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ABSTRACT 

 

Cortical Spreading Depression (CSD) is characterized by a wave of neuronal and glial 

depolarization followed by depression of bioelectrical activity that slowly propagates 

through the cortex of many species, including humans. CSD is associated with brain 

disorders such as stroke, head trauma and migraine. Many earlier studies have provided 

compelling evidence that CSD is the underlying mechanism of aura in migraine; however, 

whether CSD can elicit headache associated with migraine is not fully understood. 

Cutaneous allodynia is highly prevalent in the peri-orbital area and extracephalic sites of 

migraine patients, suggesting that sensitization of primary afferents and central 

trigeminovascular neurons in these patients could be initiated by the underlying 

mechanism of aura.  

Unlike previous reports on the interaction between CSD and the trigeminal system, in 

which nociceptive behavior could not be measured since they employed anesthetized 

animals, we designed a model in which freely moving rats could be monitored for both 

CSD events and behavior responses due to pinprick plus KCl injection to the occipital 

cortex. We show that significant tactile hypersensitivity of the periorbital region of the 

face and hindpaws develop in a time-dependent manner following CSD. Enhanced 

expression of Fos protein and increased mRNA levels of the inflammatory cytokines IL-

1β and IL-6 are found within the trigeminal nucleus caudalis (TNC) two hours following 

cortical injection. We further show that systemic administration of anti-migraine drugs 

such as sumatriptan, naproxen and α-CGRP8-37 (a CGRP antagonist) attenuate the 
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generalized allodynia that ensue following cortical stimulation by KCl. Microinjection of 

bupivacaine in the ipsilateral trigeminal ganglion or in the rostral ventromedial medulla 

(RVM) prior to cortical pinprick plus KCl injection reversibly diminishes tactile 

hypersensitivity, suggesting that RVM pain-facilitating cells become activated by a 

trigeminal-RVM pathway following CSD. In addition we demonstrate that cortical 

pinprick plus KCl injection induced CSD events in 24/28 (85%) rats, among which 66% 

and 87% developed allodynia in the face and hindpaw, respectively.  

These studies suggest a potential association between CSD and development of 

hypersensitivity in rats, indicating that this model can be used to investigate the role of 

CSD-evoked migraine-related pain and to explore novel therapeutic strategies. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1. Neuroanatomy of pain 

According to the definition issued by the International Association for the Study of Pain 

(IASP), pain is “an unpleasant sensory and emotional experience associated with actual or 

potential tissue damage, or described in terms of such damage”. Physiological pain has a 

protective role of warning us about potential tissue injury, for example, when we touch a 

hot surface. Normal pain can also indicate the existence of inflammation while tissue 

repair is ongoing. In many situations, though, pain outlasts the original noxious insult and 

becomes non-physiological, or chronic, in nature. The goal in this section is to briefly 

summarize the main pathways in normal pain processing and transmission.  

The first step in pain processing is transduction, or the conversion of different types of 

stimuli to electrical events in sensory nerve endings. For each particular category of 

harmful/noxious stimulus, i.e. heat, chemical or mechanical, a specific group of receptors, 

or specialized proteins, localized on the nerve endings of nociceptors, are capable of 

sensing the stimulus and translating it into electrical signals.   

Following transduction, pain signals are transmitted from the periphery to the cortex. 

Signals indicative of sharp and localized pain are transmitted by lightly myelinated Aδ-

fibers, while “slow burning” or “aching” pain is conveyed by non-myelinated C-fibers. 
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These afferents synapse on the dorsal horn of the spinal cord, relaying the information to 

second-order cells which join the spinothalamic tract (STT) to transmit the signals to the 

thalamus. Thalamic third-order neurons are then activated and the nociceptive information 

is finally transferred to several regions of the cerebral cortex (somatosensory, anterior 

cingulate and insular cortices) where perception of pain takes place. Notably, on the way 

to the thalamus the ascending tracts send collaterals to sites in the brainstem and midbrain 

allowing pain information to be processed and modulated at different levels of the 

neuroaxis. 

It is important to mention that some sensory fibers are not nociceptors, which means they 

are activated by non-noxious stimuli, such as light touch and vibration. These fast-

conducting myelinated neurons are known as Aβ fibers, and although some may synapse 

in the spinal dorsal horn, most of the Aβ fibers enter the spinal cord, join the dorsal 

column pathways and ascend to synapse in the brainstem. Interestingly, this pathway may 

become nociceptive after nerve injury (Ossipov et al., 2002). 

The existence of a pain modulatory system propitiates control of pain transmission at the 

level of the spinal cord. It has been demonstrated that stimulation of the periaqueductal 

gray (PAG) area of the midbrain results in spinal analgesia (Reynolds, 1969; Mayer, 

1984), indicating the activation of a descending endogenous inhibitory system following 

PAG activation. Later studies suggested that antinociception in the spinal cord could also 

be obtained following stimulation of the rostral ventromedial medulla (RVM), suggesting 
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that information from the PAG is relayed to the RVM (Fields and Basbaum, 1978; 

Sandkuhler and Gebhart, 1984). 

Part of this descending inhibitory system is comprised of serotonergic and noradrenergic 

fibers that originate in the nucleus raphe magnus and locus ceruleus in the brainstem, 

respectively, and project to the spinal dorsal horn via the dorsolateral funiculus (DLF). 

Serotonin and/or norepinephrine released in the dorsal horn of the spinal cord can inhibit 

pain transmission by activating the release of endorphins from interneurons, by blocking 

the release of excitatory aminoacids or pain neurotransmitters, such as substance P and 

calcitonin gene-related peptide (CGRP), from pre-synaptic neurons or by decreasing 

hyperexcitability of post-synaptic cells. 

In parallel to the pain inhibitory system, supporting evidence points to the existence of a 

pain facilitatory system that also lies in the RVM. This system has been shown to facilitate 

inflammatory, neuropathic and opioid-induced pain (Urban et al., 1999; Guan et al., 2002; 

Porreca et al., 2001; Vanderah et al., 2001). Confirming the opposite roles of these 

modulatory systems, electrophysiological studies revealed three distinct classes of RVM 

neurons that express different firing patterns in response to noxious thermal stimulation of 

the rodent tail (Fields et al., 1983; Barbaro et al., 1986). OFF-cells are tonically active and 

pause in firing immediately before the withdrawal reflex from the noxious thermal 

stimulus. ON-cells increase firing just before the nociceptive reflex occurs. Finally, cells 

whose firing pattern is unaltered by thermal stimulation of the tail are neutral cells (Fields 

et al., 1983; Heinricher et al., 1992). It is believed that OFF- and ON-cells are associated 
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with pain inhibition (antinociception) and facilitation (nociception) respectively while the 

role of neutral cells in pain processing is still unclear (Heinricher et al., 1989, 1992). 

This intricate circuit of afferent and efferent fibers, with multiple areas for positive and 

negative modulation of signals, offers several potential sites for therapeutic intervention.  

On the other hand, for the therapeutic strategies to be effective, detailed comprehension of 

pain processing in different disease states, particularly the role of distinct transmitters and 

nociceptive effectors, is a crucial task.   

 

1.1.1. Trigeminal system 

Sensation of the face and mouth is mainly provided by sensory afferents of the trigeminal 

nerve, or the fifth cranial nerve, which is divided in three main branches: ophthalmic (V1), 

maxillary (V2) and mandibular (V3). Similar to the scheme described for the limbs in the 

previous section, different types of fibers of the trigeminal nerve convey tactile or 

nociceptive signals. Instead of dorsal root ganglia, the cell bodies of these neurons are 

located in the trigeminal ganglia, and their axons project both to the periphery, where they 

innervate the skin, the dura mater and intracranial blood vessels, and to the brainstem 

(central terminals), where they synapse at different nuclei in the midbrain, pons or 

medulla. Pain sensation is transmitted to the spinal trigeminal nucleus, which is 

subdivided in pars oralis, pars interpolaris and pars caudalis, where information is relayed 

to second-order neurons that join the trigeminothalamic tract and ascend to thalamic sites.  
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These studies focus on fibers of the ophthalmic branch of the trigeminal nerve and its 

relay to the trigeminal nucleus caudalis (TNC). 

 

1.1.2. Peripheral and central sensitization   

Two important phenomena arising after tissue injury are hyperalgesia and allodynia. 

Patients with hyperalgesia experience more pain in response to a noxious stimulus, 

whereas in conditions of allodynia pain results from normally innocuous stimulus. These 

changes in pain processing suggest changes in the way neurons react to stimuli or the way 

the CNS interprets signals transmitted by afferents, or a combination of both. Knowing 

that different fibers transmit signals originating from noxious and non-noxious stimuli, it 

is not surprising that distinct mechanisms underlie these phenomena.   

Most cases of primary hyperalgesia are explained by sensitization of nociceptors, in which 

fibers within the injury site become hyperresponsive, leading to increased firing in 

response to a painful stimulus. In other situations, hyperalgesia occurs in the area 

surrounding the damaged tissue (secondary hyperalgesia), which evidence suggests is 

caused by sensitization of central rather than peripheral neurons (LaMotte et al., 1991; 

Pedersen et al., 1996). Sensitization is mediated by a wide array of mechanisms from 

changes in transcription of genes encoding for inflammatory cytokines, to ion channel 

upregulation, to kinase-induced phosphorylation and activation of pain receptors. 
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Allodynia is an even more complex symptom, in which simple touch becomes a painful 

event. Neuropathic pain studies suggest that sprouting of Aβ fibers from deeper laminae 

(III and IV) to lamina II, where pain neurons terminate, could account for the 

misperception of non-noxious inputs as noxious (Woolf et al., 1992). Phenotypic switch of 

Aβ fibers, which start to express pain transmitters such as substance P and CGRP, or 

changes in neuropeptide Y expression in the dorsal column pathway have also been 

proposed (Noguchi et al., 1995; Ossipov et al., 2002). Tactile allodynia was further 

demonstrated in naïve rats treated with nociceptive peptides in spinal or supraspinal sites 

(Vanderah et al., 1996; Xie et al., 2005), suggesting that central sensitization plays a role 

also in acute pain. 

 

1.2. Cortical Spreading Depression 

Cortical spreading depression (CSD) or spreading depression (SD) was first discovered in 

1944 by the Brazilian electrophysiologist Aristides Azevedo Pacheco Leão during his 

Ph.D. studies. While recording seizure-like activity in the brain of anesthetized rabbits, 

Leão observed that the spontaneous electrocorticogram (ECoG) waves were often 

depressed following mild noxious electrical stimulation (Leão, 1944).  Suppression of the 

spontaneous cortical waves occurred first near the stimulated region and slowly reached 

increasingly distant sites. The depression of the ECoG lasted a few minutes and 

propagated at the speed 3-6 mm/min. Recovery from the silencing, i.e. return of the 

electrical activity, occurred in the same order.  Marshall (1959) describes the SD period as 
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filled with large amplitude slow waves or fast paroxysmal-type spikes instead of mere 

depression of “normal” activity. In addition to electrical stimulation, CSD can be 

produced by mechanical or chemical stimuli (Bures et al., 1974). While the threshold of 

CSD varied among cortical areas, Leão noted that once triggered, it could spread in all 

directions; furthermore, callosal propagation of CSD was possible if cortical stimulation 

was strong enough (Leão, 1944). Dilatation of pial blood vessels accompanied the 

depolarization wave, leading to several studies targeting the importance of CSD in 

neurovascular disorders (Strong et al., 1983). 

Employing  direct current (DC)-coupled amplifiers to obtain extracellular recordings, in 

1947 Leão demonstrated the most characteristic sign of spreading depression, the DC-

shift, which is a triphasic waveform that occurs in parallel to ECoG depression (Leão, 

1947). The first positive deflection is not always obvious, and it corresponds to an 

increase in cellular discharge, manifested as fast activity in the ECoG trace 

(depolarization). The main feature (second phase) is the negative potential with amplitude 

of 7-20 mV and duration of 1-2 min, which corresponds to the depression of normal 

electrical activity. Finally, this negative wave is followed by a longer positive swing (third 

phase) of smaller amplitude (Martins-Ferreira et al., 2000; Gorji et al., 2001).  

Detection of this slow potential wave paralleling SD requires that low frequency signals 

not be filtered out (no high-pass filter should be used), as usually happens during normal 

ECoG recordings. Furthermore, traces should be analyzed for minutes, and not 30 seconds 
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as is common for ECoG recordings (Marshall, 1959; James et al., 2001; Fabricius et al., 

2008).   

 Such intense DC changes are associated with major alterations in interstitial ionic 

concentration, oxygen tension, as well as other metabolic energetic demands. Kraig and 

Nicholson (1978) employed ion selective electrodes to demonstrate that in the 

extracellular space, during SD, there is a rise in [K+ ]o, which is followed by a decrease in 

[Na+]o, [Ca2+]o and [Cl-]o, suggesting that K+ leaving the cells is exchanged for Na+ and 

Ca2+ entering the cell and some cytoplasmic anion, such as glutamate, is released to 

compensate for the influx of Cl- (Somjen, 2001).  Tissue resistance drops significantly 

during SD, which can be explained by cell swelling from the influx of water and shrinkage 

of the extracellular compartment (van Harreveld, 1957; Kow and van Harreveld, 1972). 

To restore the ionic distribution, an enhanced metabolic activity represented by tissue 

acidosis is caused by increased levels of CO2 and lactic acid (Scheller et al., 1992; Cruz et 

al., 1999).  

Karahashi and Goldring (1966) followed by Higashida (1971) demonstrated that glial 

cells were also depolarized during SD and their depolarization was concomitant to the 

negative phase of the DC-shift. During the same years, glial cells were being established 

as structures with high K+-buffer capability (Somjen, 2002), suggesting that the elevated 

[K+]o during SD was taken up by glia, causing these cells to discharge. Many studies 

attempting to implicate either neurons or glia as the leading element in the initiation of SD 

generated contrasting results that still place both types of cells as contributors to SD.  
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The spreading or propagation of the depolarization wave in SD is also a subject of 

continuous debate. Grafstein (1956) proposed that the intense depolarization preceding the 

depression releases enough K+ to cause adjacent cells to depolarize and fire. These cells in 

turn release more K+, allowing for the slow propagation of the wave throughout the cortex. 

van Harreveld and Fifkova (1973) stated that glutamate, instead of K+, is the chemical 

agent released by neuronal depolarization and is essential for propagation of the 

depression wave. Several studies reported findings that challenged the K+- or the 

glutamate-theory (Herreras and Somjen, 1993; Obrenovitch and Zilkha, 1995; 

Obrenovitch et al., 1996), indicating that neither alone can completely explain all features 

of SD, and that it is more likely that a joint effort of K+ and glutamate underlie the 

propagation of SD. While these two theories have in common the diffusion of an SD-

initiating agent through the interstitial space, others proposed the involvement of gap 

junctions among neurons (Largo et al., 1997) or gap junctions among glia (Nedergaard et 

al., 1995) as pathways for the hypothetical chemical agent to spread the depolarization 

wave. Here again questions are left unanswered, leaving the spreading mechanism a 

subject of continuous study.   

In addition to the cerebral cortex, evoked SD has been demonstrated in most grey matter 

throughout the central nervous system (CNS), e.g. cerebellum, retina, hippocampus, 

caudate, thalamus and spinal cord, both in vivo or in tissue slices. SD has been shown to 

occur in many species including rabbits, rats, gerbils, cats and monkeys (Gorji, 2001). 
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Although some have observed spreading depression in human hippocampus and striatum 

in vivo (Sramka et al., 1977), and in human cortical tissue in vitro (Avoli et al., 1991; 

Avoli et al., 1995; Gorji et al., 2001), recordings of spreading depression in the human 

neocortex were absent for a long time, making several researchers question the 

physiological relevance of this phenomenon (McLachlan and Girvin, 1994).  The lower 

success in detecting CSD in the human cerebral cortex can be explained by the convoluted 

anatomy of this tissue compared to the lissencephalic cortex of, for example, rodents 

(Shapiro, 2000; Eikermann-Haerter and Moskowitz, 2008). Employing the same 

methodology used to successfully record CSD in rats, McLachlan and Girvin (1994) were 

not able to observe the phenomenon in patients presenting intractable epilepsy.  Mayevsky 

and colleagues (1996) provided the first evidence of CSD in humans, although only 1 of 

14 head-trauma patients presented the electrical event. More recently, Strong et. al. (2002) 

convincingly reported the spread of the depression of ECoG in 11 of 14 head-trauma 

patients, arguing that optimal placement of the recording system (electrode strip) 

constitutes the technical limitation that delayed observation of spreading depression in 

human neocortex for so many years. In a follow-up study, these authors were able to 

demonstrate the occurrence of slow potential changes (equivalent to previously described 

DC-shifts) in postoperative neurosurgical patients through mathematical manipulations 

that allowed them to visualize negative baseline-shifts from the original ECoG signal 

(Fabricius et al., 2006).  The detection of SD events in humans will be further discussed in 

the following section.  
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1.2.1. Physiological relevance of CSD 

The previous section described the basic features of SD, an electrical phenomenon that can 

be evoked in grey matter of virtually all species. Most important from a clinical standpoint 

is whether SD occurs spontaneously in humans and whether there is a trigger for SD in 

vivo. If spontaneous events can be detected, this suggests that SD may serve some 

physiological purpose or may indicate CNS damage or malfunction (Somjen, 2001). The 

potential role of SD in acute brain disorders will be discussed in this section.  

 

1.2.1.1. Brain injury 

The study introducing the slow potential change (or DC-shift) as the hallmark of SD also 

revealed that occlusion of the carotid artery and consequent interruption of cerebral 

circulation produced electrical changes similar to those described for SD (Leão, 1947). 

The cortex became electrically negative within 5 min of arterial occlusion and remained 

negative for as long as blood flow was discontinued (Leão, 1947). These findings 

suggested that conditions of cerebral anoxia could trigger SD, leading to investigation of 

this phenomenon in acute brain injuries produced by head trauma, hemorrhage or ischemia 

(Hansen and Lauritzen, 1984; Gorji, 2001; Strong and Dardis, 2005).      

In humans, ischemic stroke can result from the obstruction within a blood vessel that 

supplies blood to the brain. Strokes may also be a result of vessel rupture (hemorrhagic 

stroke), causing blood to leak into the brain. Depending on the location of the obstruction 
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or rupture and how much brain tissue is affected, strokes may disrupt different brain 

functions, leading to paralysis, vision or language problems, and memory loss.   

In the laboratory, models of brain ischemia consist of middle cerebral artery (MCA) 

obstruction, which leads to decreased regional cerebral blood flow (rCBF) over the field 

of MCA. Both in clinical and preclinical scenarios, a subsequent flattening of the 

electroencephalogram (EEG) can be observed within the ischemic core if blood flow 

decreases to levels between 11-19 ml/100 g per minute (Trojaborg and Boysen, 1973; 

Branston et al., 1974), indicating that electrical activity is highly dependent on rCBF. In 

penumbral tissue which surrounds the infarct and is characterized as tissue with blood 

flow within the threshold for maintenance of function and of morphologic integrity, 

spontaneous depolarizations with characteristics similar to those of evoked experimental 

SD are often observed and have been termed peri-infarct depolarizations (PIDs) 

(Hossmann, 1996) or hypoxic spreading depression-like depolarizations (HSD) (Somjen, 

2001).  

In healthy and well-perfused brain, SD does not produce cell death (Nedergaard and 

Hansen, 1988) because glucose and oxygen availability allows for a rapid re-establishment 

of ionic gradients. Interestingly, some studies have reported that SD may induce tolerance 

to subsequent ischemic events in rats (Schurr and Rigor, 1987; Kobayashi et al., 1995; 

Perez-Pinzon et al., 1997; Matsushima et al., 1998). In penumbral tissue, however, where 

blood supply is compromised, PIDs lead to increased final infarct volume in rats (Busch et 

al., 1996; Takano et al., 1996), which is obviously harmful to potential clinical recovery 
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after ischemic stroke. Hartings and colleagues (2003) further demonstrated that in addition 

to the early PIDs that happen within a few hours from MCA occlusion, delayed secondary 

PIDs re-appear after restoration of blood flow and throughout the infarct maturation 

period (24 hours) in rats. These studies suggesting that PIDs are contributors to ischemic 

damage (Strong et al., 2002) prompted many researchers to optimize recording techniques 

to closely monitor the progression of infarct in head trauma and stroke patients.     

As mentioned in the previous section, only recently have CSDs and PIDs been 

unequivocally observed in patients who underwent craniotomy surgery for spontaneous or 

traumatic intracerebral hemorrhage (Strong et al., 2002; Fabricius et al., 2006; Hartings et 

al., 2008). According to these authors, location of the electrode strip over viable cortical 

tissue adjacent to the contused core, and not at the standard single site in the right frontal 

convexity cortex, provided the optimal conditions for detection of these depolarizations 

following brain injury.  

Employing electrode placement as suggested by Strong et al. (2002) and mathematical 

manipulations of ECoG signals as described in Fabricius et al. (2006), Dohmen and 

friends (2008) were the first to successfully demonstrate CSDs and PIDs in stroke patients 

with large infarctions (≥ 2/3) of MCA territory. In a total of 16 post-surgical patients, 

depolarization events began to appear between 0.8 and 62 hours from start of monitoring, 

or between 13 and 109 hours after stroke, confirming earlier experimental findings in 

which delayed PIDs followed the infarct maturation period (Hartings et al., 2003). A 

positive correlation was found between recovery time of ECoG depression after each CSD 
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and time following stroke, suggesting that under conditions of compromised blood flow, 

the capacity of the peri-infarct (or penumbral) tissue to restore ionic homeostasis 

progressively deteriorates, possibly leading to secondary infarct areas (Dohmen et al., 

2008).  

Data resulting from experimental in vivo models indicate that N-methyl-D-aspartate 

(NMDA) antagonists such as dizocilpine (MK-801) and conantokin-G (Con-G) confer 

neuroprotection against the deleterious effects of depolarizations events following acute 

focal ischemia (Busch et al., 1996; Ma et al., 1998; Hartings et al., 2003), offering a 

potential clinical target for prevention of infarct growth in patients.    

 

1.2.1.2. Epilepsy 

Co-occurrence of tonic-clonic convulsions and SD has been observed in numerous in vitro 

and in vivo epilepsy models (Gorji, 2001). SD most often happens spontaneously during 

interictal phases. Although neuronal hyperexcitability underlies epilepsy as well as SD, 

the exact relationship between these phenomena has not been completely elucidated. 

While studies suggest the existence of spike-triggered spreading depression (Koroleva and 

Bures, 1983), epileptic events may also block SD (Bures et al., 1975). On the other hand, 

SD has also been shown to enhance (van Harreveld and Stamm, 1953; Gorji and 

Speckmann, 2004) or oppose the initiation of tonic-clonic events (Leão, 1944).   
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The association between SD and epilepsy is further strengthened by the efficacy of many 

anticonvulsant drugs such as valproic acid and topiramate or antagonists of NMDA 

receptor on inhibiting SD in vivo (Herrera et al., 1998; Bolay et al., 2002; Akerman and 

Goadsby, 2005; Ayata et al., 2006). 

Fabricius and colleagues (2008) recently reported a significant co-occurrence of seizures 

and CSD in patients following surgery for brain injury. In their studies 10 of 11 patients 

with seizure activity also had CSD. Since seizures were observed before or after, but not 

during, CSD events, no causal relationship could be established. 

 

1.2.1.3. Migraine 

The International Headache Society (IHS) recognizes migraine as a disabling primary 

headache disorder divided in two main subtypes, named migraine without aura (common 

migraine) and migraine with aura (classical migraine). Common migraine is characterized 

by headache that lasts 4-72 hours, severe unilateral throbbing or pulsating pain that can be 

aggravated with exercise, and is accompanied by nausea or vomit, and photophobia or 

phonophobia. In addition to the long lasting severe pain, in the classical-type of this 

disorder visual auras generally precede the headache phase.  

A few years following Leão’s discovery of experimental CSD, it was suggested that this 

event could be the underlying mechanism of visual aura in humans due to the similar 

speed of propagation and vascular changes present in these two phenomena (Leão and 
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Morison, 1945; Milner, 1958). The search for CSD in migraine patients has yielded a large 

amount of evidence supporting aura as the human correlate of CSD. It is appropriate to 

discuss some of this evidence as well as the possible links between CSD and headache in 

the following two sections.  

Some channelopathies are associated with a rare form of classical migraine known as 

familial hemiplegic migraine (FHM), in whose pathophysiology CSD plays a relevant 

role. Familial hemiplegic migraine is an autosomal-dominant subtype of migraine with 

aura where motor deficits (weakness) also occur. It is called familial because at least one 

first- or second-degree relative experiences the same symptoms. Genetic studies in 

migraineurs have found mutations in three different genes that encode for ion channels or 

transporters (Sanchez Del Rio et al., 2006; van den Maagdenberg et al., 2007).  FHM type 

1 (FHM-1) is a mutation in the CACNA1A gene that encodes the pore-forming α1a subunit 

of Cav2.1 (P/Q types) voltage-gated Ca2+ channels. In cellular models this mutation 

resulted in contradictory gain- or loss-of-function effects (Tottene et al., 2002; Jeng et al., 

2006), emphasizing the need for studies that evaluated the FHM-1 phenotype in vivo, 

where these channels are expressed at endogenous levels.  A successful knockin mouse 

model with the human R192Q pure FHM-1 mutation demonstrated a gain-of-function 

phenotype, characterized by increased Ca2+ current, increased neurotransmitter release at 

the neuromuscular junction and higher susceptibility to CSD (van den Maagdenberg et al., 

2004).  
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Mutations in the ATP1A2 gene encoding the α2 subunit of the Na+/K+ - ATPase 

characterize FHM type 2 (FHM-2). The various possible mutations in this gene lead to 

loss-of-function phenotypes, resulting in accumulation of K+ and glutamate in the synaptic 

cleft (Fusco et al., 2003), which also may propitiate the occurrence of CSD, although this 

has not yet been tested for the lack of animal model expressing these mutations.  

The third type of FHM (FHM-3) is a mutation in the SCN1A gene encoding a voltage-

gated Na+ channel (Nav1.1), causing loss of fast-inactivation properties manifested as 

shorter recovery times, repetitive high-frequency neuronal firing and increased neuronal 

excitability (Dichgans et al., 2005) that may lead to enhanced [K+]o and glutamate release. 

No knockin mouse for FHM-3 has been developed.  

Although a gene encoding for classical or common migraine has not yet been found, due 

to the strong hereditary component of these disorders, it is likely that a genetic correlation 

will arise in the future. 

Some very interesting population studies have indicated that migraine, particularly 

migraine with aura, presents high comorbidity with stroke and seizures (Agostoni and 

Alliprandi, 2006; Del Zotto et al., 2008), disorders in which, as described earlier, CSD 

prevalence is considerably high (Fabricius et al., 2006, 2008; Dohmen et al., 2008).    
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1.2.2. CSD and migraine aura 

Aura is represented by transient disturbances in one or more of the sensory modalities 

(vision, hearing, olfaction, taste or smell) and can also include difficulty in speech 

(aphasia). Visual auras are the most common and were first reported by Hippocrates to be 

associated with migraine headache (for historical review read (Hupp et al., 1989) and 

website migraine-aura.org). Many migraineurs describe their visual auras as bright lights, 

zigzag lines, distortion in shape and size of objects, scintillating scotomas or blind spots in 

the field of vision, which resolves within 15-20 min and may be warning signs of an 

oncoming migraine attack, although the headache is not always a necessary consequence 

of aura (Goadsby, 2001). Aura is experienced by 15-30% of migraine patients (Russell 

and Olesen, 1996; Ashkenazi et al., 2007).  

In 1941, Karl Spencer Lashley, an eminent psychologist who suffered from migraines, 

published a report in which he carefully compiled sketches of his own visual illusions 

(scintillating scotomas) during the attacks. Lashley described scotoma appearing first as a 

small blind or scintillating spot in or adjacent to the foveal field, rapidly increasing in size 

and drifting away from the fovea toward the temporal field of one side. He further 

proposed that visual aura might be caused by a wave of strong excitation (scintillations) 

followed by a phase of total inhibition (blind spots), which propagates at the rate of 3 

mm/min across the visual cortex. 

Aware of Lashley’s proposed mechanism of aura and Leão’s discovery of CSD, Milner 

(1958) was the first to point out and report the similar features of the two phenomena, 
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raising the possibility that CSD and visual auras were indeed associated, and a novel 

strategy for migraine therapy could be on the way.   

At the time, the well-accepted vascular theory of migraine put forward by the neurologist 

Harold G. Wolff (Wolff, 1963) considered that constriction of the meningeal vasculature 

led to decreased regional cerebral blood flow (rCBF), and perhaps ischemia, which could 

explain aura symptoms.  Still according to this theory, a compensatory dilatation of intra 

or extracranial vessels, and hence increased rCBF, could activate the trigeminal system 

and trigger headache pain. 

With the similarities between CSD and aura, in the following decades numerous studies 

attempted to provide supporting evidence of the occurrence of CSD in migraine patients, 

particularly those who experience aura. The first indications that perhaps the vascular 

theory was not ideal arose from studies employing xenon-133 tomography to analyze 

changes on rCBF in migraine patients. Olesen and colleagues (1981) demonstrated that a 

region of low rCBF in the posterior part of the brain at the start of a migraine attack 

moved to parietal and temporal lobes at a rate of 2-3 mm/min, irrespective of the 

territories of supply of large arteries, but following the cortical surface. In these studies, 

although the aura seemed to parallel cerebral oligemia, during the headache phase rCBF 

could remain decreased, unaltered or slightly increased, suggesting that pain was related to 

the mechanism underlying the changes in blood flow instead of vasodilatation per se 

(Olesen et al., 1981, 1990; Lauritzen, 1994).  
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The detection of “spreading hypoperfusion” during migraine attacks opened doors to the 

neuronal theory of migraine, i.e. CSD, which, although still under clinical scrutiny, has 

gained increasing number of advocates following reports on several neuroimaging studies 

that provided remarkable evidence of decreased neuronal activity and rCBF contralateral 

to the affected visual hemifield in patients suffering from migraine with aura (Seto et al., 

1994; Woods et al., 1994; La Spina, et al., 1997; Soriani et al., 1997; Cutrer et al., 1998; 

Sanchez Del Rio et al., 1999; Cao et al., 1999; Hadjikhani et al., 2001). The discussion of 

each of these studies is beyond the scope of this text.   

 

1.2.3. CSD and migraine pain 

Although accumulating evidence suggests that CSD is the underlying mechanism of aura, 

whether CSD can elicit pain responses during migraine is less certain. Most of the 

preclinical studies performed in an attempt to address this question have focused on well-

known markers of trigeminovascular system activation such as changes in blood flow in 

cranial vessels, plasma protein extravasation within the meninges and c-fos activation 

within the trigeminal nucleus caudalis (TNC) following a CSD event.  Despite the 

continuous debate over the pathophysiology of migraine, most researchers agree that the 

activation of the trigeminovascular system is a necessary event for generation of migraine 

pain (Goadsby et al., 2002), thus searching for indications that CSD activates this system 

seems a logical step.   
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 Trigeminal neurons project to meningeal and cerebral vessels, as well as to brainstem 

nuclei. When activated, these cells release neuropeptides such as substance P, neurokinin 

A and CGRP that produce dilation of the meningeal vasculature, allowing for 

extravasation of plasma proteins and consequent edema within the perivascular space 

(Williamson and Hargreaves, 2001). In keeping with this mechanism, Bolay et al. (2002) 

showed significant leakage of plasma proteins and edema formation in the dura mater 

following CSD, findings replicated in a different study by the same group (Gursoy-

Ozdemir et al., 2004), but in disagreement with Ebersberger and colleagues (2001), who 

reported no increase in plasma protein leakage after mechanically or chemically-induced 

CSD when compared to the dura mater of the non-stimulated sides.  

Activation of the immediate-early c-fos proto-oncogene leads to expression of Fos protein 

that can be detected by immunoreactivity. Many earlier studies have shown that 

expression of Fos is a marker of neuronal activity (Harris, 1998; Mitsikostas and Sanchez 

Del Rio, 2001; Coggeshall, 2005), thus it is reasonable to say that if CSD activates 

branches of the trigeminal nerve, Fos protein should appear within the  TNC, where 

trigeminal primary afferents synapse onto second order neurons in the brainstem.  Indeed, 

Moskowitz and colleagues (1993) demonstrated an increase in Fos positive cells within 

the TNC ipsilateral to CSD, results that were later confirmed by many other researchers 

(Kitahara et al., 2001; Supornsilpchai et al., 2006; le Grand et al., 2006), supporting the 

idea that CSD activates trigeminal pain fibers responsible for migraine headache.  One 

study found no correlation between CSD and Fos expression in the TNC and argued 

against the idea that CSD induces pain (Ingvardsen et al., 1997). The authors observed a 
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positive correlation between the number of hyperosmolar cortical KCl injections and Fos 

expression within TNC, suggesting that KCl, and not CSD, was activating trigeminal 

nociceptors. 

Changes in cerebral and meningeal blood flow are other endpoints evaluated in CSD 

studies. As discussed earlier, after SD an increase in rCBF followed by a long-lasting 

cerebral hypoperfusion is believed to occur as a consequence of the wave of excitation and 

depression, respectively. In the middle meningeal artery (MMA), which is not a brain-

parenchyma vessel, SD was shown to induce a transient early blood flow increase (first 

phase) coincident with cortical hyperemia, and a more sustained hyperperfusion (second 

phase) mediated by a trigeminal-activated parasympathetic pathway (Bolay et al., 2002).  

 

1.2.4. Cutaneous allodynia in migraine patients 

Cutaneous allodynia is defined by perception of pain when a non-noxious stimulus is 

applied to the skin.  In addition to symptoms such as phonophobia, photophobia, nausea 

and vomiting, clinical studies revealed that about two thirds of migraine patients 

experience cutaneous allodynia during an acute attack (Burstein et al., 2000b; Burstein et 

al., 2004; Ashkenazi et al., 2007; Lovati et al., 2007; Lipton et al., 2008). This allodynia is 

not only restricted to cephalic regions, but also spreads to other parts of the body. In the 

head, allodynia is manifested as pain during combing of the hair or resting on a pillow, 

indicating scalp tenderness; in extracephalic areas, pain can arise from wearing jewelry, 

glasses, shaving or even showering.      
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Pre-clinical studies designed to understand the mechanism of cutaneous allodynia 

experienced during migraine suggest an initial sensitization of trigeminal nerve primary 

afferents and subsequently the second order neurons within the TNC become sensitized. 

Burstein and colleagues (1998) investigated changes in TNC neuronal responses following 

chemical irritation of the dura mater in anesthetized rats. They observed that inflammation 

of dural afferents rendered trigeminal central neurons more sensitive to non-noxious 

mechanical stimulation (allodynia) of dural and cutaneous receptive fields, represented by 

a drop in mechanical threshold and an increase in the magnitude of response; these central 

neurons also showed increased thermal sensitivity, increased ongoing/spontaneous 

activity, and expansion of their dural and cutaneous receptive fields. Since blockade of 

afferent input by application of a local anesthetic on the dura did not restore the response 

of TNC neurons to mechanical stimulation of the skin back to baseline levels (before 

chemical irritation of the dura), the authors suggest that central sensitization is underlying 

the extracranial hypersensitivity observed in their rat model (Burstein et al., 1998). 

Edelmayer and colleagues (2009) extended this model of dural inflammation to freely-

moving rats and observed cutaneous allodynia not only in the periorbital region but also in 

the hindpaws, confirming the development of central sensitization.   

Interestingly, a significant 79% of migraineurs were shown to develop cutaneous 

allodynia, some on the ipsilateral head and referred area only, and others on ipsilateral 

head and extracranial areas, suggesting that similarly to the animal model of dural 

inflammation, central sensitization also takes place in humans during migraine (Burstein 

et al., 2000a, b).   
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Sensitization of thalamic 3rd order neurons that receive convergent information from the 

head and forearms, as well as activation of brainstem structures with pain-modulatory 

functions such as the RVM and PAG, have been implicated in migraine-related cutaneous 

allodynia (Burstein et al., 2000a; Knight and Goadsby, 2001; Bartsch et al., 2004; 

Edelmayer et al., 2009).    

Even more interesting to the present studies concerning SD is that cutaneous allodynia is 

highly prevalent (60-90%) in the peri-orbital area as well as extracephalic sites of 

migraine-aura patients (Burstein and Jakubowski, 2004; Ashkenazi et al., 2007; Lovati et 

al., 2007). It is tempting to suggest that sensitization of primary afferents and central 

trigeminovascular neurons in these patients could be initiated by the underlying 

mechanism of aura. However, currently there is no satisfactory explanation for the 

association between aura and cutaneous allodynia (Ashkenazi et al., 2007). 

 

1.2.5. Treatment of migraine pain 

Pharmacological treatment of migraine can be designed to be acute or prophylactic. In the 

first medication is taken at the onset of an attack, and in the latter daily use of medication, 

even in the absence of headaches, is recommended to decrease the frequency of attacks. 

Over-the-counter non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin and 

naproxen, and prescription medications of the triptan class, sumatriptan being its 

prototypical compound, are the most commonly used to alleviate acute migraine pain.  
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NSAIDs block the activity of cyclooxygenases (COX), thereby decreasing the production 

of prostaglandin E2 (PGE2) which can sensitize peripheral as well as central 

trigeminovascular neurons. Triptans were developed following results from studies on 

serotonin (5-hydroxytriptamine, 5-HT) and migraine, in which low 5-HT levels were 

found in migraineurs and distinct subtypes of 5-HT1 receptors (5-HT1B/1D) were found in 

the cranial vasculature (Humphrey et al., 1990). Triptans are agonists of 5-HT1B/1D 

receptors which couple to inhibitory G-proteins and when activated produce constriction 

of cranial vessels and a  decrease in transmitter release from trigeminal neurons and in 

excitability of postsynaptic central neurons (Goadsby et al., 2002).  

While NSAIDs and triptans may be effective in attenuating migraine pain when taken 

early into the attack (< 1 hour), their efficacy is abolished if taken late into the headache 

phase, potentially because of the establishment of central sensitization (Burstein and 

Jakubowski, 2004; Dodick and Silberstein, 2006). 

As mentioned in previous sections, the neuropeptide CGRP is released from trigeminal 

terminals and is found in elevated levels during the headache phase of a migraine attack 

(Goadsby et al., 1990). Those findings led to the development of the CGRP receptor 

antagonists BIBN-4096BS and MK-0974 (Ho et al., 2008; Olesen et al., 2004), 

compounds  expected to have a better safety profile than the triptans, which can act at 5-

HT1B receptors in the coronary artery and potentially lead to myocardial ischemia or 

infarction (Goadsby et al., 2002). 
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Preventive therapy is recommended when migraine headaches occur 3-4 times a month. 

The prophylactic strategy focuses on decreasing brain hyperexcitability with the use of 

drugs such as valproic acid, topiramate and gabapentin. The fact that these antiepileptic 

drugs are efficacious in decreasing the number of migraine attacks suggests that migraine 

and epilepsy share common mechanisms. In general  these drugs act at voltage-gated Na+ 

or Ca2+ channels, blocking ion influx which inhibits neuronal or glial depolarization 

(Calabresi et al., 2007). A 50% decrease in frequency of migraine attacks can be attained 

with β-blockers including propranolol and metoprolol, although their mechanism of action 

in migraine is not clear. It is thought that these drugs block pre-synaptic β1 receptors, 

thereby inhibiting the release of norepinephrine, and decrease firing of locus ceruleus 

neurons. Tricyclic antidepressants like amitriptyline are also efficacious in alleviating 

migraine pain, although their mechanism of action is uncertain (Silberstein and Goadsby, 

2002). Interestingly, long-term treatment with prophylactic anti-migraine drugs was 

demonstrated to attenuate CSD in rats (Ayata et al., 2006).  

 

1.3. Experimental design and hypothesis 

Based on the background information aforementioned, these studies were designed to 

address the question: Do rats that experience CSD develop behavior suggestive of pain? 

In the first part of this project we hypothesized that cutaneous allodynia can be measured 

as a consequence of central sensitization following CSD in freely moving.  To test this 

hypothesis, the first aim was to develop a rodent model in which behavioral and 
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neurochemical measurements could be made in conditions of CSD. Secondly, 

pharmacological agents currently used as anti-migraine drugs in patients were evaluated 

for their efficacy in blocking pain behavior following CSD. The last aim was to 

investigate if the RVM, a brainstem area important for pain modulation, participates in 

pain behavior that follows a CSD event. 

In order to verify the occurrence of CSD events in this animal model and investigate the 

relationship between a CSD event and the development of cutaneous allodynia, in the 

second part of this work we developed and validated a system in which CSD events could 

be recorded continuously in chronically instrumented rats allowing behavior 

measurements to be performed simultaneously. We further investigated if anti-migraine 

drugs such as sumatriptan and naproxen prevented the occurrence of CSD events.  
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CHAPTER TWO 

 MATERIALS AND METHODS 

 

2.1. 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. 

 

2.2. Chemicals 

KCl, naproxen and bupivacaine were purchased from Sigma. Sumatriptan was a gift from 

GSK. α-CGRP8-37 was obtained from Bachem.  

 

2.3. Surgical procedures 

2.3.1. Implantation of CSD cannula  

Rats were anaesthetized with ketamine/xylazine (dose: 80:12 mg/kg i.p.) and fixed to a 

stereotaxic frame (Stoelting). The shaved area on the head was disinfected with betadine 
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and 70% ethanol.  A 2.0 cm long incision in the midline was made to expose the skull. 

One craniotomy (1.0 mm diam.) was carefully drilled 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 modified i.c.v. cannula (22 GA, #C313G, Plastics One Inc.), 

which here we refer to as CSD cannula, was made 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 cannula is fixed with dental cement to two screws (#MPX-080-

3F-1M, Small Parts Inc., Miami Lakes, FL) placed over the uninjured hemisphere (left). 

Rats received an injection (i.m.) of the antibiotic Amikacin C (16 mg/kg) to avoid general 

infection, and allowed to recover for 6-8 days before experiments were performed. 

2.3.2. Implantation of CSD cannula and recording electrodes  

CSD cannula and recording electrodes were implanted under ketamine/xylazine (dose: 

80:12 mg/kg i.p.) anesthesia. The shaved area on the head was disinfected with betadine 

and 70% ethanol.  A 3.0 cm long incision in the midline was made to expose the skull. 

Recordings were made with epidural Ag/AgCl electrodes prepared from 0.010in diameter 

Ag wire (A-M Systems, Inc., Everett, WA). Wire was flamed to produce spherical tips 

(1.0 mm diam.) and then chloridized. 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 

headmount anchor. The other screw served as a ground electrode and it was located 
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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). 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 multipin 

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

with dental cement. Rats received an injection (i.m.) of the antibiotic Amikacin C (16 

mg/kg) to avoid general infection, and allowed to recover for 2-4 days before recordings 

were performed. 

2.3.3. Implantation of CSD and RVM cannulas  

Rats were anaesthetized with ketamine/xylazine (dose: 80:12 mg/kg i.p.) and fixed to a 

stereotaxic frame (Stoelting). The shaved area on the head was disinfected with betadine 

and 70% ethanol.  A 2.0 cm long incision in the midline was made to expose the skull. 

One craniotomy (1.0 mm diam.) was carefully drilled 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 
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lateral (right) to bregma.  A modified i.c.v. cannula (22 GA, #C313G, Plastics One Inc.), 

which here we refer to as CSD cannula, was made 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 CSD guide cannula. An additional craniotomy was drilled for placement of a 

bilateral guide cannula (26 GA, #C235G-1.2mm, Plastics One Inc.) directed to the rostral 

ventromedial medulla (RVM) according to the following coordinates: 11.0 mm posterior 

to bregma, 7.5 mm below the dura and 0.6 mm on either side of the midline. The cannulas 

were fixed with dental cement to two screws (#MPX-080-3F-1M, Small Parts Inc., Miami 

Lakes, FL) placed over the uninjured hemisphere (left). Rats received an injection (i.m.) of 

the antibiotic Amikacin C (16 mg/kg) to avoid general infection, and allowed to recover 

for 6-8 days before experiments were performed. 

2.3.4. Implantation of CSD and Trigeminal Ganglion cannulas  

Rats were anaesthetized with ketamine/xylazine (dose: 80:12 mg/kg i.p.) and fixed to a 

stereotaxic frame (Stoelting). The shaved area on the head was disinfected with betadine 

and 70% ethanol.  A 2.0 cm long incision in the midline was made to expose the skull. 

One craniotomy (1.0 mm diam.) was carefully drilled 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 modified i.c.v. cannula (22 GA, #C313G, Plastics One Inc.), 

which here we refer to as CSD cannula, was made 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 
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with glue. A dummy cannula (#C313DC, Plastics One Inc.) was used to avoid obstruction 

of the guide cannula. An additional craniotomy was drilled for placement of an i.c.v. guide 

cannula (22 GA, #C313G, Plastics One Inc.) directed to the trigeminal ganglion (TG) 

according to the following coordinates: 2.5 mm posterior to bregma, 1.9 mm to the right 

of midline, 10.1 mm below the skull bone. The cannulas were fixed with dental cement to 

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

uninjured hemisphere (left). Rats received an injection (i.m.) of the antibiotic Amikacin C 

(16 mg/kg) to avoid general infection, and allowed to recover for 6-8 days before 

experiments were performed. 

 

2.4. Pharmacological treatments 

2.4.1. Subcutaneous 

Sumatriptan (600 µg/kg; 1 ml/kg), naproxen (100 mg/kg; 1 ml/kg) or saline (1 ml/kg) 

was injected via the subcutaneous (s.c.) route by employing a 25 GA disposable needle 

attached to a 1 ml plastic syringe.  

2.4.2. Intravenous  

α-CGRP8-37 (450 µg/kg; 1 ml/kg), naproxen (1 mg/kg; 1 ml/kg) or saline was administered 

intravenously (i.v.) in the rat’s tail by employing a 30 GA disposable needle attached to a 

1 ml plastic syringe.  
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2.4.3. 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 water) into the cerebral 

cortex. 

2.4.4. RVM 

Bupivacaine hydrochloride (0.5% (w/v); 0.5 µl) or vehicle (saline) was slowly delivered 

into each side of the RVM via an injection cannula (33 GA, C235I-SPC) that extended 1.0 

mm beyond the tip of the guide. 

2.4.5. Trigeminal Ganglion 

Trigeminal ganglion injections were performed using an injection cannula (28 GA, C313I) 

that extended 1.0 mm beyond the tip of the guide, directing the solution into the ganglion. 

Bupivacaine hydrochloride (1.67% (w/v); 10 µl) or vehicle (saline) was slowly (1 min) 

delivered into the right trigeminal ganglion of the rat lightly anesthetized with isoflurane. 

2.4.6. Dura 

Injections on the dura were performed by employing an injection cannula (28 GA, C313I) 

cut to the same size as the CSD guide cannula (0.5 mm). Bupivacaine hydrochloride 

(1.67% (w/v); 10 µl) or vehicle (saline) was slowly applied to the dura. 
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2.5. Electrophysiological recordings 

2.5.1. Recordings in anesthetized rats 

Male SD rat (450g) was anesthetized with chloral hydrate (300 mg/kg; i.p.) before 

surgery.  Throughout the experiment small additional doses of the anesthetic were applied 

(i.m.) as needed. The animal was immobilized in a stereotaxic apparatus, and the body 

temperature was maintained at 37oC with a heating pad.  The skull was then exposed by a 

longitudinal midline skin incision, and three burr holes (1 mm diameter) for electrode 

placement were drilled employing a manual drill.  Lead electrodes were placed over 

frontal and parietal cortices (1.5 mm anterior and 2.5 mm posterior to bregma, and 2 mm 

lateral to the midline, respectively). A reference electrode was located posterior to lambda 

(11.5 mm from bregma). An additional craniotomy (2 mm diameter; placed at 6.5 mm 

posterior to bregma and 3 mm lateral to the midline) was drilled for dura stimulation with 

KCl (1 M), saline (NaCl 0.9%), water  or hyperosmolar saline (NaCl 1 M).  

Electrodes were connected to the amplifiers via the multipin connector and baseline 

electrocortigraphic (ECoG) and direct current (DC) recordings were obtained for 30 min. 

A small piece of gauze (0.5 x 0.5 mm) was soaked in testing solution and placed on the 

craniotomy made for dura stimulation. EcoG and DC signal were measured continuously. 

2.5.2. Recording in freely moving rats 

Following recovery from surgery, rats with chronically implanted electrodes and CSD 

cannula were placed in suspended chambers (40 cm L x 49 cm W x 37 cm H) with wire 
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mesh bottom (0.5 cm2) that allowed full access to the paws during the recording period. 

These chambers were built to resemble Faraday cages, thus are appropriate for 

electrophysiological recordings. Via the multipin 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. 

2.5.3. Equipment and software 

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). 

2.5.4. CSD features 

Speed of propagation of CSD (expressed in mm/min) wave was determined by the 

distance between lead electrodes divided by the time difference between wave fronts at 

electrode 2 and 1. 

In a few cases when a DC-shift was observed in only one of the lead electrodes, the 

distance and time difference between that electrode and the stimulation site was used to 

calculate propagation velocity. 
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Amplitude of CSD wave (expressed in mv) was determined by the voltage difference 

between the highest (baseline) and lowest (peak) points on the DC-shift.   

Duration of CSD (expressed in seconds) was determined by the time between the 

beginning of the negative deflection and the return to baseline values (repolarization).  

 

2.6. Behavioral testing 

Rats were acclimated for 1 hour to suspended plexiglass chambers (30 cm L x 15 cm W x 

20 cm H) with a wire mesh bottom (1 cm2) that allowed full access to the paws. 

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 hindpaw, 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. The withdrawal thresholds were determined by Dixon’s 

“up and down” method (Chaplan et al., 1994). 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 hindpaw, respectively.  
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2.7. Immunolabeling  

One week following surgery for cannula implantation, rats were split in three groups 

named “surgery”, “water” and “KCl”. Rats in the “surgery” group underwent perfusion 

for tissue harvesting as described below. Rats in the “water” or “KCl” group received a 

cortical injection of water (0.5 µl) or KCl (1 M; 0.5 µl), respectively, and hindpaw 

withdrawal thresholds were measured at 0.5, 1, 1.5 and 2 hours after injection. Facial 

sensory thresholds were not measured to prevent that touch-evoked Fos caused a 

confounder enhancement of immunoreactivity in these studies. Animals presenting more 

robust allodynia were selected for perfusion and tissue harvesting for 

immunohistochemistry as follows. 

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 following DAB immunostaining 

protocol was used for FOS labeling as described by Malick et al. (2001). 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-
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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’-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). 

 

2.8. Counting of Fos-labeled cells 

Following a systematic sampling through the extension of the nucleus caudalis, most of 

Fos immunoreactivity was identified 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.  
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2.9. Quantitative RT-PCR 

One week following surgery for cannula implantation, rats were split in three groups 

named “surgery”, “water” and “KCl”. Rats in the “water” or “KCl” group received a 

cortical injection of water (0.5 µl) or KCl (1 M; 0.5 µl), respectively, and hindpaw 

withdrawal thresholds were measured at 0.5, 1, 1.5 and 2 hours after injection. Animals 

with confirmed allodynic behavior, and those in the “surgery” group, which did not 

receive cortical injection, were sacrificed under CO2. Tissue was quickly harvested, 

frozen in liquid nitrogen, and stored in -80oC until processed for RT-PCR as follows.  

Total RNA was isolated from ipsilateral trigeminal ganglion (TG) or trigeminal nucleus 

caudalis (TNC) using Trizol reagent according to manufacturer instruction (Invitrogen, 

Carlsbad, CA). Quantitative RT-PCR was performed using the iCycler iQ Multicolor 

Real-Time PCR Detection System with RETROscript Kit (Ambion, Austin, TX) and iQ 

SYBR Green Supermix (Bio-Rad, Hercules, CA). Samples were run in triplicate using an 

annealing temperature of 60oC for IL-6 and 64oC for IL-1β. Primers for the amplification 

were: 

IL-1β/forward primer: 5'-TGTCACTCATTGTGGCTGTGGAGA-3' 

IL-1β/reverse primer: 5'-TGGGGAACATCACACACTAGCAGGT-3' 

IL-6/ forward primer: 5'-ACTTCACAGAGGATACCA-3' 

IL-6/reverse primer: 5'-GCATCATCGCTGTTCATAC-3' 

Primers for GAPDH were: 
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Forward primer: 5’ – ATCATCCCTGCATCCACTG- 3’ 

Reverse primer: 5’ - GCCTGCTTCACCACCTTC- 3’ 

These primers were synthesized from Midland Certified Reagent Company. PCR 

efficiency for these gene targets was between 97% and 100%. Expression of these target 

genes was normalized to expression of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). The differences of target mRNA expression between treatments were 

analyzed using the comparative CT Method (Livak and Schmittgen, 2001). The threshold 

cycle (CT) is defined as the cycle at which the amount of amplified PCR product from the 

target cDNA reaches a fixed threshold. In each treatment, ∆CT= CT for the target - CT for 

the endogenous reference (here GAPDH). ∆∆CT = ∆CT,treatment -  ∆CT, control. The equation  

2-∆∆CT denotes the ratio of the level of target transcripts in the treated group and that of 

the control group. Samples from three rats per condition were analyzed in triplicate. Data 

are expressed as 2-∆∆CT (mean ± SEM), thus it represents the relative expression of each 

mRNA in comparison to control (naïve). 

 

2.10. Statistical analysis 

All data were expressed as mean ± SEM. Two-way analysis of variance (Two-way 

ANOVA) was employed to analyze differences between treatment groups along the time 

course. Differences among two or more groups were analyzed by ANOVA followed by 

Student-Neuman-Keuls post-hoc test. Student’s t-test was employed to analyze differences 
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between two individual means. Area over the curve (AOC) was determined by subtracting 

area under the curve (AUC) values obtained through the statistical program Flash Calc 

(designed by Dr. Michael Ossipov in Tucson, AZ) from the maximal possible area in each 

condition. A p<0.05 was considered significant and is indicated by an asterisk (*). 
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CHAPTER THREE 

 RESULTS 

 

3.1. Cortical injection of KCl produces CSD in freely moving rats 

CSD has been extensively investigated in anesthetized animals, however very few studies 

have been performed in awake rats. To develop a model in which behavioral changes 

during CSD could be monitored, rats were implanted with a guide cannula over the 

occipital cortex and allowed to recover for several days. Importantly, to avoid massive 

sensitization of dural afferents, the guide cannula was placed overlying, but not touching 

the dura (Moskowitz et al, 1993). The most common and simplest way of evoking CSD is 

through injection of KCl into the cortex. Based on earlier studies by Moskowitz and 

colleagues (1993), cortical injection of KCl (1 M; 0.5 µl) reliably produced CSD in 

anesthetized rats. Thus, in an attempt to re-create conditions that favored the occurrence of 

CSD, we employed a customized 30 GA injector to apply KCl (1 M; 0.5 µl) 1.0 mm into 

the cortex of chronically cannulated rats. The area of tissue directly affected by the 

cortical application was verified by injection of India ink (0.5 µl) through the cannula 

(Fig. 1).  

Due to the absence of recording technique in our laboratory, we collaborated with Dr. Jed 

Hartings and Dr. Frank Tortella (Hartings et al., 2003, 2006) to obtain confirmation that 

CSD was indeed being produced in our animal model following KCl injection into the 

cortex. Their results indicated that the application of KCl (1 M, 0.5 µl) into the cortex via 
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the cannula placed over the occipital cortex produced CSD events manifested as a 

negative deflection on the DC trace that propagated at 3.3 mm/min (Fig. 2). These pilot 

studies provided us with the confidence to carry out our investigations described herein. 

 

3.2. Cortical injection of KCl produces cutaneous allodynia in awake rats 

Our first goal was to investigate whether pain behavior can develop under conditions of 

CSD in rats.  Rats underwent surgery for implantation of a guide cannula but no 

electrodes. One week following surgery, rats were placed in Plexiglas boxes and 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) or vehicle (water; 0.5 µl), 

and sensory thresholds were measured at 30 min, 1, 1.5, 2, 3, 4 and 5 hours.  Our results 

indicate that KCl injection in the cortex produced significant cutaneous allodynia in the 

face, where withdrawal thresholds dropped from  a baseline value of 8.0 g to 5.30 ± 0.52 g 

(one-way ANOVA; p<0.001) (Fig 3A). Tactile hypersensitivity was also observed in the 

hindpaw, evidenced by a significant decrease in sensory thresholds from 15 g  to 8.27 ± 

0.8 g (one-way ANOVA; p<0.001) (Fig. 3C). Allodynia in the periorbital region and 

hindpaw was observed as early as 30 min and peaked between 1-1.5 h after cortical KCl 

application. Interestingly, facial allodynia started to resolve itself between 2-3 h and facial 

thresholds returned to baseline values by 4 h. In the hindpaw, the decreased sensory 

threshold values were sustained throughout the 5-hour time course. Although some rats 

treated with cortical vehicle injection developed hypersensitivity, the overall drop in 
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sensory thresholds in the face or hindpaw along the 5 hour time course was not significant 

(one-way ANOVA; p=0.64 and p=0.12, respectively). The magnitude of cutaneous 

allodynia evoked by KCl, as evidenced by areas over the time-effect curves (AOC), was 

significantly larger than the values obtained following vehicle injection both in the face 

(9.64 ± 1.56 versus 2.91 ± 1.53; t-test; p<0.05) and hindpaw (30.32 ± 2.59 versus 14.50 ± 

2.66; t-test; p<0.001) (Fig. 3B, D).  

The following criterion was employed to determine the percentage of animals that 

developed allodynia following each treatment: rats that presented sensory thresholds lower 

than their baseline values in at least two time-points during the testing period were 

categorized as “yes – developed allodynia”, otherwise they were categorized under “no – 

did not develop allodynia”. While 18 of 24 (75%) rats treated with KCl developed 

allodynia in the face, only 3 of 10 (30%) showed facial hypersensitivity following vehicle 

injection. In the hindpaw, 27 of 29 (93.1%) rats treated with KCl, versus 11 of 14 (78.6%) 

rats injected with vehicle, showed pain behavior. 

 

3.3. Cortical injection of KCl enhances Fos expression on trigeminal nucleus caudalis 

To investigate if CSD evoked by cortical KCl injection produces activation of the 

trigeminal system, Fos expression was evaluated in the nucleus caudalis, which is the site 

of projection of trigeminal afferents carrying nociceptive information from the dura and 

intracranial vessels. As described in the methods, following a systematic sampling through 

the extension of the nucleus caudalis, most of Fos immunoreactivity was identified 2-4 
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mm below the obex. Thus cell counts were obtained from the same area for all testing 

groups.  While naïve rats presented a small number of cells expressing Fos (1.75 ± 0.41), 

rats subjected to cannula implantation showed a significantly higher cell-count for Fos 

even seven days following surgery (9.35 ± 1.00). In TNC from rats that received cortical 

application of vehicle (water) Fos was present in 6.60 ± 0.56 cells. More importantly, 2.5 

hours following KCl injection into the cortex, the number of Fos-expressing cells in the 

nucleus caudalis was significantly increased by two-fold (18.95 ± 1.16; ANOVA followed 

by Student-Neuman-Keuls post-hoc test; p<0.0001), confirming that CSD activates the 

trigeminal system in this animal model (Fig. 4). 

 

3.4. Effect of anti-migraine compounds on KCl-induced allodynia 

To verify whether drugs used to treat migraine in humans are efficacious in blocking or 

reversing the cutaneous allodynia that ensues following cortical KCl application, the 

effects of sumatriptan, naproxen and the CGRP antagonist α-CGRP8-37 were evaluated. 

 

3.4.1. Sumatriptan succinate 

 3.4.1.1. Sumatriptan pre-treatment blocks KCl-induced allodynia 

 One week following surgery for cannula implantation, rats were placed in Plexiglas boxes 

and allowed to habituate for 1 hour before facial and hindpaw sensory baseline 

measurements were obtained. Rats then received a subcutaneous (s.c.) injection of 
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sumatriptan (0.6 mg/kg) or saline (1.0 ml/kg). Thirty minutes later, rats received cortical 

injection of KCl (1 M; 0.5 µl) or water (0.5 µl) and sensory thresholds were measured at 

30 min, 1, 1.5, 2, 3, 4 and 5 hours. 

In rats pre-treated with sumatriptan, the drop in sensory thresholds in the face or hindpaw 

induced by KCl along the 5-hour time course was significantly smaller than in animals 

treated with saline (two-way ANOVA; p<0.0001) suggesting that this anti-migraine drug 

blocked the development of cutaneous allodynia induced by cortical KCl application (Fig. 

5A, 6A). Analysis of area over the curve (AOC) values indicated that while KCl-induced 

facial allodynia in rats treated with sumatriptan was different from the effects of saline 

treatment (1.53 ± 1.23 versus 6.18 ± 1.31), those values were not different from the 

allodynia in the saline/water and sumatriptan/water groups (1.19 ± 0.74 versus 0.66 ± 

0.44, respectively) (comparison among the four groups performed by one-way ANOVA; 

p<0.01) (Fig. 5B). Similarly, in the hindpaw sumatriptan blocked KCl-induced allodynia 

when compared to saline-treated rats (14.07 ± 3.75 versus 26.87 ± 2.64), and those values 

were not different from allodynia in saline/water or sumatriptan/water groups (12.28 ± 

3.70 versus 13.89 ± 3.44, respectively) (comparison among the four groups performed by 

one-way ANOVA; p<0.005) (Fig. 6B).  

 

3.4.1.2. Sumatriptan post-treatment does not block KCl-induced allodynia 

To test if sumatriptan can reverse KCl-induced hypersensitivity, rats received sumatriptan 

(0.6 mg/kg; s.c.) or saline (1.0 ml/kg; s.c.) 30 min after KCl injection (1 M; 0.5 µl) into 
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the cortex. The effect of sumatriptan was also evaluated in rats injected with water in the 

cortex. Withdrawal thresholds measured at 1, 1.5, 2, 3, 4 and 5 hours following cortical 

KCl application indicated that post-treatment with sumatriptan did not block the 

development of allodynia in the face or hindpaw when compared to rats treated with saline 

(two-way ANOVA; p=0.58 and p=0.28) (Fig. 7A, 8A).  While AOC values indicated that 

KCl-induced allodynia was statistically different from the values in the water-treated rats 

(comparison among the four groups performed by one-way ANOVA; p<0.01), there was 

no difference between AOC values KCl/sumatriptan and KCl/saline in the face (3.86 ± 

1.19 versus 5.44 ± 0.87) or paw (20.72 ± 1.13 versus 23.24 ± 3.41), confirming that post-

treatment with sumatriptan had no effect on development of hypersensitivity evoked by 

KCl (Fig. 7B, 8B).  

 

3.4.2. Naproxen sodium 

3.4.2.1. Naproxen (s.c.) pre-treatment blocks KCl-induced allodynia 

One week following surgery for cannula implantation, rats were placed in Plexiglas boxes 

and allowed to habituate for 1 hour before facial and hindpaw sensory baseline 

measurements were obtained. Rats then received a subcutaneous injection of naproxen 

(100 mg/kg) or saline (1.0 ml/kg). Thirty minutes later, all rats received a cortical injection 

of KCl (1 M; 0.5 µl) or water (0.5 µl) and sensory thresholds were measured at 30 min, 1, 

1.5, 2, 3, 4 and 5 hours. 
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In rats pre-treated with naproxen, the drop in withdrawal thresholds induced by KCl along 

the whole time course was significantly smaller than in animals treated with saline in the 

face or hindpaw (two-way ANOVA; p<0.0001) indicating that this anti-migraine drug 

blocked the development of cutaneous allodynia induced by cortical KCl application (Fig. 

9A, 10A). Analysis of AOC values indicated that while KCl-induced allodynia in the face 

of rats treated with naproxen was different from the effects of saline treatment (3.25 ± 

1.19 versus 6.18 ± 1.31), those values were not different from the allodynia in the 

saline/water and naproxen/water groups (1.19 ± 0.74 versus 0.52 ± 0.25, respectively) 

(comparison among the four groups performed by one-way ANOVA; p<0.05) (Fig. 9B). 

Similarly, in the hindpaw naproxen blocked KCl-induced allodynia when compared to 

saline-treated rats (14.12 ± 4.06 versus 26.87 ± 2.64), and those values were not different 

from allodynia in saline/water group (12.28 ± 3.70) (Fig. 10B). In this experiment we also 

observed that naproxen pre-treatment significantly attenuated water-induced allodynia 

(2.87 ± 1.42) when compared to saline/water group (comparison among the four groups 

performed by one-way ANOVA; p<0.0001).  

 

3.4.2.2. Naproxen (s.c.) post-treatment blocks KCl-induced allodynia in the hindpaw, but 

not in the face. 

To test if naproxen can reverse KCl-induced hypersensitivity, rats received naproxen (100 

mg/kg; s.c.) or saline (1.0 ml/kg; s.c.) 30 min after KCl injection (1 M; 0.5 µl) into the 

cortex. The effect of naproxen was also evaluated in rats that received water in the cortex. 
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Although withdrawal thresholds measured at 1, 1.5, 2, 3, 4 and 5 hours following KCl 

application indicated that post-treatment with naproxen did not block the development of 

allodynia in the face when compared to rats treated with saline (two-way ANOVA; 

p=0.62), blockade of hypersensitivity in the hindpaw was observed (two-way ANOVA; 

p<0.001) (Fig. 11A, 12A).   

While AOC values indicated that KCl-induced allodynia was statistically different from 

the values in the water-treated rats (comparison among the four groups performed by one-

way ANOVA; p<0.001), there was no difference between AOC values for KCl/naproxen 

and KCl/saline in the face (5.69 ± 1.50 versus 5.44 ± 0.87) confirming that post-treatment 

with sumatriptan had no effect on development of facial hypersensitivity evoked by KCl 

(Fig. 11B).  

On the other hand, naproxen blocked KCl-induced allodynia when compared to saline-

treated rats (11.46 ± 3.21 versus 23.24 ± 3.41), and those values were not different from 

allodynia in water/saline or water/naproxen group (7.55 ± 2.62 versus 7.46 ± 4.71) 

(comparison among the four groups performed by one-way ANOVA; p<0.001) (Fig. 

12B).  
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3.4.2.3. Naproxen (i.v.) post-treatment blocks KCl-induced allodynia in the hindpaw, but 

not in the face. 

Based on earlier studies in which intravenous naproxen infusion was effective in blocking 

or reversing sensitization of trigeminovascular neurons evoked by inflammatory soup 

applied to the dura (Jakubowski et al., 2007), and particularly because subcutaneous 

administration of this drug did not block allodynia in the face (see above), we tested 

whether naproxen (1 mg/kg) given intravenously 30 min after KCl injection (1 M; 0.5 µl) 

could block/reverse the development of hypersensitivity. Confirming our results with 

subcutaneous administration, intravenous administration of naproxen as a post-treatment 

did not block facial allodynia induced by cortical KCl injection when compared to saline-

treated rats (t-test; p=0.24), but significantly attenuated hypersensitivity in the paw (t-test; 

p<0.005) (Fig. 13A, B).  

 

3.4.3. α-CGRP8-37 reverses KCl-induced allodynia 

To test the hypotheses that CGRP plays a role in hypersensitivity observed following 

cortical KCl injection, the antagonist α-CGRP8-37 (0.45 mg/kg; i.v.) was administered 30 

min after KCl (1 M; 0.5 µl) treatment. This compound was given intravenously due to its 

peptide nature and consequent decreased ability to cross lipid cell membranes. When 

compared to saline, post-treatment with this CGRP antagonist blocked the development of 

KCl-evoked cutaneous allodynia in the face and attenuated tactile hypersensitivity in the 

hindpaw (two-way ANOVA; p<0.001) (Fig. 14A, 15A). Analysis of AOC values 
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indicated that while KCl-induced allodynia in the periorbital region of the face of rats 

treated with α-CGRP8-37 was different from the effects of saline treatment (0.48 ± 0.26 

versus 4.87 ± 1.12), those values were not different from the allodynia in the saline/water 

group (0.00 ± 0.00) (comparison among the four groups performed by one-way ANOVA; 

p<0.005) (Fig. 14B). Similarly, in the hindpaw the antagonist α-CGRP8-37 blocked KCl-

induced hypersensitivity when compared to saline-treated rats (8.54 ± 2.89 versus 21.12 ± 

2.55), and those values were not different from allodynia in the saline/water group (6.79 ± 

1.65) (Fig. 15B). 

 

3.5. Role of the RVM on KCl-induced cutaneous allodynia 

The role of the RVM in the facial and paw allodynia that develops following cortical KCl 

injection was evaluated through microinjections of bupivacaine, a short-acting use-

dependent local anesthetic, bilaterally into the RVM. 

 

3.5.1. Bupivacaine pre-treatment in the RVM blocks KCl-induced allodynia  

One week following surgery, rats were placed in Plexiglas boxes and allowed to habituate 

for 1 hour before facial and hindpaw sensory baseline measurements were obtained. Rats 

then received bupivacaine (0.5% (w/v); 0.5 µl) or saline (0.5 µl) on each side of the RVM 

as described in previous studies (Xie et al., 2005; Edelmayer et al., 2009). Thirty minutes 
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later, all rats received a cortical injection of KCl (1 M; 0.5 µl) and sensory thresholds were 

measured at 30 min, 1, 1.5, 2, 3, 4 and 5 hours.  

Pre-treatment with bupivacaine significantly attenuated facial and hindpaw allodynia 

induced by cortical KCl injection (two-way ANOVA; p<0.05) (Fig 16A, B). Given it is a 

short-acting anesthetic, statistical analysis included time-points up to 1.5 hour (the effect 

of bupivacaine was evaluated for a total of 2 hours). This data suggests that the RVM 

plays a role in initiation of both facial and hindpaw allodynia following KCl injection into 

the cortex. 

 

3.5.2. Bupivacaine post-treatment in the RVM does not block KCl-induced allodynia 

Following a habituation period in Plexiglas boxes, facial and hindpaw sensory baseline 

measurements were obtained. Rats received a cortical injection of KCl (1 M; 0.5 µl) and 

thirty minutes later either bupivacaine (0.5% (w/v); 0.5 µl) or saline (0.5 µl) was injected 

on each side of the RVM as described above. Sensory thresholds were measured at 1, 1.5, 

2, 3, 4 and 5 hours following KCl injection. 

When injected after KCl, bupivacaine did not block the development of cutaneous 

allodynia in the face (two-way ANOVA; p=0.13) or hindpaw (two-way ANOVA; p=0.82) 

(Fig. 16C, D). Given it is a short-acting anesthetic, statistical analysis included time-points 

from 1-3 h (the effect of bupivacaine was evaluated for a total of 2 hours). 
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3.6. Bupivacaine pre-treatment in the trigeminal ganglion blocks KCl-induced allodynia 

The role of trigeminal primary afferents in hindpaw allodynia that develops following 

cortical KCl injection was evaluated through microinjections of bupivacaine, a short-

acting use-dependent local anesthetic, into the ipsilateral (right) trigeminal ganglion. 

One week following surgery, rats were placed in Plexiglas boxes and allowed to habituate 

for 1 hour before facial and hindpaw sensory baseline measurements were obtained. Rats 

then received bupivacaine (1.67% (w/v); 10 µl) or saline (10 µl) into the right trigeminal 

ganglion. Pilot studies were performed to determine optimal dose and volume of 

bupivacaine to be injected into the trigeminal ganglion. Thirty minutes later, all rats 

received a cortical injection of KCl (1 M; 0.5 µl) and sensory thresholds were measured at 

30 min, 1, 1.5, 2, 3, 4 and 5 hours.  

Pre-treatment with bupivacaine significantly attenuated facial and hindpaw allodynia 

induced by cortical KCl injection (two-way ANOVA; p<0.05) (Fig 17C, D). Given it is a 

short-acting anesthetic, statistical analysis included time-points up to 1.5 hour (the effect 

of bupivacaine was evaluated for a total of 2 hours). These data suggest that development 

of both facial and hindpaw allodynia following KCl injection into the cortex is dependent 

on inputs from trigeminal afferents.  

 

 



 

 

67

3.7. Cortical injection of KCl increases expression of IL-1β and IL-6 mRNA in the 

trigeminal nucleus caudalis. 

To evaluate the role of CSD in expression of inflammatory cytokines within the trigeminal 

system, ipsilateral trigeminal ganglion (TG) and trigeminal nucleus caudalis (TNC) were 

harvested 2 h following cortical injection of KCl. Relative expression levels of IL-1β (1.89 

± 0.64) and IL-6 (1.72 ± 0.40) mRNA in TG of rats that received KCl or water in the 

cortex were not different (p>0.5) from relative levels in naïve animals (1.05 ± 0.27 and 

1.42 ± 0.26, respectively; Fig 18A, B). On the other hand, KCl enhanced expression of IL-

1β (3.27 ± 0.25; p=0.08) and IL-6 (3.70 ± 1.27; p=0.38) in the TNC when compared to 

relative levels in naïve rats (1.04 ± 0.15 and 1.24 ± 0.72, respectively; Fig 18C, D). 

 

3.8. Configuration and validation of recording system 

When first setting up the system for electrocorticographic (ECoG) recordings in freely 

moving rats, environmental noise and movement of the animal were compromising 

accurate identification of bioelectrical activity. Efficient insulation of the commutator 

wires soldered to the pin connector, implantation of an extra ground-wire on the rat’s 

head, and placement of the electrode boards and the amplifier bin on a grounded metal 

rack were crucial for decreasing movement artifacts and noise in the recording traces.  

Detection of kainic acid-induced seizures (Aldinio et al., 1983; Schwarcz et al., 1984), 

characterized by multispike complexes as well as high voltage synchronized spike activity 
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characteristic of ictal episodes (data not shown), validated our recording system as 

appropriate for ECoG recordings in awake rats. 

 

3.9. Recording Cortical Spreading Depression (CSD) 

3.9.1. CSD in anesthetized rats 

DC-shifts, the hallmark of a CSD event, were first recorded in anesthetized animals. 

Following 30 min of baseline ECoG recording, a small piece of gauze soaked in KCl (1 

M) was placed on the craniotomy exposing the dura. Starting a few seconds after KCl 

dripped on the dura, multiple consecutive CSD events could be elicited, as evidenced by 

suppression of ECoG waves and negative shifts on the DC traces. Our results indicated 

that CSD propagated from the electrode closer to the stimulation site (parietal, #2) to the 

farther electrode (frontal, #1) with an average speed of 5.71 ± 1.23 mm/min. The mean 

amplitude and duration of DC-shifts was 1.79 ± 0.13 mv and 83.63 ± 1.74 sec, 

respectively (Fig. 19A, B). 

To investigate whether physiological saline (0.9% NaCl), water or hyperosmolar saline (1 

M NaCl) could trigger CSD events, the gauze soaked in KCl was removed from the 

craniotomy, some time elapsed while traces indicated the establishment of baseline, and 

another small piece of gauze soaked in saline, water or  hyperosmolar saline was placed 

over the exposed dura. No significant changes on ECoG or DC signals were observed. 

(Fig 20A, B).  
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3.9.2. CSD in freely moving rats 

Animals were placed in the recording chambers, connected to the amplifiers via the 

multipin head-piece and acclimated for about 1 hour while baseline recordings were 

obtained. Only rats whose electrical recordings were stable were included in the 

experiment.  

Cortical injection of KCl (1 M; 0.5 µl) evoked CSD events in 24 of 28 (85.7%) rats. In the 

large majority of cases, a single KCl injection evoked a single CSD event. These events 

initiated 30-40 sec following KCl injection, propagated at the speed of 6.63 ± 0.45 

mm/min and were manifested as DC-shifts with amplitude of 1.21 ± 0.11 mv and duration 

of 73.45 ± 2.73 sec. The amplitude and duration values were slightly, but significantly, 

lower than the values in anesthetized rats (t-test; p<0.05). On the other hand, there was no 

statistical difference between speed of propagation obtained in anesthetized and freely 

moving rats. Cortical injection of vehicle (water) produced CSD in 16 of 18 (88.9%) rats. 

Similar to what was observed for the KCl-treated group, DC-shifts elicited in vehicle-

treated rats showed an 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. Since water application on 

the dura did not evoke CSD events, we asked if the effects seen from cortical vehicle 

injection were a consequence of pinprick of the cortex. As described in the methods, the 

syringe employed for cortical injections is attached to a 30 GA needle that protrudes 1 mm 

into the cortex. Cortical pinprick alone (no KCl or vehicle was injected) produced CSD in 
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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 vehicle 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 vehicle or pinprick groups was significantly different from the ones 

elicited by KCl. Interestingly, the duration of CSD events in the pinprick or vehicle were 

significantly lower than in the KCl group (one-way ANOVA, p<0.05). Thus hereafter 

“KCl” and “vehicle” groups will be referred to as “pinprick plus KCl” or “pinprick plus 

vehicle” groups. Data are summarized in Table 1.  

 

3.10. Cutaneous allodynia in rats with cannula and recording electrodes 

Changes in withdrawal threshold were measured in freely moving rats during 

electrophysiological recordings.   Between two and four days following surgery, rats were 

placed in recording chambers and allowed to habituate for 1 hour before facial and 

hindpaw sensory baseline measurements were obtained. Rats received cortical pinprick 

alone, pinprick plus KCl (1 M; 0.5 µl) or pinprick plus vehicle (water; 0.5 µl), and sensory 

thresholds were measured at 30 min, 1, 1.5, 2, 3 and 4 hours.   

Development of cutaneous allodynia in the face was evident following each cortical 

treatment. The magnitude of the hypersensitivity expressed as AOC values did not differ 

among the groups (6.07 ± 1.42, n=21; 3.66 ± 1.02, n=16; and 5.02 ± 0.97, n=22 for 

pinprick, pinprick plus vehicle and pinprick plus KCl, respectively; one-way ANOVA; 
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p=0.40) (Fig. 21A). Similarly, a significant drop in sensory thresholds occurred in the 

hindpaw following cortical pinprick, pinprick plus vehicle and pinprick plus KCl 

injection. Although KCl-treated rats developed seemingly more robust pain behavior, 

AOC values among the groups did not reach statistical difference (10.92 ± 2.38, n=23; 

10.25 ± 2.25, n=18; and 16.21 ± 2.13, n=28 for pinprick, vehicle and KCl, respectively; 

one-way ANOVA; p=0.12) (Fig. 21B). The lack of statistical difference between 

magnitude of hypersensitivity produced by KCl and vehicle are in contrast to the results 

obtained for animals implanted with cannula only. Comparison between AOC values 

reveals significantly higher hypersensitivity induced by cortical KCl in cannula-only rats 

than in cannula-plus-electrode rats (Fig. 21A, B; t-test; p<0.05). Hypersensitivity, as 

determined by AOC values, induced by cortical vehicle injection was similar in cannula-

only and cannula-plus-electrode rats. It is possible that the larger head piece needed for 

recording electrodes may have in some way influenced animal behavior, making small 

differences (2-3 g) seen earlier more difficult to be measured under these conditions. 

Additionally, while cannula-only rats were tested 6-8 days after surgery, recording studies 

were performed 2-4 days following surgery, which may have contributed to differences in 

baseline excitability in rats from all treatment groups. Notably, sensory threshold values 

measured with von Frey filaments before any cortical manipulation were the same as in 

naïve rats (8 g for face and 15 g for hindpaw), thus the potential higher baseline 

excitability could not be detected through this behavioral test.   

As described earlier, the following criterion was employed to determine the percentage of 

animals that developed allodynia following each treatment: rats that presented sensory 
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thresholds different from their baseline values in at least two time-points during the testing 

period were categorized as “yes – developed allodynia”, otherwise they were categorized 

under “no – did not develop allodynia”. While 15 of 22 (68.2%) rats treated with pinprick 

plus KCl developed allodynia in the face, only 10 of 21 (47.6%) and 8 of 16 (50%) 

showed facial hypersensitivity following pinprick or pinprick plus vehicle injection, 

respectively. In the hindpaw, 24 of 28 (85.7%) rats treated with pinprick plus KCl, versus 

13 of 23 (56.5%) and 9 of 18 (50%) rats that received cortical pinprick or pinprick plus 

vehicle injection, respectively, showed nociceptive behavior. Data is summarized in Table 

2. These results suggest that the proportion of rats that developed allodynia following 

cortical stimulation by pinprick plus KCl or vehicle injection in cannula-plus-electrode 

rats was similar to the respective treatment in cannula-only rats.  

 

3.11. Prevalence of cutaneous allodynia following CSD 

Further analyses were performed to investigate a potential association between the 

occurrence of CSD and the development of allodynia during the four-hour testing period. 

Employing the criterion for allodynia/hypersensitivity described above, rats were 

classified under one of four possible categories according to presence of DC-shifts and 

development of allodynia. Data are summarized in Tables 3A and B. 

These studies indicate that among animals that experienced CSD following cortical 

pinprick or pinprick plus water injection, hypersensitivity in the face was observed in 50.0 

% and 50.0 % and, in the hindpaw, in 47.0 % and 50.0%, respectively. Interestingly, 
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among animals that experienced CSD evoked by cortical pinprick plus KCl injection, 

facial and hindpaw allodynia were observed in a high 66.7 % and 87.5 % of rats (Fig. 22).   

Similarly described in other studies (Burstein et al., 2000b), these data were analyzed by a 

test of proportions (www.dimensionresearch.com/resources/calculators/ztest.html), which 

revealed that the proportion of CSD-positive rats that developed allodynia (21/24) in the 

hindpaw was significantly different (p<0.05) from the proportion that did not develop 

allodynia (3/24) in rats treated with pinprick plus KCl. The difference in proportions for 

facial allodynia (12/18 versus 6/18) was also significant (p<0.05). For the other two 

treatment-groups, i.e. pinprick and pinprick plus water, the ratios were not significantly 

different. 

In our studies there were a few (n≤6 per group) rats in which CSD events were not 

detected. Analysis of behavioral changes in these rats indicated development of 

hypersensitivity of similar magnitude as in CSD-positive rats (Fig 23A, B).  

 

3.12. Effect of bupivacaine on the dura in elicitation of CSD and allodynic behavior 

Following habituation period in the recording chambers, facial and hindpaw sensory 

baseline measurements were obtained. Rats then received bupivacaine (1.67% (w/v); 10ul) 

on the dura via the guide cannula employed for cortical stimulation. A shorter blunt 

injector was employed for delivery of the anesthetic onto the dura. Thirty minutes later, 
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rats received a cortical injection of KCl (1 M; 0.5 µl) or water (0.5 µl) and sensory 

thresholds were measured at 30 min, 1, 1.5, 2, 3 and 4 hours. 

Bupivacaine application on the dura blocked CSD evoked by pinprick plus water injection 

in 5 of 7 rats. When detected, CSD propagated at the speed of 7.09 ± 0.97 mm/min and 

was characterized by DC-shifts with amplitudes of 1.04 ± 0.74 mv. On the other hand, 

bupivacaine on the dura did not block CSD evoked by cortical pinprick plus KCl injection 

in any of 8 rats. In these rats, CSD propagated at the speed of 7.40 ± 0.71 mm/min and 

was characterized by DC-shifts with amplitudes of 1.44 ± 0.16 mv.  

Rats treated with bupivacaine on the dura prior to cortical pinprick plus water (Bup/water) 

did not develop allodynia in the face when compared to the other three treatment-groups 

(Fig 24A); however while withdrawal thresholds dropped significantly in the pinprick plus 

KCl and pinprick plus water treatments (one-way ANOVA, p<0.05), the drop in the 

Bup/KCl group did not reach statistical significance (one-way ANOVA, p=0.55). These 

data suggest that bupivacaine application on the dura blocked the development of facial 

allodynia even in rats that experience CSD.  

As for hindpaw hypersensitivity, the drop in withdrawal thresholds along the entire time 

course was statistically significant in the pinprick plus KCl, pinprick plus water and 

Bup/KCl groups (one-way ANOVA, p<0.05), but not in the Bup/water group (one-way 

ANOVA, p=0.39), suggesting hindpaw allodynia did not develop in rats that did not 

experience CSD (Fig 24B). 
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3.13. Effect of antimigraine compounds on the elicitation of CSD 

3.13.1. Sumatriptan succinate 

Following recovery from surgery, rats were placed in the recording chambers, connected 

to the amplifiers and allowed to acclimate for 1 h, while baseline recordings were 

obtained. Rats were then given sumatriptan (0.6 mg/kg) subcutaneously followed by 

cortical pinprick plus KCl (1 M; 0.5 µl) injection 30 min later. CSD events were elicited in 

6 of 6 (100%) rats pre-treated with sumatriptan. In these rats, CSD was manifested as 

negative DC-shifts showing mean amplitudes of 2.30 ± 0.30 mv and propagated with a 

speed of 8.33 ± 1.01 mm/min, indicating that systemic sumatriptan does not block the 

elicitation of CSD. When compared to rats treated with pinprick plus KCl alone (1.21 ± 

0.11 mv; 6.63 ± 0.45 mm/min), sumatriptan treatment did not change the speed of 

propagation of CSD (t-test; p=0.09), but it significantly enhanced the amplitude of CSDs 

evoked by pinprick plus KCl (t-test; p<0.001). 

 

3.13.2. Naproxen sodium 

Following recovery from surgery, rats were placed in the recording chambers, connected 

to the amplifiers and allowed to acclimate for 1 h while baseline recordings were obtained. 

Rats were then given naproxen (100 mg/kg) subcutaneously followed by cortical pinprick 

plus KCl (1 M; 0.5 µl) injection 30 min later. CSD events were elicited in 6 of 6 (100%) 

rats pre-treated with naproxen. In these rats, CSD was manifested as negative DC-shifts 
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showing mean amplitudes of 1.83 ± 0.48 mv and propagated with a speed of 6.18 ± 0.78 

mm/min, values not different from the ones obtained for rats treated with pinprick plus 

KCl alone (1.21 ± 0.11 mv; 6.63 ± 0.45 mm/min) (t-test; p=0.06 and p=0.65). These data 

indicate that systemic naproxen does not block the elicitation of CSD. 
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CHAPTER FOUR 

 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 and pain behavior in awake rats. Unlike 

previous reports on the interaction between CSD and the trigeminal system, in which 

nociceptive behavior could not be measured since they employed anesthetized animals, we 

designed a model in which awake freely moving rats could be monitored for both CSD 

events and behavior responses due to pinprick plus KCl injection to the occipital cortex.  

We show that significant tactile hypersensitivity (cutaneous allodynia) of the periorbital 

region of the face and hindpaws develop in a time-dependent manner following KCl 

application to the occipital cortex of freely moving rats. Enhanced expression of Fos 

protein and increased mRNA levels of the inflammatory cytokines IL-1β and IL-6 are 

found within the trigeminal nucleus caudalis (TNC) two hours following cortical injection. 

We further show that systemic administration of anti-migraine drugs such as sumatriptan, 

naproxen and α-CGRP8-37 (a CGRP antagonist) attenuate the generalized allodynia that 

ensue following cortical stimulation by KCl. Microinjection of the local anesthetic 

bupivacaine in the rostral ventromedial medulla (RVM) reversibly diminishes 
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hypersensitivity, indicating a role for this brainstem pain-modulatory site in CSD-induced 

allodynia.        

When nociceptive behavior measurements are of interest, experimental design must avoid 

the effect of anesthesia on brain function, and should include subjects that can move freely 

during testing. 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 

behavior measurements, we were able to elicit CSD in freely moving rats. In an attempt to 

reproduce strategies employed by other investigators (Moskowitz et al., 1993; Ingvardsen 

et al., 1997), in these studies CSD was elicited by a cortical injection of KCl (1 M; 0.5 µl) 

via a microsyringe fused to a 30 GA needle, which was customized to extend 1 mm into 

the cortex. While previous studies performed multiple KCl injections or pinpricks during 

1-2 hour period (Moskowitz et al., 1993; Ingvardsen et al., 1997; Ebersberger et al., 2001; 

Bolay et al., 2002; Ayata et al., 2006) we focused on understanding the behavioral and 

neurochemical effects of a single injection of KCl into the cortex.  

Earlier reports indicated that spreading depression on the cortex (Bolay et al., 2002) or 

hippocampus (Kunkler and Kraig, 2003) may be a noxious stimulus that can activate the 

trigeminal system, as evidenced by increased meningeal or cortical blood flow and plasma 

extravasation in anesthetized rats. Here, we extended those findings by showing for the 

first time that, following a CSD event elicited by cortical KCl injection or pinprick, freely 

moving rats developed cutaneous allodynia in the face. Our results suggest that a CSD 

event may sensitize the trigeminal system, leading to hyperresponsive states of peripheral 
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afferents innervating the peri-orbital region as well as activation of post-synaptic second-

order neurons located in the nucleus caudalis. 

Surprisingly, we further observed the development of hypersensitivity in the hindpaws, 

which are innervated by lumbar spinal nerves, following cortical KCl injection. The 

appearance of cutaneous allodynia in the hindpaw following CSD suggests the 

phenomenon of central sensitization, which has been demonstrated in numerous models of 

acute or chronic pain. It is thought that excited peripheral afferents barrage neurons in the 

central nervous system (CNS) with stimuli of increasing intensity, leading to sensitization 

of central neurons that start to fire abnormally amplifying pain transmission (Dodick and 

Silberstein, 2006).  

In an effort to understand the mechanism underlying hindpaw allodynia that arises 

following cortical pinprick or KCl injection, we looked at bulbospinal pathways that have 

been shown to facilitate pain. Previous studies have demonstrated that attenuation of the 

activity of cells in the RVM using methods such as microinjection of lidocaine, ablation of 

RVM pain-facilitating cells with dermorphin-saporin conjugate, or lesion of the 

descending pathways from the RVM to the spinal cord (dorsal lateral funniculus), results 

in decreased hyperalgesic and allodynic behavior in the hindpaws, implicating the RVM 

as a brainstem area that modulates pain neurotransmission at the level of the spinal cord 

(Urban et al., 1999; Guan et al., 2002; Porreca et al., 2001; Vanderah et al., 2001). 

Activation of RVM pain-facilitating cells may be driven by the peptide cholecystokinin 

(CCK), since injection of CCK2 receptor antagonist (YM022) in the RVM blocked 



 

 

80

hypersensitive behavior induced by CCK (Xie et al., 2005; Marshall and Vanderah, 

unpublished observations). More importantly, we have demonstrated that hindpaw 

allodynia induced by dural inflammation was attenuated by YM022, suggesting that CCK 

may mediate the activation of RVM pain-facilitating neurons following trigeminal system 

sensitization (Edelmayer et al., 2009).  While the mechanisms by which RVM cells 

facilitate spinal neurotransmission are currently under investigation, evidence suggest that 

CCK-mediated activation of pain facilitating cells in the RVM leads to upregulation of 

PGE2 in the spinal cord, which can result in central sensitization of pain pathways 

(Marshall and Vanderah, unpublished observations). 

Trigeminal afferents were shown to project to many non-trigeminal areas of the brainstem, 

including the reticular formation adjacent to pars oralis (Vo) and interpolaris (Vi), and in 

lamina V of pars caudalis (Vc) (Marfurt and Rajchert, 1991). In a different study in which 

a combination of Fos-expression as well as anterograde and retrograde labeling were 

employed, neurons activated by inflammation of the masseter muscle in the Vi/Vc 

transition zone were found to project to the RVM, and to depend on inputs from caudal 

Vc, demonstrating the existence of a trigeminal-RVM pathway facilitating orofacial 

hyperalgesia (Sugiyo et al., 2005). Thus we propose that cortical KCl-induced 

sensitization of trigeminal afferents and central neurons lead to activation of pain 

facilitating cells in the RVM. In support of this hypothesis we demonstrated that 

microinjection of bupivacaine in the RVM prior to cortical KCl injection reversibly 

blocked the development of cutaneous allodynia following CSD, which points to a 

potential activation of the aforementioned trigeminal-RVM pathway. Furthermore, pre-
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treatment with bupivacaine in the ipsilateral trigeminal ganglion attenuated the 

development of facial and, more importantly, hindpaw allodynia, suggesting that pain-

facilitating cells become activated by a trigeminal-RVM pathway following CSD.  

As microinjection of bupivacaine before, but not after, cortical stimulation with KCl 

attenuated hypersensitivity, these studies indicate that the RVM participates in the 

initiation rather than maintenance of KCl-induced allodynia. Our findings are in 

agreement with Edelmayer and colleagues (2009), who were the first to identify the RVM 

as a modulatory site for cutaneous allodynia ensuing after dural inflammation, 

demonstrating that bupivacaine in the RVM attenuated hypersensitivity if microinjected 

early (30 min or 1.5 h), but not late (2.5 h) after dural sensitization (Edelmayer et al., 

2008, and unpublished observations).  

Expression of the proto-oncogene c-fos has been widely used as surrogate marker on 

neuronal activation including animal models of migraine (Mitsikostas and Sanchez Del 

Rio, 2001). In these studies, 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 the activation of these second-order 

neurons following CSD. Although Fos-immunoreactivity was observed in rostral areas of 

this nucleus (-1.0 mm from obex), the majority of the cells were found more caudally 

within Vc/C1 area (-2.0 to -4.0 mm from obex), results that are in line with previous 

reports (Moskowitz et al., 1993; Kunkler and Kraig, 2003). Ingvardsen and colleagues 

(1997) found that the amount of Fos-expressing cells in the TNC was positively correlated 
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to the number KCl injections (1 M; 5 µl; every 6 min for 1 hour) and not to the number of 

CSD events, suggesting that the trigeminal system was activated by KCl and not by CSD. 

While other investigators found a total of 70 to 80 fos-positive cells in caudal TNC 

(Moskowitz et al., 1993; Ingvardsen et al., 1997; Bolay et al., 2002), our counts equaled 

an average of 19 Fos-positive cells, a significantly lower number that can be attributed to 

experimental differences such as the elicitation of multiple versus a single CSD, as the 

intensity of the stimulus is proportional to the number of Fos-expressing cells (Nozaki et 

al., 1992).  

The relationship between the immune system and migraine has been a long-standing 

theme in the headache field. Since migraine has been considered an inflammatory disorder 

(Waeber and Moskowitz, 2005; Longoni and Ferrarese, 2006), we have begun to 

investigate whether CSD can induce changes in levels of inflammatory cytokines within 

the TNC. Following tissue injury, for example, surrounding cells release inflammatory 

cytokines that can sensitize nociceptors. In the case of migraine, in which no evident 

tissue injury exists, unknown triggers may lead to a sterile neurogenic inflammation in the 

meninges, contributing to sensitization of the trigeminal system. In addition, CGRP, a 

neuropeptide with a demonstrated role in migraine pain, modulates production of 

proinflammatory cytokines by lymphocytes and macrophages (Fox et al., 1997). Here, we 

show an increase in IL-1β and IL-6 mRNA levels within TNC following a CSD event. 

These data are in keeping with previous studies suggesting that CSD induced release of 

NO, leading to upregulation of IL-1β and IL-6 (Read et al., 1997; Reuter et al., 2001). 

Data from human studies are controversial, with cytokine levels being increased 
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interictally but not during headache (Covelli et al., 1990), elevated during the attack in 

comparison to headache-free periods (Perini et al., 2005), or unchanged when compared to 

healthy control patients (Empl et al., 2003). Nonetheless, cytokines constitute a promising 

target in migraine therapy.  

These studies further demonstrate that pharmacological agents currently employed as anti-

migraine therapy in patients attenuate whole-body hypersensitivity following cortical 

stimulation with KCl in rats. Over-the-counter non-steroidal anti-inflammatory drugs 

(NSAIDs) such as naproxen are often used alone or in combination with triptans in 

migraine therapy. Previous reports have shown that intravenous administration of 

naproxen or ketorolac may prevent and reverse migraine headache and associated 

symptoms such as cutaneous allodynia (Jakubowski et al., 2005, 2007; Levy et al., 2008), 

potentially through inhibition of PGE2 biosynthesis in trigeminal afferents. PGE2 

facilitates neurotransmission in the spinal or medullary dorsal horn by activating receptors 

located pre- and post-synaptically (Chapman and Dickenson, 1992; Malmberg and Yaksh, 

1995; Jenkins et al., 2004). Furthermore, Levy and coworkers (2008) showed that topical 

application of naproxen (non-selective COX inhibitor) or NS-398 (selective COX-2 

inhibitor) on the dura reversed sensitization of trigeminal primary afferents, suggesting 

that NSAIDs produce pain relief partially through inhibiting peripheral sensitization.  

Consistent with its proposed peripheral and central sites of action, in our studies systemic 

administration of naproxen attenuated tactile hypersensitivity in the face and hindpaw 

when given prior to CSD elicitation. Systemic administration of naproxen did not block 

the occurrence of CSD events, suggesting this compound attenuates allodynic behavior 
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through inhibition of neurotransmission downstream of CSD.  Interestingly, when given 

after cortical stimulation, systemic (subcutaneous or intravenous) administration of 

naproxen attenuated hindpaw, but not facial, allodynia. As we mentioned earlier, 

activation of the RVM enhanced spinal PGE2 levels (Marshall and Vanderah, unpublished 

observations), thus it is possible that naproxen inhibits PGE2 synthesis locally on the 

spinal dorsal horn, leading to reduced pain transmission at the spinal level (Padi and 

Kulkarni, 2004).  

Sumatriptan is an agonist of serotonin (5-hydroxytriptamine; 5-HT) inhibitory G protein-

coupled receptors subtypes 1B, 1D and 1F, which are located not only on trigeminal 

(Castro et al., 1997; Wotherspoon and Priestley, 2000; Potrebic et al., 2003) but also 

sciatic nerve afferents (Pierce et al., 1996; Potrebic et al., 2003), and on vascular smooth 

muscle (Connor et al., 1989; Perren et al., 1991). Triptan’s pharmacological efficacy 

following its microinjection in the periaqueductal gray or RVM (Bartsch et al., 2004; 

Vera-Portocarrero et al., 2008), as well as identification of triptan receptor mRNA and 

binding sites in several brain areas (Bonaventure et al., 1998) indicate the existence of 

CNS sites of action for this class of pain relievers. We found that systemic administration 

of sumatriptan attenuated facial and hindpaw allodynia if given before, but not after, the 

elicitation of CSD events. These data suggest an interesting parallel with clinical reports 

of triptan being efficacious when given early rather than late into a migraine attack 

(Burstein and Jakubowski, 2004). Sumatriptan is thought to inhibit trigeminal 

neurotransmission by decreasing peripheral neurogenic inflammation or plasma protein 

extravasation in the dura mater (Moskowitz and Cutrer, 1993) or by acting at pre-synaptic 
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receptors within the TNC (Levy et al., 2004).  In agreement with previous studies 

(Goadsby et al., 1990; Moskowitz et al., 1993; Read and Parsons, 2000), we observed that 

systemic sumatriptan did not block the occurrence of KCl-induced CSD events, 

suggesting that sumatriptan attenuates allodynic behavior through inhibition of 

neurotransmission downstream of CSD.   

CGRP was found to be elevated in the cranial circulation of migraineurs during an attack 

(Goadsby et al., 1990), and following trigeminal ganglion stimulation in experimental 

models (Goadsby and Edvinsson, 1993), which places this neuropeptide as an important 

mediator of trigeminal system sensitization. CGRP receptors emerged as potential targets 

for migraine therapy in sight of observations that in parallel to producing headache relief, 

treatment with triptans normalized CGRP levels (Goadsby and Edvinsson, 1993; 

Edvinsson, 2008; Benemei et al., 2009). CGRP receptors, named calcitonin-like receptors 

(CLR), are expressed throughout the CNS and peripheral nervous system (Lennerz et al., 

2008), but the presence of receptor activity-modifying protein 1 (RAMP1) is essential to 

confer functionality to these receptors. These studies show that intravenous administration 

of the peptide α-CGRP8-37, a CGRP antagonist, blocked the development of tactile 

hypersensitivity in the face and hindpaw following cortical stimulation, suggesting an 

important role for CGRP in the behavioral changes observed following CSD. Previous 

reports suggest that CSD-induced dilation of pial vessels is partly mediated by CGRP, 

because cortical application of α-CGRP8-37 blocked that effect (Colonna et al., 1994; Wahl 

et al., 1994). In the periphery, CLR-RAMP1 complexes were identified in smooth muscle 

of cranial vessels, mononuclear cells and Schwann cells, but not in sensory trigeminal 
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axons (Lennerz et al., 2008). Within the spinal nucleus, CLR-RAMP1 complexes were 

detected in trigeminal afferents but not in cell bodies, suggesting they are located pre- 

rather than post-synaptically (Lennerz et al., 2008). Contrary to the aforementioned 

findings, Levy and coworkers (2005) proposed that endogenously released CGRP could 

have a central site of action, particularly on the second-order neuron within TNC, because 

topically applied CGRP did not sensitize mechanosensitive dural afferents. Moreover, 

CGRP antagonists if applied systemically or iontophoretically at the recording site 

decreased spontaneous and evoked activity of TNC neurons (Storer et al., 2004; Fischer et 

al., 2005), suggesting the post-synaptic presence of CGRP receptors. Due to its peptidic 

nature it is unlikely that α-CGRP8-37, administered systemically in our studies, is able to 

cross the blood-brain barrier (BBB) to act at CGRP receptors in the CNS. However, 

Gursoy-Ozdemir and colleagues (2004) reported that CSD may upregulate 

metalloproteinase-9 (MMP-9), a gelatinase that disrupts the BBB, leading to potential 

loosening of the tight junctions and increased BBB permeability, which could allow large 

molecules, such as this peptide antagonist, to gain access to central sites of action. 

To evaluate the relationship between occurrence of CSD and the development of 

allodynia, we established a system that could record CSD events from chronically-

instrumented freely moving rats, and allowed for behavioral measurements to be 

performed simultaneously. 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 on the 15-20 mv range (Ebersberger et al., 2001; Ayata et al., 

2006).  In the case of freely moving awake rats, Hartings et al. (2003) demonstrated that 
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Ag/AgCl epidural macroelectrodes may also be employed to successfully detect CSD, yet 

in these conditions the events are on the 1-5 mv range. In agreement with previous work 

(Ebersberger et al., 2001; Hartings et al., 2003), our epidural electrodes 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 (no KCl or vehicle injected), produced by the 

needle fused to the syringe used for cortical injections, evoked CSD in 17/23 (73.9%) rats. 

Following treatment with cortical pinprick plus KCl injection, or pinprick plus vehicle 

(water) injection, CSD events were observed in 24/28 (85%) and 16/18 (89%) rats 

respectively. Unlike KCl, water application (via soaked gauze as described in recording 

from anesthetized rats) on the exposed dura did not elicit CSD. Thus the CSD events 

observed following cortical injection of water are due to pinprick of the cortex, and not to 

water itself. Not only either type of treatment (pinprick alone or pinprick plus KCl) 

evoked CSD in a high percentage of rats, but these CSD events presented similar features 

as far as wave amplitude and propagation speed. In keeping with previous work (Gorji et 

al., 2004), a significant difference was found in duration of events, in which cortical 

pinprick alone evoked CSD events of shorter duration than those elicited by pinprick plus 

KCl. It is possible that as KCl 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. Although similarly effective on elicitation of CSD, chemical 
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stimuli, such as KCl, have an extended duration of action when compared to electrical and 

mechanical stimulation (Bures et al., 1974). 

Having demonstrated that CSD was highly prevalent in all treatment groups, we next 

looked at the number of rats developing hypersensitivity among those that experienced a 

CSD event. While 50% of rats that experienced CSD following cortical pinprick or 

pinprick plus water developed hypersensitivity in the face or hindpaw, we showed that a 

significant 66% and 87% of CSD-positive rats developed allodynia in the face and 

hindpaw, respectively, following cortical pinprick plus KCl treatment. Interestingly, these 

findings correlate to clinical reports that 57-65% of migraine-aura patients experience 

cutaneous allodynia in the peri-orbital area as well as extracephalic sites (Ashkenazi et al., 

2007; Lovati et al., 2007). 

What about the magnitude of the hypersensitivity? We observed that cannula-only rats 

treated with cortical pinprick plus KCl developed allodynia of larger magnitude than 

pinprick plus vehicle-treated rats. The significantly longer duration of CSD events evoked 

by cortical pinprick plus KCl may lead to increase in trigeminal cell firing (Bolay et al., 

2002; Gorji et al., 2004), resulting in peripheral and central sensitization that underlie 

cutaneous allodynia.  

While it may be important to analyze behavior changes in rats in which CSD events were 

not detected, in our studies this population of rats was small (n≤6 per group).  

Nevertheless, some CSD-negative rats developed hypersensitivity of similar magnitude as 

in CSD-positive rats. One possible explanation is that even though CSD could not be 



 

 

89

detected due to a misplaced/malfunctioning electrode, the rats actually did experience 

CSD. Alternatively these data may suggest that rats developed allodynia due to another 

underlying mechanism (i.e. activation of the dura due to pinprick with the injector needle) 

and CSD is not associated with pain behavior in these rats or even in CSD-positive rats.  

To address the issue of a potential alternative mechanism other than CSD underlying the 

development of allodynia following cortical stimulation, we proposed to try to “eliminate” 

the dura from this system by using a local anesthetic to numb the dura at the site of 

injection before cortical application. We predicted that if the dura was effectively 

anesthetized, then the mechanical effect of the injector needle (small trauma/injury) on 

dural afferents would be eliminated, and we could evaluate the cortical effects of pinprick 

plus water or KCl. When dural afferents were anesthetized by bupivacaine, cortical 

pinprick plus water injection did not elicit CSD in 70% (5/7) of rats. Cortical pinprick plus 

KCl injection, on the other hand, elicited CSD events in 100% (8/8) of rats that were 

treated with bupivacaine on the dura. As for behavior changes, our data suggest that 

bupivacaine application on the dura blocked the development of facial allodynia 

regardless of the occurrence of CSD events. On the other hand, hindpaw hypersensitivity 

developed following the occurrence of CSD, but not in its absence (i.e. bupivacaine/water 

group). In summary, bupivacaine application to the dura blocks development of facial, but 

not hindpaw, allodynia in animals that experience pinprick plus KCl-evoked CSD. What 

are the possible explanations for these differences between facial and hindpaw behavior? 

a) In our studies, facial allodynia observed in rats that experience CSD is due to activation 

of dural afferents at the moment of the cortical injection or pinprick. Occurrence of CSD 
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is a parallel event to but not associated to the cause of facial allodynia. b) Still concerning 

facial allodynia, it is possible that due to the small (less than 2 g) drop in sensory 

thresholds following cortical stimulation, any manipulation that slightly alters animal 

behavior is likely to mask allodynic behavior as measured by von Frey filaments. In this 

case a larger number of animals are necessary to increase the number of occurrences of 

allodynic behavior. c) In our studies, hindpaw allodynia observed in rats that experience 

CSD is not a result of direct activation of dural afferents by pinprick. The propagating 

CSD wave, through the release of ions, neurotransmitters and metabolites into the 

extracellular and perivascular space (Bolay 2002; Gorji 2004), activates trigeminal 

afferents and the trigeminal-RVM pathway leading to the development of hindpaw 

allodynia. It is still not clear, though, if the hindpaw allodynia observed is a consequence 

of KCl eliciting CSD, which sensitizes trigeminovascular afferents, or a consequence of 

KCl itself producing sensitization of trigeminovascular afferents.  

Taken together, our data suggest that activation of the trigeminal system and development 

of tactile hypersensitivity in this animal model may not be undoubtedly associated to the 

phenomenon of CSD, since the method of CSD elicitation itself may underlie the observed 

behavioral and neurochemical changes.  The significance of these findings lies on the fact 

that KCl-induced CSD is a widely employed model to study CSD effects on the trigeminal 

system and the effects of potential anti-migraine therapy on the modulation of CSD 

events. Technical challenges such as the ones presented in these studies may in part 

account for the continuous debate over the role of CSD in migraine headache.    
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APPENDIX A 
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APPENDIX B 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Verification of cortical injection in Cortical Spreading Depression (CSD) 

model. India ink (0.5 µl) was applied to the cortex via the chronically implanted guide 

cannula to verify the extent of tissue affected by the cortical injection. Ink is observed 1.0 

mm into the cortex.  
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Figure 2: CSD was elicited by cortical injection of KCl (1 M; 0.5 µl) in freely-moving 

rats. Figure illustrates the wave of depolarization characterized by the negative deflection 

propagating from electrode 2 to electrode 1. 
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Figure 3: Effect of cortical application of water (0.5 µl) or KCl (1 M; 0.5 µl) on 

withdrawal thresholds of the face and hindpaw to innocuous mechanical stimulation with 

von Frey filaments. Cortical injection of KCl (1 M; 0.5 µl) induced cutaneous allodynia, 

represented by a drop in withdrawal thresholds along 5 hours, in the face (A) and 

hindpaw (C) significantly different from that induced by cortical injection of water (two-

way ANOVA). Values for area over the curve (AOC) were obtained by subtracting the 

area under the curve from the total possible area for the time-effect curve in the face (B) 

and hindpaw (D) (*p<0.05). 
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Figure 4: Cortical injection of KCl induced Fos expression in TNC cells. Seven days after 

surgery, rats received cortical injection of water (0.5 µl) or KCl (1 M; 0.5 µl) and were 

tested for the development of tactile hypersensitivity in the hindpaw. Animals with the 

most robust behavior were perfused transcardially 2.5 h after cortical treatment. TNC was 

harvested and processed for DAB immunohistochemistry as described in Methods. (A) 

Photomicrograph showing a larger number of Fos-immunoreactive cells in TNC 

following KCl treatment when compared to naïve rats. (B) Quantitative analysis showing 

approximately an 11-fold increase in Fos-expressing cells following cortical KCl 

application in comparison to naïve rats. 
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Figure 5: Sumatriptan (0.6 mg/kg) given subcutaneously 30 min prior to cortical 

application of KCl (1 M; 0.5 µl) blocked the development of cutaneous allodynia in the 

face. (A) Effect of pre-treatment with sumatriptan on changes in face withdrawal 

thresholds along 5 hours induced by cortical injection of water or KCl. (B) Area over 

time-effect curve for the face (*p < 0.01,  when compared to sal/water; #p < 0.05, when 

compared to sal/KCl). 
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Figure 6: Sumatriptan (0.6 mg/kg) given subcutaneously 30 min prior to cortical 

application of KCl (1 M; 0.5 µl) blocked the development of cutaneous allodynia in the 

hindpaw. (A) Effect of pre-treatment with sumatriptan on changes in paw withdrawal 

thresholds along 5 hours induced by cortical injection of water or KCl. (B) Area over 

time-effect curve for the paw (*p < 0.01,  when compared to sal/water; #p < 0.05, when 

compared to sal/KCl). 
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Figure 7: Sumatriptan (0.6 mg/kg) given subcutaneously 30 min after cortical application 

of KCl (1 M; 0.5 µl) did not block the development of cutaneous allodynia in the face. 

(A) Effect of post-treatment with sumatriptan on changes in face withdrawal thresholds 

along 5 hours induced by cortical injection of water or KCl. (B) Area over time-effect 

curve for the face (*p < 0.01, when compared to water/saline). 
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Figure 8: Sumatriptan (0.6 mg/kg) given subcutaneously 30 min after cortical application 

of KCl (1 M; 0.5 µl) did not block the development of cutaneous allodynia in the 

hindpaw. (A) Effect of post-treatment with sumatriptan on changes in paw withdrawal 

thresholds along 5 hours induced by cortical injection of water or KCl. (B) Area over 

time-effect curve for the paw (*p < 0.01, when compared to water/saline). 
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Figure 9: Naproxen (100 mg/kg) given subcutaneously 30 min prior to cortical 

application of KCl (1 M; 0.5 µl) blocked the development of cutaneous allodynia in the 

face. (A) Effect of pre-treatment with naproxen on changes in face withdrawal thresholds 

along 5 hours induced by cortical injection of water or KCl. (B) Area over time-effect 

curve for the face (*p < 0.05,  when compared to sal/water; #p < 0.05, when compared to 

sal/KCl).  



 

 

101 

0 1 2 3 4 5
0

3

6

9

12

15

Nap / water

Saline / water

Naproxen

Nap / KCl

Saline / KCl

Time (h)

P
aw

 W
it

h
d

ra
w

al
 T

h
re

sh
o

ld
 (

g
)

Sal/water Nap/water Sal/KCl Nap/KCl
0

10

20

30

40

*

#

*A
re

a 
o

ve
r 

ti
m

e-
ef

fe
ct

 c
ur

ve

               A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 
                 B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Naproxen (100 mg/kg) given subcutaneously 30 min prior to cortical 

application of KCl (1 M; 0.5 µl) blocked the development of cutaneous allodynia in the 

hindpaw. (A) Effect of pre-treatment with naproxen on changes in paw withdrawal 

thresholds along 5 hours induced by cortical injection of water or KCl. (B) Area over 

time-effect curve for the paw (*p < 0.05,  when compared to sal/water; #p < 0.05, when 

compared to sal/KCl).  
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Figure 11: Naproxen (100 mg/kg) given subcutaneously 30 min after cortical application 

of KCl (1 M; 0.5 µl) did not block the development of cutaneous allodynia in the face. 

(A) Effect of post-treatment with naproxen on changes in face withdrawal thresholds 

along 5 hours induced by cortical injection of water or KCl. (B) Area over time-effect 

curve for the face (*p < 0.01, when compared to water/saline). 
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Figure 12: Naproxen (100 mg/kg) given subcutaneously 30 min after cortical application 

of KCl (1 M; 0.5 µl) blocked the development of cutaneous allodynia in the hindpaw. (A) 

Effect of post-treatment with naproxen on changes in paw withdrawal thresholds along 5 

hours induced by cortical injection of water or KCl. (B) Area over time-effect curve for 

the paw (*p < 0.01, when compared to water/saline; #p < 0.05, when compared to 

KCl/saline). 
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Figure 13: Naproxen (1 mg/kg) given intravenously 30 min after cortical application of 

KCl (1 M; 0.5 µl) did not block the development of cutaneous allodynia in the face, but 

did in the hindpaw. Data are presented as the area over the time-effect curve for face (A) 

and hindpaw (B) over 5 hours (*p < 0.01, when compared to KCl/saline). 
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Figure 14: α-CGRP8-37 (0.45 mg/kg) given intravenously 30 min after cortical application 

of KCl (1 M; 0.5 µl) blocked the development of cutaneous allodynia in the face. (A) 

Effect of post-treatment with α-CGRP8-37 (CGRP antagonist) on changes in face 

withdrawal thresholds along 5 hours induced by cortical injection of water or KCl. (B) 

Area over time-effect curve for the face (*p < 0.01, when compared to water/saline; #p < 

0.05, when compared to KCl/saline). 
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Figure 15: α-CGRP8-37 (0.45 mg/kg) given intravenously 30 min after cortical application 

of KCl (1 M; 0.5 µl) blocked the development of cutaneous allodynia in the hindpaw. (A) 

Effect of post-treatment with α-CGRP8-37 (CGRP antagonist) on changes in paw 

withdrawal thresholds along 5 hours induced by cortical injection of water or KCl. (B) 

Area over time-effect curve for paw (*p < 0.01, when compared to water/saline; #p < 

0.05, when compared to KCl/saline). 
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Figure 16: Effect of bupivacaine (0.5% (w/v); 0.5 µl) microinjected bilaterally into the 

RVM on tactile allodynia induced by cortical application of KCl (1 M; 0.5 µl).  

Bupivacaine injection 30 min before cortical treatment with KCl significantly reduced 

and reversibly attenuated tactile allodynia in the face (A) and hindpaw (B). Bupivacaine 

injection 30 min after KCl application did not produce significant changes in cutaneous 

allodynia in the face (C) or hindpaw (D).  
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Figure 17: Effect of bupivacaine microinjected in the ipsilateral (right) trigeminal 

ganglion 30 min prior to cortical application of KCl (1 M; 0.5 µl). Bupivacaine at the 

dose of 0.5% and total volume of 2.5 µl did not attenuate KCl-induced allodynia in the 

face (A) or hindpaw (B). Bupivacaine at the dose of 1.67% (w/v) and total volume of 10 

µl significantly reduced KCl-evoked face (C) and hindpaw (D) tactile hypersensitivity. 

Cannula placement in the trigeminal ganglion was verified by injection of pontamine blue 

(10 µl) at the end of each experiment. Picture shows ink on right trigeminal ganglion (E).  
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Figure 18:  RT-PCR analysis of IL-1β and IL-6 mRNA expression in the ipsilateral 

trigeminal ganglion (TG) or trigeminal nucleus caudalis (TNC). Cortical stimulation with 

water or KCl did not produce changes in IL-1β and IL-6 mRNA relative expression in the 

TG (A, B). In the TNC, injection of KCl in the cortex increased, although not 

significantly, IL-1β and IL-6 mRNA relative expression (C, D). 
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Figure 19: Detection of KCl-evoked CSD in anesthetized rats. A small piece of gauze 

soaked in KCl (1 M) was placed over a 2.0 mm craniotomy drilled 6.5 mm posterior to 

bregma. (A) Representative traces obtained from an anesthetized rat showing that KCl 

elicited a CSD event which propagated from the electrode closer to the stimulation site 

(parietal, #2) to the farther electrode (frontal, #1).  (B) CSD parameters such as speed of 

propagation, amplitude and duration are determined by analysis of the negative shifts on 

the DC trace.  
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Figure 20: Neither water nor hyperosmolar saline evoked CSD in anesthetized rat. A 

small piece of gauze soaked in water or hyperosmolar saline (NaCl 1 M) was placed over 

a 2.0 mm craniotomy drilled 6.5 mm posterior to bregma. Representative traces obtained 

from an anesthetized rat showing that neither water (A) nor hyperosmolar saline (B) 

produced changes in characteristics of CSD events. 
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Figure 21: Effect of cortical pinprick (30 GA needle), injection of water (0.5 µl) or KCl 

(1 M; 0.5 µl) on withdrawal thresholds of the face and hindpaw to innocuous mechanical 

stimulation with von Frey filaments in rats chronically implanted with a single guide 

cannula (cannula-only rats) or with guide cannula and recording electrodes (cannula-plus-

electrode rats). Cortical pinprick, application of water or KCl produced tactile 

hypersensitivity in the face (A) and hindpaw (B) of chronically-instrumented freely-

moving rats. Responses are indicated as area over the curve for total testing period of 4 h 

(*p < 0.05, when compared to KCl in cannula-plus-electrode rats). 
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Figure 22: Prevalence of hypersensitivity in rats that experienced CSD.  Rats that 

experienced CSD were categorized as hypersensitive if during the four-hour time course 

their withdrawal thresholds were different from baseline values in at least two time 

points.  
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Figure 23: CSD events and magnitude of hypersensitivity induced by cortical pinprick, 

injection of water (0.5 µl) or KCl (1 M; 0.5 µl) in chronically-instrumented rats.  

Cutaneous allodynia in the face (A) and hindpaw (B), shown as area over time-effect 

curve values, in rats that experience CSD (DC yes) was similar to those in which CSD 

was not detected (DC no). 
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Figure 24: Effect of bupivacaine (1.67% (w/v); 10 µl) applied on the dura on tactile 

allodynia induced by cortical application of water (0.5 µl) or KCl (1 M; 0.5 µl). 

Bupivacaine injection 30 min before cortical treatment attenuated tactile allodynia in the 

face (A), regardless of the occurrence of CSD.  Bupivacaine pre-treatment blocked 

hindpaw allodynia (B) in the CSD-negative group (Bup/water).  
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Table 1: Frequency of CSD and parameters of DC-shifts in each treatment group 
  

 
Treatment groups 

Pinprick Pinprick + water Pinprick + KCl 

Frequency 17/23 (73.9%) 16/18 (88.9%) 24/28 (85.7%) 

Speed of propagation 
(mm/min) 

6.07 ± 0.35 5.96 ± 0.66 6.63 ± 0.45 

Amplitude (mv) 1.32 ± 0.18 1.28 ± 0.13 1.21 ± 0.11 

Duration (sec) 62.86 ± 2.07* 65.43 ± 2.61* 73.45 ± 2.73 

 

*p<0.05 
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Table 2: Prevalence of hypersensitivity in animals implanted with cannula-only or 

cannula-plus-electrode 

Treatment 
groups 

Cannula-only rats Cannula-plus-electrode rats 

Face Paw Face Paw 

Pinprick + KCl 18/24 (75%) 27/29 (93.1%) 15/22 (68.2%) 24/28 (85.7%) 

Pinprick + water 3/10 (30%) 11/14 (78.6%) 8/16 (50%) 9/18 (50%) 

Pinprick ND* ND* 10/21 (47.6%) 13/23 (56.5%) 

 

*ND: not determined 
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Table 3:   Analyses of prevalence of cutaneous allodynia in the face (A) and hindpaw (B) 

as compared to occurrence of CSD events 

A 

 Pinprick Pinprick + water Pinprick + KCl 

Facial 

Allodynia 

CSD CSD CSD 

Yes No Yes No Yes No 

Yes 7 3 8 0 12 3 

No 7 2 8 0 6 1 

Total 14 5 16 0 18 4 

 

B 

 Pinprick Pinprick + water Pinprick + KCl 

Paw 

Allodynia 

CSD CSD CSD 

Yes No Yes No Yes No 

Yes 8 5 8 1 21 3 

No 9 1 8 1 3 1 

Total 17 6 16 2 24 4 
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