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Migraine is a recurring moderate to severe, unilateral, disabling headache that can result
in a progressive, chronic disease state. Migraine attacks can be triggered by factors or
events, which precede the attack. Multiple trigger factors have been reported including
alcohol intake. In this research project, we developed an animal model of chronic
migraine, in which signs of migraine can be triggered by alcohol administration.
In this animal model, repeated administration of potassium chloride to the dura mater
sensitizes dural afferents and renders animals susceptible to alcohol-induced ongoing
pain, and hyperalgesia. Unlike most of the animal models of migraine headaches that
relied exclusively on reflexive measures of evoked pain, we tested for the presence of
ongoing pain after repeated potassium chloride administration to the dura. We used the
conditioned place preference paradigm and the rat grimace scale tests to test the ongoing
pain. Our results show that repeated potassium chloride administration to the dura caused
aversion of rats to potassium chloride paired chamber. Following alcohol intravenous
administration, the rats present with a significant, time dependent increase in orbital
tightening score, which suggest that the animals develop pain, a sign of migraine
headache.

Our results suggest a probable association between alcohol and development of ongoing
pain in animals receiving repeated administration of potassium chloride. This model can
be used to investigate the pathophysiology of alcohol-induced migraines and how it is
initiated.
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Chapter One: Introduction
1.1. Migraine
Migraine is a recurring unilateral disabling primary headache that can result in a
progressive, chronic disease state. According to the World Health Organization (WHO)
Global Burden of Disease Survey (2010), migraine ranked as the third most prevalent
disorder and seventh-highest specific cause of disability worldwide (Vos et al., 2012).
Migraine is more prevalent in females than males in the adult population with a 3:1 ratio
(Diener et al., 2012; Scherer et al., 1999; Unger, 2006). According to the International
rd

Classification of Headache Disorders, 3 edition (beta version) 2013, migraine is
considered a primary headache disorder, along with tension-type headaches and
trigeminal autonomic cephalalgias. Thus, migraine is not caused by an underlying
condition, pathology, or trauma as opposed to secondary headaches that can be attributed
to another underlying disease or pathology such as medication over-use headache or
headache due to high blood pressure (Goadsby et al., 2002; Headache Classification
Committee of the International Headache Society (IHS), 2013). The word migraine is
derived from the late Middle English, from Old French migraigne via Late Latin
hemicarnia from the ancient Greek hemikrania (hemi-) half and (-kranion) skull
(Critchley, 1967; Goldblatt, 1986). Galen, a notable Greek physician was the first to
introduce this term.
The pain of migraine is typically described as a unilateral moderate to severe throbbing or
pulsating pain. The pain usually affects the ocular, temporal, and frontal regions and is
less distinct in the occipital and neck regions. There are two types of neurological
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symptoms that migraineurs might suffer. The first type of neurological symptoms occur
before and during migraine attack, these symptoms include photophobia, phonophobia,
nausea and a variety of autonomic, cognitive, emotional and motor disturbances (Biondi,
2004; Unger, 2006; Noseda and Burstein, 2013). In addition, about 60% of migraine
patients experience cutaneous allodynia during an acute attack (Burstein et al., 2000b;
Lovati et al., 2009; Lipton et al., 2008). The presence of cutaneous allodynia, which is
pain in response to innocuous stimulation of the skin, suggests that chronic migraine is
associated with central sensitization. Central sensitization is an increased response to
stimulation that is mediated by amplification of signaling in the central nervous system
(CNS). Central sensitization likely occurs in structures relaying pain information,
including the trigeminal nucleus caudalis and its target, the posterior thalamus (PO), and
somatosensory and associative cortical regions (Burstein et al., 2010; Ward, 2012; Caudle
et al., 2010).
Aura is a neurological symptom that is associated with a significant proportion of
migraines. Approximately, 20%-30% of migraine patients experience aura, which is a
focal neurologic symptom that precedes or accompanies a migraine attack (Kaplan and
Fisher, 2005; Noseda and Burstein, 2013). Most aura symptoms develop slowly over 5 to
20 minutes and usually last for less than 60 minutes. The aura includes visual,
somatosensory or motor phenomena, as well as language or brainstem disturbances
(Headache Classification Committee of the International Headache Society (IHS), 2013).
It is believed that migraine headache can be provoked by trigger factors (Ierusalimschy
and Moreira Filho, 2002; Fukui et al., 2008; Kelman, 2007). These trigger factors involve
a wide variety of internal and external triggers such as alcohol, stress, hormonal
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fluctuations, sleep disturbances, dietary, skipping meals, or sensory overload. However, it
is not known how these factors trigger migraine.
1.1.1. Major migraine subtypes
Primary headaches can be categorized as chronic or episodic. Episodic migraine refers to
recurring and remitting migraine in a regular or irregular pattern of attacks of headache of
a constant or variable duration. Migraine has six subtypes, several of which have sub
forms. Two of the major subtypes are migraine without aura (or common migraine) and
migraine with aura (classical migraine) (Headache Classification Committee of the
International Headache Society (IHS), 2013). Migraine without aura is a recurrent
headache that requires minimum of five attacks that fulfill the following criteria:
a) Untreated or unsuccessfully treated attack that last 4-72 hours.
b) Headache that has at least two of the following characteristic:
I. Unilateral
II.

Pulsating

III. Moderate or severe pain
IV. Aggravated by routine physical activity
c) Nausea, vomiting and/or photophobia and phonophobia during the attack.
d) No other disease or disorder that can cause or contribute to causing the headache.
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Migraine with aura; is a recurrent headache that lacks underlying disease or disorder that
can cause or contribute to causing the headache and requires a minimum of two attacks
that fulfill these two criteria:
1-Experiencing one or more of these aura symptoms:
A- fully reversible visual symptoms
B- fully reversible sensory symptoms
C- fully reversible language and/or speech disturbance
D- fully reversible motor symptoms
E-fully reversible brainstem symptoms
F-fully reversible retinal symptoms
2-Experiencing two of these characteristics:
A- Minimum of one aura symptom that develops progressively over 5 minutes
and/or two or more different aura symptoms following one after the other
B- Each aura symptom last for at least 5 minutes but no more than one hour
C-Minimum of one aura symptom that affects one side only
D-The headache attack should accompany the aura, or follow the aura within 60
minutes
The third major subtype is chronic migraine. Chronic migraine is defined as a headache
occurring on 15 days per month or more for more than 3 months, in which 8 of the 15
days the headache fulfill the criteria for migraine headache (Headache Classification
Committee of the International Headache Society (IHS), 2013).
1.1.2. Epidemiological impact of migraine
Migraine is a common severe primary headache. Most nations consider headaches as an
extreme strain primarily due to its socioeconomic consequences. According to Jürgens,
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2012, migraine cost 27 billion US dollars annually in Europe and 20 billion US dollars in
the United States of America every year (Jürgens, 2012). A patient diagnosed with a
chronic primary headache has a greater impact on a national economy compared to a
patient with an episodic form. Although migraine is a public health concern, most people
do not receive effective care (Jürgens, 2012; Mathew, 2011). In the United States, as
discussed above, the prevalence of migraine is three times higher in females than in
males. Consistent with Lipton et al, (2001) migraine prevalence was 18.2% among
females and 6.5% among males (Lipton et al., 2001). The incidence of migraine peaks
between 15 years and 24 years of age and is highest among individuals between the ages
of 35 and 45 years (Stewart et al., 1992; Stewart et al., 2008).
A recent global burden of disease study (Vos et al., 2012) conducted by the World Health
Organization (WHO), ranks migraine as the third most common diseases behind dental
caries and tension-type headache. Migraine is also the most prevalent of all neurological
disorders and the seventh among all causes of years lived with disability worldwide
(World Health Organization, ; Vos et al., 2012; Steiner et al., 2013; Martelletti et al.,
2013).
Migraine is considered primarily a disorder of females because of the higher prevalence
in females than in males particularly during reproductive age (Bartleson and Cutrer,
2010; Ward, 2012; Stewart et al., 2008; Melo-Carrillo and Lopez-Avila, 2013).
Migraine attacks were 1.7 times more likely to occur during the 2 days before
menstruation and 2.5 times more likely to occur during the first 3 days after menstruation
has started (MacGregor, 2004a). This is related to fluctuating levels of ovarian hormones
and the frequency of migraine headache increases during menstruation when serum levels
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of estradiol and progesterone steeply decline (MacGregor, 2004b). Estradiol does not
affect gene expression of trigeminal neuropeptides and receptors such as calcitonin generelated peptide (CGRP) and 5-HT1D, 1B those are thought to play a direct role in migraine,
but it is possible that estradiol affects neuropeptide release or receptor coupling rather
than altering gene expression (Puri et al., 2005).
1.1.3. Pathophysiology of migraine
Migraine is a complex neurovascular disorder and the mechanisms of migraine attack are
thought to involve multiple pathophysiological mechanisms. Migraine headache depends
both on the activation of the trigeminovascular pathway by pain signals that originate in
peripheral intracranial nociceptors, and on dysfunction of central nervous system (CNS)
in structures involved in the modulation of neuronal excitability and pain (Noseda and
Burstein, 2013). Harold G. Wolff 1963, with the vascular theory of migraine, believed
that aura symptoms are due to cerebral oligemia, which is caused by meningeal
vasculature constriction (Wolff, 1963). Consistent with Wolff’s theory, Olesen et al.
1981, were able to demonstrate that the aura does correspond to reduction in cerebral
blood flow. However, rCBF could remain decreased, unaltered or slightly decreased
during the headache phase. These findings suggested that the pain might be related to the
mechanism underlying the changes in blood flow, not the change in blood flow itself
(Olesen et al., 1981). Other studies have shown a relationship between serotonin levels
(5-HT) and migraine. Distinct subtypes of 5-HT1 receptors (5-HT1B and 5-HT 1D) were
found in the cranial vasculature (Humphrey et al., 1990; Humphrey, 1991; Hoyer et al.,
1994). This finding shows that these serotonin receptors are normally present in the
cranial vasculature and that why they hypothesized the role of serotonin in migraine.
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From that point migraine therapeutic intervention was constructed. For example
ergotamine, 5-HT1B, 1D agonist that causes cranial vasculature constriction was
formulated based on the vascular theory of migraine. Studies show that the level of 5hydroxyindoleacedic acid, a major metabolite of serotonin, was increased in
cerebrospinal fluid during migraine attack (Kovács et al., 1989). Furthermore, increased
excretions of 5-hydroxyindoleacedic acid in the urine have been reported (Sicuteri et al.,
1961; Curran et al., 1965). In addition, serotonin turnover increase in plasma during
migraine attack (Ferrari et al., 1989; Anthony and Hinterberger, 1975). In contrast,
multiple studies reported low levels of plasma serotonin in migraineurs during periods of
no attack (Peterlin and Rapoport, 2007; Hegerl and Juckel, 1993; Wang et al., 1996).
Moreover, it has been reported that serotonin transporter level was increased in brainstem
using a neuroimaging technique, which means there is serotonergic disruption in
brainstem area (Schuh-Hofer et al., 2007). Hence the hypothesis that migraine is a
syndrome of chronically low serotonin, with migraine attacks triggered by a sudden raise
in 5-HT release (Schuh-Hofer et al., 2007; Hamel, 2007).
In addition, the following neuropeptides were implicated in migraine pathophysiology:
CGRP, substance P and neurokinin A are neuropeptides. All of these neuropeptides are
found in trigeminal sensory C-fibers (nonmyelinated) and Aδ fibers (thinly myelinated),
which constitute the nociceptive innervation of intracranial vasculature and the meninges.
Activation of primary afferents innervating the meninges and intracranial vasculature is
believed to be facilitated by sensitization of the trigeminal-vascular system, with
consequent activation of second-order neurons within the brainstem trigeminal nuclei,
which may cause central sensitization of these neurons. Central sensitization likely occurs
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in structures relaying pain information, including the trigeminal nucleus caudalis and its
targets in the thalamus, including the posterior thalamus (PO) and the ventroposterior
medial thalamus (VPM) (Burstein et al., 2000b; Caudle et al., 2010; Burstein et al., 1998;
Ward, 2012). Evidence from animal studies also show that stimuli that activate trigeminal
afferents cause the release of neuropeptides including CGRP, 5-HT, and neurokinin A,
resulting in meningeal blood vessel dilation, platelet activation, exuding plasma from
vessels, and mast cell degranulation, which are characteristics of neurogenic
inflammation (Fusco et al., 2003; Silberstein, 2004; Tepper et al., 2001).
1.1.4 Cortical Spreading Depression (CSD)
	
  
Migraine aura consists of focal neurologic symptoms that precede or accompany an
attack (Kaplan and Fisher, 2005; Noseda and Burstein, 2013). The aura includes visual,
somatosensory or motor symptoms, as well as speech or brainstem disturbances (IHS,
2013). The most common manifestation is visual. Visual symptoms consist of flickering
lights, zigzag lines, or blind spots. A key event in activating neuronal circuits and
inducing migraine pain is thought to be cortical spreading depression (CSD) (Shams,
2011; Lauritzen, 1994). Lashley 1941 was the first to point out the contralateral primary
visual cortex as an origin of visual aura, and he also precisely charted a cortical process
progressing with a speed of 3 to 5mm/min across the occipital cortex (Lashley, 1941;
Milner, 1958). This phenomenon was remarkably consistent with Leao’s spreading
depression waves in the cerebral cortex (CSD) in rabbit (Milner, 1958; Leao, 1944; TfeltHansen, 2010). Recent studies show that CSD is caused by disturbances in cortical
excitability that occurs due to a dramatic change in the distribution of ions. A CSD event
is accompanied by reversible electroencephalographic (EEG) suppression, a negative
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deflection of the direct current potential and a severe disruption in ion homeostasis such
as increases in local release of ATP, glutamate, potassium ions, hydrogen ions, reactive
oxygen species (ROS), Nitric Oxide (NO), or CGRP. Once initiated by a sufficiently
strong stimulus, it is a slow, self-propagating wave (velocity of 2-5 mm/min) of complete
neuronal and glial depolarization that travels into gray matter regions. CSD is thought to
activate central trigeminovascular neurons that project to thalamic nuclei, including the
posterior thalamus (PO). Thalamic nuclei then project to the sensory cortex, where
migraine-pain is sensed. While the association of CSD with aura is well established, it is
uncertain whether CSD can provoke the pain associated with migraine headaches (Dreier,
2011; Ayata, 2010; Bolay, 2012; Bjork et al., 2011; Eikermann-Haerter and Ayata, 2010).
It has been demonstrated that CSD causes prolonged auxiliary effect in trigeminal
neurons by releasing high-mobility group box 1, which are pro-inflammatory mediators.
These mediators are released after the opening of the Pannexin1, a megachannel on the
neuronal membrane, and caspase 1 activation that occur during CSD (Karatas et al.,
2013).
1.1.5. Migraine treatment
Treatment for migraine can be acute (abortive) or prophylactic (preventive) (Miller,
2012). As the name implies, abortive treatment is taken at the onset of an attack to
alleviate migraine pain. In order for the acute medications to be effective, they should be
taken less than an hour into the attack. One of the reasons why these medications do not
work if taken later than one hour, could be due to the development of central sensitization
(Levy et al., 2004; Dodick, 2006).
i) Examples of abortive treatments:
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a-Non-specific drugs:
- Nonsteroidal anti-inflammatory drugs (NSAIDs): An example of such are
nonselective inhibitors of cyclooxygenases (COX), both (COX-1) and (COX-2).
This inhibition reduces the production of prostaglandin E2, therefore, reducing
peripheral and central trigeminovascular neurons sensitization (Goadsby et al.,
2002; Akerman and Romero-Reyes, 2013), and migraine pain.
b-Migraine specific drugs:
-Triptans, act as an agonist on 5-HT1B/1D receptors in cranial blood vessels as a
vasoconstrictor. They also reduce the release of inflammatory transmitter from
trigeminal neurons and postsynaptic central neurons (Miller, 2012; Akerman
and Romero-Reyes, 2013).
-Ergot alkaloids, considered one of the first migraine specific drugs to act as an
abortive treatment. Ergot alkaloids have been used for a long time, but this
medication lacks of evidence regarding dose effectiveness. In addition, ergots
are associated with many complications. For example, adverse vascular event,
rebound headaches, unpredictable absorption and poor oral bioavailability. Also
ergot alkaloids produce medication overuse in low doses. With all these
problems and side effects, it has been suggested that ergots should only be used
as alternate if triptans did not relieve migraine headache (Silberstein, 2000;
Saper et al., 2006; Tfelt-Hansen et al., 2000; Young, 1997).
For preventive treatment of migraine, a prophylactic strategy to reduce the frequency of
migraine attacks and lessen the severity of pain is used.
i) Examples of medications for preventive treatment:
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a- β-blockers: These are the most commonly used drugs in the preventive
treatment of migraine. Reports show it is more than 50% effective in reducing the
frequency of migraine attacks. The mechanism of action of β -blockers is not
certain. It has been shown that these drugs inhibit pre-synaptic β1 receptors, thus
inhibiting the release of norepinephrine (Silberstein and Goadsby, 2002; Rapoport
and Bigal, 2005). Propranolol, atenolol, metoprolol and bisoprolol are examples of
β-blockers used in preventive migraine treatment with no evidence of difference
between them in efficacy (Goadsby et al., 2002; Rapoport, 2008).
b-Antidepressants: Similar to β-blockers, their mechanism of action is not clear.
The tricyclic antidepressants (TCAs), such as amitriptyline for example, are the
only antidepressants that have shown effectiveness for migraine prophylaxis
(Silberstein and Goadsby, 2002; Rapoport and Bigal, 2005).
c-Antiepileptic Drugs: They are valuable for patients with epilepsy, bipolar or
anxiety disorders who suffer migraine (Moja et al., 2005). Examples of
medications in this class, which show some efficacy in migraine prevention, are
valproate, topiramate and gabapentin (Rothrock, 1997; Bussone et al., 2005; Moja
et al., 2005).
1.1.6 Animal models of migraine	
  
Several animals’ models of migraine headaches have been proposed. Most of these
models aimed to duplicate the cephalalgia that patients complain about and the
extracephalic allodynia. Most of the currently recognized animal migraine models
demonstrate that throbbing, head pain is one of the classic symptom migraineurs suffer
from. The hypersensitivity of the skin to touch or cutaneous allodynia within the referred
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pain area may reflect sensitization of the trigeminal system and higher structures (central
sensitization) (Cooke et al., 2007; Dodick and Silberstein, 2006; Burstein et al., 2000b;
Bolay et al., 2011; Burstein et al., 2000a; Stovner et al., 2007).
To model migraine in animals, researchers focused on the noxious activation of
trigeminovascular afferents, which is assumed to be necessary to produce pain.
Activation of trigeminovascular afferents can be approached in several ways. For
example, injecting KCl onto the dura (Fioravanti et al., 2011; Shatillo et al., 2013).
infusing inflammatory soup, which is a mixture of chemicals like histamine, serotonin
and bradykinin that stimulate the nocicepters, onto the dura (Stucky et al., 2011; Zhang et
al., 2007), electrical stimulation of the superior sagittal sinus (Zagami et al., 1990), pH
changes (Yan et al., 2013), electrical stimulation of the trigeminal ganglion (Buzzi et al.,
1991), and transgenic mice; modeling familial migraines (Gnanasekaran et al., 2011).
Another model involved the infusion of (NO) donor glyceryl trinitrate (GTN). GTN has
been shown to cause a headache similar to migraine in sufferers after a delay of hours
(Iversen et al., 1989; Sances et al., 2004). GTN infusion leads to Fos protein expression
in the trigeminocervical complex in rats (Tassorelli and Joseph, 1995), indicating that NO
donors can activate the trigeminovascular system. This approach also provides insights
into possible signaling mediators, such as NO and cyclic guanosine monophosphate
(cGMP), and other candidate substances, such as biogenic amines, cyclooxygenase and
CGRP, involved in trigeminovascular activation (Pardutz et al., 2002; Tassorelli et al.,
2002).
Other researchers developed animal models to model the aura associated with migraine
attacks by inducing CSD. This is based on a series of experimental and clinical findings
	
  

12	
  

suggest that CSD is the experimental correlate of the migraine aura (Mogil et al., 2010;
Andreou et al., 2010). In animals, CSD administration can be elicited by the application
of chemicals (e.g. KCl) as well as mechanical (pin prick) or electrical stimuli to the
cortex (Lauritzen, 1994). Akcali et al. 2010, induced CSD by injecting NMDA and have
evaluated behaviors suggestive of head pain in freely moving rats. They found that rats
with NMDA-induced CSD exhibited reduced locomotion, increased freezing behavior
and increased grooming. These behavioral changes suggest mild pain, anxiety or fear
(Akcali et al., 2010).
Other studies modeled chronic migraine and recurrent headache. An example of such is
done by repeatedly injecting inflammatory soup on the dura for few weeks. The results
show a reduction in the periorbital sensory threshold of the rats who received
inflammatory soup injection more than 8 times in 4 weeks for longer period of time
(about 3 weeks) comparing to naïve rats and the rats who received only 3 inflammatory
soup (Oshinsky and Gomonchareonsiri, 2007).
1.1.7. Trigger factors of migraine
Trigger factors in migraine are factors that would provoke the headache. Migraine attacks
can be triggered by these factors or events, which precede the attack. The initiation of a
migraine attack is frequently associated with a wide variety of internal and external
triggers such as alcohol, stress, hormonal fluctuations, sleep disturbances, dietary,
skipping meal, or sensory overload. For example, Wöber et al (2007) reported that
menstruation was the most important risk factor for the occurrence and persistence of
headache and migraine, increasing the risk by up to 96% (Wober et al., 2007). Dietary
aspects have been reported as trigger factor in 22% to 45% of headache patients (Scharff
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et al., 1995; Van den Bergh et al., 1987). Multiple studies revealed chocolate as
precipitating factor in19.2% to 22.5% of migraine patient (Fukui et al., 2008; Peatfield et
al., 1984). However, women tend to crave chocolate during stress and hormonal changes,
both of which also may trigger headaches. In addition, a double blind study to examine
the effect of chocolate on migraine, results showed that chocolate does not trigger
headache attack in migraine (Marcus et al., 1997). Another trigger factor that was
reported is coffee consumption. From 6.4% to 14.5% of migraineurs reported coffee as
migraine trigger (Rockett et al., 2012). On the other hand, caffeine withdrawal was
reported by 22.0% of patients who suffer from migraines without aura (Ierusalimschy and
Moreira Filho, 2002).
Alcohol may trigger episodic migraine in 17% to 76% of migraineurs (Millichap and
Yee, 2003; Wober et al., 2007; Ierusalimschy and Moreira Filho, 2002; Scharff et al.,
1995; Van den Bergh et al., 1987). According to Panconesi 2008, one-third of the patients
with chronic migraine have reported alcohol as a trigger (Panconesi, 2008a). Ethanol
(EtOH), the active ingredient in alcoholic beverages, is a small, uncharged molecule that
can easily pass through lipid barriers in the body, including the blood brain barrier.
Clinical and experimental evidence has demonstrated many toxic effects of alcohol.
Alcohol can contribute to CSD by resulting in the formation of ROS or the release of NO
and CGRP (Ayata, 2010; Viggiano et al., 2011; Abadie-Guedes et al., 2008; Holzhammer
and Wober, 2006; Fukui et al., 2008; Panconesi et al., 2011; Panconesi, 2008a; AbadieGuedes et al., 2012).
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Following the excitation phase of CSD, there is an elevation of blood flow that causes an
increase in metabolism, which generates a high degree of free radicals. A similar
response can result due to nutritional imbalance, such as alcohol consumption.
Guedes et al. (1993) showed that CSD was more readily triggered in rats with EtOH
treatment. The aim of their research was to study the effects of intragastric ethanol (3 g
kg-1 day-1 in a total volume of 3.8 ml/kg, for 7 days “0.54 ml/kg”) on CSD. The results
indicate that ethanol intake for 7 days increases the susceptibility of the cerebral cortex to
CSD in adult rats (Guedes and Frade, 1993). In another study by Guedes et al. (2012),
adult rats were treated with one daily ethanol application per gavage (3g/kg) during 7
days, demonstrated a facilitating effect on CSD propagation, as compared with watertreated controls (Guedes et al., 2012). The changes in the metabolic, hemodynamic and
the electrical activities of CSD wave propagation through the entire ipsilateral cortex
have been investigated. To study the effects of ethanol administration on these processes,
3 ml of 30% ethanol solution in saline was infused for 30 min (0.1 ml/min per 200 g body
weight) via the femoral vein catheter. An increase in ECoG amplitude was noticed after
1.5 min of ethanol administration as a sedative effect. However, a decrease in ECoG
frequency was noticed after about 20 min of infusion. Ethanol caused a decrease in
Nicotinamide Adenine Dinucleotide (NADH) oxidation cycles (amplitudes) and a decline
in the CSD wave frequency as compared to the control CSD wave, induced before
ethanol infusion (Sonn and Mayevsky, 2001). This is a different from the results from
Guedes et al. 1993. These differences may be due to the differences in ethanol dose or the
experimental procedure (Sonn and Mayevsky, 2001). It is possible that alcohol
consumption leads to CSD, in individuals with sensitized trigeminal vascular system, this
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could lead to the development of migraine symptoms.
It is unknown why migraines are triggered by certain stimuli. However, it is speculated
that frequent migraines induce changes in neuronal circuits that predispose migraineurs to
hyperexcitability. A combination of hyperexcitability and environmental stimuli can
result in a debilitating headache (Guedes, R C Frade,S F., 1993; Haghir et al., 2009; Sonn
and Mayevsky, 2001; Takano et al., 2007). Alcohol is a stimulus that commonly triggers
pain in at least one-third of the patients who are predisposed to migraine (Panconesi,
2008a). We used alcohol, as a trigger, to test the hypothesis that sensitization in the
trigeminothalamic pathway results in higher susceptibility to the induction of migraine by
external stimuli. We repeatedly activated the dural afferents by administering KCl to the
dura times and assessed the effect of alcohol administration on animal pain behaviors.
1.2. Purpose
Treating migraine is challenging. This is because the neural mechanisms underlying the
trigger, onset and maintenance of migraine attacks are poorly understood (Noseda and
Burstein, 2013; Ward, 2012). Due to the complex characteristics of the disorder, it is
difficult to develop an animal model that mimics all the clinical manifestations in
humans. In addition, the medications used often relieve the symptoms rather than curing
the underlying neurovascular disorder and the medications available are sometimes not
well-tolerated or effective against pain in many patients (Romero-Reyes and Ye, 2013).
In pursuance of designing an effective therapy for migraine, the mechanism behind
migraine triggers should be identified. In this research project, we develop and
characterize an animal model of alcohol-induced migraine.
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1.3. Hypothesis
Very few behavioral studies have explored signs of pain in animal models of migraines,
therefore our first objective was to test if KCl administration to the dura results in
ongoing pain in animals. Clinically migraine attacks are shown to be associated with
headaches and the presence of allodynia in extracephalic regions (Fioravanti et al., 2011;
Lovati et al., 2009). Hyperalgesia and allodynia of the head region can be associated with
direct sensitization of the trigeminovascular neurons in the thalamus (Burstein et al.,
2000a; Burstein et al., 2010). KCl application would elicit signs of migraine (Fioravanti
et al., 2011; Lauritzen, 1994; Leao, 1944). We hypothesized that such spontaneous,
ongoing pain could be evaluated using CPP paradigm. CPP can capture pain by
assessment of positive reinforcement (provoking an aversive state of migraine-like pain
which will provide a teaching signal that shapes subsequent behavior (Johansen et al.,
2001; Carlezon, 2003). This can be used as an animal model of chronic migraine.
Another goal of this study was to test, in animals that received repeated KCl applications,
if alcohol induces pain like behaviors suggestive of migraine. Many studies reported that
alcohol beverages as trigger factor in migraineurs (Millichap and Yee, 2003; Wober et
al., 2007; Bank and Marton, 2000; Kelman, 2007), with the majority of the studies
placing the frequency at or above 30%. The pathophysiology of alcohol-triggered
migraines is not known. However, it is known that most migraineurs are predisposed to
hyperexcitability, which, when encountered with a trigger, results in the initiation of
migraine pain (Conte et al., 2008; Ayata, 2010). Here we used alcohol to investigate how
external stimuli (measuring the mechanical hypersensitivity to external stimuli using Von
Frey Test on the hindpaw) can trigger migraine-like signs in a vulnerable brain. We also
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evaluated if there was spontaneous pain (migraine-headache) using Rat Grimace Scale
(RGS). RGS is an assay that quantifies the behavioral changes of facial expressions in
response to noxious stimuli. This scale involves several facial expressions recorded by a
video camera while rat is experiencing pain. The coding consists of four action units,
which are orbital tightening, cheek and nose bulging, ear changes and whisker changes.
This also provides a good example of freely moving animals having an advantage over
restrained animals, which may add a potential bias when measuring spontaneous pain and
discomfort (Sotocinal et al., 2011).
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Chapter Two: Materials and Methods
2.1. Animals
Twenty-three Sprague-Dawley rats (16 males and 7 females, 225 – 375g) were purchased
from Harlan Laboratory. All studies were performed while animals were on their light
cycle between the times of 7:00 am to 7:00 pm. All procedures were performed under an
approved University of Maryland Baltimore IACUC protocol.
2.2. Chemicals
KCl: Potassium chloride powder was purchased from Sigma. 1M of KCl was prepared by
dissolving 74.55g of KCl powder in 1L of distilled water.
Saline: 0.9% Sodium chloride solution was purchased from Sigma.
Alcohol: Ethyl Alcohol 200 proof was purchased from PHARMCO-AAPER. 10% EtOH
was prepared by mixing 10 mL of ethanol in 90 mL of distilled water.
2.3. Surgical procedures
2.3.1. Survival surgery
Strict aseptic surgical procedures were used in accordance with the University of
Maryland’s Guidelines for Surgery (rev. 04/20/05). A pre surgical assessment was
conducted for each animal, including weighing, observation of animal behavior, and
assessment of visible signs of disease. This information was recorded, along with the
detailed record of the surgical and post-surgical procedure.
Surgery was conducted on a clean, uncluttered surface that was wiped with a disinfectant
such as 10 % dilution of household bleach, and dried with a clean paper towel before and
after use.
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2.3.2. Anesthesia
Animals were anesthetized with isoflurane inhalant. When inhalation anesthesia is
administered, isoflurane was dispensed from a precision vaporizer at 3-5 % using 100 %
O2 in an induction chamber with charcoal scavenger attached. Once the animal was
anesthetized (lack of movement 30 or more seconds, respiration starts to slow), the
vaporizer was turned off and chamber vented with 100% O2, lid opened, animal removed
and anesthesia is continued via nose cone with attached scavenger unit and isoflurane
delivered between 1.5 to 2.5 % to maintain a surgical depth of anesthesia.
2.3.3. Preoperative analgesia
Rimadyl 5mg/kg SQ, was given 10-15 min before the “first cut” using a sterile 23GA or
smaller bore needle after preparing the injection site with 70% alcohol. Also, Rimadyl
5mg/kg SQ was given SID for 48 hours (or longer, in the rare case where an animal
displays signs of pain of discomfort).
2.3.4. Skin preparation
Surgical sites were prepared by removing the hair with an electric clipper. Then the skin
was wiped with a clean paper towel and the skin rinsed with mild soap in water followed
by a final rinse with tap water on a clean towel. The animal was then moved to the
surgical table. The surgical site, shaved head, was wiped with Betadine surgical scrub (812% dilution) then 70% alcohol and this process was repeated 2 times. The surgical
microscopes, head frames and heating blankets were disinfected with 70% alcohol. Then,
the animal was attached to a stereotaxic frame and placed on a thermo-regulated heating
pad and then, ocular protective lubricant was applied to the animal’s eyes. Depth of
anesthesia was determined every 15 minutes by monitoring pinch withdrawal, eyelid
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reflex, corneal reflex, respiration rate, and vibrissae movements. Surgical area was
injected with local anesthetic (0.5% Marcaine diluted 1:2 with sterile saline for injection,
not to exceed 2 mg/kg, using a 23 GA needle or a smaller bore) to further reduce the
possibility that animals could experience pain.
2.3.5. Cannula guide implantation
A longitudinal incision (10 mm) from the inion to lambda was performed using #15
scalpel blade to expose the cranium. The skin and underlying periosteum were reflected
using a periosteal elevator. An osteotomy (1mm diameter) in the skull overlying the
transverse sinus (6.5  mm posterior and 3.0  mm lateral to bregma) was made using a
manual drill (DH-0 Pin Vise; Small Parts Inc.) and a guide cannula 23GA (O.D is
0.64mm, I.D. is 0.32mm), sterilized using ethylene oxide, was loaded with a dummy
probe (used to avoid obstruction of the guide cannula). The guide cannula with the
dummy probe was inserted into the opening with caution to prevent dura penetration
(depth: 1mm). Two screws (TX00-2-C, Small Parts Inc.) were inserted in the left
uninjured hemisphere surrounding the osteotomy site to stabilize the cannula guide with
the aid of dental resin. Rats were allowed to recover for a minimum 5 days before
experiments were performed.	
  At the end of survival surgery, the skin was closed with
monofilament sutures (4-0, Vicryl) in a simple interrupted pattern and recovery from
anesthesia took place under a thermo-regulated blanket. The animals were observed every
15 minutes until they were ambulated prior to return to their husbandry room. They were
evaluated twice daily for the first 72 hrs. post-operatively and then 3-times per week.
Rimadyl 5mg/kg SQ was given before surgery “first cut” and also was given SID every
24 hours for 48 hours (or longer, in the rare case where an animal displayed signs of pain
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or discomfort). All injections were made with a sterile 23GA or a smaller bore needle and
the injection site was prepared with a 70% alcohol wipe. The animals were housed
individually post-operatively and the metallic food containers were removed from the
cages to protect the animals from hitting their heads on the metal. Instead, food was
placed at the side of the cage. Skin sutures were removed 8-10 days post-operatively.
2.4. Pharmacological treatment
2.4.1. Dura
Rats were implanted with guide cannulas in the transverse sinus for repeated injections of
5µl of 1M KCl three times and 5µl saline three times. Both treatments were injected
slowly using a Hamilton syringe (26s GA, # 80300 701 SN) connected to a PE 10 tubing
at one end and connected to an internal cannula 26 GA (Plastic one, C312I/SPC) cut to
the same size as the guide cannula (0.5 mm) at the other end. The customized internal
needle was inserted through the guide cannula and projected 0.5mm into the brain to
deliver 5 µl of solution (1 M KCl or saline) into the dura mater. We administered 5 µl of
the solution slowly into the transverse sinus to prevent tissue damage.
2.4.2. Intravenous alcohol administration
Ten percent alcohol (.2g/kg) or saline was administered intravenously (IV) in the rat’s tail
by employing a 25 GA disposable needle attached to a 1 ml plastic syringe. Rats were
restrained by placing them into a sack and one person held them while the other person
gave the injection. The tail was swabbed with alcohol-dampened gauze. A warm pad was
placed on the rat’s tails (at 28-30 ºC) for up to 5-10 minutes to stimulate dilation of the
tail veins. One of the lateral veins was located in the middle third of the tail and the
needle was injected into this vein. To confirm that the needle was in the vein, we
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aspirated to see blood in the hub of the needle and there should be no resistance
encountered while injecting into the vein. Then the needle was removed slowly and slight
pressure was applied to the injection site with dry gauze until the bleeding was stopped.
The animal was monitored for 5 minute to confirm hemostasis.
2.5. Behavioral testing
All the animals were tested with a battery of behavioral tests conducted according to the
following timeline: (1) Two to seven days prior to surgery and at 3 consecutive days; (2)
One week after surgery and prior to any KCl injection (also performed on 3 consecutive
days); (3) Immediately after KCl injection (performed 3 times); and (4) immediately after
alcohol administration (only administered once) (Fig.1).

Figure 1: Experimental Design Timeline
Timeline of the experimental design to analyze the effect of low dose acute alcohol IV
injection on centrally sensitized rats.
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We used the following tests:
2.5.1. Von Frey test
Mechanical hypersensitivity was investigated using calibrated von Frey hairs with
circular plain tips made from nylon filaments (diameter 0.1-0.25 mm, length 15-45 mm).
The von Frey hairs exert forces of 1.0 to 128.5 mN, depending on their diameter. The
filaments were tested on each of the hind paws. Each site was tested with at least three
different von Frey hairs. Rats were placed in a transparent Plexiglas chamber positioned
on a wire mesh floor for hind paw testing. Fifteen minutes were allotted for habituation.
Each stimulus consisted of a 2-3 sec application of the von Frey probe to the middle of
the plantar surface of the foot with a 1-2 min interval between stimuli. Quick withdrawal
or licking of the paw in response to the stimulus was considered a positive response. The
goal was to identify the force (i.e., threshold) at which the rat withdrew its paw from the
von Frey filament 50% of the time. We recorded both responses and non-responses; each
site was tested at least 20 times with at the least a 30 second intervals between
consecutive stimuli. We used the Dixon method to calculate the threshold at which the rat
withdrew its paw 50% of the time. If the animal showed no response to the von Frey
probes, a value of 128.5 mN is assigned as threshold. Plexiglas boxes were cleaned with
70% alcohol after each animal (Ren, 1999; Dixon, 1965).
2.5.2. Conditioned Place Preference (CPP) test
We employed the CPP paradigm described by King et al, 2009 to study tonic pain in
animals. We used the conditioned place preference paradigm to test if the rat forms an
aversion to the box where KCl was administered. The advantage of this method is that the
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rat was making a conscious decision to avoid the box it found uncomfortable (Carlezon
2003).
Conditioned place preference testing was conducted using a custom-built, automated 2chamber box. The walls of 1 chamber were lined with horizontal white and black stripes
and the walls of the other chamber were lined with vertical white and black stripes
(Davoody et al., 2011). Chambers with striped walls were used to ensure that rats would
not strongly prefer 1 chamber to the other, as they would if we had used a more
traditional conditioned place preference box with 1 dark-walled chamber and 1 lightwalled chamber.
-Habituation to the conditioned place preference test apparatus: We allowed animals to
move freely (30 min) for three consecutive days between the two Plexiglas boxes; one
with horizontal and the other with vertical black stripes.
-Preconditioned place preference test: On the forth day, rats were permitted to move
freely between the 2 boxes for 15 minutes and time spent in each box was recorded to
determine each rat’s preference. Animals showing a strong preconditioned preference
(more than 75% of the time) for any compartment were excluded from the study.
-Conditioned Place Preference test: After habituation and the preconditioning preference
test, rats underwent a 3-day conditioning phase. Two sessions were conducted on each
day, at least 4 hours apart. In the first session, the animals were placed for 90 minutes in
the box that they demonstrated preference for during the pre-conditioning test and
received KCl (1M; 5 µl) injections epidurally. In the other session, the animals were
placed for 90 minutes in the box that they did not prefer during the preconditioning test.
Here, rats received 5µl saline. KCl and saline administration was performed on each
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animal on three consecutive days (5th, 6th and 7th day). The order of injection was
randomized. That is, some days the rat received vehicle in the first session while other
days the rat received KCl in the first session.
-Place preference test: One day after the conditioning phase, 8th day of the CPP
experiment, a place preference test was conducted in which rats received no drug
treatment and were permitted to move freely between the 2 boxes for 15 minutes. Time
spent in each chamber was recorded to determine each rat’s chamber preference.
Plexiglas boxes were cleaned with 70% alcohol after each animal.
2.5.3.Rat Grimace Scale (RGS)
RGS is a good testing paradigm for an animal model of pain as it measures spontaneous
pain. Facial action coding system (FACS) is well known and is utilized to measure
multiple aspects (Ekman and Friesen, 1978). For example, facial coding scales are used
for the quantification of pain in non-verbal human populations (Williams, 2002).
The rat grimace scale coding shows accuracy and reliability. Therefore, RGS can be used
to quantify pain of moderate duration (Langford et al., 2010). This test uses facial
expressions to measure pain in the rat as a partially automated method. Photographs are
taken from digital video of rat in either a baseline, control or pain condition using a
special program, rodent face finder. Then four facial "action units" should be scored on a
0-2 scale as arbitrary units (AU), for their distinction in these photographs. A score of ‘0’
indicates that the scorer has high confidence of the absence of the action. A score of ‘1’
indicates high confidence of a moderate performance of the action units or vagueness
over its presence or absence. A score of ‘2’ indicates that pronounced performance of the
action units was observed (Sotocinal et al., 2011). We implemented this paradigm to
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assess the spontaneous pain after alcohol injection in rats with central sensitization due to
repeated KCl injection (Figure 1).
Sotocinal et al, 2011, have explained the RGS procedure with details. The study shows
how to score each action unit as an arbitrary unit (AU), how to videotape and how to use
the rodent face finder software. According to Sotocinal et al 2011, there are four action
units for RGS coding. In our experiment, we modified this method and only looked at the
orbital tightening unit because of the low quality of the photograph that made it difficult
to score the other units
Rat Grimace Scale Scoring units
1. Orbital Tightening
Narrowing or squeezing of the eyes in rats is a sign of pain. Either partial (score 1) or
complete (score 2).
2. Nose/Cheek Flattening
The absence of the crease between the check and whisker pads, due to flatten and
elongation of the nose bridge, is a sign of pain in rats.
3. Ear Changes
The space between the ears appears wider in rats with pain. This is because the ears of
rats in pain tend to fold, curl and angle forwards or outwards, resulting in a pointed
shape.
4. Whisker Change
The whisker pads of rats contract when experiencing pain. Therefore, the whiskers move
forward, comparing to the baseline position, and tend to bunch.
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Digital video
The rats were placed individually in a transparent Plexiglas chamber .Two Sony digital
video cameras were placed on either side of the cubicle. Fifteen to twenty minutes after
placement in the cubicle for habituation, the rats were videotaped for 30 min
continuously immediately prior to alcohol injection to obtain their baseline RGS scores.
Then rats received IV injection in the tail of Alcohol (10%; .2g/kg) or vehicle (saline,
same amount as Alcohol) in a different day. The rats would be placed back to their home
cage for 30 min, and then put back into the transparent Plexiglas chamber and videotaped
for 60 minutes because we wanted to videotape the rats between 30-90 minutes after the
alcohol injection when the effect of the alcohol injection was detected at this time frame
in the mechanical withdrawal thresholds. Rats go to sleep after around 60 minutes and if
placed in the cage just after injection, we would not have been able to videotape the rats
in this time frame.
Automated frame capture using Rodent Face Finder (RFF)
Rodent face finder (RFF) was used to scan each video frame for photographs with at least
one eye and at least one ear detected. To reduce false positives, each photograph was
supposed to have sufficient distance between the eye and the ear. Unlabeled photographs
were presented one at a time. For each photograph, a blind evaluator assigned a value of
0, 1 or 2 for each of the four RGS action units. Therefore, RFF software was used to
capture images from the video for scoring (Sotocinal et al., 2011). The selected images
were copied to a folder. To randomize the images, they were arranged according to their
sizes in the folder and renamed to ensure blind coding. From the four facial "action
units", only orbital tightening could be evaluated.
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2.6. Statistical Analysis
2.6.1.Conditioned Place Preference Test
	
  
Conditioned place preference data was expressed as mean ± SEM. Two-way analysis of
variance (Two-way ANOVA) was employed to analyze the difference between gender
(males and females) and treatment groups (alcohol and saline) in CPP test. A P < 0.05
was considered significant.
2.6.2.Mechanical Withdrawal Threshold Test
Mechanical withdrawal thresholds were normalized to baseline. Normalization was done
by dividing the mechanical withdrawal threshold result (in grams) at different time points
on the threshold result (in grams) at baseline time point
(
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×100%). One-Way Repeated

Measures Analysis of Variance was employed to analyze the difference in the treatment
along the time course followed by multiple comparison (Dunnett’s and Duncan’s test). A
P < 0.05 was considered significant.
2.6.3.Orbital Tightening Test
Orbital tightening score data was expressed as mean ± SEM. One-Way Repeated
Measures Analysis of Variance was employed to analyze the difference in the treatment
along the time course followed by multiple comparison (Tukey Test). For control group,
Student’s t-test was employed to analyze differences between two individual means
(baseline and Alcohol). A P < 0.05 was considered significant.
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Chapter Three: Results
3.1. The effect of epidural KCl administration on rats’ place preference
Very few behavioral studies have explored signs of ongoing pain in animal models of
migraine. Therefore we tested for the presence of ongoing pain in rats with KCl induced
migraine. We tested if such spontaneous, ongoing pain could be evaluated using the CPP
paradigm. We used the CPP to evaluate if repeated epidural administration of KCl (1 M;
5 µl) is aversive to animals. The same volume of saline was used in control experiments.
3.1.1. Conditioned Place Preference
Seventeen Sprague-Dawley rats were used (10 males and 7 females). In the
preconditioning phase (see Methods), the time spent by the animal in each compartment
during a 15-min period was recorded. The percentage of time spent in the preferred
chamber by the 10 male rats was 60.1 ± 7.2%. The percentage time spent in the preferred
chamber by the 7 female rats was 59.6 ± 8.8%. The percentage time spent in the preferred
chamber by all animals (males and females) was 59.9 ± 7.6%. During the conditioning
phase, the animals were placed for 90 minutes in the preferred chamber and received KCl
(1M; 5 µl) injections onto the dura. In the other daily session, the animals were placed for
90 minutes in the non-preferred chamber. Here, rats received 5 µl saline injection into the
dura. KCl and saline administration was repeated for three consecutive days. The times
spent in the KCl-paired compartment during pre-conditioning and post-conditioning
phases were analyzed using two-way analysis of variance (ANOVA) with two
independent variables, gender (males and females) and conditioning (Pre-conditioned and
post-conditioned).
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In both male and female animals repeated administration of KCl resulted in aversion of
animals as evident by the significantly reduced percent time spent in KCl paired chamber.
There was no statically significant difference (F=0.0001. P=1.0) between gender and
therefore, here and below, results from males (pre-conditioning 60.1%, ± 7.2, postconditioning 46.2%, ±13.4) and females (pre-conditioning 59.6%, ±8.8, postconditioning 46.8%, ±18.2) were combined. During the pre-conditioning phase, animals
(n=17) spent 59.9% of the 15-minute test period in the preferred chamber. Administering
KCl onto the dura during the conditioning phase caused an aversion from the KCl-paired
chamber during the post-conditioning phase. Time spent in the preferred chamber
reduced to 46.3%. There was a significant difference in the time spent in the KCl-paired
chamber preconditioning versus post-conditioning phases (F=9.8, P = 0.004; ANOVA;
Fig. 2). This finding, that animals developed aversion from the preferred chamber after it
was paired with KCl injection, is consistent with previous findings showing that KCl
administration to the dura is noxious (Fioravanti et al., 2011).
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Figure 2: Conditioned Place Preference
Effects of repeated KCl administration onto the dura on rats’ CPP. During the preconditioning phase, animals (n=17) spent 59.9% of the 15-minute test period in the
preferred chamber. Administering KCl onto the dura during the conditioning phase
caused an aversion from the KCl-paired chamber during the post-conditioning phase.
Time spent in the preferred chamber reduced to 46.3%. There was a statistically
significant difference in the time spent in the KCl-paired chamber in preconditioning
versus post-conditioning phases (P = 0.004; ANOVA).
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3.2. Alcohol administration triggers signs of pain in KCl treated rats.
It is unknown why migraines are triggered by certain stimuli. However, it is speculated
that frequent migraines induce changes in neuronal circuits that predispose migraineurs to
hyperexcitability (Guedes and Frade, 1993; Haghir et al., 2009; Sonn and Mayevsky,
2001; Takano et al., 2007). Alcohol is a stimulus that commonly triggers pain in at least
one-third of the patients who are predisposed to migraine (Panconesi, 2008a). Therefore,
we tested if alcohol administration to animals with sensitized dura, due to repeated KCl
administration, can trigger sings of migraine. We used the same animals that received
repeated KCl administration (Fig. 2) and injected alcohol (IV, .2g/kg, n=14 rats) or saline
(IV, n=11) on two consecutive days (in randomized order), two days after the last KCl
administration (see experimental timeline, Fig. 1).
In addition, 6 naïve rats were used as a negative control group. These animals were
treated with alcohol (IV) without KCl administration into the dura.
3.2.1. Mechanical withdrawal thresholds
It has been shown that multiple migraine attacks lead to central sensitization, a process by
which CNS structures undergo maladaptive plasticity, resulting in abnormal neuronal
firing to innocuous stimuli (Silberstein, 2004). Sensitization during migraine results in an
activation of the trigeminovascular system. This change has been noted by both c-fos
activation and an increase in neuronal firing by electrophysiology recordings (Caudle et
al., 2010). About 60% of migraine patients experience cutaneous allodynia during an
acute attack (Burstein et al., 2000b; Lovati et al., 2009; Lipton et al., 2008). Human
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studies have shown that up one third of allodynic migraineurs have extracephalic
allodynia (Burstein et al., 2000a; Burstein et al., 2010; Lovati et al., 2009).
In animals, the applications of inflammatory soup or KCl to the dura also result in
cephalic and extracephalic allodynia as evident by facial and hindpaws allodynia
(Edelmayer et al., 2009; Fioravanti et al., 2011). We used a similar method to evaluate
changes in pain sensitivity as a result of chronic migraine and central sensitization in
animals that received KCl to the dura and alcohol injections.
Fourteen (7 males and 7 females) rats that received repeated KCl (3 times injections on
the dura) and intravenous 10% alcohol (.2g/kg) or saline were used in this experiment.
Rats were placed individually in Plexiglas boxes and allowed to habituate for 30 min
before baseline measurements of hindpaw withdrawal thresholds were obtained (see
Methods). Mechanical withdrawal thresholds were assessed at 0, 30, 60, 90, 120, 180 and
240 minutes after alcohol or saline injection. The examiner was blinded to the type of the
injection on the day of the test (alcohol vs. saline).
In the negative control group, six naïve male Sprague-Dawley rats were used. These
animals did not receive KCl injection into the dura. Similar to the experimental group,
rats were placed individually in Plexiglas boxes and allowed to habituate for 30 min
before baseline measurements of hindpaw withdrawal thresholds were obtained.
Mechanical withdrawal thresholds were also assessed at 0, 30, 60, 90, 120, 180 and 240
minutes after alcohol injection.
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3.2.1.1. Mechanical withdrawal thresholds of the left hindpaw (contralateral to the KCl
injection site)
Mechanical withdrawal thresholds of the left hindpaw were significantly reduced 60
minutes after alcohol administration and reached a maximum reduction between 90-120
minutes after alcohol injection. The withdrawal threshold dropped by 22.8% between 60
to 120 minutes after alcohol injection (F=11.504, P<0.001; ANOVA). The decreased
sensory thresholds returned to baseline values after 4 hour (Fig. 3). There was no
significance difference between males and females (ANOVA, P=0.3). Unlike alcohol,
saline had no effect on mechanical withdrawal thresholds (F=2.1, P=0.5; ANOVA, Fig.
3). In negative control group, alcohol injection had no effect on left hindpaw mechanical
withdrawal thresholds (F=1.6, P = 0.2; ANOVA) (Fig. 3).
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Figure 3: Contralateral Hindpaw Mechanical Withdrawal Threshold
Behavioral mechanical testing for left hindpaw (contralateral to the KCl injection onto
the dura) in animals after the IV tail injection of 10% alcohol (0.2g/kg) (7 males and 7
females) or saline (6 males and 5 males).

3.2.1.2. Right hindpaw (Ipsilateral to the KCl injection site)
Similar to the left hindpaw, reduced mechanical withdrawal thresholds were also
observed in the right hindpaw after alcohol injection and the reduction reached a
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maximum between 1-2 hour (Fig. 4). Withdrawal thresholds dropped by 18.2% between
60 to 120 minutes after alcohol injection (F=6.4, P<0.001; ANOVA). The decreased
sensory threshold values started to return to baseline values by 4 hour. Saline injection
had no effect of mechanical withdrawal thresholds of the right hindpaw (F=1.8,P=0.1).
In the negative control group (no surgery and no KCl injection into the dura), alcohol
injection had no effect on right hindpaw mechanical thresholds (F=1.7, P = 0.1; ANOVA,
Fig. 4).

Figure 4: Ipsilateral Hindpaw Mechanical Withdrawal Threshold
Behavioral mechanical testing for right hindpaw (ipsilateral to the KCl injection onto the dura) in
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animals after the IV tail injection of 10% alcohol (0.2g/kg) or saline. Alcohol injection in rats (red
line) induced allodynia in right hindpaws.

3.2.2. Rat Grimace Scale (RGS)
Seven Sprague-Dawley rats were used in this experiment. These are the same rats that
received repeated KCl injections and tested using the CPP paradigm. The rats were
placed individually in transparent Plexiglas chambers. Two Sony digital video cameras
were placed on either side of the cubicle as described previously by the Mogil group
(Sotocinal et al., 2011). Fifteen to twenty minutes after placement in the cubicle for
habituation, the rats were videotaped for 30 min continuously to obtain their baseline
RGS scores. Then rats alcohol injection in the tail vein (10%; .2g/kg) or vehicle saline,
same amount as alcohol) on the next day (order randomized). Once injected, the rats were
placed back to their home cage for 30 min, and then returned to the Plexiglas chambers
and videotaped for 60 min. This is to prevent the rats from adapting to the chambers, as
they tend to close their eyes, which would prevent us from conducting the RGS test.
We focused on recording the period 30-90 minutes after alcohol injection (or saline), the
time we detected changes in mechanical withdrawal thresholds described in Figures 3 and
4.
Rodent Face Finder software was used to capture images from the video for scoring. The
selected images were copied to a folder, renamed and their order randomized to ensure
blind coding. From the four facial "action units" (described in Materials and Methods),
only orbital tightening could be evaluated (Fig. 5). Orbital tightening score increased
significantly after alcohol tail injection (0.4 ± 0.3 AU), compared to baseline values
(0.1±0.1 AU) and animals receiving saline (0.2 ± 0.1 AU) (F=12.2, P=0.001; ANOVA).
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There was no significant difference between saline injections and baseline (P=0.5).
These findings suggest that sensitized rats experience ongoing pain after alcohol
administration but not saline (Fig. 6).

B

A

C

Figure 5: Experimental Group Orbital Tightening Images
Images Captured from the videotapes. Changes of rat grimace scale (orbital tightening
only) following saline and alcohol IV tail injection. A) Baseline, no orbital tightening. B)
Saline, no obvious orbital tightening. C) Alcohol, eyes are squeezed
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Figure 6: Experimental Group Orbital Tightening Score
Changes of rat grimace scale (Orbital tightening only) score following saline and alcohol IV tail
injection. The orbital tightening score increased significantly with the alcohol IV tail injection
(0.405), compared to baseline (0.061) and saline (0.148). There was a statistically significant
difference in the mean values among the treatment groups (One Way repeated Measure ANOVA,
P=0.001). The Multiple Comparison Procedures (Tukey Test) showed that there was a
statistically significant difference when comparing alcohol to baseline (P<0.050) and comparing
alcohol to saline (P<0.050). There was no significant difference when comparing saline to
baseline.

In the negative control group, six naïve male Sprague-Dawley rats were used (no KCl
injection to the dura). Only alcohol was injected as tail IV. Orbital tightening score after
alcohol injection (0.01±0.03) was not significantly different from baseline scores
(0.01±0.03) (t-test, P = 1, Fig.7 and Fig.8).
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Figure 7: Control Group Orbital Tightening Images
Images Captured from the videotapes. Changes of rat grimace scale (Orbital tightening
only) following alcohol IV tail injection. A) Baseline, No orbital tightening. B) Alcohol,
No orbital tightening.
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Figure 8: Control Group Orbital Tightening Score
Changes of the rats Orbital tightening score following alcohol IV tail injection. The
orbital tightening score did not increased with the alcohol IV tail injection (0.01),
comparing to baseline (0.01). Alcohol IV tail injection did not produce a significant
difference in the orbital tightening score (t-test, P = 0.937).
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Chapter Four: Discussion
The neural mechanisms underlying the trigger, onset and maintenance of migraine attacks
are poorly understood (Noseda and Burstein, 2013; Ward, 2012). Due to the complex
characteristics of the disorder, it is difficult to develop an animal model that recapitulates
the clinical manifestations in humans. In pursuance of designing effective therapy for
migraine, the mechanism behind migraine triggers should be elucidated. Therefore,
developing an animal model in which migraine-like signs can be triggered is a first step
to understand the pathophysiology of migraine headaches and how they are initiated.
Here, we developed an animal model of chronic migraines where repeated administration
of KCl onto the dura, results in a latent central sensitization that can be rekindled by
alcohol administration, a known migraine trigger.
4.1 Repeated dural afferent sensitization with KCl application
Few behavioral studies have explored spontaneous signs of pain in animal models of
migraines (De Felice et al., 2013; Melo-Carrillo and Lopez-Avila, 2013). We reproduced
strategies used by other investigators like shatillo et al. 2013, who injected 5 µl of 1M
KCl onto the dura and Fioravanti et al. 2011, who injected 10 µl of 1M KCl onto the dura
(Shatillo et al., 2013; Fioravanti et al., 2011). While these studies investigated the effect
of a single injection of KCl into the dura and evaluated cephalic and extracephalic
cutaneous allodynia, we assessed changes in animal operant behaviors. We reasoned that
multiple injections would sensitize dural afferents, which may result in central
sensitization and may mimic sensitization reported in chronic migraineurs. Indeed,
Oshinsky et al 2007, showed that multiple infusion of inflammatory soup on the dura
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produced chronic trigeminal hypersensitivity (Oshinsky and Gomonchareonsiri, 2007).
After multiple injections of inflammatory soup on the dura, the changes in the trigeminal
sensitivity were monitored using changes in periorbital von Frey thresholds. Challenging
rats that received multiple inflammatory soup injection on the dura with glyceryl trinitrate
(GTN), which is a nitric oxide donor that patient with recurrent headache are
hypersensitive to, decreased the periorbital pressure sensory suggesting the development
of cephalic allodynia. In another study multiple administration of inflammatory soup on
the dural caused stronger and longer cutaneous extracephalic and cephalic sensitivity
compared to single injection (Boyer et al., 2014). Here we used the place-conditioning
paradigm to test the effect of KCl injection into the dura. CPP paradigm is used to study
the effect of pain and drugs on animals (De Felice et al., 2013; LaBuda and Fuchs, 2000;
Davoody et al., 2011). It has been shown that injecting KCl on the dura is noxious and
cause evoked pain (Fioravanti et al., 2011) and in our experiment, animals did not prefer
the KCl-paired chamber suggesting that repeated KCl administration to the dura is
aversive to animals.
4.2 Acute alcohol consumption elicits pain-like behaviors that mimic signs of migraine
It is unknown why migraines are triggered by certain stimuli. However, it is speculated
that frequent migraines induce changes in neuronal circuits that predispose migraineurs to
hyperexcitability. A combination of hyperexcitability and environmental stimuli can
result in a debilitating headache (Guedes and Frade, 1993; Haghir et al., 2009; Sonn and
Mayevsky, 2001; Takano et al., 2007). Alcohol is a trigger factor in migraine that would
provoke the headache. Alcohol may trigger episodic migraine in 17% to 76% of
migraineurs (Millichap and Yee, 2003; Wober et al., 2007; Ierusalimschy and Moreira
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Filho, 2002; Scharff et al., 1995; Van den Bergh et al., 1987). Alcohol is a stimulus that
commonly triggers pain in at least one-third of the patients who are predisposed to
migraine (Panconesi, 2008a). On the contrary, a prospective study analyzed the
migraineurs diaries did not report alcohol as trigger factor (Wober et al., 2007). Another
study evaluating trigger factors of migraine reported that alcohol is a low frequent trigger,
triggering about 4% of the attacks (Leone et al., 2010). In addition, a study by littlewood
et al, (1988) showed that red wine and not vodka provoked headache in red winesensitive-migraine patients and not in nonsensitive migraine-patients or controls. In this
study, patients consumed 300 ml of red wine and 300 ml of vodka, both with an
equivalent amount of alcohol, concluding that a component in red wine other than alcohol
triggered migraine attack (Littlewood et al., 1988). However, another study showed that
spirits and sparkling wines were significantly more frequently related to migraine attacks
than red wine, white wine and beer (Nicolodi and Sicuteri, 1999).
Ethanol (EtOH), the active ingredient in alcoholic beverages, is a small, uncharged
molecule that can easily pass through lipid barriers in the body, including the blood brain
barrier. Clinical and experimental evidence has demonstrated many toxic effects of
alcohol. Alcohol can cause CSD by contributing to the formation of Reactive Oxygen
Species (ROS) or the release of Nitric Oxide (NO) and CGRP (Ayata, 2010; Viggiano et
al., 2011; Abadie-Guedes et al., 2008; Holzhammer and Wober, 2006; Fukui et al., 2008;
Panconesi et al., 2011; Panconesi, 2008a; Abadie-Guedes et al., 2012). Indeed, Guedes et
al, 1993 showed that CSD was more readily triggered in rats with EtOH treatment. The
aim of their research was to study the effects of intragastric ethanol (3 g kg-1 day-1 in a
total volume of 3.8 ml/kg, for 7 days “0.54 ml/kg”) on CSD. The results indicate that
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ethanol intake for 7 days increases the susceptibility of the cerebral cortex to CSD in
adult rats (Guedes and Frade, 1993). In another study by Guedes et al 2012, adult rats
were treated with one daily ethanol application per gavage (3g/kg) during 7 days, and
demonstrated a facilitating effect on CSD propagation, as compared with water-treated
controls (Guedes et al., 2012). Another study evaluated the changes in the metabolic,
hemodynamic and the electrical activities of CSD wave propagation through the entire
ipsilateral cortex (Sonn and Mayevsky, 2001). The effects of ethanol administration on
these processes with 3 ml of 30% ethanol solution in saline was infused for 30 min (0.1
ml/min per 200 g body weight) via the femoral vein catheter. An increase in ECoG
amplitude was noticed after 1.5 min of ethanol administration as a sedative effect.
However, a decrease in ECoG frequency was noticed about 20 min of infusion. Ethanol
caused a decrease in NADH oxidation cycles (amplitudes) and a decline in the CSD wave
frequency as compared to the control CSD wave, induced before ethanol infusion (Sonn
and Mayevsky, 2001).
Studies on animals have shown that alcohol is a vasodilator by increasing the release of
NO and endothelial NOS if alcohol was given or taken in acute low dose (Deng and
Deitrich, 2007). Other research showed also the vasodilation mechanism of alcohol in
low doses by releasing CGRP, which is a potent vasodilator mediator (Gazzieri et al.,
2006). In addition, CGRP release elicits neurogenic inflammation in the
trigeminovascular system (Nicoletti et al., 2008). In agreement with these animal studies
results, Spaak et al. 2008, did a study to show the effect of acute, low alcohol dose on
blood circulation, vascular and neural responses in human (Spaak et al., 2008). The
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results show that ethanol causes brachial artery dilation (Spaak et al., 2008). These
findings may suggest the mechanism of alcohol in triggering migraine.
Beside vasodilation being proposed as a mechanism of action of alcohol in triggering
migraine, other studies showed a relationship between acute alcohol consumption and
serotonin release. These studies showed that acute alcohol intake would increase
serotonin release in the brain and platelets. As discussed earlier, migraine is a syndrome
of chronically low serotonin, with migraine attacks triggered by a sudden raise in 5-HT
release (Schuh-Hofer et al., 2007; Hamel, 2007; Panconesi, 2008b).
Since Guedes et al, 1993 showed CSD was more readily triggered in rats with EtOH
treatment and other animal study showed that ethanol caused delayed hypersensitivity (4
to 6 hours after .3g/kg ethanol consumption) in sensitized rat (Maxwell et al., 2010). We
posit that alcohol administration may trigger CSD in our animals that may lead to
migraine-like pain.
4.2.1 Alcohol and Orbital Tightening
We selected a low dose of alcohol so as not to exceed allowed blood alcohol levels in
human. Our results showed that alcohol but not saline caused ongoing pain in centrally
sensitized rats. Ongoing pain was detected with rat grimace scale method (via blinded
coding of orbital tightening). Alcohol administered to naïve rats had no effect on orbital
tightening scores.
Our results are consistent with other studies showing that repeated activation of
trigeminovascular nociceptors would cause central sensitization – a mechanism suggested
for the change from episodic to chronic migraines (Oshinsky and Gomonchareonsiri,
2007; Boyer et al., 2014).
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4.2.2 Alcohol and cutaneous allodynia
Multiple clinical reports show the association of cutaneous allodynia with migraine.
These reports show that around 75% of migraine patients develop cutaneous allodynia
(Burstein et al., 2000b; Burstein et al., 2000a; Jakubowski et al., 2005; Mathew et al.,
2004; Ashkenazi et al., 2007). This cutaneous allodynia include pain from lying down on
a pillow, shaving, showering and wearing earrings (Tietjen et al., 2009). The presence of
cutaneous allodynia suggests that migraine is associated with central sensitization.
Hyperalgesia and allodynia of the head region can be associated with direct sensitization
of the SpVc or of trigeminovascular neurons in the thalamus (Burstein et al., 2000a;
Burstein et al., 2010). However, the spread of multimodal allodynia outside the original
site of migraine headache requires the sensitization of third order thalamic neurons,
particularly those in the PO (Lambert, 2010; Hoffmann, 2011). In animal models thought
to be relevant to migraine, there is electrophysiological evidence for sensitization of
third-order thalamic neurons that receive information from regions other than the face
(Lovati et al., 2009; Edelmayer et al., 2009). In agreement with these studies, we detected
mechanical hypersensitivity in the hindpaws following alcohol administration in animal
that received repeated KCl application to the dura. These observations were not detected
after saline injection. Therefore, the combination of central sensitization (multiple KCl
injection onto the dura) and alcohol injection provoke cutaneous allodynia.
Fioravanti et al. 2011, observed cutaneous allodynia after CSD induction due to single
KCl injection into the cortex. Hypersensitivity was observed 30 min after CSD induction
(Fioravanti et al., 2011). Our results are consistent with these results, which also suggest
that alcohol injection in centrally sensitized animal may cause CSD induction that lead to
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cutaneous allodynia. Therefore, in future experiments, electrophysiological experiments
to record and “monitor” CSD while injecting alcohol should be performed.
4.3. Migraine and sex differences
Most of the experimental models of migraine utilize male animals, even thought female
animals tend to show more responses to evoked pain comparing to male animals (Bolay
et al., 2011). Therefore, additional studies in female animals are required as migraine is
considered a female disorder (Bartleson and Cutrer, 2010; Unger, 2006; Melo-Carrillo
and Lopez-Avila, 2013; Ward, 2012; Stewart et al., 2008). Thus, we conducted all of our
experiments using male and female rats to test for sex difference. Unfortunately, we did
not find a significant difference between males and females.
Collectively, our data suggest that activation of the trigeminal system by injecting KCl
into the dura multiple times and sensitizing afferent neurons produces signs of chronic
migraine. Acute alcohol IV injection results in the development of tactile hypersensitivity
and ongoing pain in centrally sensitized animals may replicate clinical observation of
alcohol being a migraine trigger. The significance of these findings lies in the fact that
KCl-induced migraine is a widely employed model to study the effects of potential antimigraine therapy. This is an important approach to study the mechanism underlying this
process and for remedy elaboration. Technical challenges such as the ones presented in
these studies may in part account for the continuous debate over the role of considering
alcohol as a trigger factor in migraine headache.
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