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ABSTRACT for Hormone Induced Migraine 
	  

Migraine headache is one of the most common neurological disorders. While the 

mechanisms contributing to migraine pathophysiology have yet to be fully 

elucidated, the disproportionate number of post-pubescent, pre-menopausal 

women affected suggests a central role for female hormones, such as estrogen. 

The mechanism(s), however, by which estrogen contributes to migraine have yet 

to be deciphered. Cortical spreading depression (CSD) is associated with “Classic 

Migraine”, now referred to as migraine with aura. Here we use a well-established 

animal model for migraine with aura to test the putative role of estrogen in the 

development of CSDs in awake and freely moving female rats. Beta estradiol 

administration in ovariectomized female rats resulted in a significant increase in 

CSD episodes over a 12-hour recording period.  

Additionally, beta estradiol administration in these rats promoted migraine-

associated behavior, significantly reducing exploratory behavior (i.e., number of 

vertical rearing episodes) when compared to vehicle-treated controls. Critically, 

the increase in CSD episodes was completely abolished with pre-administration of 

ICI 182,780 a pure alpha and beta estrogen receptor antagonist. ICI 

182,780administration also blocked beta estradiol-induced migraine-associated 

behaviors, restoring vertical rearing episodes to baseline levels. These data 

illustrate that an increase in estrogen levels in an animal that no longer produces 

estrogen (postmenopausal characteristic) can promote the development of CSDs. 

These data suggest that an estrogen receptor-mediated mechanism may drive 

episodes of migraine with aura and highlight the need for further investigation into 

estrogen’s role in migraine. 
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ABSTRACT for NK1 
 

With approximately 100 million patients in the United States currently suffering 

from chronic pain and a projected $635 billion annual cost to the economy it is 

alarming that despite clinical advancement in pain management, opiates remain 

the most efficacious treatment for the nociceptive component of pain. Opiates 

excel at pain relieve but cause a number of unwanted side effects including 

constipation, GI upset, rebound headaches and the potential for abuse. Amongst 

prescribing physicians, 68% have reported reservations when prescribing opiates 

because of their profound abuse potential and hence, utilize a less effective 

NSAID as the first line therapy. With “Pain” now being recognized as the fifth vital 

sign and with an estimated 100 million people in the US suffering from chronic 

pain, there is an urgent need to develop an equally efficacious drug without the 

abuse potential or unwanted side effects associated with opiate treatments. From 

recent literature, neurokinin receptors (NK1R) have been identified in the nucleus 

accumbens, suggesting its involvement in the mesolimbic reward circuitry where 

opiates exert their rewarding effects.   

Furthermore, rewarding effects of opiates were reported to be absent in 

transgenic knockout mice lacking NK1R. Therefore, it is prudent to investigate the 

pharmacological efficacy of a NK1R antagonist in blocking the rewarding effect of 

opiates. A combination of NK1R antagonist and opiate could prove to be an 

effective alternative to current pain management therapies using opiates alone. 

The desire to show that such a drug combination could in fact block the 

rewarding effect of opiates via an NK1R antagonistic mechanism is of primary 

importance.  Utilizing Condition Place Preference (CPP), a well-known and well-

characterized behavioral testing method, allowed us to elucidate such a 

connection. RP67580, a highly selective and effective NK1R antagonist was used 

to unmask the ability of a NK1R antagonist in blocking the rewarding effect 

associated with morphine.  From our results, we found RP67580 (p=.007) to be 

highly effective in blocking the rewarding preference seen in rats administered 
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with morphine when compared to the rats administered with a combination of 

RP67850 and morphine. 
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Chapter 1: INTRODUCITON AND BACKGROUND 
Pain  

Chronic	  (Neuropathic)	  Pain	  	  
	  

     Millions of Americans suffer from chronic pain resulting in one of the major 

causes of disability in the United States. Chronic pain not only is growing in 

prevalence but also has a tremendous effect on individual’s lifestyle and 

happiness, which ultimately affects their morbidity and mortality (Gatchel, 

McGeary et al. 2014). The cost of treating pain is astronomical and growing. The 

Institute of Medicine’s committee on the impact of pain in the US stated that it 

cost approximately $560 to $635 billion annually when considering the treatment 

of pain conditions and the loss of productivity due to the chronic pain condition. 

To put this into perspective an annual expenditure of $635 billion dollars is 

greater than the Gross Domestic Product (GDP) of Switzerland (Ranked 20th) 

based on the World Bank Organization’s 2013 GDP rankings. The Centers for 

Disease Control and Prevention (CDC) 2002 study estimates that there are 100 

million adult Americans currently suffering from chronic pain. Taking this statistic 

and adding the aging “baby boomer” population with the understanding that as 

individuals age, chronic problems including pain eventually develop. Thus it is 

important to cultivate cost effective strategies that can positively affect a majority 

of chronic pain patients.  

        Chronic pain is usually simply defined as pain that lasts longer than 3 

months or more traditionally pain lasting longer than 6 months. Different medical 

specialties see frequent types or diagnostic forms of chronic pain. For example: 

Rheumatologist will see patients that suffer from chronic pain due to the 

autoimmune damage of their joints primarily in the hands via mechanisms that 

stem from inflammatory synovitis and lead to eventual joint destruction, which 

causes hand malformations like swan necking of there fingers and/or ulnar 

deviation of the fingers. Also trying to treat the growing populous that chronically 

suffer from fibromyalgia (Wolfe, Smythe et al. 1990) a multi system faceted 
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diseases that has pschyo-neuro-musculoskeletal components to the syndrome. 

Orthopedists will see patients that chronically suffer from musculoskeletal related 

injuries. Whether it be bone fractures, soft tissue injuries (ligamentous or tendon 

tears), myofascial pain related syndromes (Travell and Rinzler 1952), or 

repetitive stress injuries all of these can lead to chronic pain syndromes that 

require treatment and the use of medical resources. Neurologists see patients 

that suffer from all forms of chronic neuropathic pain, which could be from an 

injury or a disease process like uncontrolled diabetes. They also see patients that 

suffer from different forms of headache including Migraine. Family medicine and 

pain specialist frequently see the chronic low back pain patients or patients that 

have seen other specialist and those specialist have done everything they could 

to alleviate the pain but the pain is still present.   

     Chronic neuropathic pain conditions make up a large piece of the overall 

chronic pain suffering pool of people. These conditions are seen commonly in 

clinical practice and continue to be studied in basic science laboratories 

interested in trying to more completely understand the mechanisms behind the 

cause of pain (Dworkin, Backonja et al. 2003). Neuropathic pain is broken into 

both central and peripheral forms of neuropathic pain that can stem from 

diseases process like HIV, Parkinson’s and Multiple sclerosis or caused from 

injury to neurons from ischemia, radiation, stroke, surgery, toxin exposure, viral 

infection (postherpetic neuralgia) and traumatic spinal cord injury. It is estimated 

that painful diabetic neuropathy (PDN), a disease related neuropathic pain 

condition, affects 3 million people in the US (Schmader 2002). Postherpetic 

neuralgia (PHN) is the next largest neuropathic pain condition that affects over 1 

million people and is extremely painful and difficult to treat (Bowsher 1999). The 

International Association for the Study of Pain (IASP) defines neuropathic pain 

very broadly as “pain initiated or caused by a primary lesion or dysfunction in the 

nervous system” (Merskey H 1986). There is a movement to change the 

definition and it is thought by those to have a better meaning and understanding. 

The proposed new definition is “pain caused by a lesion of the peripheral or 

central nervous system (or both) manifesting with sensory symptoms and 
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signs“ (Backonja 2003). This new definition if adopted is more in line with 

explaining neuropathic pain in a way that allows the clinician to evaluate patients 

lesion or focal findings that explain their symptoms and would eliminate the 

nebulous “dysfunction” part of currently accepted definition (Dworkin, Backonja et 

al. 2003). Neuropathic pain’s pathophysiologic mechanisms are very difficult to 

extrapolate from just a patient’s medical history and/or their specific complaints of 

focal pain or sensations. It is even harder to come up with treatment regiments 

without knowing what the mechanisms that are at work causing the 

symptomology (Woolf and Max 2001, Jensen and Baron 2003).  The following is 

an extract from a journal that succinctly explains the underlying difficulty of 

treating and alleviating chronic pain suffers. 

A simple focal peripheral nerve injury unleashes a range of peripheral and 

central nervous system processes that can all contribute to persistent pain 

and abnormal sensation. Inflammation, reparatory mechanisms of neural 

tissues in response to injury, and the reaction of adjacent tissues to injury 

lead to a state of hyperexcitability in primary afferent nociceptors, a 

phenomenon termed peripheral sensitization. In turn, central neurons 

innervated by such nociceptors undergo dramatic functional changes 

including a state of hyperexcitability termed central sensitization. Normally 

these sensitization phenomena extinguish themselves as the tissue heals 

and inflammation subsides. However, when primary afferent function is 

altered in an enduring way by injury or disease of the nervous system, 

these processes persist and may be highly resistant to treatment. Injury or 

permanent loss of primary afferent fibers (deafferentation) differentiates 

peripheral neuropathic pain from other types of pain. Positive sensory 

phenomena (spontaneous pain, allodynia, and hyperalgesia) that are 

characteristic of patients with neuropathic pain are likely to have many 

underlying mechanisms, including ectopic generation of impulses as well 

as the de novo expression of neurotransmitters and their receptors and 

ion channels. Direct injury to central structures may permanently alter 
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sensory processing, and in some patients it causes central neuropathic 

pain and dysesthesias (Dworkin, Backonja et al. 2003). 

It is thought in the case of PHN that there are contributing factors from the 

sympathetic nervous system (Baron, Levine et al. 1999) that possibly lead to 

primary afferent nociceptor to fire abnormally when a nerve is injured. This could 

lead to further damage from the ramping up of the natural inflammatory response 

of the human body potentially resulting in abnormal nerve structure regeneration, 

a change in receptor expression, and cutaneous nerve loss (Petersen, Rice et al. 

2002). These types of changes and adaptations of the nervous system at the 

cellular level are inherent in the questions investigators ask at the basic science 

level. We employ animals in order to develop models to better understand 

mechanistically what is transpiring in vivo, with the further hopes that new 

treatments or new information will ultimately be a result of these endeavors. 

Pathophysiological mechanisms have been discovered by using animal models 

to test and probe for more understanding and have ultimately led to a better 

understanding of neuropathic pain in humans (Torebjork 1993, Sang, Gracely et 

al. 1996, Orstavik, Weidner et al. 2003). 

	  Migraine	  	  
	  

      Migraine is a complex neurologic disorder that can be debilitating to the 

patients that are unfortunate to have the predisposition for this process. The 

headache is usually unilateral and described as a throbbing type headache pain 

with a plethora of other symptoms like hypersensitivity to light, sound and smells, 

the feeling of being nauseated or sometimes motor, emotional and cognitive 

disturbances can be seen (Olesen 2008). Migraine is commonly thought to be 

started by external or internal triggers like stress, sleep changes, skipping meals, 

an overload of the sensory system and hormonal changes (Kelman 2007). The 

exact mechanism of action that initiates the migraine episode to come on is not 

completely understood but recent literature suggests that there is likely both a 

neuro and a vascular component that leads to the development or manifestation 
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of the Migraine (Noseda and Burstein 2013). To further complicate the disorder 

there is an associated premonitory symptomatology that migraineurs suffer from 

several hours before the headache pain begins. Supporting evidence in clinical 

research now suggest that migraine headache is actually thought to be a result of 

an abnormal altered excitability state in the brain and that patients have a genetic 

susceptibility that allows trigeminovascular activation that leads to neurological 

symptoms seen in patients that suffer from migraine (Coppola, Pierelli et al. 2007, 

Pietrobon and Moskowitz 2013).  

The headache pain that is brought on with a migraine attack is thought to 

be a result of nociceptors that innervate pia, arachnoid, and dural blood vessels 

becoming activated by a mechanical, electrical or chemical stimuli (Olesen, 

Burstein et al. 2009). Stimulation of these fibers with proinflammatory molecules, 

blood or infection can lead to similar types of painful headaches see in 

migraineurs with very similar symptoms: nausea, throbbing pain, photophobia 

and phonophobia (Noseda and Burstein 2013). These nociceptor fibers originate 

in the trigeminal ganglion and are made up of nonmyelinated C-fibers and thinly 

myelinated A-delta fiber. These nerve fibers contain both Substance-P (SP) and 

calcitonin gene-related peptide (CGRP) which are known vasoactive 

neuropeptides (Levy and Strassman 2002).  

 Migraine impacts a tremendous amount of people with worldwide 

estimates reaching 16% and over 33% of these migraine suffers have a 

preceding phenomenon described as and aura. An aura is caused by a transient 

malfunction of the cortex and is thought to be a result of cortical spreading 

depression (CSD) (Lauritzen 1994, Tfelt-Hansen 2010). CSD is a spontaneous 

neurologic disturbance that precedes the headache associated with migraine. 

The disturbance is thought to be due to the ability (from genetic factors) of the 

cortex to become hyperexcitable because of an imbalance with the excitatory 

and inhibitory systems in the brain (Vecchia and Pietrobon 2012). The most 

frequently described aura is one that affects the visual field and is described as 

lights flashing and moving across the field of view (Lauritzen 1994). CSD is 
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characterized as a slow propagating wave (2-6 mm/min) of both neuronal and 

glial depolarization with a prolonged inhibition of normal cortical activity for 15 to 

30 minutes (Smith, Bradley et al. 2006). This electrophysiological phenomenon 

was first described by Leao (Leao 1944) while he was experimenting with rabbits 

and then later correlated to the visual aura seen in humans that happens prior to 

the headache phase of a migraine (Hadjikhani, Sanchez Del Rio et al. 2001). 

During a CSD event, cellular and molecular studies have shown a local release 

of ATP, glutamate, potassium and hydrogen ions by vascular cells, surrounding 

glia, and neurons (Read, Smith et al. 1997). In addition, CGRP and nitric oxide 

are among the molecules shown to be released from the perivascular nerves 

during CSDs (Read, Smith et al. 1997, Reuter, Weber et al. 1998, Charles and 

Brennan 2009). The abundance of nociceptor activation ions and molecules are 

thought to diffuse towards the surface of the cortex and eventually come into 

contact with pial nociceptor fibers which triggers the neurogenic inflammatory 

response through vasodilatation, plasma protein extravasation and mast cell 

degranulation causing a perpetual activation of dural nociceptors. For years the 

generation of CSDs and this leading to migraine headache pain has been 

debated. Indirect evidence supported the hypothesis that CSD can activate the 

trigeminovascular system, which was shown in papers where CSD induced c-fos 

expression in the spinal trigeminal nucleus (Bolay, Reuter et al. 2002). But not 

until recently has a mechanism been proposed and tested that supports, CSD 

activation of meningeal nociceptor causes migraine pain. The proposed 

mechanism suggests Panx1 megachannels are the culprits activated by a CSD, 

which leads to downstream activation of proinflammatory molecules being 

released (Kosaras, Jakubowski et al. 2009, Karatas, Erdener et al. 2013).  

 CSD susceptibility is thought to be a result of genetic changes in the 

domains of specific ion channels (Ayata 2010). Studies in a small chronic 

migraine population known as familial hemiplegic migraine (FHM) where a 

genetic cause has been identified is the backbone of the understanding that 

channel variances can lead to abnormal sensory processing, altered cortical 

excitability and CSD susceptibility (de Vries, Frants et al. 2009, Eikermann-
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Haerter, Dilekoz et al. 2009). Understanding CSDs role in causing migraine has 

allowed for the advancement of the field of migraine to reach new heights. With 

new mechanisms being suggested and tested that allow for new animal models 

and targets for therapeutics to be developed we are making some much needed 

inroads into a very complicated disorder that currently cannot be adequately 

treated or abolished in some patients. These new aforementioned findings along 

with the need to investigate further hormonal connections with migraine onset 

should help to shed even more light on the migraine with aura phenomenon and 

hopefully result in a new therapeutic that has the ability to block migraine activity 

and have vey few side effects. 

Therapeutics  

Treatments	  for	  Chronic	  Pain,	  drug	  classes,	  procedures	  

NSAIDs are usually used as first line therapeutics for acute pain but are also 

sometimes used for chronic pain conditions though are markedly less effective 

(Uhl, Roberts et al. 2014). NSAIDs work by inhibiting cyclooxygenase (COX) and 

their downstream local inflammatory mediators namely prostaglandins and 

leukotrienes which is why they are effective in acute pain responses (Lane 2002). 

The inflammatory mediators that are released during an acute pain response 

namely prostaglandins and leukotrienes are not usually present in chronic pain 

states where local production of these proinfammatory hormones are not usually 

present (Kroenke, Krebs et al. 2009). Despite this understanding it is still 

prescribed and widely used by patients for the treatment of chronic pain. 

Opium and opium derivatives (i.e., morphine) have been utilized for chronic and 

acute pain conditions for thousands of years (Maged El Ansary 2003). There has 

been a trend for the last decade where opioids are both being used to treat 

chronic pain more and the total opioid consumption is going up (Silbermann 

2011). Physicians are prescribing long-acting opioid formulation more often than 

short-acting opioids on the premise that long-acting opioids are more stable pain 

control, they can improve sleep and have less risk of causing addiction in 

patients (McCarberg and Barkin 2001). Interestingly, there have been two 
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guidelines published for managing chronic pain patients that state there is 

insufficient evidence to suggest that the way physicians are prescribing are 

correct (Carson, Thakurta et al. 2011, Manchikanti, Abdi et al. 2012, Manchikanti, 

Abdi et al. 2012).  Also, recent literature suggests that chronic use of opioids for 

chronic pain conditions are not as effective as once thought and that chronic use 

can lead to deleterious effects (e.g. psychological, physical, abuse) (Krashin, 

Sullivan et al. 2013, Potter and Marino 2013). Part of this is likely due to the fact 

that most patients develop tolerance of the opiate regiments over time and need 

higher does to get the same pain relieve. Higher dosages lead to greater side 

effects and the potential for abuse or addiction (Hojsted and Sjogren 2007). Two 

formulations of opioids that still seem to maintain efficacy when treating chronic 

pain conditions for longer periods of time are Fentanyl patches and sustained 

release oral morphine. These notable exceptions have better general 

effectiveness but are usually reserved for the refractory pain populations (Trescot, 

Helm et al. 2008).  

Anticonvulsants have been found to be very effective at reducing chronic 

neuropathic pain. Specifically, gabapentin and pregabalin have been well studied 

in trials for chronic pain (Rosenquist 2002). Chronic pain could be the result of 

hyperactive neurons in the spinal dorsal horn where pain is modulated and 

neuronal transmission takes places, thus pharmacological inhibitors that act on 

these neurons would be effective at reducing these pain transmissions. 

Gabapentin was shown in a clinical trial to be effective in treating chronic pain at 

42% versus the placebo group at 19%. These results have led to both 

gabapentin and pregabalin becoming first line therapies in the treatment of 

chronic musculoskeletal pain like low back pain and neuropathic pain (Kroenke, 

Krebs et al. 2009). Carbamazepine a known anti-epileptic drug that prolongs 

inactivation of sodium channels has also been shown in randomized controlled 

trials (RCTs) to be efficacious at decreasing chronic neuropathic pain conditions 

like diabetic neuropathy and trigeminal neuralgia (Kroenke, Krebs et al. 2009).  
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Antidepressants, due to the nature of chronic pain conditions causing changes in 

a person’s quality of life, changes in mood and their quality of sleep many SSRIs 

and TCAs have been used and found to actually help relieve some patients pain. 

Antidepressants generally work by allowing more of the neurotransmitter whether 

it is serotonin or norepinephrine to remain in the synapse longer thus allowing it 

to work on its postsynaptic targets for an extended period of time. It is currently 

thought that increasing the levels of these neurotransmitters centrally leads to a 

down regulation in pain transmission at the supraspinal and spinal levels (DeLeo 

2006). Also given the close association with chronic pain and mood/anxiety 

(Hamdan 2008) disorders this single therapeutic can help to address the 

psychiatric component of this issue. Evidence suggests that treatment of chronic 

pain with antidepressants requires a much lower dose than used to treat 

depression or other psychiatric components. Even patients that do not suffer 

form depression due to their chronic pain conditions has benefited from low dose 

antidepressant therapy and obtained relief of their chronic pain condition (Shen, 

Samartzis et al. 2006).   

Tramadol deserves a special note because it has a unique mechanism of action 

that is still unknown but similar to both antidepressant and opiates with a hybrid 

like drug quality. Tramadol does activate µ-opioid receptors, which is thought to 

decrease central pain due to the inhibition of pain pathways (Kroenke, Krebs et al. 

2009), but also shows a unique ability to inhibit the reuptake of both serotonin 

and norepinephrine in the CNS similar to SSRI/SNRI antidepressants. Several 

RCTs have been performed with tramadol ER (extended release) for many 

chronic pain conditions and was shown to be significantly more effective when 

compared to placebo. Another benefit though it shares in adverse effects with 

other opiates, mainly GI, it is very tolerable and has a much better side effect 

profile than other chronic pain therapies (Babul, Noveck et al. 2004). Tramadol 

supports the idea of synthesizing dual acting compounds for pain while reducing 

unwanted side effects. 



	   26	  

Topical agents are typically used for patients that suffer form chronic pain of 

joints or places that a transdermal patch can be placed. They are also useful for 

patients that have trouble taking oral alternatives or concerned about systemic 

toxicities. Both lidocaine patches and topical NSAIDs are effective in treating 

chronic pain associated with osteoarthritis (OA) and rheumatoid arthritis (RA).  

The aforementioned pharmacological therapies are used as first and second line 

therapies to help alleviate chronic pain symptoms. They are the mainstay of 

drug-guided therapy. There are other alternatives pharmacological focused 

treatment of chronic pain like TENS units, acupuncture, vitamins, localized heat 

and cold, trigger point injections etc., but are only mentioned briefly here since 

there is insufficient evidence in the literature to determine efficacy and 

mechanism of action of such therapies. 

Treatments	  for	  Migraine,	  drug	  classes,	  procedures	  

Treatment for migraines is very challenging but the overall goal of any successful 

migraine treatment is to reduce the frequency of migraine attacks and reduce the 

associated disabilities that come with frequent migraine attacks. It is also 

important to avoid over using abortive agents so that they can be effective when 

they are needed and do not cause additional headaches know as medication 

overuse headaches. Most treatment plans are designed with 3 approaches in 

mind. First, avoid any and all known migraine triggers. Second, deal with 

modifiable risk factors like making sure to exercise regularly, lose weight, avoid 

caffeine and alcohol, and getting the appropriate amount of sleep. Third, use 

appropriate medications both pharmacologic and non-pharmacologic for 

prophylaxis and abortive therapies (Schwedt 2014).  

Drugs currently used for prophylaxis treatment for chronic migraine that are 

approved by the FDA are surprisingly limited. OnabotulinumtoxinA is the only 

FDA approved drug that has the indication by the FDA to be used for chronic 

migraine. Topiramate has several RCTs to support its use and efficacy as a 

chronic migraine prophylactic but does not have the FDA indication (Silvestrini, 

Bartolini et al. 2003). There are several drugs that are frequently used to treat 



	   27	  

chronic migraine that have little evidence to support their effects but are still 

widely prescribed namely, valproic acid, gabapentin, tizanidine, and amitriptyline.  

Most of these drugs have had some randomized trials done but they are small 

studies and it is difficult to generate power from the studies without the trials 

being much larger. For example, valproate was studied in an RCT with placebo 

control where 17 patients were given valproate 500mg twice daily and 12 

received placebo. Valproate reduced the number of headaches days a month 

significantly (5.2 vs 22) over 3 months. Major side effects were reported that 

included somnolence, tremors, impotence and hair loss (Yurekli, Akhan et al. 

2008).  

Gabapentin has been studied in small RCTs (95 patients) as a prophylaxis 

therapeutic for chronic migraine. Gabapentin was found to be significantly better 

than placebo when looking at days free from headache. The study stated that 

they observed 26.6% of day’s headache free with gabapentin and 17.5% with 

placebo. Adverse events were only reported if it affected more than 5% of the 

trial patients. Dizziness, somnolence, ataxia and nausea were the adverse 

effects that were reported (Spira, Beran et al. 2003). 

Amitriptyline was compared against onabotulinumtoxinA in a small 72 patient trial. 

It however was not blinded or placebo controlled. The statistics that came out of 

the study suggested that amitriptyline had similar results when compared to 

onabotulinumtoxinA for reducing the number of headache days with pain, the 

intensity of the pain, and the number of needed doses of analgesics being 

reduced. Side effects of amitriptyline were weight gain, dry mouth, somnolence, 

and constipation with nothing listed about onabotulinumtoxinA (Magalhaes, 

Menezes et al. 2010).  

A recent comprehensive publication from Todd Schwedt at the Mayo Clinic on 

chronic migraine and migraine in general paints a very dismal story about the 

therapies we have to offer patients with this disorder. There are virtually zero 

drugs that have been designed specifically for the treatment of chronic migraine. 

There is currently only one FDA approved drug that is actually labeled for the 
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treatment of chronic migraine. There is a plethora of drugs being used to treat 

this disorder either off label or through clinician experience but there is not 

enough evidence to support their use. Very few large clinical trials have been 

done in the migraine population with the drugs that are being used to treat 

chronic migraine. Most all of the trials that have been performed have been very 

small and some lacked the proper randomization, placebo controls, and 

blindness of the study that would be necessary to draw significant conclusions 

from (Schwedt 2014). There needs to be more research performed to try and 

undercover the mechanism of action and actual drugs that target theses 

mechanisms. Also, drugs that are currently being prescribed for chronic migraine 

without proper evidence should be further studied in large multi centered RCTs to 

see if they really are helping patients and they are should be given the indication 

to be used in treating migraine. 

	  

Side Effects and Limitations 

Chronic	  Pain	  Therapies	  

NSAIDs have severe side effects that range from gastrointestinal (GI) 

complications, like ulcers, and GI bleeds, to potential cardiovascular 

complications. Cox-2 specific inhibitors can spare the GI problems but can lead 

to more sever effects in the cardiovascular system, renal system and remain a 

cerebrovascular threat (Munir, Enany et al. 2007). 

Opioids have many adverse effects especially with chronic use. Both short and 

long acting opioids cause adverse effects namely, constipation, nausea, 

dyspepsia, headaches, euphoria, confusion, somnolence, lethargy, urinary 

retention and hesitancy (Noble, Treadwell et al. 2010).  

Anticonvulsants though great at treating several chronic neuropathic pain 

conditions they are not free from side effects. The major side effects attributed to 

this category of chronic pain therapeutics are sedation, dizziness and peripheral 

edema (Uhl, Roberts et al. 2014).  
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SSRIs and SNRIs antidepressants have several adverse effects associated with 

them. Nausea is the most common followed by sleep disturbances and sexual 

dysfunction. TCA type antidepressants have more adverse side effects including 

sedation, dry mouth, blurred vision, weight gain, urinary retention and could 

cause cardiac arrhythmias (Uhl, Roberts et al. 2014).  

Tramadol because of its µ-opioid activation shares similar side effects with other 

opiates however they seem to be milder. Side effects include GI upset, 

headaches, euphoria, confusion, lethargy, and urinary changes. There is also the 

possibility for dependence and if mixed with a muscle relaxant it could result in 

seizures (Uhl, Roberts et al. 2014).  

Topical agents, like Lidocaine, and compounded benzodiazepines and opiates if 

used to frequently or for long periods of time can lead to systemic toxicities so 

other therapies should be explored if either is the case (Uhl, Roberts et al. 2014).  

Migraine	  Therapies	  	  

Botox related side effects include neck pain, other musculoskeletal pain, injection 

site pain, eyelid ptosis, muscular weakness, and headache. 

Topiramate’s major associated side effects are weight loss, paresthesias, fatigue, 

difficulty concentrating, dry mouth, and nausea. 

Sodium Valproate side effects include somnolence, tremor, impotence, and hair 

loss. 

Common Gabapentin associated side effects are dizziness, somnolence, ataxia, 

and nausea. 

Tizanidine has side effects that include somnolence, dizziness, dry mouth, and 

asthenia. 

Amitriptyline side effects include weight gain, dry mouth, somnolence, and 

constipation.  
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Receptors and Ligands 

Tachykinin	  Peptides	  and	  their	  Neurokinin	  Receptors	  

Substance P (SP) is probably one of the most widely known and studied 

neuropeptides in the Tachykinin family. It has a nickname in the literature as the 

“pioneering neuropeptide” because of the significant knowledge that has been 

gained by studying this unique neuropeptide. SP is derived from specific 

processing of the Tac1 gene (Steinhoff, von Mentzer et al. 2014). Neurokinin A 

(NKA), NPK and NPy neuropeptides are also derived from Tac1 via different 

processing of the gene and are similar in structure and function to SP. However 

the IC50 of these neurokinins are SP>NKA>NKB.   

TacR genes are responsible for encoding the 3 different receptors that 

tachykinins interact with, known as neurokinin receptors (NKRs, NK1R, NK2R, 

and NK3R).  NKRs are GPCRs with seven membrane-spanning domains, three 

extracellular and intercellular loops and an amino and carboxylic acid group that 

reside extracellularly and intercellularly respectively. NK1R is activated by SP and 

has been studied more than the other two receptors (Steinhoff, von Mentzer et al. 

2014).  Several NK1 antagonist have been developed to further test the receptor 

and one antagonist developed by the pharmaceutical company Merck has gone 

through clinical trials and is currently being used as a antiemetic for 

chemotherapy and post surgical patients (Hargreaves, Ferreira et al. 2011).  

NKR signaling has mostly been studied in these cell lines, CHO cells, KNRK cells 

and U373MG human astrocytoma cells. The current understanding of NK1R 

activation by SP at the plasma membrane is that it initiates G protein-mediated 

signaling events that are thought to include activation of phospholipase C (PLC) 

that leads to the formation of inositol trisphosphate (IP3) and diacylglycerol 

(DAG) which can mobilize intracellular stores of Ca2+ and activate PKC. PKC 

activation can lead to activation of adenylyl cyclase (AC), which in turn leads to 

the formation of cAMP and activation of PKA. PKA can activate phospholipase 

A2 (PLA2), which leads to formation of arachidonic acid (AA) and generation of 

PGs, leukotrienes (LX), and thromboxane A2 (TXA2) (Koon, Zhao et al. 2006, 
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Koon, Zhao et al. 2007). The release of these inflammatory mediators activates 

the Rho à ROCK pathway and further phosphorylation of myosin regulatory light 

chain (MLC). NK1R can also transactivate the EGFReceptors by a mechanism 

that involves G protein-dependent activation of members of the disintegrin and 

metalloproteinase (ADAM) domain-containing proteases that cleave and liberate 

membrane-tethered EGFR agonists. Two of the EGFRs dimerize, phosphorylate 

each other, and assembles a SHC/Grb2 complex that leads to activation of 

ERK1/2. There are many interactions between these pathways, and the precise 

details of activation vary between cell types and the intracellular proteins that are 

availalble.  NK1R signaling obviously leads to diverse and sometimes cell type-

specific effects that include inflammation, proliferation, anti-apoptosis, neuronal 

excitation, and migration (Castagliuolo, Valenick et al. 2000). 

NK1R functioning via agonist activation and antagonist blocking is of special 

interest to us because of its established role in affective and addictive disorders. 

NK1R blockade has been studied using an animal model to suppress major 

depressive behavior. Phase II clinical trials confirmed NK1R antagonism was 

effective at treating depression. However, in a large multi center phase III the 

results did not show efficacy for the treatment of depression. This is now thought 

to be a result of the heterogeneity of patient’s receptors and the pharmacokinetic 

properties of a particular antagonist with these receptors (Lindstrom, von Mentzer 

et al. 2007). However, NK2R antagonism has been shown in clinical trials to be 

and effective treatment for major depression disorders (Ebner, Sartori et al. 

2009).  

Of most interest with regards to this receptor family is the research that has been 

done with NK1R deletion and addiction. The ability to blunt the urge of alcoholic 

patients to want to consume alcohol using a specific NK1R antagonist and when 

the receptor is deleted in knockout mice the rewarding properties associated with 

opioids are blocked (Murtra, Sheasby et al. 2000). 
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Estrogen:	  Receptors	  and	  Ligands	  

Estrogen receptors come in three forms. Estrogen Receptor-alpha (ERα) and 

Estrogen Receptor-beta (ERβ) and G protein-coupled estrogen receptors 

(GPR30/GPER), ERα and ERβ are part of a super family of nuclear receptors 

that act as nuclear transcription factors that reside inside the nucleus of cells and 

are activated when a ligand, namely E2 (estradiol) binds to the corresponding 

estrogen response element (ERE) allowing for transcription of DNA to take place 

and eventually release of mRNA into the cell for protein synthesis (Mangelsdorf, 

Thummel et al. 1995). GPERs are “extranuclear” estrogen receptors that reside 

in the cytoplasm of cells and when activated start a cascade of intracellular 

effects (mainly via stimulation of adenylyl cyclase) that are non-genomic 

(Chimento, Sirianni et al. 2014).   

Estradiol (E2) besides being important in both male and female sexuality, male 

and female reproduction it has been studied extensively for its effects on the 

brain to try and understand how it is involved in neuroprotection. Clinically this is 

important because women are now living longer than ever before but the age of 

menopause, the arrest of ovarian production of estrogen, has remained virtually 

unchanged in women, which leaves women more susceptible to neuronal insult 

with out estradiol production (Wise, Dubal et al. 2001).  It is thought that estradiol 

protects neurons through a spectrum of independent processes and not through 

one single process. Estradiol promotes cell survival, synaptic plasticity and 

importantly it prevents axonal and dendritic pruning. E2 is also thought to be able 

to prevent the malfunction of neurons by effecting neurotransmitters, altering 

levels of receptors for neurotransmitters and effecting second messengers 

(Garcia-Segura, Azcoitia et al. 2001).  

Many different types of cellular imaging has been used to try and identify regions 

of the brain that have either estrogen receptor alpha or beta and if they are found 

coexisting or individually. Steroid autoradiography, immunocytochemistry and in 

situ hybridization are few that have been used and interestingly all of imaging 

types have shown that both alpha and beta receptors coexist in cells with few 
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exceptions (Toran-Allerand, Miranda et al. 1992, Toran-Allerand, Miranda et al. 

1992).  Using a confocal microscopy technique to detect if cells double labeled 

for estrogen receptors and glial makers exist, it was found that astrocytes, 

microglia and a variety of other glial cell types have estrogen receptors (Azcoitia, 

Sierra et al. 1999, Gudino-Cabrera and Nieto-Sampedro 1999). Glial cells 

outnumber neurons in the brain and are the major regulatory cells of the neuronal 

environment. Quantitative studies that specifically show which glial cell types and 

what regions of the brain these glial cell types that express estrogen-alpha and 

estrogen-beta receptors have not been performed yet (Garcia-Segura, Azcoitia et 

al. 2001).  

Glial cells are thought to be one of the cells that significantly contribute to the 

development of CSDs by changing the cellular environments around neurons, 

mainly effecting ions, neurotransmitters and neuropeptides. With estrogens 

ability to effect glial cells and estrogen’s effect on the vasculature (Holland, 

Akerman et al. 2010)it is worth exploring how estrogen on a molecular level could 

specifically cause migraine pain and/or work by effecting glial cells to cause a 

migraine with aura type phenomenon (Eikermann-Haerter, Dilekoz et al. 2009).  

Significance and Hypothesis 

Chronic	  Pain	  Treatment	  

The need for a novel therapy that can treat the growing chronic pain problem and 

also eliminate or reduce the severe side effects associated with current opioid 

therapies is overdue. Drugs that are currently being developed or have been 

developed over the past three decades for treating pain conditions are virtually 

all-just reformulations of opiates (Woodcock, Witter et al. 2007). Developing a 

drug where half of the drug has analgesic properties similar to morphine via 

activation of µ-opioid receptors and the other half activated a different receptor 

that was known to block the euphoric effects of opiates and also decrease the 

negative GI symptoms, namely nausea and constipation, would be a step in a 

new direction. Largent-Milnes et al., (2014) showed in a recent publication that 

this was indeed possible using rat, mouse and ferret in-vivo models. The 
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compound was a unique chemically designed peptide named TY027. One half of 

the compound had high affinity for µ-opioid receptors and functioned as an 

agonist, while the other half of the molecule had high affinity for neurokinin-1 

receptors and functioned as an antagonist at NK1 receptors. Their studies 

showed that NK1 modulation via an antagonist approach resulted in better 

analgesic effect of the drug via its coupled µ-opioid agonist activity but lacked the 

reward component associated with other opioids and did not induce place 

preference in rats. Furthermore this novel compound TY027 did not show any 

change from baseline for GI transit in mice and did not induce vomiting in a ferret 

model. Their data is important in furthering the investigation and understanding 

the relationship between NK1 and opiates and ultimately is what led to my 

research in trying to further prove that modulation of NK1 can block the 

reward/addictive effects associated with opioids. 

Our hypothesis and proposed mechanism of how NK1 works within the VTA, 

which ultimately helps to drive or at least contributes to the reward pathway is 

illustrated below.     

Proposed	  Pathway:	  
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Dopamine and GABA neurons are located in the VTA. Glutamatergic neurons 

reside outside of the VTA but have neuronal projections that synapse on to 

dopamine cells. Dopamine cells in the VTA have projections that extend out to 

the nucleus accumbens (NA). The NA is thought to be the part of the human 

brain where reward and addiction is stimulated through dopamine. GABAergic 

cells also have projections onto dopamine cells and are known to release GABA 

the major inhibitory neruortransmitter of the CNS. When GABA is released from 

the presynaptic terminal into the synapse it will bind to postsynaptic targets and 

cause and inhibitor or “brake” effect on the cell. Glutamatergic neurons on the 

other had are the excitatory neurons in the CNS that release Glutamate which is 

an excitatory neurotransmitter.  When glutamate is released from the 

glutamatergic neuron projection’s presynaptic terminal into the synapse then it 

cat bind to postsynaptic targets and activate the cell to be excitatory or the “GO” 

pathway. Substance P is also sited in the literature to be released from 

glutamatergic cells and acts via its NK1 GPCR.  

Looking at the proposed pathway presented above its easy to understand that 

the GABAergic cells are releasing GABA and so there is a constant inhibitory 

effect or “brake” on the dopamine cells in their normal state. The Glutamatergic 

projections can release glutamate and possibly SP to activate dopamine cells in 

the VTA to release dopamine into the NA, which would be the excitatory pathway 

or “go” pathway. The above description would represent the normal tonic level of 

the dopamine cells being activated and deactivated by Glutamate and GABA 

neurotransmitter release respectively. Looking at the purposed pathway in the 

presence of morphine, a µ-opioid receptor agonist would inhibit GABA release 

thereby removing the break on dopamine release into the NA because the 

glutamate and or SP release would be disinhibited. This would lead to the 

euphoria, reward and possibly the addiction effects that are associated with µ-

opioid agonist use.  

Our proposed mechanism illustrates the potential involvement that SP release 

acting via NK1 receptors could possibly have on increasing dopamine release in 
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the NA. There is evidence in the literature that NK1 receptors and possibly NK3 

receptors are located on dopamine cells in the VTA. This finding supports a 

potential mechanism of action with neurokinin-1 activation and is further 

supported with what we find experimentally in rats when we block NK1 receptors 

with a highly selective NK1 antagonist and the absence of dopamine release into 

the NA when measured by micro-dialysis. Our studies show an abolishment of 

condition place preference in rats when given an NK1 antagonist in conjunction 

with a µ-opioid agonist like morphine, which suggests that NK1 could play a 

significant role in modulating addiction and reward through this particular 

pathway.         

Hormone	  Related	  Migraine	  	  

Migraine as mentioned in earlier sections is a very difficult and unique 

neurological disorder. It seems to come in many different forms with a variety of 

premonitory symptoms and postdromal effects. It is also very challenging to treat 

routinely and usually involves multiple drug trials for a patient and physician to 

find something that works. Then there is the complication and distinction of 

chronic migraine versus episodic migraine and the difficulty in managing these 

conditions with abortive and prophylactic therapy. Chronic migraine is defined as 

a patient having at least 15 migraine days a month while episodic migraine is 

anything less than 15 but usually falls into patients having 1-3 migraine 

headaches a month. With episodic migraineurs it is sometimes easier to 

determine the triggers that bring on the migraine. Having the patient keep a 

migraine journal and calendar, where the patient keeps track of food eaten, time 

of headache onset, activity prior to onset, hours of sleep prior to onset, stress 

level, signs and symptoms before onset, and where in the menstrual cycle a 

female patient is. Having this information can be helpful in finding patterns in a 

patient’s behavior that can cause a migraine to come on. Understanding what 

triggers to avoid can be very helpful in treating a patient’s migraines and reducing 

the number of headache days they have every month.     
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Migraine with aura and Migraine in women are two variables when studying 

migraine that contain a large percentage of the migraine population. For example, 

33% or 1/3 of all patients that suffer from migraine also suffers from aura. 

Women make up the majority of the patient population that suffers from migraine 

at over 66%. With these statistics it is easy to see that targeting either one of 

these populations for targeted therapy, if successful would have a tremendous 

help in reducing migraine all together. Another benefit of studying migraine with 

aura is that there are animal models in the literature that are thought to be similar 

to an aura in humans and can be invoked, measured, and analyzed to try and 

study the pathophysiology associated with migraine onset, test new prophylactic 

or abortive agents or explore possible mechanisms that might initiate the aura to 

begin. Cortical spreading depression (CSD) is the neural phenomenon that is 

thought to be the equivalent of a human “aura” that is seen in rats and mice and 

is currently the major defining characteristic that suggests a migraine in theses 

animals.  

The currently accepted correlation between CSD and aura is beneficial for the 

laboratory setting and is ultimately what allowed Bea Fioravanti, PhD, my 

predecessor, to develop a system that could record and perform post-hoc 

analysis of the animals that experienced CSDs. This established model was the 

foundation which allowed us to test questions to help answer our hypothesis that 

hormone involvement mainly estrogen (estradiol) is responsible for the 

disproportionate amount of women when compared to men that suffer from the 

neurologic disorder migraine. With our studies we showed that an estrogen bolus 

by itself in an animal that does not produce estrogen any longer due to being 

ovariectomized, could produce CSDs compared to vehicle animals that did not. 

Though this is just a small finding and cannot conclusively prove that estrogen 

alone causes CSD or migraine it is a step in a direction that until now has not 

been studied in basic science. The ability to use this model and the new data that 

we have accumulated will allow for further work to be done with other female 

hormones like progesterone or combination migraine hormones namely estrogen 

and progesterone to continue to explore the female hormonal involvement in 
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migraine. Trying to understand the pathophysiology of migraine and how female 

hormones could play a major role in the causality of migraine is a very interesting 

and potentially promising research area. The ability to use this model to try and 

answer basic science questions which will hopefully lead to a plausible 

mechanism of action underlying the hormonal involvement in migraine will also 

allow for potential targets or pharmacologic therapeutics to be discovered along 

the way. Which will hopefully open the doors to translational medicine, whereby 

the basic bench research and exploration and answering of questions leads to a 

breakthrough or new development in medicine that pushes the field forward or 

more importantly helps patients to enjoy a better quality of life.  
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Chapter 2: MATERIALS AND METHODS 
	  

Animals 

2.11	  NK1	  Animals	  
Animals: All animal procedures were performed in accordance with the policies 

and recommendations of the International Association for the Study of Pain 

(IASP), the National Institutes of Health (NIH) and with approval from the Animal 

Care and Use Committee of the University of Arizona for the handling and use of 

laboratory animals. Adult male, and female Sprague-Dawley rats (200-300g; 

Harlan, USA), were kept in a temperature-controlled environment with lights on 

07:00 - 19:00 with food and water available ad libitum. 

 

2.12	  CSD	  Animals	  
Animals: Female, Sprague Dawley rats (200-250g) purchased from Harlan 

(Indianapolis, IN) and housed in a climate controlled room on a regular 12 hour 

light/dark cycle with lights on at 7:00 am and food and water ad libitum. 

Electrophysiological recordings were done over a 24-hour period in a room 

synonymous to the climate-controlled housing. All procedures were performed 

during the 12-hour light cycle and according to the policies and recommendations 

of the IASP, the NIH guidelines for laboratory animals, and were approved by the 

IACUC of the University of Arizona. 

2.2 Surgical Procedures  

	  2.21	  NK1	  surgeries	  
Intracerebroventricular (i.c.v.): Direct injection of vehicle, morphine or NK1 

agonist into the lateral ventricles allowed study of any supraspinal effect in rats. 

Rats were anesthetized with Ketamine/Xylazine 100 mg/kg, i.p.	  (vol/vol:	  80/20,	  

Sigma-‐Aldrich;	  St.	  Louis,	  Missouri	  USA)	  and a small incision through the skin was 

made midline on top of the head so that the skull was visible and compounds 

were injected (5 µL) at a point from bregma: 2 mm posterior, 2 mm lateral, and 3 

mm below the skull. For chronic studies, indwelling cannulas were inserted to 
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allow for multiple i.c.v. injections. Rats were fixed in a stereotaxic head holder 

(Stoelting, nose bar: -3.5 mm) and the skull exposed 2 cm. A guide cannula 

(C131, Plastics One Inc.) was inserted from bregma: antero/posterior: -1.5 mm; 

medio/lateral: -1mm and dorso/ventral from the skull: -3 mm (Paxinos 1997). 

Cannulas were fixed to the skull with cyanoacrylate glue and application of dental 

cement around anchor screws (A/P: -3 mm, M/L: ± 2 mm; Small Parts Inc.). 

Injections (5 µL, i.c.v.) of vehicle, morphine or NK1 agonist were performed and 

the movement of fluid visually monitored. The injector was slowly removed after 

30 seconds and replaced with a dummy cannula to prevent any back-flow of drug.  

	  

Intrathecal catheterization (i.t.): Rats were anesthetized with 

Ketamine/Xylazine and placed in a stereotaxic head holder. The cisterna magna 

was exposed and incised, and an 8 cm catheter (PE-10, Stoelting) was implanted 

as we have previously reported (Largent-Milnes, et al., 2010) terminating in the 

lumbar region of the spinal cord. Catheters were sutured (3-0 silk suture) into the 

deep muscle and externalized at the back of the neck. Vehicle and compounds 

(5 µL) were injected while rats moved freely in their home cages. 

Spinal Nerve Ligation (SNL): In rats, the skin over the caudal lumbar region 

was incised and the muscles retracted. The L5 and L6 spinal nerves were 

exposed, carefully isolated, and tightly ligated with 4-0 silk distal to the dorsal 

root ganglion, as previously performed (Largent-Milnes, et al., 2010). 

Cannulations were performed under ketamine/xylazine anesthesia (100 mg/kg, 

i.p.; Sigma-Aldrich) while SNL was performed using 2.5% isofluorane (Fisher 

Scientific, USA) in O2 anesthesia delivered at 2 L/min. Any animals exhibiting 

signs of motor deficiency, infection, neurological deficit or >10 % loss in total 

body weight were euthanized. Control animals underwent sham surgeries in 

which the nerves were exposed but not ligated. 

Spinal Nerve Injury (SNI): Rats were anesthetized with Ketamine/Xylazine (100 

mg/kg, i.p.). Skin on the lateral surface of the left thigh was incised exposing the 

biceps femoris muscle. Using blunt dissection, the biceps femoris muscle was 
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separated exposing the sciatic nerve and its three terminal branches: the sural, 

common peroneal and tibial nerves. The area where the three nerves branched 

from the sciatic nerve was carefully; the common peroneal and the tibial nerves 

were then tightly ligated with 5.0 silk and sectioned distal to the ligation, leaving 

the sural nerve intact. Muscle and skin were then closed in two layers. Control 

animals underwent sham surgeries in which the nerves were exposed but not 

manipulated.  

2.22	  CSD	  Surgeries	  
Removal of Ovaries: Rats were anaesthetized using ketamine/xylazine 

(dose:80:12 mg/kg IP) and ovariectomized. The ovaries were removed via a bi-

lateral side approach, whereby a 3-5 mm incision is made through the skin, 

fascia and muscle. Two internal simple interrupted sutures are placed to 

reapproximate the muscle and anterior fascia. Then 3 to 4 more sutures about 2-

3 mm apart are placed to close the skin. After the completion of the surgery 

gentamicin is given at 10mg/kg and a bolus of 2.5 cc of normal saline to help 

rehydrate the animal. The rats were then given 7 days to recover in Animal Care 

to also allow estrogen levels to diminish almost completely.  

Electrode Placement: Rats were anaesthetized with ketamine/xylazine (dose: 

80:12 mg/kg IP) 7 days after their ovaries were removed. The rats were fixed to a 

stereotaxic frame (Stoetling) and three burr holes were drilled through the skull 

using a manual drill to allow the three silver chloride electrodes to sit on the dura. 

The silver chloride electrodes were formed using .25 mm diameter silver wire (A-

M Systems, Inc., Everett, WA) flamed at the tip to produce 1mm diameter 

spherical ends subsequently coated with chloride. The frontal and parietal lead 

electrodes were placed in the right hemisphere 2 mm lateral and 1.5 mm anterior 

to bregma and 2 mm lateral and 2.5 mm posterior to bregma respectively while 

the reference electrode was placed 7.  posterior to bregma. Two screws (#MPX-

080-3F-1M, Small Parts Inc., Miami Lakes, FL) were tightened into the left 

hemisphere of the skull separated by 2mm. The front screw served as a 

mounting support to assist in anchoring the multi-pin connector. The back screw 

served as a ground electrode, which was made by soldering silver wire onto the 
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head of the screw. The four electrodes (three silver chloride electrodes and one 

ground electrode) were soldered into the bottom of a multi-pin connector 

(Continental Connector, Hatfield, PA) and the apparatus was fixed into place 

using dental cement. The rats were allowed to recover for 48 hours before 

electrophysiological recordings. 

Implantation of recording electrodes: Rats were anaesthetized with 

ketamine/xylazine (dose: 80:12 mg/kg i.p.) and fixed to a stereotaxic frame 

(Stoelting).   Recordings were made with epidural Ag/AgCl electrodes prepared 

from 0.25mm diameter Ag wire (A-M Systems, Inc., Everett, WA). Wire was 

flamed to produce spherical tips (1.0 mm diam.) and then coated with chloride. 

Electrodes were placed in burr holes through the skull made with manual drills, 

and two screws (#MPX-080-3F-1M, Small Parts Inc., Miami Lakes, FL) were 

placed over the uninjured hemisphere (left). One screw served as a head-mount 

anchor. The other screw served as a ground electrode and it was located adjacent 

to the lateral ridge of the skull (7.5 mm posterior to bregma). The ground electrode 

was made by soldering a silver wire to the head of the screw. Lead electrodes 

were placed over frontal and parietal cortices (2.0 mm lateral, 1.5 mm anterior and 

2.5 mm posterior to bregma, respectively) (Figure 1). A reference electrode was 

located posterior to lambda (11.5 mm from bregma). An additional burr hole (1.0 

mm diam.) was made with a hand drill (DH-0 Pin Vise, Plastics One Inc., Roanoke, 

VA) to expose the dura at 6.5 mm posterior and 3.0 mm lateral (right) to bregma. 

A guide cannula (CSD cannula: 22 GA, #C313G, Plastics One Inc.) was 

fashioned to extend 0.5 mm from the pedestal and inserted into the hole with 

caution in order to avoid piercing the dura and sealed into place with glue. A 

dummy cannula (#C313DC, Plastics One Inc.) was used to avoid obstruction of 

the guide cannula. The free ends of the electrode wires were soldered to a multi-

pin connector (Continental Connector, Hatfield, PA) and the assembly was fixed 

to the skull with dental cement. Rats were allowed to recover for 3 days before 

electrophysiological recordings and before behavior studies were performed. 
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2.3 Injection Procedures  
	  

2.31	  NK1	  Injections:	  

Intravenous (i.v.): Acute i.v. injections were performed in awake rats by placing 

the animal in an appropriate restrainer (VWR International) and dilating the distal 

third of the tail in warm water for 5 s. Injections were performed over a 10 s period 

and were noted as positively placed by the presence of blood in the tip of the 

syringe before injection and the absence of an out-pocketing of the tail-skin at the 

site of injection.  

2.32	  CSD	  Injections:	  

Cortical: Cortical injections were performed by employing a Hamilton injector (30 

GA, # 80308 701 SN) customized to project 1.0 mm into the brain. The injector is 

inserted through the CSD guide cannula to deliver 0.5 µl of solution (1 M KCl or 

deionized water) or no solution (i.e., pinprick only) into the cerebral cortex. 

Artificial CSF (aCSF) was injected into cortex (depth 1mm). 

Dura: Administration of solutions on the dura was performed using an injection 

cannula (28 GA, C313I) cut to the same size as the CSD guide cannula (0.5 mm). 

KCl (1 M; 10 µl), aCSF or deionized water (vehicle for KCl) was slowly applied to 

the dura. 

2.4 Drugs and Compounds 
 
2.41	  NK1	  Drugs:	  

Morphine sulfate (MS; 7,8-didehydro-4,5a-epoxy-17-methylmorphinan-3,6-a-diol 

sulfate) was obtained from the National Institute on Drug Abuse.  The selective 

tachykinin NK1 receptor agonist GR 73632 [C5H10NO – Phe-Phe-Pro-(Me)Leu-

Met-NH2] and the selective tachykinin NK1 receptor antagonist RP 67580 

[(3aR,7aR)-Octahydro-2-[1-imino-2-(2-methoxyphenyl)ethyl]-7,7-diphenyl-4H-

isoindol] was purchased from Tocris Bioscience (Bristol, UK). Unless otherwise 

stated, MS and GR 73632 were dissolved in 0.9% saline. RP 67580 was 

prepared as a solution in 10% DMSO, 10% TWEEN 80 and 80% 0.9% saline. 
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Dosing of MS and RP 67580 were 10 mg/kg and 1 mg/kg for systemic dosing, 

respectively. Intracerebral-ventricular dosing of GR 73632 was administered at 

10 µg/µL per animal. The non-selective opioid antagonist, naloxone (NLX), 

14Csucrose, and peptidergic compounds D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-

Thr-NH2 (CTAP), [D-Pen2,5]Enkephalin, [D-Pen2,D-Pen5]Enkephalin (DPDPE), 

and (Tyr-D-Ala-Gly-Phe-NH)2 (biphalin) were purchased from Tocris (USA) or 

synthesized in-house; Unless otherwise stated, MS and NLX were dissolved in 

0.9% saline. Substance P (SP; American Peptide, USA) was prepared as a 

solution in saline or 5% acetic acid/saline. TY027 (H-Tyr-D-Ala-Gly-Phe-Met-Pro-

Leu-Trp-NH-3,5Bn(CF3)2) was synthesized as described by Yamamoto et al. 

(2007 2008). Central dosing of TY027 ranged between 0.38-100.0 µg in 5 µL and 

1-30 mg/kg for experiments with systemic dosing. TY027 was dissolved in 

dimethyl-sulfoxide (DMSO, Tocris) or hydroxy-cyclo-β-dextran (HCBD, Sigma-

Aldrich, USA) and brought to final volume in either MilliPore water (central doses) 

or Tween80/saline (systemic doses). 

2.42	  CSD	  Drugs:	  

	  Estrogen and Vehicle preparation: 17-β-estradiol procured from Tocris was 

used in the estrogen preparation for the intraperitoneal injections. To replicate 

the natural peak and highest level of estrogen in the menstrual cycle we used a 

0.3 mg/ml of 17-β-estradiol in castor oil which correlates to the physiologic peak 

seen in rats of about 56-92 pg/ml.24 The intraperitoneal injection were prepared 

at a dose of 180 µg/kg of 17-β-estradiol.  Oil based steroid preparation is best for 

systemic injections because it eliminates the rapid metabolism of an oral 

administration of the steroid.(Wakeling and Bowler 1992) Castor oil was selected 

as the base solution for the steroid mixture and was purchased from Sigma-

Aldrich (259853). The vehicle utilized for this experiment was castor oil by itself 

and it was given as a 200 µl intraperitoneal injection to mimic the same volume 

given as the 200 µl estrogen injections.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

 Faslodex™ (ICI 182,780) and Vehicle preparation: ICI 182,780, a pure 

estrogen antagonist, was procured from Tocris and used for subcutaneous, 

nuchal, injections. ICI 182,780 was mixed in castor oil as a 10 mg/kg(Wakeling, 
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Dukes et al. 1991) dosing regiment. This dose equated to 200 µl dose of ICI 

182,780. The vehicle utilized for experiments was again castor oil and was given 

as a 200 µl subcutaneous, nuchal, injections.  

Sumatriptan preparation: Sumatriptan a 5HT1 agonist was procured from 

Tocris and was prepared in saline to the final dose of 0.6	  mg/kg for 

subcutaneous administration as previously described(Edelmayer, 

Vanderah et al. 2009)     

2.5 Behavioral Testing Protocols 
	  

2.51	  NK1	  Behavior:	  

Assessment of Tactile Allodynia – Von Frey 

The assessment of tactile allodynia consisted of measuring the 

withdrawal threshold of the paw ipsilateral to the site of nerve injury in 

response to probing with a series of calibrated von Frey filaments 

(innocuous stimuli). Animals were acclimated to the suspended wire-‐

mesh cages for 30 min before testing. Each von Frey filament was 

applied perpendicularly to the plantar surface of the ligated paw of 

animals for 5 sec (mice for 2 sec). A positive response was indicated by a 

sharp withdrawal of the paw. For animals, the first testing filament is 

4.31g and for mice it is 3.61 g (see examples). Measurements were taken 

before and after administration of test articles. The paw withdrawal 

threshold was determined by the non-‐parametric method of Dixon (1980), 

in which the stimulus was incrementally increased until a positive 

response was obtained, then decreased until a negative result was 

observed. The protocol was repeated until three changes in behavior are 

determined (“up and down” method) (Chaplan S.R., et al., J Pharmacol 
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Exp Ther 1994; 269:1117-‐1123). The 50% paw withdrawal threshold was 

determined as (10[Xf+kδ])/10,000, where Xf = the value of the last von 

Frey filament employed, k = Dixon value for the positive/negative pattern, 

and δ = the logarithmic difference between stimuli. The cut-‐off values for 

animalss were no less than 0.2 g (3.61 filament) and no higher than 15 g 

(5.18 filament); for mice no less than 0.03 g (2.44 filament) and no higher 

than 4.0 g (4.56 filament). A significant drop of the paw withdrawal 

threshold compared to the pre-‐treatment baseline is considered tactile 

allodynia. 

Examples: Using FlashDixon program, enter ALL of your x's and o's, then the 
number of your last filament. 

Results:       6.74g          1.85g                                              

Results:       0.21g          2.34g  

When testing is complete, testing chambers are cleaned with Versa Clean 

and 70% ethanol, after animals return to cages. 

 

Conditioned Place Preference/Aversion (CPP/CPA): Three chambered, 

rat-conditioned place preference/aversion (CPP/CPA) apparatus were 

customized as follows: 1) end chamber of horizontal black/white striped walls, 

smooth floor; 2) end chamber of black walls, rough floor; and 3) middle chamber 

of neutral gray walls and metal rod flooring. Rats were allowed to habituate to the 

testing room for 30–60 minutes prior to 15-minute recordings. Baseline 

recordings were obtained on days 1 for the putative conditioning chamber. Any 

rat with >80% preference to any chamber during baseline was excluded. At 

random, rats were separated into treatment groups and paired to associate one 

of the end chambers with drug and the other end chamber with vehicle. Animals 

were conditioned with drug (MS, MS + RP 67580 or GR 73632) for three 
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consecutive days following baseline for a total of 3 drug exposures. Animals were 

then administered vehicle the day following three consecutive drug exposures in 

the opposing chamber of drug exposure.  After both central 

(intracerebroventricular) and/or systemic dosing (intravenous), CPP/CPA was 

assessed for control rats receiving vehicle-vehicle, vehicle-MS (10 mg/kg i.p.), 

vehicle-RP 67580 (1 mg/kg i.p.), RP 67580-MS (1 mg/kg and 10 mg/kg i.p. 

respectively) and GR 76362 (10µg/ul i.c.v). 

 

Naloxone-Precipitated Opioid Withdrawal: Rats were given i.v. 

injections of either vehicle (DTS and saline), MS (3mg/kg) or TY027 (10 

mg/kg) twice daily for 3 d and then monitored for physical signs of 

spontaneous and NLXprecipitated opioid withdrawal on the fourth day as 

previously described (Vera-Portocarrero et al., 2011). Following a 30 min 

habituation period, animals were evaluated for signs of spontaneous opioid 

withdrawal for 30 min. After this period 10 of observations, rats then 

administered NLX (3 mg/kg, i.p.) and observed for 30 min for signs of 

precipitated withdrawal. NLX-induced opioid withdrawal signs including 

teeth chattering, grooming, wet-dog shakes, yawning, jumping and writhing 

were counted. Autonomic responses to NLX were recorded including the 

development of diarrhea (yes/no) and weight loss (in grams; pre NLX- post 

NLX weight).  

 
Mechanical behavioral testing: Rats were acclimated for 1 hour before 

baseline measurements were made. Behavioral responses were 

determined by applying calibrated von Frey filaments perpendicularly to the 

midline of the forehead at the level of the eyes, or to the plantar aspect of 

the hind paws, with sufficient force to cause the filament to slightly bend 

against the skin while held for approximately 5 sec. A response was 

indicated by sharp withdrawal of the head or paw. Sensory thresholds were 

measured at 30, 60, 90, 120, 180, 240 and 300 min. The withdrawal 
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thresholds were determined by Dixon’s “up and down” method (30). Briefly, 

testing was initiated with a filament of certain force (1.0 g for the face and 

2.0 g for the paw). In the absence of head or paw withdrawal response, the 

immediate stronger filament was applied to the area; in the case of a 

withdrawal response, the next weaker filament was used.  Maximum 

filament force was 8 g and 15 g for the face and hind paw, respectively.  

Assessment of Thermal Hypersensitivity - Hargreave: The method of 

Hargreaves and colleagues (Hargreaves, K., et al., Pain (1988) 32:778) can be 

employed to assess paw withdrawal latency to a noxious thermal stimulus. 

Animals were allowed to acclimate within a Plexiglas enclosure on a clear glass 

plate for 30 minutes. A radiant heat source (i.e., halogen bulb coupled to an 

infrared filter) was then activated with a timer and focused onto the plantar 

surface of the affected paw of treated animals. Paw�withdrawal latency can be 

determined by a photocell that halted both lamp and timer when the paw is 

withdrawn. A maximal cut�off of 33 seconds is employed to prevent tissue 

damage. Paw withdrawal latency can be thus determined to the nearest 0.1 

second. A significant drop of the paw withdrawal latency from the baseline 

indicates the status of thermal hyperalgesia. Antinociception is indicated by a 

reversal of thermal hyperalgesia to the pre�treatment baseline or a significant (p 

< 0.05) increase in paw withdrawal latency above this baseline. Data is 

converted to % Antihyperalgesia by the formula: 100 x (test latency – pre dose 

latency)/(baseline latency – pre dose latency) or % Analgesia by the formula: 

100 x (test latency – baseline latency)/(cutoff – baseline latency) where cut�off 

is 33 seconds. 

When testing is complete, boxes are cleaned with Versa Clean and 70% ethanol. 

Immediately following testing, animals are euthanized by CO2 anesthesia and 

cervical dislocation. 

	  

	  



	   49	  

2.52	  CSD	  Behavior:	  	  

Activity Box Recordings: Activity testing was conducted using behavioral 

techniques similar to those previously described.(Wallace, Blackbeard et 

al. 2007, Matson, Broom et al. 2010, Stucky, Gregory et al. 2011, 

Edelmayer, Le et al. 2012) Briefly, a baseline group of seven female rats 

that were previously ovariectomized 7 days prior were allowed to acclimate 

to the testing room for one hour in their original cages before any activity 

testing was performed. To maintain the novelty of the activity chambers, 

the rats were not allowed to habituate to the chambers during the 

acclimation phase. Rats were then placed into individual activity chambers 

(41 cm long X 41 cm wide X 39 cm high, Tru Scan Photobeam system: 

Coulbourn Instruments) without any drug treatments or vehicle injections 

for 30 minutes to obtain baseline data points. Each chamber has 2 

photobeam sensor rings that measure all movements in 3 directions. One 

of the rings is located near the floor of the chamber measures all horizontal 

movements including time, distance, and velocity of movements. The 

second ring is at the same fixed height across all of the chambers and 

measures the vertical movements of the rats including the number of times 

any part of the rat breaks that plane and the length of time that the rat is 

vertical.  Locomotor/exploratory activity was recorded and analyzed using 

Tru Scan software v.3.11 (Coulbourn Instruments).  A baseline group of 

seven rats was used as a control group, which were considered naïve to 

the chambers and did not have any injections prior to testing. This group 

was used as a comparison for the other two test groups.  Test group 

number 1 was another group of seven female rats that was ovariectomized 

7 days prior to testing. They were allowed to acclimate in their own cages 

for 1 hour before vehicle or beta-estradiol injections were given. Two of the 

seven rats were randomly chosen to receive vehicle and the other 5 rats 

received the estrogen injections. After the vehicle or estrogen injections, 
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rats were placed back into their cages for two hours. A two-hour time 

frame was given for the estrogen effects to take place due to previous 

CSD data from our other experiments suggesting that the majority of CSDs 

we recorded happened around the 2 to 3 hour mark after injections. After 

this wait period the rats were placed into the activity chambers and were 

tested for vertical movements for 30 minutes. The second test group of 

seven rats were identically run as the first test group except two hours prior 

to the start of one hour acclimation time point, 2 rats were randomly 

assigned and given a vehicle injection and the remaining 5 were given a 

non selective estrogen antagonist (ICI 182,780) injection. The estradiol 

injection was given to all seven of these rats after the one-hour acclimation 

time period as previously described above. All recordings were then 

analyzed for number of vertical entries and compared to the baseline 

group of seven rats. A further control group was tested using the known 

abortive agent for migraine, sumatriptan (0.6 mg/kg) [33]. Again 7 rats 

were used, where 2 were randomly chosen and received only sumatriptan 

and the other 5 received both sumatriptan and β-estradiol.   

2.6 Animal Recovery 
	  

Recovery. Animals were housed individually and allowed to recover for 5-7 days 

between time of surgery and the first manipulation. Any animals exhibit signs of 

motor deficiency, infection, neurologic deficit , or > 10% loss in total body weight 

were euthanized.  

2.7 CSD Recordings 
	  

Electrophysiological Recordings: forty-eight hours after the electrodes were 

placed onto the dura mater, the rats were each placed in their own recording 

chamber (40 cm L x 49 cm W x 37 cm H) with the multi-pin connector attached to 

an electro cannular swivel (#CAY-675-6 commutator, Airflyte, Bayonne, NJ) 
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mounted in the ceiling of the chamber. This swivel allowed the awake rats free 

movement about the chamber during the 24-hour recording period. The rats were 

placed in the chamber for one hour prior to any pharmacological intervention to 

allow electrical recordings to stabilize. Only those rats with stable electrical 

recordings were injected with exogenous β-estradiol and subsequently included 

in the 24-hour recording period. Signals led to separate DC and AC amplifiers 

(Grass Model 15 amplifier system, 15A12 DC and 15A54 AC amplifiers, West 

Warick, RI) through insulated cables and collected with EEG recording analysis 

software Gamma v.4.9 (Astro-Med, Inc. West Warick, RI). After the one-hour 

stabilization period, rats were injected with 200µL of either the Estradiol solution 

or the vehicle solution. Following injection, the rats were able to move freely 

about the chamber for the next 24 hours without human interruption until the 

recording period was over. 

Electrophysiological Recording Analysis: Following 24 hours of 

electrophysiological recording, the recording data was reviewed with Gamma 

Reviewer (Astro-Med, Inc. West Warick, RI) and analyzed for the number of 

CSDs. CSDs were determined by the DC shifts that were calculated from either 

the frontal or parietal electrodes that recorded the shifts. Cortical activity was 

confirmed to be depressed during these events by   measuring the significant 

reductions in both the power and amplitude of the EEG tracings.  

	  

2.8 Statistical Analysis 

2.81	  NK1	  Statistical	  Analysis	  	  
	  

Prism software was employed to perform statistical analysis. For CPP studies, 

the data were expressed as mean ± SEM. Student’s t-test (paired) was used to 

analyze the differences within group and student’s t-test (unpaired) was used to 

analyze the differences between groups. For microdialysis studies, a repeated 

measures two-way analysis of variance (ANOVA) was employed to analyze 

differences among treatment groups. The post hoc Student-Neuman-Keuls test 

was applied to find significant differences among means. A p<0.05 was accepted 
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as statistically significant. Significance levels are indicated by asterisks as 

follows: *p<0.05, **p<0.01, ***p<0.001. 

2.82	  CSD	  Statistical	  Analysis	  	  
	  

Prism software was employed to perform statistical analysis. For CSD studies the 

data were expressed as mean ± SEM. A repeated measures two-way analysis of 

variance (ANOVA) was employed to analyze differences among treatment 

groups. The post hoc Student-Neuman-Keuls test was applied to find significant 

differences among means. For the vertical movement assay, data were 

expressed as mean ± SEM. A one-way ANOVA was used and an unpaired t-test 

with Welch’s correction to determine statistical significance. A p<0.05 was 

accepted as statistically significant. Significance levels are indicated by asterisks 

as follows: *p<0.05, **p<0.01, ***p<0.001. 
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Chapter 3: MODULATION OF REWARD VIA NK1 
	  	  

With	  the	  “Graying	  of	  America”	  in	  full	  swing(Sade	  2012)	  and	  the	  life	  expectancy	  of	  US	  

citizens	  hovering	  around	  78.7	  years	  of	  age(Kenneth	  D.	  Korchank	  2013)	  it	  is	  not	  

difficult	  to	  see	  that	  age	  related	  medical	  problems	  including	  chronic	  pain	  are	  going	  to	  

continue	  to	  increase	  in	  the	  future.	  	  Estimates	  from	  the	  CDC	  in	  2002	  show	  chronic	  

pain	  suffers	  in	  America	  at	  over	  100	  million	  and	  growing.	  	  Chronic	  pain	  is	  not	  just	  a	  

major	  problem	  because	  of	  the	  actual	  pain	  that	  is	  caused	  or	  the	  potential	  for	  

disability	  but	  also	  because	  it	  effects	  the	  individual’s	  lifestyle,	  their	  happiness	  and	  

ultimately	  can	  affect	  their	  morbidity	  and	  mortality(Gatchel,	  McGeary	  et	  al.	  2014).	  	  	  

The	  current	  therapeutic	  approach	  to	  managing	  chronic	  pain	  is	  changing	  with	  the	  

development	  of	  clinical	  guidelines	  employing	  new	  pain	  management	  

standards(Olsen,	  Daumit	  et	  al.	  2006,	  Chou,	  Fanciullo	  et	  al.	  2009,	  Chapman,	  Lipschitz	  

et	  al.	  2010),	  and	  recent	  literature	  that	  suggests	  that	  chronic	  opioid	  use	  is	  not	  as	  

effective	  at	  managing	  long	  term	  chronic	  pain	  as	  once	  thought.	  (Krashin,	  Sullivan	  et	  al.	  

2013,	  Potter	  and	  Marino	  2013)	  However,	  opiates	  still	  remain	  the	  main	  stay	  for	  pain	  

relieve	  and	  has	  remained	  the	  pharmacological	  target	  for	  developing	  new	  drugs	  to	  

treat	  pain	  for	  the	  past	  25	  years(Woodcock,	  Witter	  et	  al.	  2007).	  They	  are	  and	  have	  

been	  very	  effective	  at	  acute	  and	  chronic	  pain	  relief	  and	  were	  used	  for	  these	  

purposes	  as	  far	  back	  as	  Egyptian	  times(Maged	  El	  Ansary	  2003).	  Even	  with	  the	  

known	  positive	  attributes	  of	  opiates,	  mainly	  pain	  relief,	  all	  opium-‐derived	  

pharmacotherapeutics	  still	  have	  side	  effects,	  with	  nausea,	  vomiting,	  and	  

constipation	  being	  the	  most	  common	  but	  more	  severe	  side	  effects	  including	  

respiratory	  depression	  and	  the	  potential	  for	  abuse(Gregorian,	  Gasik	  et	  al.	  2010).	  	  

Medical(Martel,	  Dolman	  et	  al.	  2014)	  and	  non-‐medical(Zacny	  and	  Lichtor	  2008)	  

abuse(Administration:	  Results	  from	  2007)	  of	  opiates	  is	  a	  significant	  problem	  that	  is	  

growing.	  Understanding,	  that	  opiate	  type	  pain	  drugs	  can	  and	  are	  being	  abused,	  has	  

led	  to	  the	  development	  of	  a	  method	  to	  try	  and	  reduce	  opioid	  abuse	  liability	  and	  also	  

promote	  the	  safe	  prescribing	  of	  opioids	  by	  clinicians	  by	  employing	  a	  technique	  

called	  “universal	  precautions.”(Webster	  and	  Fine	  2010)	  This	  approach	  is	  novel	  and	  
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addresses	  how	  to	  better	  screen	  patients	  for	  their	  opioid	  need,	  their	  compliance	  and	  

support	  network.	  Though	  this	  approach	  is	  unique	  and	  has	  benefits	  it	  has	  limited	  

effectiveness	  due	  to	  the	  inability	  to	  deter	  the	  patient	  from	  abusing	  opioids	  via	  an	  

actual	  reformulation	  or	  redesign	  of	  the	  drug	  that	  could	  block	  the	  

rewarding/addictive	  effect	  or	  some	  of	  the	  common	  side	  effects	  associated	  with	  

opioid	  use.	  	  

One	  potential	  receptor	  family	  that	  shows	  promise	  with	  trying	  to	  block	  rewarding	  

effects	  of	  opioids	  is	  the	  Neurokinin-‐1	  receptor	  (NK1).	  NK1	  as	  a	  potential	  therapeutic	  

target	  has	  already	  been	  identified	  in	  the	  literature	  as	  having	  a	  unique	  modulatory	  

effect	  on	  morphine	  interaction	  in	  the	  amygdala(Gadd,	  Murtra	  et	  al.	  2003).	  	  Also,	  by	  

using	  an	  antagonist	  for	  NK1	  in	  humans	  has	  also	  shown	  promise,	  with	  a	  study	  

demonstrating	  that	  this	  pharmacological	  interaction	  affects	  “reward	  incentive	  

anticipation	  processing”	  in	  healthy	  test	  subjects(Saji,	  Ikeda	  et	  al.	  2013).	  Our	  lab	  has	  

also	  shown	  in	  multiple	  animal	  studies	  that	  using	  a	  novel	  hybrid	  compound	  (TY027)	  

that	  works	  at	  both	  µ-‐opioid	  receptors	  and	  neurokinin-‐1	  receptors	  produces	  better	  

analgesia	  in	  rodents,	  while	  also	  blocking	  reward,	  constipation,	  and	  emesis(Largent-‐

Milnes,	  Brookshire	  et	  al.	  2013).	  TY027	  is	  a	  unique	  drug	  in	  that	  it	  was	  designed	  to	  

have	  a	  specific	  portion	  of	  the	  drug	  active	  as	  an	  agonist	  for	  µ-‐opioid	  receptors	  with	  

very	  high	  affinity,	  and	  a	  neurokinin-‐1	  antagonist	  portion	  that	  binds	  with	  high	  

affinity	  to	  NK1	  receptors(Yamamoto,	  Nair	  et	  al.	  2009,	  Yamamoto,	  Nair	  et	  al.	  2009).	  	  	  

A	  validated	  experimental	  model	  that	  has	  been	  effective	  in	  studying	  reward	  in	  

animals	  and	  has	  been	  accepted	  widely	  in	  the	  literature	  is	  the	  condition	  place	  

preference	  (CPP)	  behavior	  assay.	  CPP	  tests	  the	  time	  spent	  by	  an	  animal	  in	  an	  

environmentally	  novel	  chamber	  (2	  or	  3	  chamber	  devices).	  The	  chambers	  can	  be	  

separated	  in	  order	  to	  pair	  the	  novel	  environment	  with	  a	  specific	  drug	  or	  compound	  

to	  condition	  the	  animal	  to	  the	  pairing	  of	  the	  specific	  chamber	  and	  drug.	  This	  model	  

is	  classically	  tested	  with	  morphine	  a	  well-‐established	  drug	  that	  is	  known	  to	  induce	  

place	  preference.	  (King	  and	  Riley	  2013,	  Salas,	  Bocos	  et	  al.	  2013,	  Karimi,	  Attarzadeh-‐

Yazdi	  et	  al.	  2014,	  Martel,	  Dolman	  et	  al.	  2014)	  Morphine	  injections	  are	  typically	  used	  

for	  multiple	  days	  in	  order	  to	  condition	  the	  animal	  to	  associate	  the	  morphine	  
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injection	  with	  a	  specific	  chamber,	  typically	  3	  or	  4	  days	  is	  necessary	  to	  accomplish	  

this.	  Once	  the	  conditioning	  days	  have	  taken	  place	  the	  animals	  are	  than	  tested	  on	  a	  

subsequent	  day,	  and	  allowed	  to	  move	  freely	  throughout	  all	  chambers	  (2	  or	  3	  

chambers)	  and	  the	  time	  spent	  in	  each	  individual	  chamber	  is	  measured.	  Morphine	  

traditionally	  causes	  the	  animal	  to	  gravitate	  to	  or	  remain	  in	  the	  chamber	  where	  the	  

morphine	  was	  administered.	  Whereby	  animals	  spend,	  statistically	  significant,	  more	  

time	  in	  the	  morphine-‐paired	  chambers,	  than	  vehicle	  paired	  chambers(Reid,	  Marglin	  

et	  al.	  1989).	  	  

Extracting	  from	  the	  literature	  that	  NK1	  modulation	  could	  play	  a	  unique	  role	  in	  the	  

opioid	  reward	  pathway,	  and	  also,	  that	  CPP	  has	  been	  used	  extensively	  to	  test	  opioids	  

ability	  to	  cause	  reward	  like	  behavior.	  We	  developed	  a	  series	  of	  studies	  to	  test	  NK1	  

ability	  to	  block	  morphine	  condition	  place	  preference	  using	  a	  selective	  NK1	  receptor	  

antagonist	  RP67580.	  These	  studies	  are	  unique	  from	  what	  exists	  in	  the	  literature	  and	  

attempt	  to	  illustrate	  a	  connection	  and	  role	  with	  how	  NK1	  receptor	  interaction	  can	  

modulate	  opioid	  reward	  effects.	  	  	  	  	  	  

Animals: Male, Sprague Dawley rats (225-300g) purchased from Harlan 

(Indianapolis, IN) and housed in a climate controlled room on a regular 12 hour 

light/dark cycle with lights on at 7:00 am and food and water ad libitum. 

Electrophysiological recordings were done over a 24-hour period in a room 

synonymous to the climate-controlled housing. All procedures were performed 

during the 12-hour light cycle and according to the policies and recommendations 

of the IASP, the NIH guidelines for laboratory animals, and were approved by the 

IACUC of the University of Arizona. 

Drugs: Morphine sulfate (MS; 7,8-didehydro-4,5a-epoxy-17-methylmorphinan-

3,6-a-diol sulfate) was obtained from the National Institute on Drug Abuse.  The 

selective tachykinin NK1 receptor agonist GR 73632 [C5H10NO – Phe-Phe-Pro-

(Me)Leu-Met-NH2] and the selective tachykinin NK1 receptor antagonist RP 

67580 [(3aR,7aR)-Octahydro-2-[1-imino-2-(2-methoxyphenyl)ethyl]-7,7-diphenyl-

4H-isoindol] was purchased from Tocris Bioscience (Bristol, UK). Unless 

otherwise stated, MS and GR 73632 were dissolved in 0.9% saline. RP 67580 
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was prepared as a solution in 10% DMSO, 10% TWEEN 80 and 80% 0.9% 

saline. Dosing of MS and RP 67580 were 10 mg/kg and 1 mg/kg for systemic 

dosing, respectively. Intracerebral-ventricular dosing of GR 73632 was 

administered at 10 µg/µL per animal.  

Surgical Procedures 

Intracerebroventricular (i.c.v.): Direct injection of vehicle, morphine or NK1 

agonist into the lateral ventricles allowed study of any supraspinal effect in rats. 

Rats were anesthetized with Ketamine/Xylazine (100 mg/kg, i.p.) and a small 

incision through the skin was made midline on top of the head so that the skull 

was visible and compounds were injected (5 µL) at a point from bregma: 2 mm 

posterior, 2 mm lateral, and 3 mm below the skull. For chronic studies, indwelling 

cannulas were inserted to allow for multiple i.c.v. injections. Rats were fixed in a 

stereotaxic head holder (Stoelting, nose bar: -3.5 mm) and the skull exposed 2 

cm. A guide cannula (C131, Plastics One Inc.) was inserted from bregma: 

antero/posterior: -1.5 mm; medio/lateral: -1mm and dorso/ventral from the skull: -

3 mm (Paxinos 1997). Cannula were fixed to the skull with cyanoacrylate glue 

and application of dental cement around anchor screws (A/P: -3 mm, M/L: ± 2 

mm; Small Parts Inc.). Injections (5 µL, i.c.v.) of vehicle, morphine or NK1 agonist 

were performed and the movement of fluid visually monitored. The injector was 

slowly removed after 30 s and replaced with a dummy cannula to prevent any 

back-flow of drug.  

Spared Nerve Injury: Rats were anesthetized with Ketamine/Xylazine (100 mg/kg, 

i.p.). Skin on the lateral surface of the left thigh was incised exposing the biceps 

femoris muscle. Using blunt dissection, the biceps femoris muscle was separated 

exposing the sciatic nerve and its three terminal branches: the sural, common 

peroneal and tibial nerves. The area where the three nerves branched from the 

sciatic nerve was carefully; the common peroneal and the tibial nerves were then 

tightly ligated with 5.0 silk and sectioned distal to the ligation, leaving the sural 

nerve intact. Muscle and skin were then closed in two layers. Control animals 

underwent sham surgeries in which the nerves were exposed but not 
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manipulated.  

Recovery. Animals were housed individually and allowed to recover for 5-7 days 

between time of surgery and the first manipulation. Any animals exhibit signs of 

motor deficiency, infection, neurologic deficit, or > 10% loss in total body weight 

were euthanized.  

Behavioral Assays 

Conditioned Place Preference/Aversion: Three chambered, rat-conditioned place 

preference/aversion (CPP/CPA) apparatus were customized as follows: 1) end 

chamber of horizontal black/white striped walls, smooth floor; 2) end chamber of 

black walls, rough floor; and 3) middle chamber of neutral gray walls and metal 

rod flooring. Rats were allowed to habituate to the testing room for 30–60 

minutes prior to 15-minute recordings. Baseline recordings were obtained on 

days 1 for the putative conditioning chamber. Any rat with >80% preference to 

any chamber during baseline was excluded. At random, rats were separated into 

treatment groups and paired to associate one of the end chambers with drug and 

the other end chamber with vehicle. Animals were conditioned with drug (MS, MS 

+ RP 67580 or GR 73632) for three consecutive days following baseline for a 

total of 3 drug exposures. Animals were then administered vehicle the day 

following three consecutive drug exposures in the opposing chamber of drug 

exposure.  After both central (intracerebroventricular) and/or systemic dosing 

(intravenous), CPP/CPA was assessed for control rats receiving vehicle-vehicle, 

vehicle-MS (10 mg/kg i.p.), vehicle-RP 67580 (1 mg/kg i.p.), RP 67580-MS (1 

mg/kg and 10 mg/kg i.p. respectively) and GR 76362 (10µg/ul i.c.v). 
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Microdialysis Technique 

In vivo microdialysis experiments were carried out in awake and freely moving 

rats. One week prior to the dialysis experiments, rats were anesthetized with 

Ketamine/Xylazine (100mg/kg, i.p.), then mounted into a stereotaxic instrument 

(Stoelting Co, Wood Dale, IL). Animal body temperature was maintained with a 

heating pad to prevent hypothermia during the surgical procedures. Holes were 

drilled for the placement of 3 anchoring screws and for the induction of an I-

shaped dialysis probe (EiCom USA, San Diego, CA)  into the nucleus 

accumbens ( nAc ) region of the rat brain. After fixing the screw into the skull, 

dialysis probe was lowered into the nAc ( A/P: +1.7, M/L: +1.0, V/D: -6.0 mm 

relative to bregma). The probe was secure in place with dental acrylic 

(Coltene/Whaledent Inc., Cuyahoga Falls, OH). Following surgery, animals were 

allowed to recover for one week before the start of the dialysis experiment. On 

experiement day, the sealed inlet and outlet of the probe was attached to a 

microperfusion pump, artificial CSF (aCSF) solution was perfused at a rate of 5 

µl/min and 150 µl of dialysate was collected every 30 minutes. Animals were 

killed after the experiement to evaluate proper probe placement. ( Figure 5). 

Treatment with drugs was conducted after 2 baseline line sample collection. 

Drugs were administered via i.p. injection.  

HPLC analysis of dopamine 

The concentration of dopamine was analyzed by high-pressure liquid 

chromatography (HPLC) system.  A standard that contains X  pmol/µl of 

dopamine was prepared to identify the dopamine peak on our chromatograms. 

The two baseline samples collected before the administration of any drug were 

considered 100%. All the samples collected post drug treatments were calculated 

as percentage change from baseline.  
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Statistical Analysis 

Prism software was employed to perform statistical analysis. For CPP studies, 

the data were expressed as mean ± SEM. Student’s t-test (paired) was used to 

analyze the differences within group and student’s t-test (unpaired) was used to 

analyze the differences between groups. For microdialysis studies, a repeated 

measures two-way analysis of variance (ANOVA) was employed to analyze 

differences among treatment groups. The post hoc Student-Neuman-Keuls test 

was applied to find significant differences among means. A p<0.05 was accepted 

as statistically significant. Significance levels are indicated by asterisks as 

follows: *p<0.05, **p<0.01, ***p<0.001. 

 

In this study we used an established condition place preference (CPP) model 

[24] to investigate potential interactions between a well-published receptor, 

Neurokinin 1, (NK1) (Quartara and Maggi 1997, Quartara and Maggi 1998) with 

the, meso-limbic meso-cortical, dopaminergic system in male Sprague Dawley 

(SD) rats to mitigate µ-opioid specific reward/addiction.   

Baseline CPP Study:  

Groups of 24 male Sprague Dawley rats (250-275 g; Harlin, Indianapolis, IN) 

were tested in a three chamber condition place preference apparatus from San 

Diego Instruments. The two end chambers were unique and different from each 

other, with one having a rough floor and gray walls and the other having a 

smooth floor with black and white striped walls. The middle third (neutral) 

chamber that was separated from the end chambers by inserts with open pass-

through cut outs was used as the chamber to introduce the rats into the 

apparatus. The rats were allowed to freely roam between all three novel 

chambers for 15 minutes baseline recordings.  Any rats with >80% preference to 

any chamber during baseline is excluded. Rats were then separated into 

treatment groups and paired to associate one end of the chamber with drug and 

the other with vehicle. After three consecutive days of treatment, CPP/CPA was 

assessed for animals receiving vehicle-vehicle, vehicle-MS ( 10 mg/kg i.p.), NK1 

antagonist-vehicle ( RP67580 1 mg/kg i.p.), NK1 antagonist-MS ( RP67580 1 
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mg/kg , MS 10 mg/kg , i.p. respectively), vehicle (icv) and NK1 agonist ( GR 

73632 10µg/µl icv ).  (Figure 1) 

Morphine and Vehicle Induced CPP Studies:  

The animals that were baselined on day 1 of the study is randomly assigned to 

associate drug (Morphine 10 mg/kg) with one chamber (n=24) and vehicle 

(Saline) with the opposing chamber (n=24). Vehicle-vehicle group spent an 

average of 373.22 seconds ± 19.9 SEM and 379.55 seconds ± 18.27 SEM in 

putative conditioning chamber and control chamber respectively. Vehicle-MS 

group spent an average of 383.30 seconds ± 20.41 SEM and 385.69 seconds ± 

20.30 SEM in putative conditioning chamber and control chamber respectively. 

Student’s t-test showed no statistical significance between these two groups.  

Following baseline, animals underwent putative conditioning with drug was for 

three consecutive days between 10 am and 3 pm for 30 minutes. On day five, 

animals were conditioned with vehicle in the opposing chamber.  On the sixth 

day, the animals were again allowed to roam freely throughout all 3 chambers 

and recorded for 15 minutes. The morphine test group showed a significant 

preference (student’s t test, p value < 0.05) for their drug paired chamber at 

478.26 seconds ± 35.52 SEM when compared to the vehicle group that 

approached baseline at 375.74 seconds ± 28.03 SEM. (Figure 2) 

NK1 Antagonist (RP67580) and Morphine CPP Study: 

Two groups of 24 SD rats (250-275 g; Harlin, Indianapolis, IN) were baselined 

and tested as previously mentioned and randomly assigned to a RP67580 test 

group or a RP67580-MS group. Each group was paired randomly with either 

RP67580 (1 mg/kg i.p.) or RP67580-MS (1 mg/kg and 10 mg/kg i.p. respectively) 

to a random end chamber. From the data collected, administration of RP 67580 

successfully attenuated the rewarding effect observed with MS alone. 

Additionally, there was no significant difference between the drug tested 

(RP67580) group and the vehicle treated (saline) group. Futhermore, there was 

no significant difference when comparing the number of seconds the animals 

spent in their putative conditioning chamber and the opposite vehicle chamber. 
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The RP67580 group spent on average 369.88 seconds ± 20.20 SEM in their 

putative conditioning chamber and the RP67580-MS group spent an average of 

388.66 seconds ± 21.03 SEM in their putative conditioning chamber. (Figure 3) 

NK1 Agonist (GR73632) Produces CPP:   

Two groups of 18 male SD rats (250-275 g; Harlain, Indianapolis, IN) were 

baselined and tested in the same way as mentioned previously. The animals 

were randomized into a vehicle group and drug (GR73632 at 10 µg/µl icv) group 

and randomly paired to associate one chamber with drug and the opposite 

chamber with vehicle. From the data collected on test day, there is a statistically 

significant increase in seconds animals spent in putative drug conditioned 

chamber when compared with baseline value, suggesting that the activation of 

NK1 receptor alone in the CNS has a rewarding effect.   Animals administered 

GR74632 spent an average of 526.23 seconds ± 49.59 SEM in their putative 

drug chamber, which is statistically significant from baseline value of 407.34 

seconds ± 27.36 SEM. (student’s t test, p value <0.05)   (Figure 4 and 5) 

NK1 Antagonist (RP67580) Inhibits release of DA Release in the Nucleus 

Accumbens via Microdialysis:  

Before any drug treatment, two baseline values was collected and the average is 

considered 100% and all data collected post drug treatment was calculated as 

percentage of baseline. Animals were divided into groups receiving veh-veh, veh-

MS, veh-RP67580 and RP67580-MS. In the group receiving systemic morphine 

injection (10mg/kg (i.p.)), there is an incremental increase in DA levels in the 

nucleus accumbens. Repeated measure ANOVA over the time period (30-180 

minutes) revealed a significant differences between MS group and groups 

treated with veh-veh. When animals were administered RP67580 ((1mg/kg (i.p.)) 

alone, there was no significant alteration when compared with vehicle group.  

Notably, systemic administration of NK1 antagonist (RP67580, 1mg/kg i.p.) prior 

to morphine administration ((10mg/kg (i.p.)) was successful in attenuating DA 

release into the nAc, resulting in similar DA levels seen in vehicle groups and 

groups treated with RP67580 alone. Repeated measure ANOVA revealed a 
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significant difference between group treated with MS and group treated with 

RP67580-MS. Taken together, these data suggest that systemic blockade of 

NK1 receptor is able to attenuate DA release induce by systemic morphine 

administration from the nAc.   (Figure 6 and 7) 
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Figure 1: Putative conditioning of vehicle does not alter time animal spent 
between chambers. 

Systemic Administration of vehicle results in animals spending approximately 
equal time on both sides of the CPP chambers. Experimental procedures did not 
result in significant increase in total time spend in putative conditioning chamber 
post drug exposure ( n=24). Data represents the mean ± SEM. 
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Figure 2: Putative conditioning via systemic MS administration (10 mg/kg 
i.p.) caused a significant increase in the time animal spent in putative 
conditioning chambers. 

Systemic Administration of MS results in animals spending more time in putative 
conditioning chambers where animals receiving MS. Student's t-test (paired) 
revealed an statistically significant increase in total time spent in putative 
conditioning chamber post drug exposure (n=24). Data represents the mean ± 
SEM. 
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Figure 3a. Putative conditioning of RP67580 does not alter time animal 
spent between chambers. 

Systemic Administration of RP67580 results in animals spending approximately 
equal time on both sides of the CPP chambers. ( n=24). Data represents the 
mean ± SEM. 
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Figure 3b. Putative conditioning of RP67580 and MS attenuated the effect 
observed in animals administered MS alone.  

Systemic Administration of RP67580 prior to MS administration results in animals 
spending approximately equal time on both sides of the CPP chambers. ( n=24). 
Data represents the mean ± SEM. 
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Figure 4: Putative conditioning via intracerebroventricular administration of 
GR73632 caused a significant increase in the time animal spent in putative 
conditioning chambers.  

Intracerebroventricular administration of GR73632 results in animals spending 
more time in putative conditioning chambers where animals receiving GR73632. 
Student's t-test (paired) revealed an statistically significant increase in total time 
spent in putative conditioning chamber post drug exposure ( n=18). Data 
represents the mean ± SEM. 
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Figure 5: Localization of dialysis probes (dialyzing portion) within the 
nucleus accumbens and their relationship with shell and core as referred to 
in the atlas of Paxinos and Watson (1998). Green dot represent placement 
of the tip of the microdialysis probes.  
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Figure 6: Localization of guide cannula microinjection tips and their 
relationship with the left ventricle as referred to in the atlas of Paxinos and 
Watson (1998). Green dot represent placement of the tip of the 
microinjectors.  
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Figure 7: Effects of administration of RP67580 on MS induced dopamine 
release in the nAc. Drug(s) were injected at time point 0 as indicated by the 
arrow. MS induced DA release in the nAc was attenuated when RP67580 was 
co-administered with MS. Data represents the mean ± SEM. 
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Chapter 4: HORMONE INDUCED CSD 
	  

Migraine is a neural phenomenon that is characterized by a premonitory 

phase(Becker 2012, Charles 2013) followed by an aura phase, a headache 

phase, and ending with a postdromic phase. The premonitory phase is thought to 

be the result of activation of the hypothalamus by way of neurotransmitter 

release of dopamine.(Cerbo, Barbanti et al. 1997, Peroutka 1997, Fanciullacci, 

Alessandri et al. 2000, Akerman and Goadsby 2007) The symptoms of nausea, 

yawning, drowsiness, and lightheadedness are the most common premonitory 

symptoms and can be blocked with a dopamine antagonist in most 

patients(Waelkens 1984) furthering the belief that dopamine plays an important 

role in the early development of migraine and might be a valuable target for 

abortive therapy.(Waelkens 1984) On the other hand the aura phase of migraine 

has been studied extensively and was first suggested by A.A. Leao in the early 

1940’s to be caused by Cortical Spreading Depression (CSDs). The genesis of 

CSD is still not completely understood, but it is characterized by a slow 

propagating wave of electrical stimulation of neuronal cells followed by 

inhibition(Eikermann-Haerter and Ayata 2010) that travels in all directions from 

the origin. Typically, the neuronal wave originates in the occipital lobe. The 

mechanism behind this wave of depression is currently thought to be a result of 

the substantial efflux of K+ from cells, which causes the extracellular potassium 

concentration to reach over 50mM, well beyond the 12mM threshold. This K+ 

efflux depolarizes adjacent brain tissue, which leads to the propagation of a wave 

of excitation, followed by depression(Eikermann-Haerter, Kudo et al. 2007).  

Migraine with aura affects a significant portion of the migraine population, 

approximately 30%(Ferrari 1998).  There is growing evidence suggesting that 

CSD’s are responsible for the aura associated with migraines(Olesen, Larsen et 

al. 1981, Hadjikhani, Sanchez Del Rio et al. 2001, Bolay, Reuter et al. 

2002).Whether or not CSD’s always precede the migraine or are a parallel event 

has yet to be conclusively determined. The prospective clinical trail by Hansen et 

al. exploring the notion that CSD’s and migraine are parallel events found that 
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during the aura phase of migraine, 73% of the tested population had a criteria-

based headache categorized as a migraine(Hansen, Lipton et al. 2012), 

suggesting a link between the two events.  

Migraine and Migraine with aura have an overwhelming predilection for affecting 

females.(Sacco, Ricci et al. 2012) The triggers that often induce migraines and/or 

auras include stress, hormonal changes related to the menstrual cycle, 

pregnancy, and diet. However, the pathophysiology for each trigger are poorly 

understood and often vigorously debated. CSD is suspected as one of the 

causes for migraine during the female reproductive cycle and pregnancy.(Martin 

and Behbehani 2006, Sacco, Ricci et al. 2012) The changing levels of estrogen 

at the onset of menses may be the main culprit that induces 

migraines.(Silberstein 2001) Because estrogen gains access to the brain and 

due to the great abundance of classic intracellular estrogen receptors (alpha and 

beta) located in the central nervous system(Martin and Behbehani 2006), it is 

likely that estrogen has a dramatic effect on neuronal excitability and 

consequently, CSDs.(Woolley and McEwen 1992) Studies have shown that 

increasing estrogen levels play a key role in increasing neuronal excitability thus 

lowering the threshold for CSD events(MacGregor 2004) while others provide 

evidence that a decrease in levels of estrogen may provoke a similar 

effect.(Somerville 1972) The most reasonable conclusion may be that any 

change in estrogen levels can cause the induction of a CSD that can lead to 

migraine.  

CSDs have been extensively studied in anesthetized animals(Fioravanti, 

Kasasbeh et al. 2011), but until recently it was not known whether awake animals 

also experienced CSDs or whether these were similar to those previously 

described under anesthesia. Recently CSDs were correlated with migraine-like 

behavior in awake, freely moving rats as the CSDs events were reliably initiated 

and closely associated with KCl injections.(Fioravanti, Kasasbeh et al. 2011)  

This established model of testing and recording CSD events in non-anesthetized 

freely moving rats described by Fioravanti et al. (Fioravanti, Kasasbeh et al. 
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2011), was adapted and used here to investigated the potential role that estrogen 

plays in the induction of migraine-like events in ovariectomized female rats. While 

previous studies have examined how different triggers cause CSD events, they 

were performed in anaesthetized rats (Gardner-Medwin 1981, Zhang, Levy et al. 

2010, Theriot, Toga et al. 2012). The studies described here kept the test 

subjects in their most natural state, awake and freely moving, and allowed for 

examination of the effects of estrogen on CSD events and behavioral responses 

under the same conditions. Consistent effects of estrogen on CSD events and 

migraine-like behavior suggest that estrogen could contribute to both.  

In the present study we have developed a new model for inducing cortical 

spreading depression (CSD) events using an intraperitoneal injection of β-

estradiol in freely moving, non-anesthetized ovariectomized female rats. CSD 

recordings were taken for 24 hours and each recording was analyzed to 

determine the number of CSD events based on the methods and equipment 

described in our recent publication by Fioravanti et. al., in 2011.(Fioravanti, 

Kasasbeh et al. 2011)  

Cortical Spreading Depression Studies: 

Female ovariectomized rats that received 180 µg/kg of β-estradiol in castor oil 

demonstrated a significant increase in the number of CSD events (15/18) as 

compared to castor oil only animals (2/6) (Table 1, p=0.0036).  Fifteen out of the 

18 β-estradiol test animals experienced multiple CSD events with a mean of 8 

events per animal. This is in comparison to the control group where only 2 

animals out of the 6 tested experienced only one CSD event each. Following 

intraperitoneal administration of beta-estradiol, the spreading depression 

propagated at the speed of 3.7 ± 0.8 mm/min and manifested as DC-shifts with 

amplitude of 2.4 ± 0.6 Mv and duration of 73.5 ± 2.7 sec (Table 1) with no 

significant differences from the 2 events seen in controls.  

The majority of events occurred within the first 2 to 4 hours although CSD events 

were also observed by the 12-hour time point.  The single CSD event seen in two 

of the control animals were seen beyond 2-4 hours and occurred at 7 hours and 
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9 hours, respectively. The median number of CSD events for the vehicle injected 

control animals was zero events and the median number of events for the β-

estradiol injected animals was 7. Using a 95% confidence interval the upper 

mean was 8.919 events for the β-estradiol injected animals and the lower mean 

was 4.303 events. The vehicle-injected control animals using a 95% confidence 

interval had an upper mean 0.8753 events and a lower mean of 0 events (Figure 

1, p=0.0036).  

Antagonist studies in CSD: 

Ovariectomized female rats received ICI 182,780 (10 mg/kg(Wakeling, Dukes et 

al. 1991)) and were divided into two groups.  Control animals received castor oil 

while test animals received 180µg/kg of β-estradiol in castor oil. Each group was 

then placed in the same recording chambers as previously described and 

recorded for 24-hours. Rats that were given vehicle and β-estradiol had a mean 

of 5.5 cortical spreading depression events (Figure 2).  Rats that were given the 

estrogen receptor antagonist ICI 182,780 had no CSD events over the 24-hour 

period (p=0.0002, Figure 2).  The antagonist alone resulted in no events (data 

not shown). 

Behavioral Studies: 

Using exploratory activity boxes to record the number of rears or vertical entries 

(animals standing on the hind limbs with the head going above the preset vertical 

photo beam array [33]), ovariectomized female control (castor oil only) rats 

provided baseline data (25 and 29 vertical entries) that was not significantly 

different to their baseline activity prior to castor oil (21,17, 47, 38, 18, 33, 28 

vertical entries).   Ovariectomized rats administered 180 µg/kg of β-estradiol in 

castor oil resulted in a significant decrease in the number of vertical events (3.6 ± 

1.08 find in prism p=0.0012) within the 2 hour observation time (post β-estradiol 

administration) as compared to the control animals (28.8 ± 4.23 (Figure 3). 

Ovariectomized rats administered the estrogen antagonist, ICI 182,780, prior to 

β-estradiol resulted in a similar number of vertical events (32.8 ± 6.04) as 
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baseline values (28.8 ± 4.23).   Sumatriptan, a 5HT1b and 5HT1d agonist used 

clinically to inhibit migraine-induced headache, was tested to determine whether 

decreased rearing due to estradiol was attenuated by this anti-migraine agent.  

Ovariectomized rats given sumatriptan (0.6 mg/kg, subcutaneously (Fioravanti, 

Kasasbeh et al. 2011, Edelmayer, Le et al. 2012) followed by the administration 

of β-estradiol (180 µg/kg) resulted in a similar number of vertical events (36.2 ± 

3.51) as baseline values (30.0 ± 1.01) suggesting that sumatriptan, like the 

estrogen antagonist, attenuated the β-estradiol-induced decrease in vertical 

events   
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Figure 1: Beta estradiol treatment increases CSD Events over 12-hours Box 
and Whisker plot, showing number of measured CSD events in the control group 
(n = 6) compared to the beta-estradiol injected group (n = 18). The median 
number of CSDs in the control group is 0 with an SEM ± 0.21. The median 
number of CSDs in the beta-estradiol group is 7 with a SEM ± 1.09. An unpaired 
t-test between the vehicle controlled group and the beta-estradiol group had a p-
value equal to 0.0036.   
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Figure 2: The estrogen-receptor antagonist ICI 182,780 completely blocks 
estradiol induced CSDs Bar graph showing number of measured CSD events 
in the vehicle + estradiol control group (n = 2) compared to the ICI 182,780 + 
estradiol injected test group (n = 6). The median number of CSDs in the control 
group is 5.5 with an SEM ± 1.50. The median number of CSDs in the test group 
is 0 with an SEM ± 0.00. An unpaired t-test between the vehicle controlled group 
and the beta-estradiol group had a p-value equal to 0.0002.   
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Figure 3: Bolus Estradiol Injections In Ovariectomized Rats Decrease 
Normal exploratory Rearing behavior.  Box and Whisker chart showing 
number of Vertical Movements (VM) in baseline control group with (n = 7) 
compared to vehicle control group with (n = 2), compared to the the beta-
estradiol injected group with (n= 5). The median number of VMs in the baseline 
group is 28 with a SEM ± 4.228. The median number of VMs in the vehicle 
control group is 27 with a SEM ± 2.00. The median number of VMs in the beta-
estradiol control group is 3 with a SEM ± 1.07. An unpaired t-test with Welch’s 
correction between the baseline control group and the beta-estradiol group had a 
p-value equal to 0.0012.   
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Figure 4: Sumatriptan pretreatment prevents the estradiol-induced decrease 
in rearing. Box and Whisker chart showing number of Vertical Movements (VM) 
in baseline control group with (n=7) compared to the ICI 182,780+Estradiol test 
group with (n=5), compared to the Sumatriptan+Estradiol test group with (n=5), 
compared to the Sumatriptan positive control group with (n=2). The median 
number of VMs in the baseline control group is 28 with a SEM ± 4.228. The 
median number of VMs in the ICI 182,780+Estradiol test group is 33 with a SEM 
± 6.03. The median number of VMs in the Sumatriptan+Estradiol test group is 36 
with a SEM ± 3.513. The median number of VMs in the Sumatriptan positive 
control group is 30 with a SEM ± 1.01.   A one-way ANOVA with Bartlett’s test for 
equal variances was ran with a p-value equal to 0.537 between all four groups 
showing no statistical significance between groups.  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

 
 
 



	   80	  

Chapter 5: DISCUSSION 
	  

NK1 Discussion:  
We recently published results of a novel compound TY027 that has activity at 

both NK1 receptors (antagonist) and µ-opioid receptors (agonist) that showed 

better analgesic effects when compared to morphine alone, the blocking of GI 

side effects known to be caused by opiate administration, and attenuation of 

condition place preference.(Largent-Milnes, Brookshire et al. 2013) With the 

findings from these previous studies we wanted to approach the reward/addiction 

piece specifically by concentrating on the modulation of NK1 receptor.  Our 

studies suggests that neurokinin-1 receptor modulation might play a significant 

role in being able to block opiates rewarding behavior. Using RP67580, a pure 

NK1 antagonist (with 2.9 nM Ki for rat NK1 receptors and > 10µM for rat NK2 and 

rat NK3)(Garret, Carruette et al. 1991) as a test drug we were able to completely 

block morphine induced condition place preference with the two drugs being co-

administered. This suggests that blocking NK1 receptors has some distinct 

impact on morphine’s ability to generate the neuro response possibly associated 

with reward/addiction. Furthermore, Murtra et al. showed that genetically altered 

mice that lacked the NK1 receptor did not develop morphine induced CPP when 

compared to the wild type which, significantly developed morphine induced 

CPP(Murtra, Sheasby et al. 2000). Ripley et al. showed the NK1 knockout mice 

do not self-administrate morphine compared to significant administration of 

morphine in wild type mice(Ripley, Gadd et al. 2002). Interestingly, both Murtra 

and Ripley in their studies used Cocaine to show that cocaine induced CPP and 

cocaine self-administration was still preserved in both wild type and NK1 

knockout mice. This suggests that the reward/addiction pathway between two 

highly addictive drugs, morphine and cocaine, possibly have different 

mechanisms and that morphine is affected by the presence and/or absence of  

We wanted to further test the hypothesis that NK1 receptor modulation potentially 

played a roll in morphine induced CPP. Our studies with the highly selective NK1 

receptor antagonist RP67580 seemed to completely abolished morphine’s ability 
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to induce CPP confirming a potential pharmacologic interplay with NK1 receptor 

activity. Using the pharmacologic properties of a selective NK1 agonist 
(GR73632) we were able to significantly and consistently induce CPP behavior in 

rats when compared to vehicle administration.  We found this experimental 

finding very interesting and ultimately led to the postulation of how 

mechanistically the NK1 and µ-opioid receptors could be working together to 

cause possibly greater reward with opiates or block the reward with an NK1 

antagonist (Figure 8).  Using dopamine cells located in the ventral tegmental 

area (VTA)(Funada M 1995, Narita, Funada et al. 2001, Werkman, Kruse et al. 

2001) as the source where activation of these cells would cause the release of 

dopamine via their postsynaptic terminals that project into the nucleus 

accumbens (NA)(Ozaki, Narita et al. 2002, Hart, Rutledge et al. 2014) as the 

basis of our proposed cellular mechanism for reward through a µ-opioid/NK1 

interplay.  GABAergic neurons located in the VTA and glutaminergic projections 

into the VTA are thought to act on and regulate the dopaminergic cell bodies that 

reside there. A recent study suggests that the GABA and glutamate systems 

might have more dopamine “independent” functions than what was previously 

understood(Srinivasachar and Neville 1989). We look at the GABA system as 

being the break on the dopamine cells (figure 8). µ-opioid receptors are located 

on the presynaptic terminal of these GABAnergic VTA neurons(Narita, Suzuki et 

al. 2004). When these µ-opioid receptors are acted upon by proto-typical drug 

like morphine it intercellularly blocks the release of the GABA neurotransmitter(Li, 

Okada et al. 2009). This in turn is just like removing the break on this system and 

allows for dopaminergic cells to be activated and to release dopamine at its end 

terminals. As mentioned above it is also thought that glutaminergic neurons 

project into the VTA and act to regulate dopamine cells but not clearly 

understood how. Is this solely through glutamate release or possibly through 

substance-P release? Substance-P does play a role in the peripheral and central 

nervous system and is known to be released from glutaminergic cells(Garside 

and Mazurek 1997). If NK1 receptors were located on the membrane of 

dopaminergic cell bodies in the VTA it would potentially explain the experimental 

findings we reported in these studies. Activation of NK1 by itself via a 
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pharmacologic agonist should cause release of dopamine into the nucleus 

accumbens like morphine (albeit by a completely different intercellular 

mechanism) causing the rat to have a place preference with the chamber the 

animal was given the NK1 agonist. Furthermore, by blocking the NK1 receptor via 

a selective NK1 antagonist in conjunction with µ-opioid administration it appears 

that NK1 modulation is strong enough to block the morphine effects on dopamine 

release into the NA. 

In order to further demonstrate the connection that NK1 modulation and µ-opioid 

activation are interconnected we performed a series of microdialysis experiments 

and validated the samples using HPLC. Cannulating the NA of rats allowed us to 

directly measure the amount of dopamine released during baseline and drug 

administration conditions. When morphine is administered at a standard 10 

mg/kg dose a significant rise in dopamine release when compared to baseline is 

see at about 120 minute mark. The dopamine levels return back to baseline 

around 240 minutes. When we co-administered 1 mg/kg RP67580 (NK1 

antagonist) with the 10 mg/kg dose of morphine we saw the dopamine curve fall 

below baseline suggesting a significant countering effect via modulating of NK1. 

This further supported the proposed connection between NK1 and µ-opioids 

receptor modulation and led to using the NK1 agonist (GR73632) to illustrate that 

a dopamine spike could be generated through activation of NK1 that is similar to 

morphine’s effect on dopamine alone.    

CSD Discussion:  
The success of preclinical studies that aim to further identify the pathophysiology 

behind migraine has been enabled, in part, by the connection discovered 

between CSD and migraine nearly 50 years ago using anesthetized animal 

models. Subsequent studies have produced convincing evidence that there is a 

connection between migraine and CSD.(Lauritzen, Dreier et al. 2011) Importantly, 

CSDs allow investigators to measure and quantify changes that can be 

visualized via brain electrophysiology recordings, permitting objective data 

collection and circumventing the innate communication barrier between rodents 

and researchers.  
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The nature of the wave of depolarization that propagates across the cerebral 

cortex in a CSD event causes a major change in the ion homeostasis of the brain, 

which eventually leads to cerebrovascular changes resulting in the brain 

microenvironment experiencing metabolic, perfusion and energy 

disturbances.(Leao 1947) These global disturbances are thought to be the cause 

of the pain associated with migraine.(Leao 1947) The unique change to vascular 

blood flow to the brain in humans experiencing migraine has been shown to 

occur during a CSD event in animals suggesting that there is a connection 

between CSD events and migraines.(Eikermann-Haerter and Ayata 2010) CSD 

events can be described and illustrated using EEG recordings in anesthetized or 

awake animals that show a short depolarization wave that moves across the 

cortex at 3-6mm/min.(Eikermann-Haerter and Ayata 2010) The understanding 

and connection between migraine and CSD has helped to generate an animal 

model that we can test and quantify events of migraine-like behavior to try and 

identify causes of migraine and associated pathophysiology in hopes of finding 

treatment for migraineurs.  

Several receptors have been investigated as possible pharmacologic targets for 

migraine therapy, including N-methyl-D-aspartate receptors (NMDA)(Lauritzen 

1994), estrogen receptors(Puri, Puri et al. 2006, Joshi, Pradhan et al. 2010), 

transient receptor potential ankyrin-1 (TRPA1)[33], calcitonin gene related 

protein (CGRP)(Kaiser and Russo 2013), serotonin(Hoffmann and 

Goadsby 2013) alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate 

(AMPA)(Holland, Akerman et al. 2010), and gamma-aminobutyric acid 

(GABA)(A)(Holland, Akerman et al. 2010) and (GABA)(B)(Holland, Akerman et al. 

2010). Though these receptors are being investigated, the direct connection or 

relation of these receptors to the pathophysiology of general migraine or migraine 

with aura (CSD) are still not well understood. Furthermore, these receptors being 

viable pharmacologic targets for the treatment of migraine have not yet produced 

an FDA approved therapeutic drug but research into these receptors show 

promise(Bigal and Walter 2014). 
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Hormonal receptors, such as the estrogen receptors, are particularly interesting, 

as women are 3 times more likely to suffer from migraine headaches than 

males(Aegidius, Zwart et al. 2011). Also women that start menarche early <12 

years old(Aegidius, Zwart et al. 2011) and postmenopausal women on estrogen 

hormone replacement therapy (HRT) suffer from more migraines when compared 

to control groups of women having later menarche and postmenopausal women 

not taking HRT respectively(Misakian, Langer et al. 2003).  Due to the increased 

prevalence of migraine in women, the present study used female rats and a 

migraine model adapted from a recently published study of male rats.  

Furthermore, the female rats employed here were ovariectomized and then 

exogenously administered β-estradiol to simulate the changes in premenstrual 

and postmenopausal states seen in adult women. 

In these studies, β-estradiol was used to mimic the rapid, systemic estrogen 

spike that is akin to the start of the menstruation cycle. In order to standardize 

the level of estrogen, female rats were ovariectomized and administered β-

estradiol. The EEG of each rat was recorded after β-estradiol administration to 

identify the number of CSD events over a 12-hour period. The exogenous 

estrogen administration caused a significant number of CSD events to occur as 

compared to vehicle and baseline animals, suggesting that a migraine with aura 

phenotype could possibly be initiated hormonally.    

The challenges of trying to develop an animal model for testing the role of CSD in 

migraines and to mimic the type of testing currently done on humans are 

enumerable. However, using the model established by Fioravanti and Vanderah, 

allowed the rat to move freely, to interact with its caged environment, to eat, to 

drink and to sleep all while being non-anesthetized during recording of EEG-like 

activity represents a more natural environment for animal testing of CSDs than 

an anesthetized animals. This model has allowed us to visualize and monitor 

CSDs in awake, real time behavioral experiments. In order to try and quantitate 

behaviors representative of an animal having a migraine we incorporated a 

locomoter/activity method developed by Edelmayer and colleagues(Edelmayer, 

Le et al. 2012). In this model, stimulation of the dura with TRPA1 activators 
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produced a significant decrease in rearing demonstrating that initiation of 

nociceptive signaling from the dura impacts exploratory behavior. The decrease 

in rearing due to estrogen, at a time when CSDs are known to occur, suggests 

that these events also initiate nociceptive signaling from the dura(Levy, 

Moskowitz et al. 2012). This is not a conclusive finding but suggestive based on 

our experiments and supported by the lack of evidence in the literature that 

estrogen administration has specific vertical motor effects, or sedation effects. 

Experimental data not present in this paper but obtained during these 

experiments showed no difference between horizontal movements of estradiol-

administered rats as compared to vehicle or baseline animals. We do 

acknowledge that estrogen induced decreases in rearing could be due to 

vasodilation effects of the vasculature by estrogen (Reslan, Yin et al. 2013) but 

vasodilation has also been shown as a factor in causing migraine (Asghar, 

Hansen et al. 2011).  

Our data suggest that changes in estrogen levels may play a significant role in 

initiating CSD events in ovariectomized female rats.  Animals that received β-

estradiol experienced a greater number of CSD events and exhibited migraine-

like behaior.  In order to determine whether this was a receptor-mediated event, 

studies were performed in the presence and absence of a pure estrogen receptor 

antagonist, ICI 182,780.  The preadministration with ICI 182,780 demonstrated a 

complete block of the β-estradiol-induced CSD events and a return to baseline of 

spontaneous levels of behavioral rearing. Preadministration of Sumatriptan a 

known and successful abortive agent for migraines(Thorlund, Mills et al. 2014) 

was used prior to beta-estradiol treatment to see if it would reverse the significant 

decrease of vertical movements seen by beta-estradiol alone treated animals. 

Analysis of the data, suggest that Sumatriptan was successful in reversing the 

beta-estradiol effect that was previously described and restored the animals 

vertical movements back to baseline (Figure 4). These studies support the idea 

that changes in estrogen acting via estrogen receptors may be a cause of 

migraine-like behavior in rats. Whether this is a direct effect on central neurons or 

an indirect effect mediated by vascular dilatation is not clear, but warrants further 
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investigation. These experiments also help to characterize a novel, clinically 

relevant behavioral model for testing triggers of migraine.  The use of rodent 

EEG in combination with behavioral measures, such as rearing, will be a 

valuable tool in the study of migraine pathophysiology, aiding in the identification 

of triggers and novel molecular targets for migraine drug development.	  

Conclusion:  
This dissertation is the culmination of my graduate studies. Having the 

prospective of accomplishing my medical degree at the same time has given me 

a unique look and approach to my graduate studies. Most of all it has created a 

desire to pursue projects that have some relation or significance or can be 

correlated with human patients. Ultimately my desire to pursue a PhD was my 

wish to better understand the scientific approach when looking at problems and 

being able to develop working and constantly changing hypothesis that 

eventually answer or shed new ideas or understanding about that which is 

unknown or not clearly understood. Though my research and focus was split on 

two extremely complex and unrelated disorders namely, hormone induced 

migraine and opioid reward, these research subjects were extremely beneficial in 

helping me to achieve my ultimate goal in pursuing my PhD.  

Both of these projects that are in my dissertation have potential medically 

relevant stories that could be continued on in my neurology residency. Chronic 

pain is a growing problem that really needs to be looked at during the acute pain 

phase and addressed and treated more extensively while it is an acute problem 

so it never becomes a chronic pain problem. With this in mind developing an 

analgesic that can help alleviate the pain with fewer side effects and without the 

fear of prescribing because the potential for abuse is eliminated, would be a giant 

leap forward in addressing this growing issue.  Furthermore, utilizing the NK1 

receptor theory that we have shown to have convincing effects on blocking 

reward behavior in a condition place preference model. Also, being able to block 

dopamine release from opioid administration with an NK1 antagonist that can be 

verified using microdialysis and HPLC techniques is significant.   
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With migraine being a neurologic disorder that can be managed by a neurologist 

it will be a natural setting for me to be able to explore the hormonal relationship 

that I saw with CSD in the lab to trying to understand if there is a distinct 

correlation in women. The ability to recruit patients for potential trials or do 

retrospective chart reviews on migraine patients will be possible as I pursue my 

neurology residency. My hope is to be able to continue what I initially uncovered 

and studied while a graduate student in animals and bring that knowledge and 

information to patients that suffer with chronic pain and migraine each and every 

day. 

Future Directions: 
As far as these specific projects go I think that my NK1 work shows the most 

promise and has the quickest possibility of directly testing our hypothesis that an 

NK1 antagonist can block the reward effect associated with opioid use in a 

human trial. Emend® is already approved through the FDA as an NK1 antagonist 

and is used as an antiemetic in post surgical and chemotherapy patients. I have 

hopes of preparing and investigational new drug app to repurpose Emend® for 

the use in a clinical trial with the University of Arizona Anesthesia department to 

test Emend’s® ability to help post surgical patients recover with less pain and 

with less side effects with the co administration of opiates. With IND and IRB 

approval we will be able to start patient recruitment and test our proposed NK1 

pathway model to hopefully show that there truly is a connection in humans 

between neurokinin receptor modulation and µ-opioids.  

Another future direction is continuing to develop my new CPP/CPA/Open 

Field/Grimace Scale behavioral device that takes and all in one approach and 

allows for analysis of the subjects (mouse or rat) behavior simultaneously. This is 

truly a revolutionary device that takes behavior analysis to a whole new level. For 

the first time PIs and researchers will have the ability to see animals interactions 

in this environment in live camera view and test drugs, surgical interventions, and 

pain with analytical video software that archives, creates 3D models and tags all 

events into a searchable library for retrospective analysis or prospective 
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experimental design. Truly a 21st century scientific device designed and inspired 

by the condition place preference work I did during my 3rd and 4th year of my PhD.  
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Chapter 6: APPENDICES 
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Abstract  

Cortical Spreading Depression (CSD) is a wave of depolarization followed by 

depression of bioelectrical activity that slowly propagates through the cortex. CSD 

is believed to be the underlying mechanism of aura in migraine; however, whether 

CSD can elicit pain associated with migraine headache is unclear.  

 Awake, freely moving rats were monitored for both CSD events and behavioral 

responses resulting from dural-cortical pinprick and/or KCl injection to the occipital 

cortex. We observed tactile allodynia of the face and hindpaws, as well as 

enhanced Fos expression within the trigeminal nucleus caudalis (TNC) following 

CSD induced by KCl injection into the cortex, but not by pinprick. Application of 

KCl onto the dura elicited cutaneous allodynia and increased Fos staining in the 

TNC but did not elicit CSD events.  These data suggest that sustained activation 

of trigeminal afferents that may be required to establish cutaneous allodynia may 

not occur following a single CSD event in normal animals.  



	   92	  

Introduction 

Cortical spreading depression (CSD) is characterized by a wave of neuronal and 

glial depolarization followed by depression of electrical activity that slowly (3-6 

mm/min) propagates across the cortex and through most gray matter in the 

central nervous system including cerebellum, retina, hippocampus, caudate, 

thalamus and spinal cord. CSD has been shown to occur in many species 

including rabbits, rats, gerbils, cats, monkeys (1) and humans (2-5). 

Functional imaging studies (6-9) have provided indirect but compelling evidence 

that CSD is the underlying mechanism of aura, a symptom experienced by 

approximately 10-20% of migraineurs (10-13). However, whether CSD events can 

precipitate pain that occurs during a migraine or whether CSD and pain are 

parallel events is debated (14). As activation of the trigeminovascular system is 

thought to be a necessary event for generation of migraine pain (15), determining 

if CSD events activate trigeminal afferents appears to be a logical step in defining 

the relationship between CSD and headache pain.  Thus far, preclinical studies 

have shown that CSD events in anesthetized rats lead to alterations in blood flow 

in cranial vessels (16;17), enhanced plasma protein extravasation in the 

meninges, c-fos activation in the trigeminal nucleus caudalis (TNC) (18), and long-

lasting neuronal firing in meningeal nociceptors (19), suggesting that CSD 

produces neurochemical changes on the trigeminovascular system that could 

elicit headache. However, the effects of CSD in non-anesthetized rats are much 

less understood. Thus far the evidence suggests a disconnect between CSD and 

aversive or pain-like behavior (20;21). Behavioral changes in sensory thresholds 

reflecting activation of trigeminal afferents following CSD events in freely-moving 

rats have not yet been demonstrated. 

In addition to symptoms such as phonophobia, photophobia, nausea and vomiting, 

clinical studies reveal that about two thirds of migraine patients experience 

cutaneous allodynia ipsilateral to their aura symptoms (22-24). Interestingly, 

cutaneous allodynia is highly prevalent (60-90%) in the peri-orbital area as well as 

extracephalic sites of migraine-aura patients (15; 25;26).  In rodent models 
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thought to be relevant to migraine, sensitization of thalamic 3rd order neurons that 

receive convergent information from the head and forelimbs, as well as activation 

of brainstem structures with pain-modulatory functions such as the rostral 

ventromedial medulla (RVM) and periaqueductal gray (PAG), have been 

implicated in central sensitization that may be responsible for migraine-associated 

cutaneous allodynia (22; 27-29).  While these data imply that sensitization of 

primary afferents and central trigeminovascular neurons in patients could result 

from the same mechanisms that initiate a CSD-induced aura, there is currently no 

satisfactory evidence for the association between aura and cutaneous allodynia 

(15). 

The aim of these studies was to explore whether induction of a CSD event in a 

freely moving rat would lead to cutaneous allodynia, a likely consequence of 

trigeminal nucleus activation.    

Materials and Methods 

Animals: Male, Sprague Dawley rats (275 – 300g) were purchased from Harlan 

(Indianapolis, IN) and were housed on a regular 12 h light/dark cycle (lights on at 

07:00 am) in a climate-controlled room with food and water ad libitum. All studies 

were performed while animals were on their light cycle between the times of 7:00 

am and 7:00 pm. All procedures were performed according to the policies and 

recommendations of the IASP, the NIH guidelines for laboratory animals, and by 

the IACUC recommendations of the University of Arizona. 

Chemicals: KCl, saline and ketamine/xylazine were purchased from Sigma (St. 

Louis, MO). Artificial CSF (aCSF) composition: NaCl, 145 mM; KCl, 2.7 mM; 

MgCl2,  1 mM; CaCl2, 1.2 mM; Na2HPO4, 2mM). pH was adjusted to 7.4 and 

solution was filtered through a 0.2 micron filter.  

Implantation of recording electrodes: Rats were anaesthetized with 

ketamine/xylazine (dose: 80:12 mg/kg i.p.) and fixed to a stereotaxic frame 

(Stoelting).   Recordings were made with epidural Ag/AgCl electrodes prepared 

from 0.25mm diameter Ag wire (A-M Systems, Inc., Everett, WA). Wire was 
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flamed to produce spherical tips (1.0 mm diam.) and then coated with chloride. 

Electrodes were placed in burr holes through the skull made with manual drills, 

and two screws (#MPX-080-3F-1M, Small Parts Inc., Miami Lakes, FL) were 

placed over the uninjured hemisphere (left). One screw served as a head-mount 

anchor. The other screw served as a ground electrode and it was located adjacent 

to the lateral ridge of the skull (7.5 mm posterior to bregma). The ground electrode 

was made by soldering a silver wire to the head of the screw. Lead electrodes 

were placed over frontal and parietal cortices (2.0 mm lateral, 1.5 mm anterior and 

2.5 mm posterior to bregma, respectively) (Figure 1). A reference electrode was 

located posterior to lambda (11.5 mm from bregma). An additional burr hole (1.0 

mm diam.) was made with a hand drill (DH-0 Pin Vise, Plastics One Inc., Roanoke, 

VA) to expose the dura at 6.5 mm posterior and 3.0 mm lateral (right) to bregma. 

A guide cannula (CSD cannula: 22 GA, #C313G, Plastics One Inc.) was 

fashioned to extend 0.5 mm from the pedestal and inserted into the hole with 

caution in order to avoid piercing the dura and sealed into place with glue. A 

dummy cannula (#C313DC, Plastics One Inc.) was used to avoid obstruction of 

the guide cannula. The free ends of the electrode wires were soldered to a multi-

pin connector (Continental Connector, Hatfield, PA) and the assembly was fixed 

to the skull with dental cement. Rats were allowed to recover for 3 days before 

electrophysiological recordings and before behavior studies were performed. 

Injections 

Cortical: Cortical injections were performed by employing a Hamilton injector (30 

GA, # 80308 701 SN) customized to project 1.0 mm into the brain. The injector is 

inserted through the CSD guide cannula to deliver 0.5 µl of solution (1 M KCl or 

deionized water) or no solution (i.e., pinprick only) into the cerebral cortex. 

Artificial CSF (aCSF) was injected into cortex (depth 1mm). 

Dura: Administration of solutions on the dura was performed using an injection 

cannula (28 GA, C313I) cut to the same size as the CSD guide cannula (0.5 mm). 

KCl (1 M; 10 µl), aCSF or deionized water (vehicle for KCl) was slowly applied to 

the dura. 
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Electrophysiological recordings: Following recovery from surgery, rats were 

placed in suspended chambers (40 cm L x 49 cm W x 37 cm H) with wire mesh 

bottom (0.5 cm2) that allowed full access to the hindpaws during the recording 

period. These chambers were built to resemble Faraday cages, thus are 

appropriate for electrophysiological recordings. Via the multi-pin connector 

implanted on the head, rats were attached to an electro cannular swivel (#CAY-

675-6 commutator, Airflyte, Bayonne, NJ) stably fixed to the chamber’s ceiling, 

which allowed the rat to move freely during the recording period. Baseline ECoG 

and DC recordings were obtained for 1 h before any pharmacological treatment 

was performed. Only rats whose electrical recordings were stable were included 

in the experiment. Signals were recorded through shielded cables, input to 

separate channels for DC and AC amplification with a Grass (West Warwick, RI) 

Model 15 amplifier system (15A12 DC and 15A54 AC amplifiers), digitized at 

100Hz, and collected with EEG recording analysis software Gamma v.4.9 (Astro-

Med, Inc.  West Warwick, RI) (Figure 1). Because electrophysiological recordings 

were not available when these studies were initiated, we employed a separate 

group of animals (i.e. animals not connected to the CSD recording unit) to 

generate the behavior and Fos data (Figures 2-4). However, since then many 

behavior studies (Figure 5) have been performed during CSD recording to 

validate our original data.    

Behavioral testing: Rats were acclimated for 1 hour before baseline 

measurements were made. Behavioral responses were determined by applying 

calibrated von Frey filaments perpendicularly to the midline of the forehead at the 

level of the eyes, or to the plantar aspect of the hindpaws, with sufficient force to 

cause the filament to slightly bend against the skin while held for approximately 5 

sec. A response was indicated by sharp withdrawal of the head or paw. Sensory 

thresholds were measured at 30, 60, 90, 120, 180, 240 and 300 min. The 

withdrawal thresholds were determined by Dixon’s “up and down” method (30). 

Briefly, testing was initiated with a filament of certain force (1.0 g for the face and 

2.0 g for the paw). In the absence of head or paw withdrawal response, the 

immediate stronger filament was applied to the area; in the case of a withdrawal 
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response, the next weaker filament was used.  Maximum filament force was 8 g 

and 15 g for the face and hindpaw, respectively.  

Immunolabeling: One week following surgery for cannula implantation, rats were 

split in three groups labeled “surgery”, “water” and “KCl”. Rats in the “surgery” 

group underwent perfusion for tissue harvesting as described below. Rats in the 

“water” and “KCl” groups received cortical pinprick plus water (0.5 µl) or KCl (1 

M; 0.5 µl), respectively.  Hindpaw withdrawal thresholds were measured in all 

groups at 0.5, 1, 1.5 and 2 hours after injection. Facial sensory thresholds were 

not measured to ensure that Fos labeling observed would not result from facial 

stimulation. Animals with confirmed hindpaw allodynia were selected for 

perfusion and tissue harvesting for immunohistochemistry.  Rats were deeply 

anesthetized with 100 mg/kg of an 80:12 mixture of ketamine and xylazine and 

perfused transcardially with 250 ml of phosphate-buffered saline (PBS; 0.1 M; pH 

7.4), containing 15,000 IU/L of heparin, followed by 4% paraformaldehyde in PBS 

for 20 min. The brainstem was removed, postfixed in 4% paraformaldehyde 

overnight, and cryoprotected in 30% sucrose in PBS for 48 h at 4˚C. 40 µm thick 

transverse sections were cut through the caudal medulla and collected serially in 

0.1 M PBS for free-floating immunohistochemistry. The DAB immunostaining 

protocol was used for Fos labeling as described by Malick et al. (31). After three 

10 min washes in PBS, sections were pre-incubated for 30 min at room 

temperature in 0.3% hydrogen peroxide (Sigma). Following three 10 min washes 

in PBS sections were incubated for 2 h at room temperature in blocking buffer 

(0.1 M PBS, 0.25% Triton X-100 (Sigma), 3.0 % Normal Goat Serum). Sections 

were then incubated for 48 h at 4oC in Fos primary antibody in PBS (Ab-5; 

specific to the Fos N-terminal domain, 1:20.000, Oncogene Science, San Diego, 

CA). After three 10 min washes in PBS sections were incubated with secondary 

antibody in PBS for 2 h at room temperature (biotinylated goat anti-rabbit IgG, 

1:600, Vector Laboratories, Burlingame, CA). Following three 10 min washes in 

PBS sections were reacted with avidin-biotin complex in PBS for 1 h at room 

temperature (1:200, Vector Elite Kit, Vector Laboratories). After three 10 min 

washes in PBS sections were reacted with 0.1 M PBS containing 0.04% 3,3’-
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diaminobenzidine tetrahydrochloride with urea and 0.01% hydrogen peroxide 

(DAB Sigma-Fast Kit, Sigma). The reaction was terminated after 9 min with 3 

washes in PBS. Sections were then mounted onto gelatin-coated slides, 

dehydrated through ascending concentrations of ethanol and coverslipped using 

Permount mounting media (Fisher Scientific). 

Counting of Fos-labeled cells: Following a systematic sampling through the 

extension of the nucleus caudalis, most of Fos immunoreactivity was identified in 

laminae I and II, 2-4 mm below the obex. Thus cell counts were obtained from the 

same area for all testing groups.  Five sections from each animal were counted, 

and a total of four rats per condition were used. Data are expressed as mean 

number ± SEM of Fos-labeled cells per section. Significant differences (p<0.05) in 

cell counts were determined by ANOVA followed by Student-Newman-Keuls post 

hoc test.  

Statistical analysis: All data were expressed as mean ± SEM. Comparisons 

among means or treatment groups were determined by one-way analysis of 

variance. The post hoc Student-Neuman-Keuls test was applied to find significant 

differences among means. A p<0.05 was considered significant and is indicated 

by an asterisk (*). 

Results 

Cortical pinprick plus KCl injection elicited CSD in freely moving rats 

Cortical pinprick plus KCl (1 M; 0.5 µl) injection evoked CSD events in 24 of 28 

(85.7%) rats. In almost every case, a single KCl injection evoked a single CSD 

event. These events occurred within 30-40 sec following KCl injection, propagated 

at the speed of 6.63 ± 0.45 mm/min and manifested as DC-shifts with amplitude of 

1.21 ± 0.11 mv and duration of 73.45 ± 2.73 sec (Table 1); these characteristics 

are similar to those observed in prior reports of CSD events in awake animals (2-

5). Cortical pinprick plus vehicle (deionized water; 0.5 µl) produced CSD in 16 of 

18 (88.9%) rats.  Additionally, features of the CSD events following injection of 

deionized water were similar to those observed in the KCl-injected group.  DC-
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shifts elicited in pinprick plus deionized water-treated rats showed amplitude of 

1.28 ± 0.13 mv and propagation speed of 5.96 ± 0.66 mm/min. The duration of 

these events was 65.43 ± 2.61 sec. Similar results were seen with aCSF in 6 

animals (Table 1).  Cortical pinprick alone (no KCl or water injected) produced 

CSD in 17 of 23 (73.9%) rats. The amplitude of DC-shifts evoked by cortical 

pinprick was 1.32 ± 0.18 mv and propagation speed was 6.07 ± 0.35 mm/min. 

Similar to the water group, the duration of CSD events evoked by pinprick was 

62.86 ± 2.07 sec. Neither the amplitude (one-way ANOVA, p=0.85) nor the speed 

of propagation (one-way ANOVA, p=0.51) of DC-shifts in the pinprick plus 

deionized water, pinprick plus aCSF or pinprick alone groups was significantly 

different from the ones elicited by pinprick plus KCl. In addition, the incidence of 

CSD events did not differ significantly among treatment groups. Interestingly, the 

duration of CSD events in rats treated with pinprick plus KCl was significantly 

longer than in the pinprick plus deionized water, pinprick plus aCSF or pinprick 

alone group.  Data are summarized in Table 1. Collectively, these data suggest 

that the pinprick is the initiating factor in eliciting the observed CSD events. 

Cortical pinprick plus KCl, but not deionized water, nor aCSF injection produces 

cutaneous allodynia in freely moving rats 

Following a 7 day recovery from surgery, rats were allowed to habituate for 1 hour 

before facial and hindpaw sensory baseline measurements were obtained. Rats 

received a cortical injection of KCl (1 M; 0.5 µl), deionized water (0.5 µl) or aCSF 

(0.5 µl), and sensory thresholds were measured at 30, 60, 90, 120, 180, 240 and 

300 min.  Cortical pinprick plus KCl injection produced significant cutaneous 

allodynia in the face; withdrawal thresholds decreased from a baseline value of 

8.0 g to 5.3 ± 0.5 g (one-way ANOVA; p<0.001) (Fig 2A). Tactile allodynia was 

also observed in the hindpaw, evidenced by a significant decrease in sensory 

thresholds from 15 g to 8.3 ± 0.8 g (one-way ANOVA; p<0.001) (Fig. 2B). 

Allodynia in the periorbital region and hindpaw was observed as early as 30 min 

and peaked between 60-90 min after cortical KCl application. Interestingly, facial 

allodynia started to resolve between 120-180 min and facial thresholds returned to 

baseline values by 240 min. In the hindpaw, the decreased sensory threshold 
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values were sustained throughout the 5-hour time course, returning to baseline 

values within 24 h from the time of injection. 

Separate groups of animals received pinprick and deionized water (Fig 3A, B) or 

aCSF (Fig 3C, D) injection in the cortex.  Changes in sensory thresholds in the 

face or hindpaw evaluated over the 5 hour time course were not significantly 

different from baseline at any time point (one-way ANOVA; p=0.64, p=0.12, 

p=0.78 and p=0.45 respectively, Fig 3A, B, C, D).  

Cortical pinprick plus KCl, but not deionized water, injection enhances Fos 

expression on trigeminal nucleus caudalis 

DAB staining indicated enhanced Fos immunoreactivity in the superficial laminae 

of the trigeminal nucleus caudalis (TNC) of rats treated with cortical prinprick plus 

KCl (Fig. 4). Rats subjected to cannula implantation but without any injections 

showed a significantly higher cell-count for Fos 7 days following surgery (9.35 ± 

1.00) than naïve rats (1.7 ± 0.4) reflecting the invasive nature of cannula 

implantation. In TNC from rats that received cortical application of deionized water 

(plus pinprick) Fos was present in 6.6 ± 0.6 cells, a value that was not statistically 

different from baseline in rats with cannula implantation and no injection. Two 

hours following pinprick plus KCl injection into the cortex, the number of Fos-

expressing cells in the nucleus caudalis was significantly increased by 

approximately two-fold (19.0 ± 1.2; ANOVA followed by Student-Neuman-Keuls 

post-hoc test; p<0.0001) (Fig. 4). 

KCl on the dura activates the trigeminal system in the absence of CSD events 

Following 1 hour of baseline electrical recording, animals received a single 

application of KCl (1 M; 10 µl) onto the dura and continued to be monitored for the 

occurrence of CSD events.  A CSD event was observed in only 1 of 8 rats that 

received dural KCl. As a positive control, at the end of the 5-hour recording period, 

CSD events were evoked in all 8 animals by cortical injection of KCl (1 M; 0.5 µl) 

(Fig 5A). Neither deionized water nor aCSF on the dura resulted in a CSD in 

either 4 or 8 animals, respectively.  
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Dural application of KCl (1 M; 10 µl) however, resulted in significantly increased 

Fos expression (19.15 ± 0.87) (Fig 5B) in the TNC, as well as behavioral signs of 

cutaneous allodynia (Fig 5C, D).  Dural application of KCl (1 M; 10 µl) produced 

significant mechanical allodynia in the face and hindpaw within 90 min and 

returned to baseline values by 300 min. Facial withdrawal thresholds decreased 

from a baseline value of 8.0 ± 0 g to 5.4 ± 1.1 g and hindpaw withdrawal 

thresholds decreased from a baseline value of 15.0 ± 0 g to 9.5 ± 2.2 g (one-way 

ANOVA; *p<0.05) (Fig. 5C, D) suggesting that dural KCl likely activates trigeminal 

fibers in the absence of CSD events. Neither deionized water nor aCSF on the 

dura (10 µl) resulted in a significant change in facial or hindpaw thresholds from 

baseline (n= 4 or = 8 animals, respectively). 

Discussion 

While accumulating evidence points to cortical spreading depression (CSD) as the 

underlying mechanism of aura in migraine patients, it is still not clear whether 

CSD elicits the headache associated with migraine. The studies presented here 

sought to investigate the relationship between the occurrence of CSD events and 

cutaneous allodynia, thought to reflect the development of central sensitization 

that may occur during migraine attack. Previous studies exploring the relationship 

between CSD events and activation of trigeminal afferents could not determine 

possible changes in sensory thresholds due to anesthesia.  Here, we studied 

awake, freely moving rats in order to monitor for both CSD events and behavioral 

responses caused by pinprick with and without KCl or vehicle injection to the 

occipital cortex.  Studies were performed on animals with minimal surgical trauma 

by not penetrating through the dura when inserting a cannula or CSD recording 

electrodes.  Additionally, these events were monitored 3 days following 

instrumentation of the animals in an effort to minimize any possible contribution of 

sensitization of afferent fibers produced by acute surgical injury.  

Our data show that CSD events can be reliably evoked in awake rats following 

pinprick alone, pinprick plus vehicle or pinprick plus KCl injection into the cortex. 

However, cutaneous allodynia of the periorbital region of the face and of the 
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hindpaws developed in a time-dependent manner following CSD evoked by 

pinprick plus KCl injection, but not by pinprick alone or pinprick plus vehicle. 

Moreover, enhanced expression of Fos protein was found within the trigeminal 

nucleus caudalis (TNC) two hours following cortical KCl injection, but not after 

pinprick alone or pinprick plus water. These results suggest that a single CSD 

event is not sufficient to produce the sustained activation of trigeminal afferents 

that is likely required to establish central sensitization as reflected by cutaneous 

allodynia. These data must be interpreted cautiously. One possibility is that the 

generation of pain and aura during a migraine attack are parallel, independent 

events and not directly causal (15). However, it should be noted that the 

experiments here involved a single CSD event in normal (i.e., “non-migraineur” 

rats) and the relationship between the CSD event and generation of pain may 

differ in migraine patients.  Nevertheless, these data may also provide a possible 

explanation for the dissociation of headache pain and aura, the occurrence of 

headache pain in the absence of aura even in those patients who have a history 

of migraine with aura, and the development of aura hours to days after the 

headache pain has started. 

By surgically implanting a guide cannula over the occipital cortex, with care to 

avoid piercing the dura mater, and allowing several days for recovery before any 

behavioral measurements, we were able to reliably elicit CSD in freely moving 

rats. In an attempt to reproduce previously reported strategies (32;33), CSD was 

evoked here by a single cortical injection of KCl.  While previous studies 

performed multiple KCl injections or pinpricks during 1-2 hour period (32-35) we 

focused on understanding the behavioral and neurochemical effects of a single 

evoking stimulus into the cortex.  

CSD studies have traditionally been done in anesthetized animals, in which glass 

micropipette-electrodes can be placed in cortical interstitial fluid to detect voltage 

changes in the 15-20 mv range (34;35).  In freely moving awake rats, Hartings et 

al. (2003) demonstrated that Ag/AgCl epidural macroelectrodes may also be 

employed to successfully detect CSD, yet in these conditions the events are in the 

1-5 mv range. In agreement with previous work (34;36), our epidural electrodes 
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reliably detected CSD waves with mean amplitude of 1.2 mv, and characteristic 

propagation speed and duration of ≈ 6.0 mm/min and 70 sec respectively, 

validating our recording system as a means to monitor the occurrence of CSD 

events in awake rats. 

We observed that cortical pinprick alone evoked CSD in 17/23 (73.9%) rats. 

Following treatment with cortical pinprick plus KCl injection, pinprick plus water or 

aCSF injection, CSD events were observed in 24/28 (85%), 16/18 (89%) and 5/6 

(83%) rats, respectively. The incidence of CSD events as well as their amplitude 

and propagation speed was not significantly different among treatments. As 

reported previously (37), a significant difference was found in duration of events, 

in which pinprick plus KCl evoked CSD events of longer duration than those 

elicited by cortical pinprick alone or pinprick plus water. Although similarly 

effective in eliciting CSD events, chemical stimuli, such as KCl, have an extended 

duration of action when compared to electrical and mechanical stimulation (38). It 

is possible that as KCl slowly disperses, it depolarizes a larger population of cells, 

hence more neurons are recruited to undergo CSD, which could account for the 

lengthened time for recovery from depression. 

Expression of the proto-oncogene c-fos has been widely used as a surrogate 

marker on neuronal activation including animal models of migraine (43). That CSD 

propagates through ipsilateral cortex, activating Fos expression in ipsilateral TNC 

has been extensively demonstrated (17;21;32;33). Studies here sought to use Fos 

expression in the TNC as a marker that in a CSD model employing awake 

animals, some well-known consequences of CSD can be characterized. In 

keeping with previous reports (32;40), results indicate that brainstem harvested 

from rats that showed significant tactile hypersensitivity two hours following 

cortical KCl injection revealed an enhanced number of Fos-expressing cells within 

the TNC, suggesting activation of these second-order neurons following CSD. 

However, Fos immunoreactivity in the TNC of animals treated with cortical 

injection of water or pinprick alone was negligible, despite the occurrence of 

similar CSD events under those conditions. Ingvardsen and colleagues (1997) 

found that the amount of Fos-expressing cells in the TNC was positively 
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correlated to the number of KCl injections and not to the number of CSD events, 

proposing that the trigeminal system was activated by KCl and not by CSD. Taken 

together, our results may suggest that KCl, rather than a CSD event, directly 

activates the trigeminal system, though it is also possible that the lengthened CSD 

event produced by cortical KCl, but not water or pinprick alone, is sufficient 

stimulus for long lasting activation of meningeal afferents. 

Earlier studies indicated that spreading depression in the cortex (178) or 

hippocampus (40) may result in increased meningeal or cortical blood flow and 

plasma extravasation in anesthetized rats. Here, we extended those findings by 

showing that, following a CSD event elicited by cortical KCl injection plus pinprick, 

freely moving rats developed cutaneous allodynia in the face. We also note that 

the allodynia observed following KCl was generalized and could be observed 

following probing of the hindpaws.  Thus, cortical KCl injection may promote the 

development of central sensitization, a phenomenon shown to underlie cutaneous 

allodynia associated with headache in models of dural inflammation (27-29; 41). 

In agreement with our results on Fos expression, rats treated with cortical 

injection of water or pinprick alone did not develop cutaneous allodynia, although 

CSD events were detected in the majority of animals, again suggesting that KCl, 

rather than CSD, activates meningeal afferents and leads to pain behavior in rats. 

The lack of direct correlation between CSD events and aversive (20) and pain 

behavior (21) in awake rats has been previously demonstrated. Together, these 

data also translate to reports in humans that experience migraine without CSD (i.e. 

aura) and migraineurs that experience CSD without a headache, or that headache 

in humans may be less severe and short-lasting if preceded by aura  (42;43).  

With the goal of testing if KCl can activate the trigeminal system independently 

from CSD events, we showed that generalized cutaneous allodynia and Fos 

expression in the TNC were observed following application of KCl to the dura, in 

spite of the fact that no CSD events occurred.  These observations suggest that 

cortical KCl may diffuse sufficiently to activate trigeminal afferents directly and 

result in cutaneous allodynia.  
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The findings that CSD produced by a cortical pinprick alone did not result in 

cutaneous allodynia in the face or hindpaw, or enhanced Fos expression in the 

TNC, suggest that a single CSD event is not sufficient to lead to sustained 

activation of the trigeminal system that is likely to be required to establish 

cutaneous allodynia, at least in normal animals. Whether CSD events may 

activate trigeminal afferents in migraineurs is unknown and awaits further 

investigation.  
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Figure 1: Schematic of skull indicating positions of electrode and cannula 

placement; ECoG and DC traces from a freely moving rats after receiving a 

cortical injection of KCl via the cannula clearly demonstrating a wave of cortical 

spreading depression from electrode 2 (DC 2) of the parietal region and moving to 

electrode 1 (DC 1) of the frontal cortex. 
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Figure 2: Behavioral mechanical testing in animals after the application of KCL (1 

M; 0.5 µl) into the occipital cortex. KCL induced periorbital facial allodynia A) and 

hindpaw allodynia B) within 30 min after pinprick through the dura and KCl 

injection.  Facial withdrawal thresholds returned to baseline within 300 min after 

KCl injection however, paw withdrawal thresholds were still below baseline 

thresholds at 300 min. * Significant (p<0.05) differences from baseline. 
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Figure 3: Behavioral mechanical testing in animals after the application of 

deionized water (0.5 µl) or artificial cerebral spinal fluid (aCSF) into the occipital 

cortex.  A pinprick with water injection into the occipital cortex did not result in 

significant facial (A) or hindpaw (B) allodynia over a 300 min period. A pinprick 

with aCSF injection into the occipital cortex did not result in significant facial (C) 

or hindpaw (D) allodynia over a 300 min period.  Significance was tested for 

differences from baseline (p<0.05). 
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Figure 4: Medullary sections (20µm thick) within 1mm caudal to the Vi/Vc border 

were harvested from naive rats, rats with dural cannulation only (surgery), and 

rats receiving either a pinprick plus water (vehicle for KCl) or KCl (1M, 0.5µl) in the 

occipital cortex. Sections were prepared for diaminobenzidine tetrahydrochloride 

staining to visualize Fos expression, and the numbers of Fos-positive profiles 

within the trigeminal nucleus caudalis (TNC) were counted. Each group 

represents a total of 20 sections obtained from 4 rats. The results indicate that 

cannulation surgery alone produced an increase in trigeminal Fos expression 

compared with the naive rats, and pinprick with water was similar to surgery alone 

levels. Cortical administration of KCL produced a significantly greater increase in 

Fos expression over pinprick with water. * Significant (p<0.05) differences among 

mean counts. 
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Figure 5: A) The mean number of CSD events over a 1 hour period in animals 

administered either deionized water, aCSF or KCl (1M, 10µl) onto the dura as well 

as KCl into the cortex as a positive control.  Unlike KCl injection into the cortex, 

KCl administered onto the dura did not result in a significant number of CSD 

events.  Water nor aCSF on the dura had no effect.  B) Fos expression in 

medullary sections 1mm caudal to the Vi/Vc border from naive rats, rats with dural 

cannulation receiving water only, and rats receiving KCl (1M, 10µl) on the dura. 

The results indicate that cannulation surgery and water alone produced an 

increase in trigeminal Fos expression compared with the naive rats, and KCl 

administration significantly enhanced Fos expression.  **Significant (p <0.001) 

differences among mean counts.  Each group represents a total of 20 sections 

obtained from 4 rats. C) Behavioral mechanical testing in animals after the 

application of KCl (1M, 10µl) onto the dura.  The application of KCl to the dura 

resulted in significant facial and hindpaw allodynia within 90 min after application 

and lasted out to 240 min.  * Significant (p <0.05) differences from baseline. 
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Table 1: Frequency of CSD and parameters of DC-shifts in each treatment 
group 

	  	  

 
Treatment Groups 

Pinprick Pinprick + 
water 

Pinprick + 
aCSF 

Pinprick + 
KCl 

Frequency 17/23 (73.9%) 16/18 (88.9%) 5/6 (83.3%) 24/28 (85.7%) 

Speed of 
propagation 

(mm/min) 
6.1 ± 0.35 6.0 ± 0.7 6.1 ± 0.9 6.6 ± 0.4 

Amplitude (mv) 1.3 ± 0.2 1.3 ± 0.1 1.3 ± 0.2 1.2 ± 0.1 

Duration (sec) 62.9 ± 2.1 65.4 ± 2.6 63.7 ± 2.9 73.4 ± 2.7* 

	  

*p<0.05 
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APPENDIX C 

HUMAN/ANIMAL	  SUBJECTS	  
APPROVAL	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



	   135	  

REFERENCES	  
	  

Administration:, S. A. a. M. H. S. (Results from 2007). Nastional Survey on Drug 
Use and Health. D. o. H. a. H. Services. Rockville, MD, DHHS. 

Aegidius, K. L., J. A. Zwart, K. Hagen, G. Dyb, T. L. Holmen and L. J. Stovner 
(2011). "Increased headache prevalence in female adolescents and adult women 

with early menarche. The Head-HUNT Studies." Eur J Neurol 18(2): 321-328. 

Akerman, S. and P. J. Goadsby (2007). "Dopamine and migraine: biology and 
clinical implications." Cephalalgia 27(11): 1308-1314. 

Asghar, M. S., A. E. Hansen, F. M. Amin, R. J. van der Geest, P. Koning, H. B. 
Larsson, J. Olesen and M. Ashina (2011). "Evidence for a vascular factor in 

migraine." Ann Neurol 69(4): 635-645. 

Ayata, C. (2010). "Cortical spreading depression triggers migraine attack: pro." 
Headache 50(4): 725-730. 

Azcoitia, I., A. Sierra and L. M. Garcia-Segura (1999). "Localization of estrogen 
receptor beta-immunoreactivity in astrocytes of the adult rat brain." Glia 26(3): 

260-267. 

Babul, N., R. Noveck, H. Chipman, S. H. Roth, T. Gana and K. Albert (2004). 
"Efficacy and safety of extended-release, once-daily tramadol in chronic pain: a 
randomized 12-week clinical trial in osteoarthritis of the knee." J Pain Symptom 

Manage 28(1): 59-71. 

Backonja, M. M. (2003). "Defining neuropathic pain." Anesth Analg 97(3): 785-
790. 

Baron, R., J. D. Levine and H. L. Fields (1999). "Causalgia and reflex 
sympathetic dystrophy: does the sympathetic nervous system contribute to the 

generation of pain?" Muscle Nerve 22(6): 678-695. 

Becker, W. J. (2012). "The premonitory phase of migraine and migraine 
management." Cephalalgia. 



	   136	  

Bigal, M. E. and S. Walter (2014). "Monoclonal Antibodies for Migraine: 
Preventing Calcitonin Gene-Related Peptide Activity." CNS Drugs. 

Bolay, H., U. Reuter, A. K. Dunn, Z. Huang, D. A. Boas and M. A. Moskowitz 
(2002). "Intrinsic brain activity triggers trigeminal meningeal afferents in a 

migraine model." Nat Med 8(2): 136-142. 

Bowsher, D. D. (1999). "The lifetime occurrence of Herpes zoster and prevalence 
of post-herpetic neuralgia: A retrospective survey in an elderly population." 

European Journal of Pain 

 3(4): 335-342. 

Carson, S., S. Thakurta, A. Low, B. Smith and R. Chou (2011). Drug Class 
Review: Long-Acting Opioid Analgesics: Final Update 6 Report. Portland (OR). 

Castagliuolo, I., L. Valenick, J. Liu and C. Pothoulakis (2000). "Epidermal growth 
factor receptor transactivation mediates substance P-induced mitogenic 

responses in U-373 MG cells." J Biol Chem 275(34): 26545-26550. 

Cerbo, R., P. Barbanti, M. G. Buzzi, G. Fabbrini, L. Brusa, C. Roberti, E. Zanette 
and G. L. Lenzi (1997). "Dopamine hypersensitivity in migraine: role of the 

apomorphine test." Clin Neuropharmacol 20(1): 36-41. 

Chapman, C. R., D. L. Lipschitz, M. S. Angst, R. Chou, R. C. Denisco, G. W. 
Donaldson, P. G. Fine, K. M. Foley, R. M. Gallagher, A. M. Gilson, J. D. Haddox, 

S. D. Horn, C. E. Inturrisi, S. S. Jick, A. G. Lipman, J. D. Loeser, M. Noble, L. 
Porter, M. C. Rowbotham, K. M. Schoelles, D. C. Turk, E. Volinn, M. R. Von Korff, 

L. R. Webster and C. M. Weisner (2010). "Opioid pharmacotherapy for chronic 
non-cancer pain in the United States: a research guideline for developing an 

evidence-base." J Pain 11(9): 807-829. 

Charles, A. (2013). "The evolution of a migraine attack - a review of recent 
evidence." Headache 53(2): 413-419. 

Charles, A. and K. Brennan (2009). "Cortical spreading depression-new insights 
and persistent questions." Cephalalgia 29(10): 1115-1124. 

Chimento, A., R. Sirianni, I. Casaburi and V. Pezzi (2014). "Role of Estrogen 
Receptors and G Protein-Coupled Estrogen Receptor in Regulation of 



	   137	  

Hypothalamus-Pituitary-Testis Axis and Spermatogenesis." Front Endocrinol 
(Lausanne) 5: 1. 

Chou, R., G. J. Fanciullo, P. G. Fine, J. A. Adler, J. C. Ballantyne, P. Davies, M. I. 
Donovan, D. A. Fishbain, K. M. Foley, J. Fudin, A. M. Gilson, A. Kelter, A. 

Mauskop, P. G. O'Connor, S. D. Passik, G. W. Pasternak, R. K. Portenoy, B. A. 
Rich, R. G. Roberts, K. H. Todd, C. Miaskowski and P. American Pain Society-

American Academy of Pain Medicine Opioids Guidelines (2009). "Clinical 
guidelines for the use of chronic opioid therapy in chronic noncancer pain." J 

Pain 10(2): 113-130. 

Coppola, G., F. Pierelli and J. Schoenen (2007). "Is the cerebral cortex 
hyperexcitable or hyperresponsive in migraine?" Cephalalgia 27(12): 1427-1439. 

de Vries, B., R. R. Frants, M. D. Ferrari and A. M. van den Maagdenberg (2009). 
"Molecular genetics of migraine." Hum Genet 126(1): 115-132. 

DeLeo, J. A. (2006). "Basic science of pain." J Bone Joint Surg Am 88 Suppl 2: 
58-62. 

Dworkin, R. H., M. Backonja, M. C. Rowbotham, R. R. Allen, C. R. Argoff, G. J. 
Bennett, M. C. Bushnell, J. T. Farrar, B. S. Galer, J. A. Haythornthwaite, D. J. 

Hewitt, J. D. Loeser, M. B. Max, M. Saltarelli, K. E. Schmader, C. Stein, D. 
Thompson, D. C. Turk, M. S. Wallace, L. R. Watkins and S. M. Weinstein (2003). 

"Advances in neuropathic pain: diagnosis, mechanisms, and treatment 
recommendations." Arch Neurol 60(11): 1524-1534. 

Ebner, K., S. B. Sartori and N. Singewald (2009). "Tachykinin receptors as 
therapeutic targets in stress-related disorders." Curr Pharm Des 15(14): 1647-

1674. 

Edelmayer, R. M., L. N. Le, J. Yan, X. Wei, R. Nassini, S. Materazzi, D. Preti, G. 
Appendino, P. Geppetti, D. W. Dodick, T. W. Vanderah, F. Porreca and G. 

Dussor (2012). "Activation of TRPA1 on dural afferents: a potential mechanism of 
headache pain." Pain 153(9): 1949-1958. 

Edelmayer, R. M., T. W. Vanderah, L. Majuta, E. T. Zhang, B. Fioravanti, M. De 
Felice, J. G. Chichorro, M. H. Ossipov, T. King, J. Lai, S. H. Kori, A. C. Nelsen, K. 

E. Cannon, M. M. Heinricher and F. Porreca (2009). "Medullary pain facilitating 
neurons mediate allodynia in headache-related pain." Ann Neurol 65(2): 184-193. 



	   138	  

Eikermann-Haerter, K. and C. Ayata (2010). "Cortical spreading depression and 
migraine." Curr Neurol Neurosci Rep 10(3): 167-173. 

Eikermann-Haerter, K., E. Dilekoz, C. Kudo, S. I. Savitz, C. Waeber, M. J. Baum, 
M. D. Ferrari, A. M. van den Maagdenberg, M. A. Moskowitz and C. Ayata (2009). 

"Genetic and hormonal factors modulate spreading depression and transient 
hemiparesis in mouse models of familial hemiplegic migraine type 1." J Clin 

Invest 119(1): 99-109. 

Eikermann-Haerter, K., C. Kudo and M. A. Moskowitz (2007). "Cortical spreading 
depression and estrogen." Headache 47 Suppl 2: S79-85. 

Fanciullacci, M., M. Alessandri and A. Del Rosso (2000). "Dopamine involvement 
in the migraine attack." Funct Neurol 15 Suppl 3: 171-181. 

Ferrari, M. D. (1998). "Migraine." Lancet 351(9108): 1043-1051. 

Fioravanti, B., A. Kasasbeh, R. Edelmayer, D. P. Skinner, Jr., J. A. Hartings, R. D. 
Burklund, M. De Felice, E. D. French, G. O. Dussor, D. W. Dodick, F. Porreca 

and T. W. Vanderah (2011). "Evaluation of cutaneous allodynia following 
induction of cortical spreading depression in freely moving rats." Cephalalgia 

31(10): 1090-1100. 

Funada M, S. T., Misawa M (1995). "Role of mesolimbic dopamine system in 
morphine dependence." Ann Psychiatry 5: 222-237. 

Gadd, C. A., P. Murtra, C. De Felipe and S. P. Hunt (2003). "Neurokinin-1 
receptor-expressing neurons in the amygdala modulate morphine reward and 

anxiety behaviors in the mouse." J Neurosci 23(23): 8271-8280. 

Garcia-Segura, L. M., I. Azcoitia and L. L. DonCarlos (2001). "Neuroprotection by 
estradiol." Prog Neurobiol 63(1): 29-60. 

Gardner-Medwin, A. R. (1981). "Possible roles of vertebrate neuroglia in 
potassium dynamics, spreading depression and migraine." J Exp Biol 95: 111-

127. 

Garret, C., A. Carruette, V. Fardin, S. Moussaoui, J. F. Peyronel, J. C. Blanchard 
and P. M. Laduron (1991). "Pharmacological properties of a potent and selective 



	   139	  

nonpeptide substance P antagonist." Proc Natl Acad Sci U S A 88(22): 10208-
10212. 

Garside, S. and M. F. Mazurek (1997). "Role of glutamate receptor subtypes in 
the differential release of somatostatin, neuropeptide Y, and substance P in 
primary serum-free cultures of striatal neurons." Synapse 27(3): 161-167. 

Gatchel, R. J., D. D. McGeary, C. A. McGeary and B. Lippe (2014). 
"Interdisciplinary chronic pain management: Past, present, and future." Am 

Psychol 69(2): 119-130. 

Gregorian, R. S., Jr., A. Gasik, W. J. Kwong, S. Voeller and S. Kavanagh (2010). 
"Importance of side effects in opioid treatment: a trade-off analysis with patients 

and physicians." J Pain 11(11): 1095-1108. 

Gudino-Cabrera, G. and M. Nieto-Sampedro (1999). "Estrogen receptor 
immunoreactivity in Schwann-like brain macroglia." J Neurobiol 40(4): 458-470. 

Hadjikhani, N., M. Sanchez Del Rio, O. Wu, D. Schwartz, D. Bakker, B. Fischl, K. 
K. Kwong, F. M. Cutrer, B. R. Rosen, R. B. Tootell, A. G. Sorensen and M. A. 

Moskowitz (2001). "Mechanisms of migraine aura revealed by functional MRI in 
human visual cortex." Proc Natl Acad Sci U S A 98(8): 4687-4692. 

Hamdan, T. A. (2008). "Psychiatric aspects of orthopaedics." J Am Acad Orthop 
Surg 16(1): 41-46. 

Hansen, J. M., R. B. Lipton, D. W. Dodick, S. D. Silberstein, J. R. Saper, S. K. 
Aurora, P. J. Goadsby and A. Charles (2012). "Migraine headache is present in 

the aura phase: a prospective study." Neurology 79(20): 2044-2049. 

Hargreaves, R., J. C. Ferreira, D. Hughes, J. Brands, J. Hale, B. Mattson and S. 
Mills (2011). "Development of aprepitant, the first neurokinin-1 receptor 

antagonist for the prevention of chemotherapy-induced nausea and vomiting." 
Ann N Y Acad Sci 1222: 40-48. 

Hart, A. S., R. B. Rutledge, P. W. Glimcher and P. E. Phillips (2014). "Phasic 
dopamine release in the rat nucleus accumbens symmetrically encodes a reward 

prediction error term." J Neurosci 34(3): 698-704. 



	   140	  

Hoffmann, J. and P. J. Goadsby (2013). "Emerging Targets in Migraine." CNS 
Drugs. 

Hojsted, J. and P. Sjogren (2007). "Addiction to opioids in chronic pain patients: a 
literature review." Eur J Pain 11(5): 490-518. 

Holland, P. R., S. Akerman and P. J. Goadsby (2010). "Cortical spreading 
depression-associated cerebral blood flow changes induced by mechanical 

stimulation are modulated by AMPA and GABA receptors." Cephalalgia 30(5): 
519-527. 

Jensen, T. S. and R. Baron (2003). "Translation of symptoms and signs into 
mechanisms in neuropathic pain." Pain 102(1-2): 1-8. 

Joshi, G., S. Pradhan and B. Mittal (2010). "Role of the oestrogen receptor 
(ESR1 PvuII and ESR1 325 C->G) and progesterone receptor (PROGINS) 

polymorphisms in genetic susceptibility to migraine in a North Indian population." 
Cephalalgia 30(3): 311-320. 

Kaiser, E. A. and A. F. Russo (2013). "CGRP and migraine: could PACAP play a 
role too?" Neuropeptides 47(6): 451-461. 

Karatas, H., S. E. Erdener, Y. Gursoy-Ozdemir, S. Lule, E. Eren-Kocak, Z. D. 
Sen and T. Dalkara (2013). "Spreading depression triggers headache by 

activating neuronal Panx1 channels." Science 339(6123): 1092-1095. 

Karimi, S., G. Attarzadeh-Yazdi, S. Yazdi-Ravandi, S. Hesam, P. Azizi, Y. Razavi 
and A. Haghparast (2014). "Forced swim stress but not exogenous 

corticosterone could induce the reinstatement of extinguished morphine 
conditioned place preference in rats: Involvement of glucocorticoid receptors in 

the basolateral amygdala." Behav Brain Res 264: 43-50. 

Kelman, L. (2007). "The triggers or precipitants of the acute migraine attack." 
Cephalalgia 27(5): 394-402. 

Kenneth D. Korchank, M. A., Elizabeth Arias, PhD., Rovert N. Anderson, PhD 
(2013). How Did Cause of Death Contribute to Racial Differences in Life 

Expectancy in the United States in 2010. U. D. o. H. a. H. Services. Centers for 
Disease Control and Prevention, Nationa Center for Health Statistics No. 125. 



	   141	  

King, H. E. and A. L. Riley (2013). "A history of morphine-induced taste aversion 
learning fails to affect morphine-induced place preference conditioning in rats." 

Learn Behav 41(4): 433-442. 

Koon, H. W., D. Zhao, Y. Zhan, M. P. Moyer and C. Pothoulakis (2007). 
"Substance P mediates antiapoptotic responses in human colonocytes by Akt 

activation." Proc Natl Acad Sci U S A 104(6): 2013-2018. 

Koon, H. W., D. Zhao, Y. Zhan, S. H. Rhee, M. P. Moyer and C. Pothoulakis 
(2006). "Substance P stimulates cyclooxygenase-2 and prostaglandin E2 

expression through JAK-STAT activation in human colonic epithelial cells." J 
Immunol 176(8): 5050-5059. 

Kosaras, B., M. Jakubowski, V. Kainz and R. Burstein (2009). "Sensory 
innervation of the calvarial bones of the mouse." J Comp Neurol 515(3): 331-348. 

Krashin, D., M. Sullivan and J. Ballantyne (2013). "What are we treating with 
chronic opioid therapy?" Curr Rheumatol Rep 15(3): 311. 

Kroenke, K., E. E. Krebs and M. J. Bair (2009). "Pharmacotherapy of chronic 
pain: a synthesis of recommendations from systematic reviews." Gen Hosp 

Psychiatry 31(3): 206-219. 

Lane, J. M. (2002). "Anti-inflammatory medications: selective COX-2 inhibitors." J 
Am Acad Orthop Surg 10(2): 75-78. 

Largent-Milnes, T. M., S. W. Brookshire, D. P. Skinner, Jr., K. E. Hanlon, D. 
Giuvelis, T. Yamamoto, P. Davis, C. R. Campos, P. Nair, S. Deekonda, E. J. 
Bilsky, F. Porreca, V. J. Hruby and T. W. Vanderah (2013). "Building a better 

analgesic: multifunctional compounds that address injury-induced pathology to 
enhance analgesic efficacy while eliminating unwanted side effects." J 

Pharmacol Exp Ther 347(1): 7-19. 

Lauritzen, M. (1994). "Pathophysiology of the migraine aura. The spreading 
depression theory." Brain 117 ( Pt 1): 199-210. 

Lauritzen, M., J. P. Dreier, M. Fabricius, J. A. Hartings, R. Graf and A. J. Strong 
(2011). "Clinical relevance of cortical spreading depression in neurological 

disorders: migraine, malignant stroke, subarachnoid and intracranial hemorrhage, 
and traumatic brain injury." J Cereb Blood Flow Metab 31(1): 17-35. 



	   142	  

Leao, A. (1944). "Spreading depression of activity in cerebral cortex." Journal of 
Neurophysiology 7: 359-390. 

Leao, A. A. (1947). "Further observations on the spreading depression of activity 
in the cerebral cortex." J Neurophysiol 10(6): 409-414. 

Levy, D., M. A. Moskowitz, R. Noseda and R. Burstein (2012). "Activation of the 
migraine pain pathway by cortical spreading depression: do we need more 

evidence?" Cephalalgia 32(7): 581-582. 

Levy, D. and A. M. Strassman (2002). "Mechanical response properties of A and 
C primary afferent neurons innervating the rat intracranial dura." J Neurophysiol 

88(6): 3021-3031. 

Li, Q., Y. Okada, E. Marczak, W. A. Wilson, L. H. Lazarus and H. S. 
Swartzwelder (2009). "The novel micro-opioid receptor antagonist, [N-allyl-

Dmt(1)]endomorphin-2, attenuates the enhancement of GABAergic 
neurotransmission by ethanol." Alcohol Alcohol 44(1): 13-19. 

Lindstrom, E., B. von Mentzer, I. Pahlman, I. Ahlstedt, A. Uvebrant, E. 
Kristensson, R. Martinsson, A. Noven, J. de Verdier and G. Vauquelin (2007). 

"Neurokinin 1 receptor antagonists: correlation between in vitro receptor 
interaction and in vivo efficacy." J Pharmacol Exp Ther 322(3): 1286-1293. 

MacGregor, E. A. (2004). "Oestrogen and attacks of migraine with and without 
aura." Lancet Neurol 3(6): 354-361. 

Magalhaes, E., C. Menezes, M. Cardeal and A. Melo (2010). "Botulinum toxin 
type A versus amitriptyline for the treatment of chronic daily migraine." Clin 

Neurol Neurosurg 112(6): 463-466. 

Maged El Ansary, I. S., and Stefan Esser (2003). Egypt: Over 5000 Years of Pain 
Management—Cultural and Historic Aspects. 

Manchikanti, L., S. Abdi, S. Atluri, C. C. Balog, R. M. Benyamin, M. V. Boswell, K. 
R. Brown, B. M. Bruel, D. A. Bryce, P. A. Burks, A. W. Burton, A. K. Calodney, D. 

L. Caraway, K. A. Cash, P. J. Christo, K. S. Damron, S. Datta, T. R. Deer, S. 
Diwan, I. Eriator, F. J. Falco, B. Fellows, S. Geffert, C. G. Gharibo, S. E. Glaser, 
J. S. Grider, H. Hameed, M. Hameed, H. Hansen, M. E. Harned, S. M. Hayek, S. 

Helm, 2nd, J. A. Hirsch, J. W. Janata, A. D. Kaye, A. M. Kaye, D. S. Kloth, D. 



	   143	  

Koyyalagunta, M. Lee, Y. Malla, K. N. Manchikanti, C. D. McManus, V. Pampati, 
A. T. Parr, R. Pasupuleti, V. B. Patel, N. Sehgal, S. M. Silverman, V. Singh, H. S. 

Smith, L. T. Snook, D. R. Solanki, D. H. Tracy, R. Vallejo, B. W. Wargo and P. 
American Society of Interventional Pain (2012). "American Society of 

Interventional Pain Physicians (ASIPP) guidelines for responsible opioid 
prescribing in chronic non-cancer pain: Part 2--guidance." Pain Physician 15(3 

Suppl): S67-116. 

Manchikanti, L., S. Abdi, S. Atluri, C. C. Balog, R. M. Benyamin, M. V. Boswell, K. 
R. Brown, B. M. Bruel, D. A. Bryce, P. A. Burks, A. W. Burton, A. K. Calodney, D. 

L. Caraway, K. A. Cash, P. J. Christo, K. S. Damron, S. Datta, T. R. Deer, S. 
Diwan, I. Eriator, F. J. Falco, B. Fellows, S. Geffert, C. G. Gharibo, S. E. Glaser, 
J. S. Grider, H. Hameed, M. Hameed, H. Hansen, M. E. Harned, S. M. Hayek, S. 

Helm, 2nd, J. A. Hirsch, J. W. Janata, A. D. Kaye, A. M. Kaye, D. S. Kloth, D. 
Koyyalagunta, M. Lee, Y. Malla, K. N. Manchikanti, C. D. McManus, V. Pampati, 
A. T. Parr, R. Pasupuleti, V. B. Patel, N. Sehgal, S. M. Silverman, V. Singh, H. S. 

Smith, L. T. Snook, D. R. Solanki, D. H. Tracy, R. Vallejo, B. W. Wargo and P. 
American Society of Interventional Pain (2012). "American Society of 

Interventional Pain Physicians (ASIPP) guidelines for responsible opioid 
prescribing in chronic non-cancer pain: Part I--evidence assessment." Pain 

Physician 15(3 Suppl): S1-65. 

Mangelsdorf, D. J., C. Thummel, M. Beato, P. Herrlich, G. Schutz, K. Umesono, 
B. Blumberg, P. Kastner, M. Mark, P. Chambon and R. M. Evans (1995). "The 

nuclear receptor superfamily: the second decade." Cell 83(6): 835-839. 

Martel, M. O., A. J. Dolman, R. R. Edwards, R. N. Jamison and A. D. Wasan 
(2014). "The association between negative affect and prescription opioid misuse 
in patients with chronic pain: the mediating role of opioid craving." J Pain 15(1): 

90-100. 

Martin, V. T. and M. Behbehani (2006). "Ovarian hormones and migraine 
headache: understanding mechanisms and pathogenesis--part I." Headache 

46(1): 3-23. 

Matson, D. J., D. C. Broom and D. N. Cortright (2010). "Locomotor activity in a 
novel environment as a test of inflammatory pain in rats." Methods Mol Biol 617: 

67-78. 

McCarberg, B. H. and R. L. Barkin (2001). "Long-acting opioids for chronic pain: 
pharmacotherapeutic opportunities to enhance compliance, quality of life, and 

analgesia." Am J Ther 8(3): 181-186. 



	   144	  

Merskey H, B. N. (1986). "Classification of chronic pain. Descriptions of chronic 
pain syndromes and definitions of pain terms. Prepared by the International 

Association for the Study of Pain, Subcommittee on Taxonomy." Pain Suppl 3: 
S1-226. 

Misakian, A. L., R. D. Langer, I. M. Bensenor, N. R. Cook, J. E. Manson, J. E. 
Buring and K. M. Rexrode (2003). "Postmenopausal hormone therapy and 

migraine headache." J Womens Health (Larchmt) 12(10): 1027-1036. 

Munir, M. A., N. Enany and J. M. Zhang (2007). "Nonopioid analgesics." 
Anesthesiol Clin 25(4): 761-774, vi. 

Murtra, P., A. M. Sheasby, S. P. Hunt and C. De Felipe (2000). "Rewarding 
effects of opiates are absent in mice lacking the receptor for substance P." 

Nature 405(6783): 180-183. 

Narita, M., M. Funada and T. Suzuki (2001). "Regulations of opioid dependence 
by opioid receptor types." Pharmacol Ther 89(1): 1-15. 

Narita, M., M. Suzuki, S. Imai, M. Narita, S. Ozaki, Y. Kishimoto, K. Oe, Y. 
Yajima, M. Yamazaki and T. Suzuki (2004). "Molecular mechanism of changes in 

the morphine-induced pharmacological actions under chronic pain-like state: 
suppression of dopaminergic transmission in the brain." Life Sci 74(21): 2655-

2673. 

Noble, M., J. R. Treadwell, S. J. Tregear, V. H. Coates, P. J. Wiffen, C. Akafomo 
and K. M. Schoelles (2010). "Long-term opioid management for chronic 

noncancer pain." Cochrane Database Syst Rev(1): CD006605. 

Noseda, R. and R. Burstein (2013). "Migraine pathophysiology: anatomy of the 
trigeminovascular pathway and associated neurological symptoms, CSD, 

sensitization and modulation of pain." Pain 154 Suppl 1. 

Olesen, J. (2008). "The International Classification of Headache Disorders." 
Headache 48(5): 691-693. 

Olesen, J., R. Burstein, M. Ashina and P. Tfelt-Hansen (2009). "Origin of pain in 
migraine: evidence for peripheral sensitisation." Lancet Neurol 8(7): 679-690. 



	   145	  

Olesen, J., B. Larsen and M. Lauritzen (1981). "Focal hyperemia followed by 
spreading oligemia and impaired activation of rCBF in classic migraine." Ann 

Neurol 9(4): 344-352. 

Olsen, Y., G. L. Daumit and D. E. Ford (2006). "Opioid prescriptions by U.S. 
primary care physicians from 1992 to 2001." J Pain 7(4): 225-235. 

Orstavik, K., C. Weidner, R. Schmidt, M. Schmelz, M. Hilliges, E. Jorum, H. 
Handwerker and E. Torebjork (2003). "Pathological C-fibres in patients with a 

chronic painful condition." Brain 126(Pt 3): 567-578. 

Ozaki, S., M. Narita, M. Narita, M. Iino, J. Sugita, Y. Matsumura and T. Suzuki 
(2002). "Suppression of the morphine-induced rewarding effect in the rat with 

neuropathic pain: implication of the reduction in mu-opioid receptor functions in 
the ventral tegmental area." J Neurochem 82(5): 1192-1198. 

Paxinos, G., Watson, C. (1997). The Rat Brain in Stereotaxic Coordinates. 
Sydney, Academic Press. 

Peroutka, S. J. (1997). "Dopamine and migraine." Neurology 49(3): 650-656. 

Petersen, K. L., F. L. Rice, F. Suess, M. Berro and M. C. Rowbotham (2002). 
"Relief of post-herpetic neuralgia by surgical removal of painful skin." Pain 98(1-

2): 119-126. 

Pietrobon, D. and M. A. Moskowitz (2013). "Pathophysiology of migraine." Annu 
Rev Physiol 75: 365-391. 

Potter, J. S. and E. N. Marino (2013). "How to avoid opioid misuse." J Fam Pract 
62(3 Suppl): S2-7. 

Puri, V., S. Puri, S. R. Svojanovsky, S. Mathur, R. R. Macgregor, R. M. Klein, K. 
M. Welch and N. E. Berman (2006). "Effects of oestrogen on trigeminal ganglia in 
culture: implications for hormonal effects on migraine." Cephalalgia 26(1): 33-42. 

Quartara, L. and C. A. Maggi (1997). "The tachykinin NK1 receptor. Part I: 
ligands and mechanisms of cellular activation." Neuropeptides 31(6): 537-563. 



	   146	  

Quartara, L. and C. A. Maggi (1998). "The tachykinin NK1 receptor. Part II: 
Distribution and pathophysiological roles." Neuropeptides 32(1): 1-49. 

Read, S. J., M. I. Smith, A. J. Hunter and A. A. Parsons (1997). "Enhanced nitric 
oxide release during cortical spreading depression following infusion of glyceryl 

trinitrate in the anaesthetized cat." Cephalalgia 17(3): 159-165. 

Reid, L. D., S. H. Marglin, M. E. Mattie and C. L. Hubbell (1989). "Measuring 
morphine's capacity to establish a place preference." Pharmacol Biochem Behav 

33(4): 765-775. 

Reslan, O. M., Z. Yin, G. R. do Nascimento and R. A. Khalil (2013). "Subtype-
specific estrogen receptor-mediated vasodilator activity in the cephalic, thoracic, 
and abdominal vasculature of female rat." J Cardiovasc Pharmacol 62(1): 26-40. 

Reuter, U., J. R. Weber, L. Gold, G. Arnold, T. Wolf, J. Dreier, U. Lindauer and U. 
Dirnagl (1998). "Perivascular nerves contribute to cortical spreading depression-

associated hyperemia in rats." Am J Physiol 274(6 Pt 2): H1979-1987. 

Ripley, T. L., C. A. Gadd, C. De Felipe, S. P. Hunt and D. N. Stephens (2002). 
"Lack of self-administration and behavioural sensitisation to morphine, but not 

cocaine, in mice lacking NK1 receptors." Neuropharmacology 43(8): 1258-1268. 

Rosenquist, R. W. (2002). "Gabapentin." J Am Acad Orthop Surg 10(3): 153-156. 

Sacco, S., S. Ricci, D. Degan and A. Carolei (2012). "Migraine in women: the role 
of hormones and their impact on vascular diseases." J Headache Pain 13(3): 

177-189. 

Sade, R. M. (2012). "The graying of America: challenges and controversies." J 
Law Med Ethics 40(1): 6-9. 

Saji, K., Y. Ikeda, W. Kim, Y. Shingai, A. Tateno, H. Takahashi, Y. Okubo, H. 
Fukayama and H. Suzuki (2013). "Acute NK(1) receptor antagonist 

administration affects reward incentive anticipation processing in healthy 
volunteers." Int J Neuropsychopharmacol 16(7): 1461-1471. 

Salas, E., C. Bocos, C. D. Castillo, C. Perez-Garcia, L. Morales and L. F. Alguacil 
(2013). "Assessing addiction vulnerability with different rat strains and place 



	   147	  

preference procedures: the role of the cocaine and amphetamine-regulated 
transcript." Behav Pharmacol 24(5-6): 471-477. 

Sang, C. N., R. H. Gracely, M. B. Max and G. J. Bennett (1996). "Capsaicin-
evoked mechanical allodynia and hyperalgesia cross nerve territories. Evidence 

for a central mechanism." Anesthesiology 85(3): 491-496. 

Schmader, K. E. (2002). "Epidemiology and impact on quality of life of 
postherpetic neuralgia and painful diabetic neuropathy." Clin J Pain 18(6): 350-

354. 

Schwedt, T. J. (2014). "Chronic migraine." BMJ 348: g1416. 

Shen, F. H., D. Samartzis and G. B. Andersson (2006). "Nonsurgical 
management of acute and chronic low back pain." J Am Acad Orthop Surg 14(8): 

477-487. 

Silbermann, M. (2011). "Current trends in opioid consumption globally and in 
Middle Eastern countries." J Pediatr Hematol Oncol 33 Suppl 1: S1-5. 

Silberstein, S. D. (2001). "Headache and female hormones: what you need to 
know." Curr Opin Neurol 14(3): 323-333. 

Silvestrini, M., M. Bartolini, M. Coccia, R. Baruffaldi, R. Taffi and L. Provinciali 
(2003). "Topiramate in the treatment of chronic migraine." Cephalalgia 23(8): 

820-824. 

Smith, J. M., D. P. Bradley, M. F. James and C. L. Huang (2006). "Physiological 
studies of cortical spreading depression." Biol Rev Camb Philos Soc 81(4): 457-

481. 

Somerville, B. W. (1972). "The role of estradiol withdrawal in the etiology of 
menstrual migraine." Neurology 22(4): 355-365. 

Spira, P. J., R. G. Beran and G. Australian Gabapentin Chronic Daily Headache 
(2003). "Gabapentin in the prophylaxis of chronic daily headache: a randomized, 

placebo-controlled study." Neurology 61(12): 1753-1759. 



	   148	  

Srinivasachar, K. and D. M. Neville, Jr. (1989). "New protein cross-linking 
reagents that are cleaved by mild acid." Biochemistry 28(6): 2501-2509. 

Steinhoff, M. S., B. von Mentzer, P. Geppetti, C. Pothoulakis and N. W. Bunnett 
(2014). "Tachykinins and their receptors: contributions to physiological control 

and the mechanisms of disease." Physiol Rev 94(1): 265-301. 

Stucky, N. L., E. Gregory, M. K. Winter, Y. Y. He, E. S. Hamilton, K. E. McCarson 
and N. E. Berman (2011). "Sex differences in behavior and expression of CGRP-
related genes in a rodent model of chronic migraine." Headache 51(5): 674-692. 

Tfelt-Hansen, P. C. (2010). "History of migraine with aura and cortical spreading 
depression from 1941 and onwards." Cephalalgia 30(7): 780-792. 

Theriot, J. J., A. W. Toga, N. Prakash, Y. S. Ju and K. C. Brennan (2012). 
"Cortical sensory plasticity in a model of migraine with aura." J Neurosci 32(44): 

15252-15261. 

Thorlund, K., E. J. Mills, P. Wu, E. Ramos, A. Chatterjee, E. Druyts and P. J. 
Goadsby (2014). "Comparative efficacy of triptans for the abortive treatment of 
migraine: A multiple treatment comparison meta-analysis." Cephalalgia 34(4): 

258-267. 

Toran-Allerand, C. D., R. C. Miranda, W. D. Bentham, F. Sohrabji, T. J. Brown, R. 
B. Hochberg and N. J. MacLusky (1992). "Estrogen receptors colocalize with low-

affinity nerve growth factor receptors in cholinergic neurons of the basal 
forebrain." Proc Natl Acad Sci U S A 89(10): 4668-4672. 

Toran-Allerand, C. D., R. C. Miranda, R. B. Hochberg and N. J. MacLusky (1992). 
"Cellular variations in estrogen receptor mRNA translation in the developing 

brain: evidence from combined [125I]estrogen autoradiography and non-isotopic 
in situ hybridization histochemistry." Brain Res 576(1): 25-41. 

Torebjork, E. (1993). "Human microneurography and intraneural microstimulation 
in the study of neuropathic pain." Muscle Nerve 16(10): 1063-1065. 

Travell, J. and S. H. Rinzler (1952). "The myofascial genesis of pain." Postgrad 
Med 11(5): 425-434. 



	   149	  

Trescot, A. M., S. Helm, H. Hansen, R. Benyamin, S. E. Glaser, R. Adlaka, S. 
Patel and L. Manchikanti (2008). "Opioids in the management of chronic non-

cancer pain: an update of American Society of the Interventional Pain Physicians' 
(ASIPP) Guidelines." Pain Physician 11(2 Suppl): S5-S62. 

Uhl, R. L., T. T. Roberts, D. N. Papaliodis, M. T. Mulligan and A. H. Dubin (2014). 
"Management of chronic musculoskeletal pain." J Am Acad Orthop Surg 22(2): 

101-110. 

Vecchia, D. and D. Pietrobon (2012). "Migraine: a disorder of brain excitatory-
inhibitory balance?" Trends Neurosci 35(8): 507-520. 

Waelkens, J. (1984). "Dopamine blockade with domperidone: bridge between 
prophylactic and abortive treatment of migraine? A dose-finding study." 

Cephalalgia 4(2): 85-90. 

Wakeling, A. E. and J. Bowler (1992). "ICI 182,780, a new antioestrogen with 
clinical potential." J Steroid Biochem Mol Biol 43(1-3): 173-177. 

Wakeling, A. E., M. Dukes and J. Bowler (1991). "A potent specific pure 
antiestrogen with clinical potential." Cancer Res 51(15): 3867-3873. 

Wallace, V. C., J. Blackbeard, A. R. Segerdahl, F. Hasnie, T. Pheby, S. B. 
McMahon and A. S. Rice (2007). "Characterization of rodent models of HIV-

gp120 and anti-retroviral-associated neuropathic pain." Brain 130(Pt 10): 2688-
2702. 

Webster, L. R. and P. G. Fine (2010). "Approaches to improve pain relief while 
minimizing opioid abuse liability." J Pain 11(7): 602-611. 

Werkman, T. R., C. G. Kruse, H. Nievelstein, S. K. Long and W. J. Wadman 
(2001). "In vitro modulation of the firing rate of dopamine neurons in the rat 

substantia nigra pars compacta and the ventral tegmental area by antipsychotic 
drugs." Neuropharmacology 40(7): 927-936. 

Wise, P. M., D. B. Dubal, M. E. Wilson, S. W. Rau, M. Bottner and K. L. Rosewell 
(2001). "Estradiol is a protective factor in the adult and aging brain: 

understanding of mechanisms derived from in vivo and in vitro studies." Brain 
Res Brain Res Rev 37(1-3): 313-319. 



	   150	  

Wolfe, F., H. A. Smythe, M. B. Yunus, R. M. Bennett, C. Bombardier, D. L. 
Goldenberg, P. Tugwell, S. M. Campbell, M. Abeles, P. Clark and et al. (1990). 
"The American College of Rheumatology 1990 Criteria for the Classification of 
Fibromyalgia. Report of the Multicenter Criteria Committee." Arthritis Rheum 

33(2): 160-172. 

Woodcock, J., J. Witter and R. A. Dionne (2007). "Stimulating the development of 
mechanism-based, individualized pain therapies." Nat Rev Drug Discov 6(9): 

703-710. 

Woolf, C. J. and M. B. Max (2001). "Mechanism-based pain diagnosis: issues for 
analgesic drug development." Anesthesiology 95(1): 241-249. 

Woolley, C. S. and B. S. McEwen (1992). "Estradiol mediates fluctuation in 
hippocampal synapse density during the estrous cycle in the adult rat." J 

Neurosci 12(7): 2549-2554. 

Yamamoto, T., P. Nair, N. E. Jacobsen, J. Vagner, V. Kulkarni, P. Davis, S. W. 
Ma, E. Navratilova, H. I. Yamamura, T. W. Vanderah, F. Porreca, J. Lai and V. J. 
Hruby (2009). "Improving metabolic stability by glycosylation: bifunctional peptide 

derivatives that are opioid receptor agonists and neurokinin 1 receptor 
antagonists." J Med Chem 52(16): 5164-5175. 

Yamamoto, T., P. Nair, S. W. Ma, P. Davis, H. I. Yamamura, T. W. Vanderah, F. 
Porreca, J. Lai and V. J. Hruby (2009). "The biological activity and metabolic 

stability of peptidic bifunctional compounds that are opioid receptor agonists and 
neurokinin-1 receptor antagonists with a cystine moiety." Bioorg Med Chem 

17(20): 7337-7343. 

Yurekli, V. A., G. Akhan, S. Kutluhan, E. Uzar, H. R. Koyuncuoglu and F. 
Gultekin (2008). "The effect of sodium valproate on chronic daily headache and 

its subgroups." J Headache Pain 9(1): 37-41. 

Zacny, J. P. and S. A. Lichtor (2008). "Nonmedical use of prescription opioids: 
motive and ubiquity issues." J Pain 9(6): 473-486. 

Zhang, X., D. Levy, R. Noseda, V. Kainz, M. Jakubowski and R. Burstein (2010). 
"Activation of meningeal nociceptors by cortical spreading depression: 

implications for migraine with aura." J Neurosci 30(26): 8807-8814. 

 


