and in vivo models of headache, we report here that 

cultured dural fibroblasts stimulated with LPS release mediators capable of 

activating/sensitizing trigeminal ganglion neurons, including identified dural 

afferents.  These data suggest that under certain conditions dural fibroblasts may 

contribute to the onset of afferent nociceptive signaling from the meninges and 

ultimately to headache.  

One of the main findings in this study is that dural fibroblasts are capable 

of releasing IL-6, consistent with prior studies in cardiac fibroblasts (Burger et al., 

2001, Lew et al., 2013).  IL-6 has been shown to increase in migraine patients 

during attacks (Fidan et al., 2006, Sarchielli et al., 2006) and this pro-
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inflammatory cytokine may contribute to headache pathophysiology. (Our in 

vitro electrophysiological studies found that conditioned media was capable of 

sensitizing retrogradely-labeled dural afferents.  Prior studies in our laboratory 

showed similar sensitization of dural afferents using direct application of IL-6 to 

these neurons (Yan et al., 2012).  Thus, the IL-6 present in conditioned media may 

be a primary sensitizing agent released from dural fibroblasts.)  or(Our in vitro 

electrophysiological studies found that conditioned media was capable of 

sensitizing retrogradely-labeled dural afferents as application of this media 

caused an increase in action potential firing in dural afferents stimulated with 

ramp current injections.  An increase in action potential firing could be due to 

sensitization of voltage-gated sodium or potassium channels (Zhang et al., 2002) 

)[42] by specific factors contained in the conditioned media.  Prior studies in our 

laboratory showed similar sensitization of dural afferents using direct 

application of IL-6 to these neurons, and we also found an increased association 

of ERK with the sodium channel Nav1.7 after IL-6 treatment (Yan et al., 2012) 

supporting the potential for sodium channel sensitization.  Thus, the IL-6 present 

in conditioned media may be a primary sensitizing agent released from dural 

fibroblasts. ) The present studies also found an increase in intracellular calcium 

in trigeminal ganglion neurons following application of media conditioned by 

LPS-treated fibroblasts. These studies did not address the mechanisms leading to 

increased intracellular calcium but indicate that calcium-dependent signaling 

pathways are activated following exposure to mediators released from dural 

fibroblasts. Finally, we found that application of fibroblast-conditioned media 

directly to the dura in a preclinical behavioral model of headache produced 

cutaneous facial and hindpaw allodynia.  As described above, these effects are 
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consistent with those observed in our prior studies using direct application of IL-

6 to the dura in the same behavioral model where we also found cutaneous facial 

and hindpaw allodynia. Taken together, these findings are consistent with the 

hypothesis that dural fibroblasts are capable of releasing IL-6, which can then act 

on sensory afferents to contribute to headache pathophysiology.  

The use of cultured dural fibroblasts in these studies allowed us to 

examine the release of mediators from this population of cells in the absence of 

nerve endings, mast cells, macrophages, and many other cell types that would 

normally be present in the dura.  As a result, the conditioned media collected 

after LPS stimulation contains mediators released primarily from dural 

fibroblasts.   Although we identified IL-6 as one mediator contained in this 

media, and the sensitizing effects of conditioned media application to neurons in 

vitro and to the production of allodynia in vivo are both consistent with our 

prior report using purified recombinant IL-6, we cannot rule out the possibility 

that other mediators are present in fibroblast conditioned media. Cardiac 

fibroblasts are capable of releasing an array of factors including IL-1, TNF-α, 

Nitric Oxide, and TGF β (Vasquez et al., 2011) and dural fibroblasts may also 

release many of these factors.  Future studies are required to determine whether 

other factors are present in the conditioned media and how these factors may 

contribute to activation or sensitization of dural afferents. 

The stimulus used in these studies to condition media from fibroblast 

cultures was LPS.  As LPS is a component of the cell wall of gram-negative 

bacteria, these studies in their current form are most applicable to bacterial 

infection of the meninges such as in meningitis.  The findings are nonetheless 

important as headache is one of the primary symptoms of meningitis and the 
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mechanisms described here may contribute to the development of headaches 

during meningitis.   Studies have also shown the presence of LPS in the plasma 

of some migraine without aura patients (Covelli et al., 1991), possibly due to 

changes in intestinal barrier permeability that allow gastrointestinal flora to leak 

into the bloodstream, but whether this is a contributing factor to migraine in 

general is not clear.  Regardless, LPS is commonly used as an activator of toll-like 

receptor 4 (TLR4), a pattern-recognition receptor that responds to pathogen-

associated molecular patterns such as those present on invading bacteria.  TLR4 

is expressed on numerous cell types including immune cells (dendritic cell, 

monocyte and macrophage, B cells etc), epithelial cells, sensory neurons (Akashi 

et al., 2000, Cario and Podolsky, 2000, Faure et al., 2000, Guha and Mackman, 

2001, Hayashi et al., 2005, Diogenes et al., 2011) and has been shown in prior 

studies to be expressed on fibroblasts from other tissue origins such as those 

found in adventitia, lung, ginvina and synovium to name a few (He et al., Herath 

et al., Wang et al., Wu et al.). In addition to LPS, there are many endogenous 

ligands for TLR-4 such as the heat shock protein Gp96, fibrinogen, surfactant 

protein-A, high mobility group box 1 protein (HMGB1) and mRNA (Tsan and 

Gao, 2004).  Interestingly, HMGB1 was recently found to be released by cells in 

the cortex during spreading depression (Karatas et al.). Although it is unlikely 

that HMGB1 would migrate to the dura, these studies demonstrate that 

endogenous processes linked to migraine can be a source of TLR4 activators.  

There may be other endogenous mechanisms activating TLR4 that initiate the 

release of IL-6 and other mediators from dural fibroblasts and contribute to 

headache pathophysiology in the absence of bacterial infection. 
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Perhaps more relevant to migraine is the question of whether dural 

fibroblasts release mediators that activate or sensitize afferent nociceptors in 

response to events that may occur within the dura before or during a migraine 

attack.  Although the pathophysiology leading to migraine is not clear, one of the 

most common triggers for migraine is stress (Kohler and Haimerl, 1990, Holm et 

al., 1997, Leistad et al., 2006).  Stress is likely to produce sympathetic outflow into 

the meninges as the dura is innervated by sympathetic efferents (Keller et al., 

1989b).  Stress and the resulting sympathetic outflow into the dura may activate 

receptors on fibroblasts promoting the release of mediators that contribute to 

headache.  In the cardiovascular system, sympathetic outflow onto cardiac 

fibroblasts can lead to increased IL-6 production via activation of noradrenergic 

and purinergic receptors on cardiac fibroblasts (Burger et al., 2001, Braun et al., 

2010).  If similar events occur within the dura, this may be a mechanism by 

which stress contributes to the activation of the trigeminovascular system.  

Further, since fibroblasts are primarily responsible for producing the 

extracellular proteins that make up the dura, stimulation of these cells by 

sympathetic outflow may change the production of these matrix proteins.  

Repetitive stress may alter the structure of the dura, similar to fibroblast-

mediated remodeling of cardiac and vascular tissue, and this may have 

important consequences for headache pathophysiology.  Although it is tempting 

to speculate on a broad role for dural fibroblasts in headache, more studies are 

required to examine whether the physiology of these cells may indeed contribute 

to disorders such as migraine. 

These results provide the first demonstration that dural fibroblasts can 

play active role in headache pathphysiology. Although the direct implications of 
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the findings described here with LPS are limited to bacterial infection of the 

meninges such as in meningitis, dural fibroblasts may play a role in headache 

disorders beyond meningeal infection.  Future experiments will focus on what 

mediators are released by dural fibroblasts in addition to IL-6 and whether 

stimuli other than LPS can promote the release of these mediators. Uncovering 

the role dural fibroblasts play in physiological and pathological events occurring 

within the meninges may ultimately lead to novel treatments for headache. 

 

3.1.Figures 

 

 

 

 

Figure3.1: Phase contrast image of dural fibroblasts in culture 3 days post-

plating. The scare bar is 100 μm. 



65 

 

Figure3.2: Conditioned media from LPS-treated fibroblasts induces 

hyperexcitability of dural afferents. Dural afferents treated with LPS-

conditioned media show increased numbers of action potentials (B) compared 

with vehicle-conditioned media (A) and LPS-cell-free conditioned media (C). 

Action potentials in A-C were elicited by 1 s ramp current injections ranging 

from 0.1 to 0.7 nA in 0.2 nA increments as shown in (D). Differences in the mean 

numbers of action potentials among groups were analyzed by comparing the 

slopes of the lines for each group using linear regression. Dural afferents treated 

with LPS-conditioned media (Red squares, n = 6) showed a significant (p<0.0001) 

increase in the number of action potentials compared to vehicle-treated condition 

media (Black circles, n = 6) and LPS-cell-free conditioned media (Blue triangles, n 

=7) 
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Figure3.3: LPS-treated conditioned media increases intracellular calcium in 

trigeminal ganglion neurons. Conditioned media from LPS-treated dural 

fibroblasts induces a rise in intracellular calcium in cultured trigeminal ganglion 

neurons (B) (n=36) compared to vehicle-treated condition media (n=20) (A) and 

LPS treated cell-free conditioned media (n=40). Peak fluorescence ratios were 

subtracted from baseline fluorescence ratios to generate a delta F340/F380 (D). 

Comparison among groups for the delta F340/F380 was performed by one-factor 

analysis of variance (p<0.0001). ATP was used as a comparator stimulus (n=45) to 

determine the magnitude of intracellular calcium increases following activation 

of purinergic receptors. 
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Figure3.4: Application of LPS-treated condition media to the dura elicits 

cutaneous allodynia. Withdrawal thresholds to tactile stimuli applied to the face 

(A) and the hind-paws (B) were measured in rats before and immediately after 

dural application of LPS-treated condition media (n = 9), vehicle-treated 

condition media (n=8), and LSP-treated cell-free condition media (n=8). For both 

facial and hind-paw responses, two-factor analysis of variance indicated that 

response thresholds of LPS-treated condition media treated rats (Red circles) 

were significantly (facial p<0.005; paw p<0.0001) less than those treated with 

vehicle-treated condition media (Black circles) and LPS-treated cell-free 

conditioned media (blue triangles). Withdrawal thresholds to tactile stimuli were 

measured for 5 hrs and data were converted to area over the time-effect curve (C) 

and (D).Significant (**p<0.005; ***p<0.0005) differences among means for each 

group were determined by one way analysis of variance. 
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Figure3.5: Dural fibroblasts release IL-6 in response to LPS stimulation. Dural 

fibroblasts cultures were treated with LPS (5μg/ml) or vehicle for 1 hour, 

washed, and supernatants were collected for the indicated amount of time. IL-6 

content for each condition was measured by ELISA. Media collected for either 4 

or 5 hours following removal of LPS and washing contained significantly more 

IL-6 compared to vehicle-treated cells. Mean IL-6 levels were compared by two-

way analysis of variance (p<0.001). 
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Figure3.6: Dural fibroblasts culture is not stained by glia cell marker GFAP 

and endothelial cell marker vWF. Dural fibroblasts are not stained by GFAP (A) 

(20X) and vWF (B) (20X). TG culture are stained with GFAP (C) (40X) and 

endothelial cell line are stained with vWF (D) (40X). Scale bar is 20 μm. 
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CHAPTER IV  

5. PERIPHERAL NOREPINEPHRIN INDUCES HEADACHE RELATED BEHAVIOR 

 

4.1. Abstract  

Little is known about the role of sympathetic efferents in 

pathophysiological process of migraine headache. The purpose of this study is to 

find out what does norepinephrine (NE) does to animals when injected 

epidurally. Electrophysiological recording is used to study what does 

norpeinephrine do to dural afferents. NE is also tested in dural fibroblast culture; 

incubation of NE induces IL-6 release from dural fibroblast cells. Moreover, 

supernatant collected from dural fibroblast cells which have been treated with 

NE induces headache related pain behavior. These data might suggest that the 

peripheral NE increase will increase the excitability of dural afferents. 

  

4.2. Introduction 

Headache is the fifth leading cause of emergency (EM) visit in United 

States. Migraine as one of the most debilitating type of headache , 3 month 

prevalence of his type of headache and other severe headache in women of the 

most productive age from 18 to 44 is 26.1% and that would make the third 

leading cause for them to visit EM(Smitherman et al.). While many hypothesis 

have been proposed as potential pathophisological mechanism of migraine 

headache, afferents input from the meninges is most likely necessary for the 

initiation of headache(Levy, 2010).Beta blocker is the most widely used 

prophylactic drugs for migraine patients, though the  exact mechanism of how it 

works is not clear(Silberstein, 2006). It is known for a long time that cranial dura 
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mater are densly innervated by sympatheic efferents from superior cervical 

ganglion(Keller et al., 1989). The sympathetic innervation of the meninges is 

probably important contributing to headache pathophysiology. However, it is 

not sure how does sympathetic afferents contribute to headache 

pathophysiology. NE, the major neurotransmitter from sympathetic efferents has 

been measured in plasma in many clinical works, and there have been 

controversial results from different studies (Hsu et al., 1977, Anthony, 1981, 

Takeshima et al., 1989, Marcus, 1995), however, the plasma NE probably often 

reflect central role of NE not peripherally. The purpose of this study is to 

investigate whether peripheral NE can change the excitability of dural afferents 

and also whether peripheral NE can induce facial allodynia in our clinically 

relevant headache model. We have been previously shown that dural fibroblast 

cells play an active role in headache pathophysiology. So the study also 

investigates how does dural fibroblast cells responds to NE and whether animals 

respond to the supernatant from NE treated dural fibroblast cells. 

 

4.3. Materials and Methods  

4.3.1. Animals 

Male Sprague-Dawley rats (35-100g for dural resident cell culture, 150-

175g for patch clamp studies, 250-300g for behavioral studies) were maintained 

in a climate-controlled room on a 12h light/dark cycle with food and water ad 

libitum. All procedures were performed in accordance with the policies and 

recommendations of the International Association for the study of Pain, the 

National Institutes of Health guidelines for handling and use of laboratory 
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animals, and were approved by the Institutional Animal Care and Use 

Committee of the University of Arizona. 

 

4.3.2. Surgery 

4.3.2.1. Retrograde tracer injection 

Dural afferents were identified as previously described [39]. Briefly, seven 

days prior to sacrifice, animals were anesthetized with a combination of 

ketamine and xylazine (80 mg/kg and 12 mg/kg; Sigma-Aldrich), and two holes 

(3mm in diameter) were made in the skull. 5μl of Fluorogold (4% in SIF: 

synthetic-interstitial fluid) was then applied onto the dura. A small piece of 

gelfoam was retained in the hole to increase absorption of dye and prevent dye 

spread out of the holes. The holes were covered with bone wax to prevent tracer 

leakage. Immediately postoperatively, animals received a single subcutaneous 

injection of gentamicin (8 mg/kg) to minimize infection. Undamaged dura at the 

injection sites was evaluated at the time the animals were sacrificed and only 

data from animals with intact dura and no signs of damage were used for further 

analysis. 

4.3.2.2. Dura cannulation 

Dura cannulae were implanted as previously described. [39]. Animals 

were anesthetized with a combination of ketamine and xylazine (80 mg/kg and 

12 mg/kg; Sigma–Aldrich). A 2 cm incision was made to expose the skull. A 1 

mm hole (above the transverse sinus; 2 mm left of sagittal suture and 2 mm 

anterior to lambdoid suture) was made with a hand drill (Plastics One) to 

carefully expose the dura. A guide cannula (Plastics One), designed to extend 0.5 

mm from the pedestal to avoid irritation of the dural tissue, was inserted into the 
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hole and sealed into place with glue. Two additional 1 mm holes were made 

rostrally to the cannula to receive stainless-steel screws (Small Parts), and dental 

acrylic was used to fix the cannula to the screws. A dummy cannula (Plastics 

One) was inserted to ensure patency of the guide cannula. Immediately 

postoperatively, animals received a single subcutaneous injection of gentamicin 

(8 mg/kg) to minimize infection. Rats were housed separately after surgery and 

allowed 6–8 days of recovery. 

 

4.3.3. Cell culture 

4.3.3.1. Trigeminal ganglion culture for electrophysiology 

Seven days following fluorogold application, trigeminal ganglia (TG) 

were removed, enzymatically treated, and mechanically dissociated as 

previously described [36; 39]. Rats were anesthetized with isoflurane (Phoenix 

Pharmaceuticals) and sacrificed by decapitation. The TG were removed and 

placed in ice-cold Hanks balanced-salt solution (HBSS, divalent free). Ganglia 

were cut into small pieces and incubated for 25 min in 20 U/ml Papain 

(Worthington) followed by 25 min in 3 mg/ml Collagenase Type II 

(Worthington). Ganglia were then triturated through fire-polished Pasteur 

pipettes and plated on poly-D-lysine (Becton Dickinson) and laminin (Sigma)-

coated plates. After several hours at room temperature to allow adhesion, cells 

were cultured in a room-temperature, humidified chamber in Liebovitz L-15 

medium supplemented with 10% FBS, 10 mM glucose, 10 mM HEPES and 50 

U/ml penicillin/streptomycin. Cells were used within 24 h post plating. 
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4.3.2.2. Dural fibroblast cell culture 

Rats were anesthetized with isoflurane and sacrificed by decapitation. The 

dura mater from 6 animals were removed and placed in ice-cold HBSS. Dura 

mater were cut into small pieces and incubated in collagenase A (1 mg/ml, 

Roche) and collagenase D (1 mg/ml, Roche) with papain (30 U/ml, Roche) for 40 

to 50min. To eliminate debris, 70 μm cell strainers (BD Biosciences) were used. 

The dissociated cells were resuspended in DMEM/F12 (Invitrogen) containing 1× 

pen-strep (Invitrogen), 1× GlutaMax and 10% fetal bovine serum (Hyclone). The 

cells were plated in one 6-well plate (BD Falcon) and incubated at 37°C in a 

humidified 95% air/5% CO2 incubator. Cultures were maintained in media until 

time of treatment. Dural fibroblasts were plated at a density that would achieve 

confluency by day 3 post-plating. 

 

4.3.4. Fibroblast-conditioned media collection 

Confluent cultures of dural fibroblasts were treated with 10 μM NE 

(Sigma) or vehicle for 1 hour. After treatment, cells were washed 3 times with 

media to remove the NE. Next, 500 µ l of media (DMEM/F12 with 1X GlutaMax) 

was added to the dishes to collect factors released from fibroblasts. The media 

was kept in the culture dishes for 12 hours and then collected. Samples were 

dialysised to remove salt and lyophilized to pellet and kept in -20 °C degree for 

behavior or ELISA. 

 

4.3.5. Western Blotting 

The confluent dural fibroblasts culture was washed in DMEM/F12 for 30 

min before treatment. NE (10 µM )was applied to the culture for 15 min and then 
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protein was extracted from cells in lysis buffer (50 mM Tris HCl, 1% Triton X-

100, 150 mM NaCl, and 1 mM EDTA at pH 7.4) containing protease and 

phosphatase inhibitor mixtures (Sigma) with an ultrasonicator on ice, and 

cleared of cellular debris and nuclei by centrifugation at 14,000 RCF for 15 min at 

4°C. Fifteen micrograms of protein per well were loaded and separated by 

standard 7.5% or 10% SDS-PAGE. Proteins were transferred to Immobilon-P 

membranes. Blots were incubated with primary antibody overnight at 4°C and 

detected the following day with appropriate secondary antibodies. Signal was 

detected by ECL on chemiluminescent films. Densitometric analyses were 

performed with Image J software (NIH). 

 

4.3.6. Calcium Imaging 

On day 2 after placing, dural fibroblasts cultures were loaded with 5 µM 

Fura-2 (Invitrogen) in DMEM/F12 for 45min at 37°C in a humidified 95% air/5% 

CO2 incubator and then changed to DMEM/F12 and kept in CO2 incubator for 15 

min before imaging. Cultures were loaded with extracellular bath on imaging. 

Baseline bath, NE in bath and positive control 100 µM ATP in bath were rapidly 

changed during recordings using gravity-fed flow pipes positioned near the cell 

and controlled by computer driven solenoid valves.  

 

4.3.7. Electrophysiology 

Whole cell patch-clamp experiments were performed on isolated rat TG 

using a MultiClamp 700B (Axon Instruments) patch-clamp amplifier and 

pClamp 10 acquisition software (Axon Instruments). Recordings were sampled 

at 5 kHz and filtered at 1 kHz (Digidata 1322A, Axon Instruments). Pipettes (OD: 
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1.5 mm, ID: 0.86 mm, Sutter Instruments) were pulled using a P-97 puller (Sutter 

Instruments) and heat polished to 2.5 – 4 MΩ resistance using a microforge (MF-

83, Narishige). Series resistance was typically < 7 MΩ and was compensated 60-

80%. All recordings were performed at room temperature. A Nikon TE2000-S 

Microscope equipped with a mercury arc lamp (X-Cite®  120) was used to 

identify FG-labeled dural afferents. Data were analyzed using Clampfit 10 

(Molecular Devices) and Origin 8 (OriginLab). Cell sizes were not significantly 

different among groups (LPS: 44.39 ± 4.59 pF vs Vehicle: 44.76 ± 4.02 pF vs LPS 

cell free:47.98± 3.89 pF, p > 0.05). The pipette solution contained (in mM) 140 KCl, 

11 EGTA, 2 MgCl2, 10 NaCl, 10 HEPES, 2 MgATP, and 0.3 Na2GTP, 1CaCl2 pH 

7.3 (adjusted with N-methyl glucamine), and was ~ 315 mosM. External solution 

contained (in mM) 135 NaCl, 2 CaCl2, 1 MgCl2, 5 KCl, 10 Glucose, 10 HEPES, pH 

7.4 (adjusted with N-methyl glucamine), and was ~ 300 mosM. Freshly thawed 

supernatant (600µl) was put on the TG culture for 15min and then replaced with 

bath solution before recording(Yan et al., 2012). Fluorogold positive neurons 

were identified and patched immediately after replacement of supernatant with 

bath. 

 

4.3.8. Behavioral testing 

Behavioral testing methods were as described previously [36; 39].  Rats 

were acclimated to suspended Plexiglas chambers (30 cm long × 15 cm wide × 20 

cm high) with a wire mesh bottom (1 cm2). Ten microliters of vehicle or testing 

solution was injected through an injection cannula (Plastics One) cut to fit the 

guide cannula. Withdrawal thresholds to probing of the face and hind-paws 

were determined at 1-h intervals after administration. A behavioral response to 
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calibrated von Frey filaments applied to the midline of the forehead, at the level 

of the eyes, was indicated by a sharp withdrawal of the head. Paw withdrawal 

(PW) thresholds were determined by applying von Frey filaments to the plantar 

aspect of the hind-paws, and a response was indicated by a withdrawal of the 

paw. The withdrawal thresholds were determined by the Dixon up–down 

method. Maximum filament strengths were 8 and 15 gm for the face and hind-

paws, respectively. 

 

4.3.9. ELISA 

Confluent dural fibroblasts were stimulated with NE for 1 hour and 

conditioned media collected as described above with the following exceptions for 

time course studies. First, media containing NE was discarded, cells are then 

washed 3 times with media, 500 µ l media was again added to the dishes for 12 

hours and collected. Conditioned media collected from dural fibroblasts cultures 

was centrifuged at 4 degrees for 15 min at 16,000 x g to remove any debris or 

dead cells and transferred to a fresh tube and used as samples. A rat IL-6 DuoSet 

ELISA Development SYSTEM (R & D Systems) was used for detecting the IL-6 

level in the conditioned media. . The content of IL-6 from NE treated supernatant 

is significant compared to vehicle but not enough to produce a behavior 

response, so we dialysis the supernatant to desalt the sample and lyophyilized, 

resuspend the pellet in 100 µ l to concentrating the protein. Assay procedures 

were performed according to manufacturer’s instructions provided. Briefly, 96 

well plates (Nunc) were coated with 100µl of capture antibody at 4 ° C overnight 

and washed 3 times with wash buffer (0.05% Tween 20 in PBS) the next day. 

Plates were blocked with 1% BSA for 2 hours at room temperature and again 
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washed 3 times with wash buffer. 100µL of standards or samples were 

immediately added to the wells and incubated at 4 °C overnight. On the third 

day, samples and standards were removed and plates were washed 3 times with 

wash buffer. 100µl of the detection antibody was added to the wells and 

incubated at 4 °C overnight. On the forth day, plates were washed 3 times with 

wash buffer and Streptavidin-HRP was added to the wells and incubated for 

20min at room temperature followed by 5 washes with wash buffer. The 

substrate solution was added and incubated for 10 min. 50µl of stop solution 1N 

HCl was added to stop the reaction and the plates were read at 450 nm with 

correction of 570 nm. 

 

4.3.10. Data analysis 

All data are presented as means ± SEM unless otherwise noted. Behavioral 

studies among groups and across time were analyzed by two-factor ANOVA. 

Data were converted to area over the time-effect curve.  

 

4.3.11. Drugs 

Fluorogold (Fluorochrome, LLC) was dissolved in SIF (pH 7.4, 310 Osm) 

to 4%. Disodium ATP was from Sigma. L-ascorbic acid and Norepinephrine was 

from Sigma. 

 

4.4. Results 
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4.4.1. Cutaneous allodynia following application of NE wthin the dura 

In order to determine whether NE can produce headache-like responses in 

vivo, a preclinical in vivo migraine model was used to evaluate the effects of NE 

on mechanical allodynia of the face and hindpaws. Application of NE (30 μM) to 

the dura produced a significant time dependent and reversible decrease in 

withdraw thresholds to tactile stimulus applied to the face and the hindpaws 

(Fig 1 A and B) compared with Vehicle in pH 7.4 SIF. The maximum effect 

occurred at 2 hours which is consistent with many stimulus we applied to the 

dura in our laboratory (Wei et al., 2011, Yan et al., 2011, Edelmayer et al., 2012, 

Yan et al., 2012). Lower dose of NE (10 μM) also produced significant reduction 

in withdraw thresholds to tactile stimulus applied to the hindpaw but not 

significant to the face. NE (1μM) does not produce reductions in withdraw 

thresholds in both hindpaw and face in response to tactile stimulus (Figure 1 C 

and D). 

 

4.4.2. NE treatment sensitize dural afferents 

To explore whether cutaneous allodynia induced by NE in animals are 

due to sensitization of dural afferents, we examined whether NE treatment in 

vitro will sensitize dural afferents. Retrogradely-labeled trigeminal neurons in 

vitro (i.e. identified dural afferents) were selected for patch clamp experiments. 

Slow ramp currents from 0.1 to 0.7 nA with a ∆ = 0.2 nA were injected to cell size 

(30-50pf) over 1s to mimic slow depolarization. Dural afferents treated for 15 min 

before recording with NE showed a significant increase (p<0.005) in the number 

of spikes compared to dural afferents treated for the same amount of time with 

vehicle (Figure 2).  Another slow ramp currents from 0.5 to 2.5Na with a ∆ = 0.5 
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nA were injected over 1s to cell size (>50pf). These population of Dural afferents 

treated with NE 15 min before recording also showed a significant increase 

(p<0.05) in the number of spikes compared to vehicle treated ones. 

 

4.4.3. NE induces extracellular signal-related protein kinase 1/2 (ERK1/2) in 

dural fibroblasts culture 

To investigate whether there is functional adrenergic receptor on the dural 

fibroblasts, NE (10 µM) was applied to dural fibroblasts culture for 15 min and 

phosphoralation of ERK 1/2 levels were examined using western blotting. 

Cultures treated with NE showed significant (p<0.001) increase in pERK/tERK 

compared to vehicle treated group.  

 

4.4.4.NE increase intracellular calcium 

We then examined whether NE induces calcium influx in dural fibroblasts 

using Fura-2 based ratiometric imaging. Application of NE (10 µM) to dural 

fibroblsts produced an increase in intracellular calcium in a subpopulation of 

dural fibroblasts (78%, 57 out of 73) (Figure 3A). ATP was used as a positive 

control as ATP increases intracellular calcium in many dural fibroblasts (90%, 66 

out of 73) and this stimulus was used to assess whether dural fibroblasts were 

still viable at the end of each experiment. The increase in the fluorescence ratio 

before and after application of different media was calculated for each cell tested. 

Delta F340/F380 ≤0.02 is set as negative response. The calcium response of all the 

dural fibroblasts tested with NE was compared to baseline and positive control 

ATP (Fig 3B, p<0.001).  These results, together with the western blotting studies 

described above, indicate that dural fibroblasts treated with NE release 
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mediators like IL-6 through activation of pERK and/or increase in intracellular 

calcium. 

 

4.4.5. Dural fibroblasts release interleukin-6 (IL-6) in response to stimulation 

with NE 

We have shown previously that IL-6 sensitizes dural afferents in vitro and 

produces cutaneous allodynia when applied to the dura in vivo(Yan et al., 2012).  

We next asked whether IL-6 is one potential mediator released from dural 

fibroblasts after stimulation with NE based on the fact that dural fibroblasts 

respond to NE by increasing pERK and increase of intracellular calcium. It is well 

known in many other cell types that ERK pathway is involved in IL-6 

production. Application of NE to dural fibroblasts produced a time-dependent 

increase in the presence of IL-6 in the conditioned media as measured by ELISA 

(Figure 5).  After 1 hr of NE treatment, there was little to no IL-6 release in both 

vehicle-treated and NE-treated dural fibroblasts cultures. However, after 12 hrs 

of stimulation, there is significant IL-6 release from the cells in the NE-treatment 

group but not in the vehicle-treated group. Thus, IL-6 is among the mediators 

released from dural fibroblasts and may contribute to the activating/sensitizing 

effects of conditioned media observed on dural afferents in vitro and to the 

cutaneous allodynia in the behavioral studies.   

 

4.4.6.NE treated supernatent induce cutaneous allodynia 

In order to determine whether cultured dural fibroblasts release mediators 

that can produce headache-like responses in vivo, the same model of Figure 1 

was used to evaluate the effects of conditioned media on mechanical allodynia of 
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the face and hindpaws.  Application of media from NE-treated dural fibroblasts 

to the dura produced significant time-dependent reductions in withdrawal 

thresholds to tactile stimuli applied to the face or the hind-paws (Figure 6). 

Media from vehicle-treated dural fibroblasts did not produce allodynia.  Thus, 

the mediators released from dural fibroblasts can initiate events within the 

meninges that lead to the development of headache-like responses. 

 

4.5. Discussion 

We report in this study that NE, a neurotransmitter from sympathetic 

afferent vesicle, induces headache like behavior in migraine-related headache 

model. We found that dural afferents is sensitized by NE treatment under ramp 

current injection. Therefore we propose that cutaneous allodynia induced by NE 

injection is most likely direct sensitization of dural afferents. In previous work, 

we have identified that resident cell in the dura mater: dural fibroblast can play 

an active role in headache. Here we also found that dural fibroblasts express 

adrenergic receptors that enable them to increase intracellular calcium and 

activate ERK1/2 MAPK when activated by NE. The ERK1/2 signaling pathway 

could cause increased synthesis of IL-6 after NE treatment in isolated dural 

fibroblasts culture based on many study in cardiac fibroblasts(Leicht et al., 2003). 

In previous study, supernatant from LPS treated dural fibroblasts induce 

cutaneous allodynia. We tried the same condition with NE treatment, the 

allodynia induced by NE treated supernatant is not significant. It is possible that 

LPS is an extreme stimulus and under more physiological NE treatment the 

amount of supernatant we were able to inject into an animal is only 10µl from 

500µl collected from 1 well. So we concentrate the supernatant by desalting and 
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lyophilization, the concentrated supernatent from dural fibroblast culture treated 

with NE can now induce significant cutaneous allodynia in our well studied 

behavior model.  

Frequent or severe physiological stressor might change the migraine 

patients’response to normal stimuli. Central sensitization is one of the 

maladaptive changes (Borsook et al., 2012, Maleki et al., 2012).Repeated 

sympathetic firing might also change how patients respond to normal stimuli. In 

this study, dural fibroblasts release IL-6 peaks in a much later time point than the 

behavior time point. It is possible that one stimulus cause the cutaneous 

allodynia by increased afferent input, but it also changes the other cell type in the 

meninges, dural fibroblasts is one of them being changed over time. 

Norepinephrine induces IL-6 release in cardiac fibroblasts and chronic exposure 

to norepinephrine is associated with fibrosis of heart (Akiyama-Uchida et al., 

2002). With frequent sympathetic firing, it is tempting to speculate chronic stress 

chronic exposure to NE in migraine patients is also going to change the local 

extracullar matrix in the meninges expecially dura mater. Whether this could 

happen in migraine patients needs further exploration. It is already known that 

IL-6 can induce headache like behavior, whether the supernatant response is 

induced by IL-6 alone also needs further investigation. 

Many effects have been tried to test sympathetic function in migraine 

patients, many study have found hypofunction of the sympathetic system 

(Takeshima et al., 1989, Cortelli et al., 1991, Gallai et al., 1992, Leistad et al., 2007). 

On the other hand, parasympathetic hyperfunction have also been found in 

migraine patients (Delepine and Aubineau, 1997, Avnon et al., 2003, Yarnitsky et 

al., 2003, Avnon et al., 2004, Schytz et al., 2009). Even though multiple adrenergic 
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receptors complicate the interpretation of NE response, it is well known 

noradrenergic neuron in the Locus Coeruleus is inhibitory to the spinal dorsal 

horn projection neurons.  It is possible that the low level of norepinephrine found 

in these studies is due to less inhibition to the second order neuron in the 

trigeminal caudalus.  

However, in our study, peripheral NE level increase could contribute to 

peripheral sensitization. Stress is one of the most frequent trigger of migraine. It 

is known that stress will activate sympathetic system. Half of chronic migraine 

patients have shown to have post traumatic stress disorder (PTSD) (de Leeuw et 

al., 2005, Peterlin et al., 2008), and there is study showing that PTSD patients 

have increased NE level(Geracioti et al., 2001). It is possible to speculate that NE 

level is changing at different stage of headache and may also change at different 

phase of headache. 

The paradox of hypersympathetic state of stress triggered migraine and 

the fact that migraine patients have lower level of NE could be that fact that 

before migraine attack, patients experience a hyper state of sympathetic firing. 

When the stress is gone, system having low sympathetic tone and high 

parasympathetic firing and thus migraine patents start having attack. 

The highest dose of NE 30 µM used here is derived from neuropathic pain 

model (Moon et al., 1999). It is possible that at this high does, NE could have 

shrinked the vasculature in the meninges. It is not known what is the NE 

concentration under physiological conditions, but the concentration of NE at 

synaptic level could reach micro molar concentration. One study showed that 

intravenous injection of NE does not induce headache (Lindholt et al., 2009), so it 
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seems the vascular response of NE does not account for the headache 

pathophysiology. 

 

4.6. Figures 

 

 

Figure4.1: NE treatment induces hyperexcitability of dural afferents. Dural 

afferents treated with NE (10µM) for 15min show increased numbers of action 

potentials (A) compared with vehicle treated dural afferents (A). Action 

potentials in A-C were elicited by 1 s ramp current injections ranging from 0.1 to 

0.7 nA in 0.2 nA increments as shown in (B) or ranging from 0.5 nA to 2 nA in 0.5 

increments as shown in (C). Differences in the mean numbers of action potentials 

among groups were analyzed by comparing the slopes of the lines for each 

group using linear regression. Dural afferents treated with NE (Red squares, n = 

9 or 10) showed a significant (p<0.0001) increase in the number of action 

potentials compared to vehicle-treated groups (Black circles, n = 8 or 9). 
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Figure4.2: Application of NE to the dura dose dependently elicited cutaneous 

allodynia.  A) Withdrawal thresholds to tactile stimuli applied to the face were 

measured in rats before and for 5 hours after dural application of NE (30µM, 

10µM (not shown) and 1µM) (n = 8) or pH 7.4 SIF (n = 7). B) Data were converted 

to area over the time-effect curve. NE dose-dependently decreased the withdrawl 

threshold both in the face and the hindpaws Significant (**p<0.01, *** p<0.005) 

differences among means for each group were determined by analysis of 

variance followed by Dunnett’s post hoc test. 
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Figure4.3: NE induces ERK signaling in dural fibroblasts. Dural fibroblasts 

culture were treated with 10µM  for 15 min. NE induced pERK /t ERK ratio is 

significantly more (p<0.001) than that of vehicle treated cells. 
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Figure4.4: Application of NE (10 µM) induces intracellular calcium rise on 

dural fibroblasts. (A) 10 µM NE increase intracellular calcium on dural 

fibroblasts. ATP (100 µM) was used as a positive control. (B) Delta ratio of 

F340/F380 indicates NE induces significantly more flurescence change than 

vehicle did. 
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Figure4.5: Dural fibroblasts release IL-6 in response to LPS stimulation. Dural 

fibroblasts cultures were treated with NE (10µM) or vehicle for 1 hour, washed, 

and supernatants were collected for 12 hours. Supernatents were dialysised and 

lyophilized into powder. IL-6 content from Vehicle treated and NE treated group 

were measured by ELISA. Mean IL-6 levels were compared by t-test (*p<0.05). 
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Figure4.6: Application of NE-treated condition media to the dura elicits 

cutaneous allodynia. Withdrawal thresholds to tactile stimuli applied to the face 

(A) and the hind-paws (B) were measured in rats before and immediately after 

dural application of NE-treated condition media (n = 9), vehicle-treated condition 

media (n=8). For both facial and hind-paw responses, two-factor analysis of 

variance indicated that response thresholds of LPS-treated condition media 

treated rats (Red circles) were significantly (facial p<0.05; paw p<0.01) less than 

those treated with vehicle-treated condition media (Black circles). Withdrawal 

thresholds to tactile stimuli were measured for 5 hrs and data were converted to 

area over the time-effect curve (C) and (D).Significant (**p<0.01 *p<0.05) 

differences among means for each group were determined by one way analysis 

of variance. 
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CHAPTER V  

6. DETECTING ACID AND ATP BY DURAL AFFERENTS AND DURAL 

FIBROBLASTS: A ROLE IN MIGRAINE HEADACHE 

 

5.1. Abstract 

Previous works in our laboratory have shown that acid sensing ion 

channel3 (ASIC3) subunit is the molecular sensor of increased extracellular 

protons in the meninges during CSD or mast cell degranulation.  ATP is also 

released during CSD. Muscle afferents have been shown to detect excise 

metabolites: proton, ATP and lactic acid together. This is due to potentiation of 

ASIC3 current by ATP. We hypothesize that the similar event could also happen 

on dural afferents: ASIC3 currents on dural afferents could also be sensitized by 

ATP. Electrophysiological recording confirmed that 68% of ASIC3 currents are 

sensitized by ATP application on dural afferents. Immunohistochemistry and 

Immunocytochemistry experiment indicate that ASIC3 is not only expressed on 

dural afferents, but also expressed on dural fibroblasts. RT-PCR from dural 

tissue and dural fibroblasts culture confirmed the expression of mRNA of ASIC3 

on resident cells within the meninges. Therefore, Acidic solution and ATP are 

also tested in dural fibroblast culture: incubation of pH 6.8 + ATP induce IL-6 

release from dural fibroblast cells as NE does. Moreover, supernatant collected 

from dural fibroblast cells which have been treated with pH 6.8 + ATP also 

induce headache related pain behavior. These data might suggest that the proton 

and ATP work together to sensitize both dural afferents and activate dural 

fibroblasts.  
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5.2. Introduction  

Migraine headache is a relatively high prevalent neural disorder in United 

States. However, the pathophysiological mechanisms that initiating headache 

and maintain high sensitivity among migraine patients is still poorly understood. 

The neurological inflammation within the dura mater has been proposed to be 

fundamental to the pathogenesis of migraine headache. Cortical spreading 

depression (CSD) is generally accepted as the neurological basis of visual aura in 

migraine. CSD results in release of excitatory and inflammatory molecules 

including protons, potassium (K) ions, glutamate, prostaglandins, nitric oxides 

and adenosine 5’-triphosphate (ATP).  

One of these excitatory molecules, proton, our laboratory had shown that 

even small decreases of extracellular pH by increased proton level were able to 

directly excite dural afferents via activation of ASIC3 (Yan et al., 2011, Yan et al., 

2013). Besides CSD, mast cells in the dura mater could also releasing acidic 

granular content during migraine attack(De Young et al., 1987). So we want to 

identify the expression pattern of ASIC3 in dura mater to help in understanding 

the ASIC3 positive neurons in relationship with neighboring cells within the 

dura. 

Another interesting molecule from CSD is ATP. An early study had 

showed that ATP enhances CGRP release via P2Y receptor and secondary PGE2 

release in isolated Dura mater (Zimmermann et al., 2002).Another study also 

shown that ATP lowered the activation threshold of trigeminal neurons in 

response to K ions, repressed stimulated CGRP release. Dihydroergotamine 

(DHE), an extensively used anti migraine drugs are able to reduce the lowering 

effect of ATP by activation of α2 receptors and decrease P2X3 receptor 



103 

expression (Masterson and Durham, 2010). Naproxen, a common NSAID drug 

for migraine headache, could inhibit P2X3 by facilitate the fast desensitization of 

the channel and decrease the α,β-metheleyen ATP induced calcium 

increase(Hautaniemi et al., 2012). Further, based on the study that muscle 

afferents coincidently detecting acid and ATP together by channel-channel 

interaction (Birdsong et al., 2010), we would like to test whether ATP also 

increase dural afferents amplitude in vitro and alter the threshold of pH-evoked 

response in vivo.  

Based on our findings from the Immunohistochemistry staining of the 

whole dura mater, we found that other cell type within the dura also stained by 

ASIC3. After confirmed by RT-PCR and ICC staining, we confirmed that dural 

fibroblasts also express functional ASIC3 channels. Therefore, besides looking at 

dural afferents in response to mild pH and ATP, we also looked at both these 

molecules effect on dural fibroblasts and propose these could also play a role in 

headache pathophysiology. 

 

5.3. Materials and Methods 

5.3.1.Animals 

Adult, male Sprague Dawley rats (35-50g for dural fibroblasts culture, 

200-300g for patch clamp and  behavior) were maintained in a climate-controlled 

room on a 12h light/dark cycle with food and water ad libitum. All procedures 

were performed in accordance with the policies and recommendations of the 

International Association for the study of Pain, the National Institutes of Health 

guidelines for handling and use of laboratory animals, and by the Institutional 

Animal Care and Use Committee of the University of Arizona. 
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5.3.2. Surgery 

5.3.2.1. Tracer Injection 

Dural afferents were identified as previously described (Yan et al., 2011). Briefly, 

seven days prior to the sacrifice, animals were anesthetized. Under a dissecting 

microscope, two holes (3 mm in diameter) were made in the skull using a Dremel 

Multipro 395 fitted with a dental drill bit (Stoelting) leaving a thin layer of bone 

at the bottom of the hole. Fine forceps were used to carefully remove the 

remaining bone and expose but not damage the dura. Five (5) μl Fluorogold (4% 

in SIF: synthetic-interstitial fluid) was then applied onto the dura. A small piece 

of gelfoam was retained in the hole to increase absorption of dye and prevent 

dye spread out of the holes. The holes were covered with bone wax to prevent 

tracer leakage. Immediately postoperatively, animals received a single 

subcutaneous injection of gentamicin (8 mg/kg) to minimize infection. Only 

animals with intact dura were used for further experiments. 

 

5.3.2.2. Dura cannulation 

Dural cannulae were implanted as previously described (Yan et al., 2011). 

Animals were anesthetized with a combination of ketamine and xylazine (80 

mg/kg and 12 mg/kg; Sigma–Aldrich). A 2 cm incision was made to expose the 

skull. A 1 mm hole (above the transverse sinus; 2 mm left of sagittal suture and 2 

mm anterior to lambdoid suture) was made with a hand drill (Plastics One) to 

carefully expose the dura. A guide cannula (Plastics One), designed to extend 0.5 

mm from the pedestal to avoid irritation of the dural tissue, was inserted into the 

hole and sealed into place with glue. Two additional 1 mm holes were made 

rostrally to the cannula to receive stainless-steel screws (Small Parts), and dental 
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acrylic was used to fix the cannula to the screws. A dummy cannula (Plastics 

One) was inserted to ensure patency of the guide cannula. Immediately 

postoperatively, animals received a single subcutaneous injection of gentamicin 

(8 mg/kg) to minimize infection. Rats were housed separately and allowed 6–8 

days of recovery. 

 

5.3.3. Immunohistochemistry and Immunocytochemistry 

Rats were deeply anesthetized with ketamine and xylazine (80 mg/kg and 

10 mg/kg,respectively), transcardially perfused with 200 mL PBS (pH 7.4) and 

then fixed with 500 mL of 2% formalin/12.5% picric acid in PBS (pH 7.4). Dura 

mater were removed intact from xx to xx and postfixed in 2% formalin/12.5% 

picric acid in PBS (pH 7.4) for an hour. Dura mater were washed 3 x times with 

PBS and then cut into small pieces around 0.5mm X 0.5mm. Small pieces dura 

were freely float in 2% NGS +0.5% triton in PBS in a mesh holder in 12 well plate 

for more than 3 hours for blocking and permeablization. The primary antibody 

rabbit ASIC3 were diluted 1:500 in the same blocking solution. Dura pieces were 

incubated overnight in primary antibody followed by a 1-hour incubation in an 

antirabbit secondary antibody conjugated to AlexaFluor 488 (Invitrogen), 

mounted in Slowfade (Invitrogen) and coverslipped. Sections were visualized 

using an Olympus BX51 upright microscope and acquired using HC image 

software. 

Dura fibroblasts cultures were plated in a glass coverslip. Then they were 

washed with PBS once and then fixed with 1:1 methanol/acetone for 5 min. After 

wash with PBS 2 times, they were put in blocking solution 10%NGS in PBS for 

more than 2 hours and then incubated in primary ASIC3 and vimentin 
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overnight. Coverslips were washed 5 times for 30 min and then subject to 1 hour 

incubation in secondary antibody. Coverslip were again washed 6 times for 

30min and mounted in Fluoro-Gel with Tris buffer (Electron Microscopy 

Sciences), and coverslipped.  

 

5.3.4. Cell culture 

 

5.3.4.1. Trigeminal ganglion culture for electrophysiology 

Seven days following fluorogold application, trigeminal ganglia (TG) were 

removed, enzymatically treated, and mechanically dissociated as previously 

described [36; 39]. Rats were anesthetized with isoflurane (Phoenix 

Pharmaceuticals) and sacrificed by decapitation. The TG were removed and 

placed in ice-cold Hanks balanced-salt solution (HBSS, divalent free). Ganglia 

were cut into small pieces and incubated for 25 min in 20 U/ml Papain 

(Worthington) followed by 25 min in 3 mg/ml Collagenase Type II 

(Worthington). Ganglia were then triturated through fire-polished Pasteur 

pipettes and plated on poly-D-lysine (Becton Dickinson) and laminin (Sigma)-

coated plates. After several hours at room temperature to allow adhesion, cells 

were cultured in a room-temperature, humidified chamber in Liebovitz L-15 

medium supplemented with 10% FBS, 10 mM glucose, 10 mM HEPES and 50 

U/ml penicillin/streptomycin. Cells were used within 24 h post plating. 

 

5.3.4.2. Dural fibroblast cell culture 

Rats were anesthetized with isoflurane and sacrificed by decapitation. The dura 

mater from 6 animals were removed and placed in ice-cold HBSS. Dura mater 
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were cut into small pieces and incubated in collagenase A (1 mg/ml, Roche) and 

collagenase D (1 mg/ml, Roche) with papain (30 U/ml, Roche) for 40 to 50min. To 

eliminate debris, 70 μm cell strainers (BD Biosciences) were used. The dissociated 

cells were resuspended in DMEM/F12 (Invitrogen) containing 1× pen-strep 

(Invitrogen), 1× GlutaMax and 10% fetal bovine serum (Hyclone). The cells were 

plated in one 6-well plate (BD Falcon) and incubated at 37°C in a humidified 95% 

air/5% CO2 incubator. Cultures were maintained in media until time of 

treatment. Dural fibroblasts were plated at a density that would achieve 

confluency by day 3 post-plating. 

 

5.3.5. Fibroblast-conditioned media collection: 

Confluent cultures of dural fibroblasts were treated with 10 μM NE 

(Sigma) or vehicle for 1 hour. After treatment, cells were washed 3 times with 

media to remove the NE. Next, 500 µ l of media (DMEM/F12 with 1X GlutaMax) 

was added to the dishes to collect factors released from fibroblasts. The media 

was kept in the culture dishes for 12 hours and then collected. Samples were 

dialysised to remove salt and lyophilized to pellet and kept in -20 °C degree for 

behavior or ELISA. 

 

5.3.6. Western Blotting 

The confluent dural fibroblasts culture was washed in DMEM/F12 for 30 

min before treatment. NE (10 µM )was applied to the culture for 15 min and then 

protein was extracted from cells in lysis buffer (50 mM Tris HCl, 1% Triton X-

100, 150 mM NaCl, and 1 mM EDTA at pH 7.4) containing protease and 

phosphatase inhibitor mixtures (Sigma) with an ultrasonicator on ice, and 



108 

cleared of cellular debris and nuclei by centrifugation at 14,000 RCF for 15 min at 

4°C. Fifteen micrograms of protein per well were loaded and separated by 

standard 7.5% or 10% SDS-PAGE. Proteins were transferred to Immobilon-P 

membranes. Blots were incubated with primary antibody overnight at 4°C and 

detected the following day with appropriate secondary antibodies. Signal was 

detected by ECL on chemiluminescent films. Densitometric analyses were 

performed with Image J software (NIH). 

 

5.3.7. Electrophysiology 

Whole cell patch-clamp experiments were performed on isolated rat TG 

using a MultiClamp 700B (Axon Instruments) patch-clamp amplifier and 

pClamp 10 acquisition software (Axon Instruments). Recordings were sampled 

at 5 kHz and filtered at 1 kHz (Digidata 1322A, Axon Instruments). Pipettes (OD: 

1.5 mm, ID: 0.86 mm, Sutter Instrument) were pulled using a P-97 puller (Sutter 

Instrument) and heat polished to 2.5 – 4 MΩ resistance using a microforge (MF-

83, Narishige). Series resistance was typically < 7 MΩ and was compensated 60%. 

All recordings were performed at room temperature. A Nikon TE2000-S 

Microscope equipped with a mercury arc lamp (X-Cite®  120) was used to 

identify FG-labeled dural afferents. Data were analyzed using Clampfit 10 

(Molecular Devices) and Origin 8 (OriginLab). Pipette solution contained (in 

mM) 140 KCl, 11 EGTA, 2 MgCl2, 10 NaCl, 10 HEPES, 2 MgATP, and 0.3 

Na2GTP, 1CaCl2 pH 7.3 (adjusted with N-methyl glucamine), and was ~ 315 

mosM. External solution contained (in mM) 135 NaCl, 2 CaCl2, 1 MgCl2, 5 KCl, 

10 Glucose, 10 HEPES, pH 7.4 (adjusted with N-methyl glucamine), and was ~ 

300 mosM. Hypotonic solution contained (in mM) 88 NaCl, 2 CaCl2, 1 MgCl2, 5 
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KCl, 10 HEPES, pH 7.4 (adjusted with N-methyl glucamine), and was ~ 200 

mosm or was ~260 mosm following the addition of 60 D-Mannitol. Isotonic 

solution contained (in mM) 88 Nacl, 2 CaCl2, 1 MgCl2, 5 KCl, 106 D-Mannitol, 10 

HEPES, pH 7.4 (adjusted with N-methyl glucamine), and was 300 mosm. Isotonic 

solution (with equimolar Na+ concentration to the hypotonic solution) was 

applied to obtain a stable baseline before changing to hypotonic solution. 

Solutions were rapidly changed during recordings using gravity-fed flow pipes 

positioned near the cell and controlled by computer driven solenoid valves 

(Automate scientific, valvelink 8.2). The solution exchange time was ~ 20 ms. The 

application time of TRPV4 activators is 1 minute. A cutoff of 50pA was selected 

as minimum amplitude for response for both the TRPV4 activators. 

 

5.3.8. Behavior testing 

Cutaneous allodynia measurements were performed as previously 

described (Edelmayer et al., 2009, Yan et al., 2011).  Rats were acclimated to 

suspended Plexiglas chambers (30 cm long _ 15 cm wide _ 20 cm high) with a 

wire mesh bottom (1 cm2). Ten microliters of vehicle or testing solution was 

injected through an injection cannula (Plastics One) cut to fit the guide cannula. 

Withdrawal thresholds to probing the face and hind-paws were determined at 1-

h intervals after administration. A behavioral response to calibrated von Frey 

filaments applied to the midline of the forehead, at the level of the eyes, was 

indicated by a sharp withdrawal of the head. Paw withdrawal (PW) thresholds 

were determined by applying von Frey filaments to the plantar aspect of the 

hind-paws, and a response was indicated by a withdrawal of the paw. The 

withdrawal thresholds were determined by the Dixon up–down method. 
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Maximum filament strengths were 8 and 15 gm for the face and hind-paws, 

respectively. 

 

5.3.9. ELISA 

Confluent dural fibroblasts were stimulated with NE for 1 hour and 

conditioned media collected as described above with the following exceptions for 

time course studies. First, media containing NE was discarded, cells are then 

washed 3 times with media, 500 µ l media was again added to the dishes for 12 

hours and collected. Conditioned media collected from dural fibroblasts cultures 

was centrifuged at 4 degrees for 15 min at 16,000 x g to remove any debris or 

dead cells and transferred to a fresh tube and used as samples. A rat IL-6 DuoSet 

ELISA Development SYSTEM (R & D Systems) was used for detecting the IL-6 

level in the conditioned media. . The content of IL-6 from NE treated supernatant 

is significant compared to vehicle but not enough to produce a behavior 

response, so we dialysis the supernatant to desalt the sample and lyophyilized, 

resuspend the pellet in 100 µ l to concentrating the protein. Assay procedures 

were performed according to manufacturer’s instructions provided. Briefly, 96 

well plates (Nunc) were coated with 100µl of capture antibody at 4 ° C overnight 

and washed 3 times with wash buffer (0.05% Tween 20 in PBS) the next day. 

Plates were blocked with 1% BSA for 2 hours at room temperature and again 

washed 3 times with wash buffer. 100µL of standards or samples were 

immediately added to the wells and incubated at 4 °C overnight. On the third 

day, samples and standards were removed and plates were washed 3 times with 

wash buffer. 100µl of the detection antibody was added to the wells and 

incubated at 4 °C overnight. On the forth day, plates were washed 3 times with 
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wash buffer and Streptavidin-HRP was added to the wells and incubated for 

20min at room temperature followed by 5 washes with wash buffer. The 

substrate solution was added and incubated for 10 min. 50µl of stop solution 1N 

HCl was added to stop the reaction and the plates were read at 450 nm with 

correction of 570 nm. 

 

5.3.10. Data analysis 

All data are presented as means ± SEM unless otherwise noted. Behavioral 

studies among groups and across time were analyzed by two-factor ANOVA. 

Data were converted to area over the time-effect curve. 

 

5.3.11. Solutions 

Fluorogold was purchased from Fluorochrome, LLC, and dissolved in 

synthetic interstitial fluid (SIF:pH 7.4, 310 mosm) to 4%. ATP ( Adenosine 5’- 

triphosphate disodium salt hydrate) is from Sigma. 

 

 

5.4. Results 

5.4.1. ASIC3 like currents in dural afferents can be sensitized by extracellular 

ATP 

Whole cell patch clamp recording were performed on retrograde labeled 

afferents of the dura mater. As demonstrate previously, 80% of dural afferents 

respond to pH 6.8. A 5s step from pH 7.4 to pH 6.8 in a representative dural 

afferents evoked an inward current. After establishing the amplitude of the 

ASIC3 like currents in a given cell, 50µM of ATP were applied near the cell in the 
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external solution for 60s. ATP activate P2X ion channel and P2Y G-protein 

coupled receptor. After the ATP evoked inward currents stopped, the same 5s 

step from pH 7.4 to pH 6.8 produces twice as much as the amplitude inward 

current than the current before ATP application. This phenomenon is in 

accordance with what have been demonstrate in muscle afferents. Keep washing 

away ATP using normal external solution and continue to record the pH 6.8 

currents revealed that the sensitization of ASIC3 like current returned to baseline 

after several minutes of washing. It was proposed that this is a channel-channel 

interaction. 

 

5.4.2. Cutaneous allodynia is induced by the combination of pH 6.8 and ATP but 

not by pH 6.8 alone or the same concentration of ATP alone 

Previous work in our lab has showed that pH 6.8 alone is not sufficient to 

produce allodynia. 100mM ATP incteion alone also did not produce allodynia. 

Coapplication of sub-threshold 100mM ATP with pH 6.8 significantly decreased 

facial withdrawl threshold compared with pH 7.4 SIF application. 

 

5.4.3. Dural afferents and dural fibroblasts express ASIC3 immunoreactivity (IR) 

in whole dura mater preparation 

Within the whole mount dura mater, the nerve fibers showing ASIC3 

immunoreactivity were observed both around the middle meningeal artery and 

away from the blood vessels. ASIC3-IR was mostly detected on thick nerve 

fibers. Double labeling with CGRP antibody indicate most ASIC3-IR was 

colocalized with CGRP-IR which suggest these ASIC3-IR fibers are sensory 

afferents. Besides nerve fibers, cell-shaped ASIC3 IR was also shown sparsely 
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within the dura mater. These cells are most likely dural fibroblasts based on the 

spindle shape. It is interesting to find ASIC3 IR fibroblasts have various 

locations, they are close to blood vessel (Fig5.3. E), they are on the border of big 

nerve buddles (Fig5.3.F), or they just stay by themselves (Fig5.3.).   

 

5.4.4. Dural fibroblast culture expresses ASIC3-IR. 

Dural fibroblasts were cultured form dura mater and 60% confluent cell 

culture was used for immunocytochemmistry. Most cells are expressed ASIC3-

IR. Double labeling of cells with Vimentin showed almost all cells are expressed 

Vimentin-IR. 

 

5.4.5.Dura mater and Dural fibroblast culture express ASIC3 mRNA 

Immunohistochemistry and Immunocytochemistry results suggest ASIC3 

proteins are expressed on dural tissue and dural fibroblasts culture. To further 

confirm and avoid false positive staining possibility, we did reverse transcription 

polymerase chain reaction. Both dura mater and dural fibroblasts culture 

expresses ASIC3 mRNA. This suggests dura fibroblasts are able to make ASIC3 

channels. 

 

5.4.6. Dural fibroblasts respond to acid and ATP by expressing functional 

channels 

To explore whether dural fibroblasts might respond to extracellular acid 

and ATP, we applied ATP, α,β-methylene ATP (α,β-MeATP) and pH 6.0 

solutions. Among xx dural fibroblasts from xx rats, xx% also exhibited ASIC-like 

pH 6-evoked currents. ATP evoked currents in xx% of dural fibroblasts (). 
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However, α,β-MeATP did not evoked currents. It suggested that extracellular 

ATP and pH changes not only can be detected by dural afferents are we previous 

suggested but also can influencing dural fibroblast during migraine attack. 

 

6.1.1. Dural fibroblasts respond to pH 6.8, GMQ and 

ATP by increasing extracellular signal-related protein 

kinase 1/2 (ERK1/2) 

To investigate whether  acid and ATP could activate the proliferative 

signaling pathway on the dural fibroblasts, pH 6.8, GMQ and ATP was applied 

to dural fibroblasts culture for 15 min and phosphoralation of ERK 1/2 levels 

were examined using western blotting. Cultures treated with pH 6.8, GMQ and 

ATP all showed significant (p<0.001) increase in pERK/tERK compared to vehicle 

treated group.  

 

 

5.4.7. Dural fibroblast culture respond to pH 6.8 plus ATP by increasing release 

of IL-6 

We have shown previously that IL-6 sensitizes dural afferents in vitro and 

produces cutaneous allodynia when applied to the dura in vivo(Yan et al., 2012).  

Previous work has shown that Norepinephrine treated dural fibroblast culture 

release IL-6. It is possible other noxious stimulus will also induce IL-6 from dural 

fibroblasts. Application of pH 6.8 plus 100µM ATP to dural fibroblasts produced 

a time-dependent increase in the presence of IL-6 in the conditioned media as 

measured by ELISA (Figure 8).  After 1 hr of pH 6.8 plus 100µM ATP treatment, 

there was little to no IL-6 release in both vehicle-treated and pH 6.8 plus 100µM 
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ATP -treated dural fibroblasts cultures. However, after 12 hrs of stimulation, 

there is significant IL-6 release from the cells in the pH 6.8 plus 100µM ATP -

treatment group but not in the vehicle-treated group. Thus, consistent with NE 

treatment, IL-6 is among the mediators released from dural fibroblasts and may 

contribute to the activating/sensitizing effects of conditioned media observed on 

dural afferents in vitro and to the cutaneous allodynia in the behavioral studies.   

 

5.4.8. The supernatant from dural fibroblasts culture treated with pH 6.8 and 

ATP induce headache like behavior 

In order to determine whether cultured dural fibroblasts release mediators 

that can produce headache-like responses in vivo, the same model of Figure 1 

was used to evaluate the effects of conditioned media on mechanical allodynia of 

the face and hindpaws.  Application of media from Ph6.8 plus ATP-treated dural 

fibroblasts to the dura produced significant time-dependent reductions in 

withdrawal thresholds to tactile stimuli applied to the face or the hind-paws 

(Figure 9). Media from vehicle-treated dural fibroblasts did not produce 

allodynia.  Thus, the mediators released from dural fibroblasts can initiate events 

within the meninges that lead to the development of headache-like responses. 

 

5.5. Discussion 

In the previous work done in our laboratory, we have demonstrate that 

pH-evoked responses in vitro and in vivo is predominantly mediated by ASIC3 

containing channels and therefore ASIC3 could be a good target for headache 

drug development(Yan et al., 2011, Yan et al., 2013). Though the exact 

mechanism of migraine is not clear, both CSD and automonic nervous system 
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dysfunction have been suggested to play a role in the pathogenesis of migraine 

(Lauritzen, 1994, Shechter et al., 2002, Peroutka, 2004). CSD releases proton and 

ATP and autonomic efferent release vesicles contains proton and ATP together 

with the neurotransmitter NE and Acetylcholine. Skeletal muscle afferents have 

evolved to detect physiological concentration of metabolites: proton, ATP and 

lactate concomitantly (Birdsong et al., 2010). The combination of proton and ATP 

could also be detected concomitantly by dural afferents during CSD and 

abnormal automatic efferents firing. In a recent study, the combination of pH 7.2, 

1µM ATP and 10mM lactate produce mild pain and pH 6.6, 5µM ATP and 50mM 

lactate produce pain in human suggest that combination of low levels of 

physiological muscle metabolites is producing pain in humans(Pollak et al., 

2013). We have used pH 6.0 and 100mM ATP in our animal model in order to get 

facial allodynia (data not shown). The extreme concentration might happen at 

synaptic level, however more physiological concentration of noxious stimulus 

applied together for instance what we used in our model : pH 6.8 plus 10mM 

ATP is as effective as one extreme single stimulus. The concentration of ATP 

used in our experiment is much higher than the previous study, it is most likely 

lie in that rats are not as cooperative as humans, it takes more time to inject rats 

than inject humans and the final ATP concentration on to the dura could be 

much lower than we initially prepared. ATP activate both P2X ion channels and 

P2Y GPCR, it is not sure which receptors play more effect in the in vivo effect, 

however based on the in vitro study, P2X ion channels, more specifically, P2X2, 

P2X4, P2X5 is involved in potentiating effect in vivo(Birdsong et al., 2010). 

The immunohistochemistry of dura mater suggest ASIC3 protein were 

expressed on dural afferents and dural fibroblasts. Immunocytochemistry of 
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isolated dural fibroblasts further suggest that dural fibroblasts express ASIC3 

protein. RT-PCR of both dura tissue and dural fibroblasts culture confirmed the 

expression of ASIC3 mRNA on native tissue and culture. ASIC3 was initially 

thought mostly expressed on neuronal cells(Lingueglia, 2007); however, non-

neuronal cells for example fibroblast-like synoviocytes (FLS) were also found to 

express ASIC3. FLS respond to extracellular proton by increase intracellular 

calcium and produce extracellular matrix polysaccharide Hyaluronan and might 

contribute to Rheumatoid arthritis (Kolker et al., 2010). There is very little study 

focusing on dural fibroblasts, based on what we known about other tissue 

fibroblasts, they are mostly known to be involved in wound healing and moves 

to wounds with substance P concentration gradient and stimulate cytokine 

release or extracelluar matrix protein expression(Kahler et al., 1993, Qian et al., 

2007, Ramos et al., 2007, Sapna and Shivakumar, 2007, Cury et al., 2008, Huang et 

al., 2008, Qian et al., 2008, Fong et al., 2013). It is tempting to speculate that 

during neural inflammation, large amount of substance P release from afferents 

will change the location of ASIC3 expressing fibroblasts and those fibroblasts 

could contribute to local release of cytokines and remodeling the extracellular 

matrix. 

Previous work done by our lab suggests NE could activate dural 

fibroblast, induce IL-6 release and IL-6 together with other mediators not 

identified yet can induce allodynia in vivo in our study. This phenomenon is not 

only happening with NE stimulus, when we applied proton and ATP, the same 

events also happens. These suggest IL-6 released from dural fibroblasts could be 

an important mediator to induce migraine headache independent of the noxious 

stimulus. Although not directly tested on dural derived cells, many other cell 
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types in the dura from other tissues could also release IL-6, for example : mast 

cell(Lealberumen et al., 1994) macrophage (Dentener et al., 1993, Kambayashi et 

al., 1995). We propose here based on what we have found that we should not 

ignore the role dural fibroblasts plays in headache. Future work will focus on 

how dural fibroblasts changes with repeated acid and ATP insults and what 

could be the most effective way to reverse the changes of both the ASIC3 

expressing dural afferents and dural fibroblasts . 

 

5.6.Figures 

 
Figure5.1: Extracellular ATP increased acid sensitivity of ASIC channels on 

dural afferents. (A) Whole cell patch clamp currents evoked by changing 

external pH from 7.4 to 6.8 on dural afferents, black smaller current was before 

and larger red current was 10 seconds following washout of extracellular 50 μM 

ATP that had been applied for 60 seconds.(B)  A representative time course of 

ATP sensitization. Each point is the peak amplitude of current evoked every 20 

seconds by a 5 sec pulse of acid (pH 7.4 to 6.8). Bars indicate application of 50 μM 

ATP to the cell exterior. Note that it takes a minute for currents to reach their 

highest level, current takes many minutes to decline after ATP is removed. 
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Figure5.2: Dural afferents exhibited enhanced withdrawl responses to pH 

changes following coapplication with sub-threshold ATP. (A)(B). Application 

of sub-threshold pH 6.8 (n=7) and ATP 10 µM (n=8) by themself did not cause 

significant changes in facial withdrawl thresholds compared with SIF 

administration. (C). Coapplication of sub-threshold pH 6.8 and ATP 10mM 

caused a significant decrease in hindpaw withdrawl threshold compared with 

pH 7.4 application. (D). Data were converted to area over the time-effect curve. 

Significan (***p<0.005) differences among means for each group were determined 

by analyusis of variance followed by Dunnett’s post hoc test. 
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Figure5.3: Whole mount dura express ASIC-IR mainly on sensory nerve 

endings, but resident cells seems also express ASIC3-IR. (A,C) Whole mount 

dura mater was stained by ASIC3 antibody. (B, D) Coresponding area in A, C 

with CGRP-IR suggests these ASIC3-IR are sensory nerve endings. (E-F) Resident 

fibroblast-like cells also express ASIC3-IR. 

 

 

 
Figure5.4: Dural fibroblast culture expresses ASIC3-IR. Subconfluent dural 

fibroblast culture was stained with ASIC3 antibody.Vimentin was used as a 

positive control. 

 

 

 
Figure5.5: Dural resident cells express ASIC3 mRNA. Dural tissue express 

ASIC3 mRNA, three bands come from three diffirent Rats. GAPDH is used as a 

positive control.Dural fibroblasts culture also express ASIC3 mRNA. 
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Figure5.6: Dural fibroblasts express functional ASIC3 and P2X currents. (A) 

Whole cell patch clamp current was Whole cell patch clamp currents evoked by 

changing external pH from 7.4 to 6.0 on dural fibroblasts. (B) on the same 

population of cells from (A), currents was also evoked by changing to GMQ 

(3mM) containing extracellular solution. (C) dural fibroblasts also have currents 

evoked by extracellular ATP. 

 

 
 

 

Figure5.7: pH 6.8, GMQ (3mM) and ATP (100µM) induces ERK signaling in 

dural fibroblasts. Dural fibroblasts culture were treated with pH 6.8, GMQ 

(3mM) and ATP (100µM) for 15 min. They all induced pERK /t ERK ratio is 

significantly more (***p<0.001) than that of vehicle treated cells.  
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Figure5.8: Dural fibroblasts release IL-6 in response to pH 6.8+ATP (100µM) 

stimulation. Dural fibroblasts cultures were treated with pH 6.8+ATP (100µM) 

or vehicle for 1 hour, washed, and supernatants were collected for 12 hours. 

Supernatents were dialysised and lyophilized into powder. IL-6 content from 

Vehicle treated and pH 6.8+ATP (100µM) treated group were measured by 

ELISA. Mean IL-6 levels were compared by t-test (***p<0.001).  

 

 

Figure5.9: Application of pH 6.8+ATP (100µM) -treated condition media to the 

dura elicits cutaneous allodynia. Withdrawal thresholds to tactile stimuli 

applied to the face (A) and the hind-paws (B) were measured in rats before and 

immediately after dural application of pH 6.8+ATP (100µM)-treated condition 
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media (n = 9), vehicle-treated condition media (n=8). For both facial and hind-

paw responses, two-factor analysis of variance indicated that response 

thresholds of LPS-treated condition media treated rats (Red circles) were 

significantly (facial, paw p<0.05) less than those treated with vehicle-treated 

condition media (Black circles). Withdrawal thresholds to tactile stimuli were 

measured for 5 hrs and data were converted to area over the time-effect curve (C) 

and (D).Significant (*p<0.05) differences among means for each group were 

determined by one way analysis of variance.  
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CHAPTER VI  

7. DISCUSSION 

 

6.1. Chooseing a animal model to study Migraine pathophysiology 

With the evolutionary discovery of triptan in treating acute migraine 

attack, we are much better at treating acute migraine attack than decades ago. 

However, triptan does not solve all the problems. 1/3 patients do not respond to 

current therapies (Richard B. Lipton, 1999) and triptans also have risk in 

inducing medication overuse headache (De Felice et al., 2011). Thus, better 

molecular targets are always investigated by scientists in order to further 

improve the life quality of migianie patients. In order to find better targets, clear 

understanding of the migraine pathophysiology is mostly desired. 

Pharmacologists relie on animal model to study disease states on animlas before 

they can translate that into humans. Even though there is no ideal animal model 

exsit to study migraine, many models have been proposed (Olesen and Jansen-

Olesen, 2012, Jansen-Olesen et al., 2013). Our lab chooses the well studied 

cutaneous allodynia model that is derived from Dr. Porreca’s lab to study 

migraine pathophysiology.  Not only because it haven been proven that clinical 

agents that able to reduce migraine headache have been useful in this model, but 

also the agents that fail clinical trials are not effective in this model(Edelmayer et 

al., 2009). The clinical relevance of this model is derived from the fact that most 

migraine patients have cutaneous allodynia within and outside the refered pain 

area in the periorbital region (Burstein et al., 2000b). Second order neurons of the 

TGVS pathway in the brainstem receive convergent input from meninges and the 
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periorbital skin. These neurons were found to respond to dural application of 

chemical irritants and showed long-lasting (up to 10 hours) increases in 

cutaneous mechano- and thermosensitivity, and sensitivity to dura indentation 

(Burstein et al., 1998). This experiment might explaine the periorbital allodynia. 

Allodynia outside refered pain area was interpreted as sensitization of third-

order thalamic trigeminal neurons. A reliable patient report found out that there 

is gradual spatial and temporal spread of allodynia during migraine attack. In 

this study, intracranial hypersensitivity develops shortly (20 minuetes) after the 

onset of pain, and mechanical and cold cutaneous allodynia of the ipsilateral 

head starts to develop 60 minutes after the pain onset.  2 hours from the onset of 

attack, cuatneous allodynia spread to contrallateral head and ispsilateral 

forearm. At 4 hours, heat allodynia was detected while mechanical and cold 

allodynia continue to increase. These gradual spatial and temporal spread of 

cutaneous allodynia suggests the sequential activation of the TGVS pathway 

(Burstein et al., 2000a). The Animal model we use in awake and behaving rats 

also follows a time-dependent pattern of cutaneous allodynia after inflammatory 

mediators (IM) application to the dura. IM elicited robust facial and hindpaw 

allodynia, which peaked within 3 hours. These effects were reminiscent of 

cutaneous allodynia seen in migraine patients (Edelmayer et al., 2009). 

Interstingly, many mediators investigated in our lab: acidic solution, hypotonic 

solution, mustard oil, ATP, capsaicin, IL-6, and NE all induce the same pattern of 

cutaneous allodynia even though they work on different receptors. A common 

clinical experience suggests that migraine patients respond best to anti-migaine 

treatment in the initial 30 to 60 minutes of the attack(Burstein et al., 2000). In a rat 

model, early triptans treatment could prevent the initiation of central 
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censitizationinduced by IM application to the dura; however, later triptans 

treatment is not sufficient to counteract the already established central 

censitization(Burstein and Jakubowski, 2004). Therefore, drug development 

targeting peripheral sensitization before the establishment of central sensitization 

is the focus of this thesis. 

 

6.2. Accessry comcopents: sympathetic efferents and dural fibroblasts 

Peripheral sensitization starts with activation of primary afferent neurons. 

Within the meninges, it was first proposed cranial vasculature (dura and pia 

arteries) and extracranial arteries are import structure to mediating pain (Olesen 

et al., 2009). However, more immunohistochemistry study have indicate 

meningeal afferent also innervate scalp muscle (Kosaras et al., 2009, Schueler et 

al., 2013)and most interestingly, nerve fiber have been shown to terminate in 

avascular dura mater (Messlinger et al., 1993, Schueler et al., 2013). One might 

ask what these nerve ending in avascular dura mater are sensing, since as early 

as in the 40th, Wolff etc,have been shown that stimulating avascular part of dura 

does not produce pain in the patients(Bronson S. Ray, 1940). It have to be pointed 

out that the study did in the 40th is acute poking, so we do not known whether 

prolonged and continuous stimulation will produce pain derived from the 

avascular dura mater or not.  

In order to undertand the origin of migraine headache, we need to better 

understand the local envioronment:  the neighbors of the meningeal trigeminal 

afferents.  

Dura mater has been known to be innervated by both parasympathetic 

efferents and sympathetic efferents. Some study showed elevated NE level 
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during migraine attack(Anthony, 1981). However, some study also showed 

migraine patients have elevated parasympathetic activities (Delepine and 

Aubineau, 1997, Avnon et al., 2003, Yarnitsky et al., 2003, Avnon et al., 2004, 

Schytz et al., 2009). This is in paradox with the fact that migraine is usually 

triggered by stress (Kelman, 2007), and stress is known to induces increase in 

plasma chatecholamines, especially sympathetic efferent firing released NE 

(Carlson et al., 1968, Taggart et al., 1973). 50% patients even report relaxation 

after stress as a trigger (Wober et al., 2006).  There is also evidence shown that 

women with perimenstrual mood disorder have increased beta adrenergic 

receptor activity(Bunevicius et al., 2013). The complex receptor subtype within 

the meninges makes it difficult to interpret our data in Chapter 3: Peripherally 

administrated NE induces cutaneous allodynia in rats. Future experiments will 

focus on dicephring the receptors and cell type involved in NE induced 

hypersensitivity. 

Other important neighbors of meningeal afferents are resident cells and 

immune cells in the meninges. Immune cells within the meninges had been 

studied (Kemper et al., 2001). Resident mast cells have attracted enourmous 

attention to migraine research, dural mast cell activation release inflammatory 

mediators that are capable in sensitizing meningeal nocicpetors(Zhang et al., 

2007). Meninges are composed of three layers: dura mater, arachnoid, and pia 

mater. Dura mater is a thick connective tissue, so majority of resident cell within 

the meninges is fibroblasts. They are responsible for making extracellular matrix 

of the dura(Vandenabeele et al., 1996). Up until now, zero headache research has 

been focusing on this type of cell.  
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During exploring the molecular targets within the meninges, we found 

out many ion channels we extensively study: ASIC3, TRPV4, P2X and TRPA1 

also expressed by this cell type (calcium imaging data not shown here). This 

brought high interest for us to study what dural fibroblast contributes to 

migraine pathophysiology. In chapter 2, we used LPS as a stimulus to study 

dural fibroblasts. The factor that dural fibroblasts release IL-6 after LPS 

stimulation is not surprising, however, by using LPS as a tool, we were able to 

bring some atttetntion to this new cell type into migraine research that will help 

us better understand the whole picture of peripheral sensitization. 

 

6.3. Soluble factors: NE, proinflammartoy mediators 

More important, probably, is how does this neighbors interact with the 

meningeal afferents. Sympathetic efferents firing release vesicle content include: 

proton, norepinephrine and ATP. These three components all activate both dural 

afferents and dural fibroblasts in our study. We hypothesize that once activated, 

dural afferents initiate the noxious input to the second order neurons and 

subsequent central censitization of caudalus neurons, on the same time, although 

takes more time, dural fibroblasts are also activated, and able to release IL-6, 

among other things we did not tested. It is known that migraine patients have 

elevated IL-6(Fidan et al., 2006, Sarchielli et al., 2006). Even though other cell 

types in the miningeas also capable to release IL-6 during neurogenic 

inflammtion, the majority population cell type of fibroblast in the meninges 

might also play a role.  
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6.4. Ion channels: TRPV4, ASIC3, P2X 

Proinflammatory mediators including aforementioned protons, ATP, IL-6 

etc. have to target afferent receptors in order to elicit action potential firing or 

sensitizing other receptors. Then activation of these receptors can transmit 

noxious information from peripheral to the central nervous system.  

The first molecular target we propose here is TRPV4.The superfamily of 

TRP canion channels comprises unique receptors that are responsible for 

detecting external and internal stimulus and play important roles in homeostatic 

fuctions. TRPV4 haven been proposed as a mechanical sensor. While direct 

gating of TRPV4 by mechanical stimuli is debatable, substantious evidence have 

shown that TRPV4 is indispensable for a wide variety of mechanosensitive 

processes (Pochynyuk et al., 2013). For example, TRPV4 is necessary for 

mechanical hyperalgesia after inflammatory soup application and paclitaxel 

treated neuropathy (Alessandri-Haber et al., 2004). Mast cell degranulation 

releases tryptase and tryptase cleaves and activate PAR2, it is also shown that 

that PAR2 induced mechanical hyperalgesia in mice is entirely dependent on 

TRPV4 (Grant et al., 2007). It seems TRPV4 is more involved in noxious 

mechanical sensation than normal mechanical sensation. Regarding migraine 

headache, the first evidence come form the fact that hypotonic solution activate 

trigeminal afferents(Strassman et al., 1996).Although more direct studies are 

needed to elucidate whether TRPV4 mediate migraine-related mechanical 

hyperresponsibility, the data we present in Chapter 1 suggest TRPV4 might be a 

promising target for migraine headache. 

Previous work in our lab has demonstrated the role of ASIC3 in detecting 

extracellular acid within the meninges. Moreover, mast cell degranulation could 
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sensitize ASIC3 mediated response in vitro and in vivo (Yan et al., 2011, Yan et 

al., 2013). Extracellular protons from autonomic efferents, mast cell or CSD might 

directly activate ASIC3. If the activation is sufficient, as have been shown in 

previous work from our lab, 50% of dural afferents fired action potentials when 

exposed to pH 6.8(Yan et al., 2011). ASIC3 activation alone could lead to central 

sensitization in our animal model. Several evidences have shown that ASIC3 can 

be sensitized by inflammatory mediators (Ohtori et al., 2006, Smith et al., 2007). 

In chapter 4 we also studied another important mediator: ATP in sensitizing 

ASIC3 like currents in vitro and decrease cutaneous allodynia threshold in vivo. 

These results suggest that ASIC3 and P2X ion channels might be important 

together in initiating dural afferents firing.  

 

6.5. Future Directions 

Several questions have remained unanswered from analysis of the present work. 

It is not known which subtype of adrenoreceptor mediate the NE induced 

hypersensitivity. It would also be of interest to know whether the phenotype of 

dural fibroblasts changes from normal animals compared to chronic stressed 

animals, especially the ability of dural fibroblasts in releasing inflammatory 

mediators and synthesizing extracellular proteins.  
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