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SUMMARY 

Chronic migraine is an extremely common disorder that greatly impacts the quality of 
life of the sufferer. Chronic migraine affects up to 2% of the general population and 
within the United States alone accounts for almost 3 millions Americans. Despite the 
high prevalence for this disorder and the recent breakthroughs that have been 
achieved, therapeutic strategies for the treatment of migraine are still limited. With the 
recent addition of the calcitonin gene related peptide (CGRP) antibodies some patients 
with chronic migraine who previously had poor response to available migraine 
pharmaceutics finally experienced a reduction in headache days per month. While these 
advancements are great and show the therapeutic potential that can be gained from 
exploring migraine pathophysiology there is still not a migraine therapeutic that is 
effective in all people nor is there a cure to migraine. Gaining a better understanding 
about the pathophysiology of chronic migraine would allow for more effective 
therapeutic options to treat this population. In this thesis I have uncovered a greater 
understanding of migraine pathophysiology and characterized novel treatment options 
for chronic migraine. Under the scope of discovering the pathophysiology of migraine I 
have characterized a neuronal cytoarchitectural basis for migraine chronification. I 
further established the use of histone deacetylase 6 (HDAC6) inhibitors as a novel 
treatment target for chronic migraine and migraine aura. I further expanded these 
findings to reveal other cytoarchitectural changes associated with chronic migraine and 
another chronic pain disorder, chronic regional pain syndrome (CRPS). I also 
demonstrated that a non-convulsant delta opioid receptor agonist could effectively 
relieve chronic migraine associated symptoms and reduce cortical spreading 
depression events.  

Many chronic neuropsychiatric conditions are implicated as having alterations in 
neuroplasticity. Chronic pain disorders have been found to not be an exception and 
many have changes in the cytoarchitecture in both humans and rodent models. In this 
thesis I demonstrate that chronic migraine is correlated with changes in neuronal 
cytoarchitecture. Following a chronic intermittent nitroglycerin (NTG) model I observed 
reduced neuronal complexity in the trigeminal nucleus caudalis, periaqueductal gray, 
and somatosensory cortex, regions that are important for migraine processing. These 
results are the first of their kind to demonstrate altered neuronal cytoarchitecture 
correlating with a chronic migraine model. Furthermore, the chronic NTG model resulted 
in chronic basal hyperalgesia that was reversible through treatment with an HDAC6 
inhibitor. HDAC6 inhibition also caused increased neuronal complexity correlating with 
reduced allodynia. A second mechanistically distinct model examining migraine aura, 
cortical spreading depression, also showed decreased neuronal complexity in the 
somatosensory cortex and trigeminal nucleus caudalis. HDAC6 inhibition was able to 
prevent these cytoarchitectural changes and reduce susceptibility to cortical spreading 
depression. Building on these findings we found further disruption of the 
cytoarchitecture in other key migraine and pain related brain regions. Changes in 
cytoarchitecture were also detected in another model, chronic regional pain syndrome. 
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Finally in this thesis I further demonstrated the promising potential of using delta opioid 
receptor agonists for the treatment of migraine. The non-convulsant delta opioid 
receptor agonist, KNT-127, reduced the number of cortical spreading depression events 
and reversed established basal hyperalgesia following the chronic NTG model. 

Collectively, the results presented in this thesis demonstrate a better understanding of 
the pathophysiology of chronic migraine as well as further development of therapeutic 
targets for treatment of this disorder. 



	

	

 

1. Introduction 

1.1 Preface 

 In ancient Greek mythology Poena was the goddess of punishment and it is from 

her we derive our word for pain. The origins of pain being a direct punishment from the 

gods highlights the magnitude of suffering that surrounds chronic pain disorders. 

However, despite its intrusive and disruptive nature we cannot live without pain. 

Physiologically pain is necessary to alert ourselves to injury and dangers in our 

surroundings. Disruptions in the pain circuitry, resulting in chronic pain conditions, 

greatly decrease the quality of life for the sufferer. Gaining a better understanding of 

what causes chronic pain conditions and how these disorders hijack the pain pathway is 

necessary to develop better therapeutic options for the sufferer.  

 One especially common form of chronic pain is chronic migraine. Chronic 

migraine effects up to 2% of the American population [1]. Patients with chronic migraine 

have a greatly decreased quality of life and are in need of much better treatment 

options. While much knowledge has been recently gained about how we treat chronic 

migraine there is still much left unknown. Over half of patients with migraine are 

dissatisfied with their current therapeutic options [2]. This leaves a wide window of 

opportunity to develop better treatment options and learn more about the underlying 

pathophysiology of chronic migraine. As of now there is no cure for migraine and no one 

treatment is effective in all cases. The development of novel therapeutic targets and a 

better understanding of the pathophysiology of migraine is necessary to better treat 

chronic migraine. Gaining a better understanding of the mechanisms that drive migraine 
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from an acute to a chronic disorder and the characterization of therapeutic targets for 

the treatment of chronic migraine is the primary goal of this thesis. Following the 

Introduction I will present data supporting this proposal in manuscript form. This will 

include 1 published peer-reviewed publication, 1 publication under revision, and 

1publication that is in preparation]. These data include the detailed characterization of 

the cytoarchitecture of neurons within key migraine pain processing regions following a 

chronic nitroglycerin migraine model. It will also include evidence for the development of 

histone deacetylase 6 inhibitors as targets for reversing chronic migraine 

cytoarchitectural changes. Further this thesis will show how cortical spreading 

depression, a model of migraine aura, can also result in alterations in cytoarchitecture 

prevented by histone deacetylase 6 treatments. I will also show how these 

cytoarchitectural alerations are not unique to migraine and are present in another 

chronic pain disorder. I will finally demonstrate how a novel non-convulsant delta opioid 

receptor agonist can effectively treat many migraine-associated symptoms. Collectively, 

the data shows a greater understanding for the pathophysiology of migraine and lays 

the groundwork for the development of migraine treatments in the future.  

This Introduction will cover background information concerning current 

knowledge on migraine, the effect of microtubule dynamics in regulating migraine, and 

the potential of delta opioid receptors (DOR) as a migraine therapeutic. Following 

chapters will each have a short introduction specific to the project discussed. In the 

thesis Introduction I will begin by discussing the current knowledge surrounding 

migraine including symptoms, anatomical regions implicated in migraine, and current 

migraine therapeutic options. I will then discuss the phenomenon of migraine aura and 
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its physiological correlate cortical spreading depression (CSD). Following this, I will then 

demonstrate the use of DOR agonists in treating migraine and variations in this 

treatment. Finally, I will finish this introduction by discussing the cytoarchitecture of 

neurons and the role that microtubules play in cellular dynamics. I will then briefly 

conclude by stating the aims and further organization of the thesis.  

1.2 Defining Migraine  

 Migraine is an extremely common neurological disorder affecting upwards of 

14% of the world population. This makes migraine the sixth most prevalent disease 

worldwide [3].  Migraine generally has peak effects during the most productive years of 

a patient’s life, between the ages 20—60 [4]. This has resulted in substantial economic 

burden of migraine with an estimated $36 billion in productivity lost annually in the 

United States [5]. Migraine is often found to greatly lower the quality of life of sufferers 

and with its widespread prevalence it presents a critical problem that must be remedied.  

To begin understanding how to better treat migraine disorders it is necessary to 

first define what a migraine is. The International Classification of Headache Disorders 

(ICHD) identifies migraine as a primary headache disorder. That is, a headache that is 

not due to a secondary symptom of another disorder [6]. The hallmark symptom of 

migraine is the headache, which typically lasts between 4-72 hours [6]. To be classified 

as a migraine the attack also must fulfill two of the following four phenomenon; 

headache has a unilateral location, is pulsating in quality, causes moderate or severe 

pain, and/or can be aggravated by routine physical activity [6].  Within these broad 

categories there can be a good deal of heterogeneity into how a sufferer experiences 

their migraine. Additionally, a migraine diagnosis must have at least one of the following 
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3 criteria accompanying the headache: nausea, photophobia, and/or phonophobia. This 

array of symptoms help to demonstrate the different characteristics that can define a 

migraine disorder and further hint at the complex pathophysiology [6].  

Given that migraine is a very complex and varied disorder subdivisions into 

migraine categories have been made to allow for better classification and treatment. 

One large division is migraines with or without aura.  Migraine with aura is less 

common, but still accounts for approximately 1/3rd of total migraine cases [6]. A 

migraine with aura patient will have the migraine attack phase preceded, usually 30 

minutes to 72 hours before, by specific neurological symptoms, which are categorized 

as the aura [6]. The ICHD defines migraine with aura as having reversible aura 

symptoms that affect one of the following areas: visual, sensory, motor, brainstem, 

retinal, speech and/or language. Of these listed symptoms visual disturbances are the 

most common. To fit the definition of a migraine with aura, the aura symptoms must 

spread gradually over a 5-minute interval. In the case of a visual aura, the visual 

disturbances slowly pass across the field of vision for the 5-minute period. Furthermore, 

the aura must have two or more symptoms occur in succession, with at least one 

symptom being positive and unilateral. In the case of visual aura, the positive symptom 

often presents as a scintillating scotoma that moves across the field of vision and is 

followed by a longer lasting blurring of the vision. The blurring of the vision is referred to 

as the negative symptom. Finally, as stated before, the aura must be followed by head 

pain [6].  If these symptoms are present then the migraine is diagnosed as migraine with 

aura, if not it is diagnosed as the more common migraine without aura.  
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 Another common distinction in migraine diagnosis derives from the frequency of 

migraine attacks and can be classified as either episodic or chronic migraine. Chronic 

migraine is defined as having 15 or more headache days a month, in which at least 8 of 

the days per month have features of a migraine headache. This criteria must be met for 

a minimum of 3 months before being considered chronic migraine [6]. Chronic migraine 

has an estimated prevalence of approximately 2% of the total population [1, 7].  Due to 

the frequency of attacks, chronic migraine is an especially disabling category of 

migraine and is notoriously difficult to treat. Chronic migraine is further complicated as 

patients are found to be at much higher risk of comorbidity with other neurological 

disorders [8].  Chronic migraine is a growing problem as the transition of migraine from 

an episodic migraine condition to a chronic one is estimated to occur at a rate of 2.5% 

per year [8, 9]. The mechanism responsible for the progression of migraine from an 

episodic to a chronic case is still unclear. However, there are some known factors that 

can increase the transition, including frequent use of triptans and the use of µ-opioid 

receptor (MOR) agonists [10, 11].  

While these are just a subset of the categories of migraine classification, they 

highlight some important distinctions within migraine. Properly diagnosing patients with 

their specific type of migraine is important to aide in proper therapy as different migraine 

types have been found to respond differently to various therapeutic interventions. The 

division in migraine classification also impacts preclinical research as various animal 

models can reflect certain aspects and subtypes of migraine. The diversity in 

classification of migraine really highlights its heterogeneity and underlying complex 

pathophysiology. While there are a variety of specific classifications of migraine many 
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follow the same pattern of attacks. Below I will first be discussing the neuroanatomy 

implicated in migraine and then go on to discuss how these regions are implicated in the 

phases of migraine.    

1.2.1 Neuroanatomy of Migraine 

 Migraine has a complex pathophysiology that is comprised of both the central 

and peripheral nervous system. Migraine attacks are thought to begin in the 

trigeminovascular complex, a summary of the pathways can be found in Figure 1. The 

trigeminovascular pathway receives nociceptive information from the meninges and 

projects these signals onto the brain [12].  The trigeminovascular pathway begins within 

the trigeminal ganglia (TG). These trigeminal ganglia have peripheral axons that 

innervate, among other things, the pia, dura, and large cerebral arteries [13]. The TG 

then projects to the brain through the dorsal horn laminae of the trigeminal nucleus 

caudalis (TNC) [14]. Within the TNC other signals from the periorbital skin and 

pericranial muscles are also innervated [15]. These signals are integrated and then 

project to multiple parts of the central nervous system.  The TNC has monosynaptic 

connections to brainstem nuclei including the ventrolateral periaqueductal gray (vlPAG), 

as well as the superior salivatory, parabrachial cuneiform, and the nucleus of the 

solitary tract.  The TNC also directly connects to the hypothalamic nuclei, and the basal 

ganglia including the caudate-putamen, globus pallidus, and substantia innominata [16]. 

The TNC neurons innervated by the trigeminovascular pathway also project to the 

ventral posteromedial (VPM), posterior, and parafascicular nuclei of the thalamus [16].  

Finally these projections can be relayed from the thalamic nuclei and on to several 

cortical regions including somatosensory, insular, motor, auditory, visual, and olfactory 
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cortices.  Collectively these various projections and connections account for the variety 

of symptoms that accompany a migraine. Selective activation of different areas of the 

pathway contributes to the various phases of the migraine attack that are detailed 

below.  

 
Figure 1 Schematic of trigeminovascular pathway The trigeminal ganglia (TG) is 
outside of the central nervous system and innervates the pia, dura, and large cerebral 
arteries. The TG then projects to the outer lamina of the trigeminal nucleus caudalis 
(TNC). From here the signal can be sent to multiple places including various 
hypothalamic (Hypo) nuclei, the ventrolateral periaqueductal gray (vlPAG), and the 
ventral posteromedial (VPM) nucleus of the thalamus. The thalamus, among other 
regions, can project to the somatosensory cortex (SCx).  These projections account for 
many of the symptoms accompanying a migraine attack including the headache pain.  
 
1.2.2 Migraine Prodrome/ Premonitory Phase 

The migraine prodrome phase encompasses symptoms that precede the 

headache. The occurrence of these symptoms allows astute patients with migraine to 

predict a migraine attack up to 12 hours in advance [17]. The most common symptoms 

of the prodrome phase are fatigue, mood changes, food cravings, yawning, muscle 

tenderness, and photophobia. This wide array of symptoms give further evidence to the 

complexity of migraine and suggest differential neuronal circuitry [18]. The 

hypothalamus is likely involved in several of the more common prodrome symptoms 
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including fatigue, depression, irritability, food cravings, and yawning. Evidence for this 

comes from an fMRI study in which a patient with migraine was monitored for 30 days, 

and revealed hypothalamus activation up to 48 hours before the migraine onset [19]. 

Other brain regions such as the brainstem are thought to be responsible for the muscle 

tenderness and neck stiffness that can precede the migraine attack. The cortex is 

thought to be responsible for sensitivity to light, sound, and smell, while, the limbic 

system is implicated in driving the mood changes [18]. These data highlight that 

migraine is not just a single region neurological disorder; rather it can affect many 

regions across the central nervous system.  

Many of the migraine prodrome symptoms hint at dysregulation of homeostasis.  

Homeostasis is classically thought to be regulated by the hypothalamus. There are two 

leading theories as to how the hypothalamic neurons may be involved in triggering 

prodromal symptoms. The hypothalamus neurons can activate meningeal nociceptors 

and shift the sympathetic tone to more parasympathetic [20, 21].  Hypothalamic neurons 

can activate preganglionic parasympathetic neurons in the superior salivatory nucleus 

and sympathetic preganglionic neurons in the spinal intermediolateral nucleus [22-26]. 

Subsequently, the superior salivatory nucleus can release acetylcholine, vasoactive 

intestinal peptide, and nitric oxide (NO) into meningeal terminals. The release of these 

molecules and peptide can result in dilation and further release of inflammatory 

molecules that can activate the meningeal nociceptors. Furthermore, the superior 

salivatory nucleus can have direct effects on the TG, which could drive the migraine 

prodromal and eventual headache phase [27].  
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The other leading theory suggests that hypothalamic and brainstem neurons 

regulate responses to changes in homeostasis and can lower the threshold of 

transmission from trigeminovascular signals from the thalamus to the cortex [28]. The 

thalamus is known to select, amplify, and prioritize information that is sent to the cortex 

and the hypothalamus and brainstem nuclei regulate relay thalamocortical neurons 

allowing them control over this circuitry [29-33]. These trigeminothalamic neurons were 

found to receive direct input from the hypothalamic neurons [28, 34]. These 

hypothalamic input neurons were found to contain dopamine, histamine, orexin, and 

melanin concentrating hormone. Theoretically these neuropeptides and 

neurotransmitters can shift the activity of thalamic neurons from burst to tonic firing or 

vice versa depending on the inhibitory or excitatory potential. The various factors that 

surround the hypothalamic firing demonstrate how various external and internal 

conditions can trigger migraines in some prone individuals but not all. This theory 

demonstrates how hypothalamic and brainstem neurons projecting on the thalamus can 

alter different set points for the migraine brain [34]. The variations in the amount of brain 

activity required to emotional or physiological stress can explain why some are more 

prone to migraine at different points in their circadian rhythms. Collectively these data 

demonstrate how neuronal populations can interact with one another in complex 

circuitry to produce a premonitory phase in some individuals. The premonitory phase is 

followed directly by the headache phase. 

 

1.2.3 Migraine Headache Phase  
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 The headache phase of a migraine attack is what is most often associated with 

migraine, as it is the throbbing, pulsating, unilateral headache. As mentioned, the 

headache can present alone, but to be classified as a migraine it must be accompanied 

by nausea, photophobia, and/or phonophobia. The attack itself is relatively long lasting 

and usually takes 4-72 hours to subside. The trigeminovascular pathway is highly 

implicated in driving the migraine headache phase as it conveys nociceptive information 

from the meninges to the central nervous system. As discussed earlier the 

trigeminovascular pathway begins outside of the central nervous system, with the TG. 

The TG neurons bifurcate, such that one part of the axon innervates the pia, dura, and 

large cerebral arteries and the other projects onto the dorsal horn of the TNC [13, 14]. 

This projection is responsible for the headache pain associated with migraine. The TNC 

neurons receive additional input from the periorbital skin and pericranial muscles, which 

contribute to the substantial cephalic allodynia that accompanies migraine [15]. As 

discussed above the TNC projections connect to brainstem, hypothalamic, and basal 

ganglia nuclei. [16]. These various projections are implicated in a number of other 

symptoms that accompany migraine besides the direct headache pain [20]. The TNC 

was also found to project to the thalamic VPM, posterior, and parafascicular nuclei [16]. 

The projection of the TNC onto the thalamus and the various projections from the 

thalamus to the various cortical areas are believed to regulate a number of other 

migraine symptoms including allodynia, photophobia, and phonophobia [35].  

It is believed that a key factor in why some people are more susceptible to 

migraine triggers than others is hypersensitization of the migraine brain [36]. 

Sensitization is the phenomenon in which response thresholds decrease while the 
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subsequent response magnitude increases [37]. In a migraine conducive environment 

peripheral trigeminovascular neurons can become sensitized. The sensitization of the 

trigeminovascular neurons generates responses from dura stimuli that would normally 

show minimal or no response [38]. This sensitization not only directly affects the 

trigeminovascular neurons; the TNC and thalamic nuclei also become sensitized. This 

spreading sensitization results in spontaneous activity and increases the responsive 

fields, such that innocuous stimulation of cephalic and extracephalic areas are now 

noxious [39, 40]. The central sensitization of the TNC, which normally takes 30-60 

minutes to develop and 2 hours to peak following a migraine attack, is thought to be the 

cause of cephalic allodynia [8, 41, 42]. Similarly, the extracephalic allodynia is linked to 

sensitization of the thalamus, which normally takes 2-4 hours to occur after a migraine 

attack [8, 41, 42]. The cephalic and extracephalic allodynia contribute to the severity of 

migraine attacks and demonstrate how sensitization can lead to a greater disability of 

patients with migraine. There is evidence that the common migraine abortive therapies, 

triptans, can disrupt communication between peripheral and central trigeminovascular 

neurons in the dorsal horn [43]. Disruption of this circuit is thought to contribute to 

decrease in sensitization or prevention of the sensitization. Ending the spread of 

sensitization early in the chronological pathway is thought to mitigate migraine and is 

likely why abortive therapies are most effective when taken earlier rather than later in 

the attack [20, 44]. After the headache phase many patients with migraine will then 

enter the postdrome phase. 

 

1.2.4 Postdrome Phase 



	 12	

 Postdrome is the final stage of the migraine attack and many of the symptoms 

that are seen in the postdrome are also seen during the premonitory phase [45, 46]. 

The most common symptoms of postdrome include fatigue, difficulty concentrating, and 

a stiff neck [46]. Usually the postdrome lasts less than 24 hours after the migraine pain 

has resolved [46]. Interestingly, the severity of the migraine is not associated with 

duration of the postdrome [47]. Given the similar symptomology that is seen between 

the prodromal and postdromal phase it is suggested that many of the same brain 

regions are involved. It is believed that there is diffuse cortical and subcortical 

involvement driving the postdromal phase based on symptomology [37]. It has been 

suggested that the postdrome is driven by the frontal lobes and the hypothalamus. 

There has also been MRI studies that show reduction in brain blood flow in the 

postdrome [37]. Similarly, the phenomenon that is believed to drive migraine aura, CSD, 

has been implicated in the postdrome symptoms again highlighting the similarity 

between the pro- and post-drome phases [37]. There is evidence that there is persistent 

hypoperfusion following CSD events and this may link to the pathophysiology seen in 

the postdrome phase [48].   

 Collectively these data show the impact that migraine can have on a sufferer 

outside of the actual headache attack phase. When including the prodrome and 

postdrome phase with the migraine attack the patient can have decreased productivity 

and quality of life for multiple days from just a single episode.  Migraine is a pervasive 

neurological disorder and affects a large amount of the central nervous system resulting 

in a host of symptoms. Gaining a better understanding of the pathophysiology of 
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migraine would allow for better treatment of all phases of migraine.  To this end I will 

discuss factors that have been found to increase the risk of migraine.  

 

1.3 Migraine Susceptibility  

There is likely a genetic component that regulates the enhanced susceptibility to 

migraine. Earlier age of onset and severity of migraine attacks were both found to be 

higher in those who had familial history of migraine [49]. Genome wide association 

studies investigating gene variants in migraine have revealed 13 susceptible gene 

variants that occur in migraine with and without aura [50-53]. These genes were found 

to regulate different aspects of the nervous system and in general cause neuronal 

hyperexcitability of the migraine brain [12]. Some of the identified genes increase 

glutamatergic neurotransmission which can result in increased NMDA receptor 

occupation, which is implicated in the development of allodynia and central sensitization 

[41]. The neuronal hyperexcitability of the migraine brain has also been implicated as 

dysfunction in thalamocortical dysrhythmia [54-57], or modulatory brainstem circuit 

dysfunctions responsible for regulation of excitability along the neuroaxis [58]. There is 

also evidence that there is improper regulation and habituation of cortical, thalamic and 

brainstem neurons form the limbic system [39, 59-62]. Collectively these data 

demonstrate the role that hyperexcitability of the brain can play in the development of 

migraine and how genetic factors may play a role in enhancing migraine susceptibility. 

Some studies have shown enhanced brain activation in patients with migraine 

compared to control subjects in the PAG [61], red nucleus, and substantia nigra [63]; 

hypothalamus [64]; posterior thalamus [39]; cerebellum, insula, cingulate and prefrontal 
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cortices, anterior temporal pole, and the hippocampus [65, 66]. The increases in activity 

were found after non-repetitive stimuli and strengthen the idea that migraine brains lack 

the ability to properly habituate incoming stimuli resulting in hyperexcitability [67, 68].  

These changes in excitability are accompanied by morphological changes in 

migraine patients. Compared to healthy controls, patients with migraine were found to 

have thickening of the somatosensory cortex [69-71]; increased gray matter density in 

the caudate [72]; and gray matter volume loss in the superior temporal gyrus, inferior 

frontal gyrus, precentral gyrus, anterior cingulate cortex, amygdala, parietal operculum, 

middle and inferior frontal gyrus, inferior frontal gyrus, and bilateral insula [69, 73]. 

Interestingly, there is evidence that changes in cortical regions are dependent on the 

frequency of the migraine attacks [72, 74]. There is some evidence to suggest that 

these changes are adaptive following migraine pain as there are similar changes in 

other chronic pain conditions [75-77]. Furthermore, there is evidence to indicate that the 

changes are reversible, and magnitude of changes is correlated with duration of disease 

[78]. Some evidence also shows that the change in brain morphology is sex dependent 

[79, 80].  

Although there is not a single gene mutation that has been identified to be the 

cause of most migraine cases, there are subsets of migraine patients who suffer from a 

genetically inheritable form of migraine known as familial hemiplegic migraine (FHM).  

Three genes are commonly mutated in FHM and they all regulate glutamate availability 

in the synapse. FHM1, caused by a mutation in CACNA1A, encodes pore-forming α1 

subunit of the P/Q type calcium channel [81, 82]. FHM2, caused by a mutation in 

ATP1A2, encodes the α2 subunit of the Na/K ATPase pump [83]. The third FHM3, 
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caused by mutation in SCN1A encodes the α1 subunit of the neuronal voltage gated 

Nav1.1 channel [84]. While these 3 gene mutations are linked to FHM they are not seen 

in most typical migraine patients. Additionally, a distinct missense mutation of the casein 

kinase 1δ (CK1δ) gene was identified in two migraine families [85]. This mutation was 

accompanied by both the presence of migraine and advanced sleep phase. Mice 

engineered to have the same mutation were found to be more sensitive to nitroglycerin 

and have a reduced threshold for CSD, two mechanistically distinct models of migraine 

[85].  

To gain a better understanding of how the migraine brain has increased 

susceptibility it is necessary to perform preclinical research to unlock the 

pathophysiological underpinnings that result in migraine. Below I will discuss some of 

the most common preclinical models of migraine and how these can be used to gain a 

better understanding of the pathophysiology of this disorder.   

 

1.4 Models of Migraine 

 Preclinical animal models are necessary to gain a better understanding of the 

pathophysiology of a disease and to screen novel therapeutics. Many different models 

of migraine have been developed in a host of animals. While no one model is perfect 

and can capture the full extent of migraine different models can be used to investigate 

various aspects of migraine.  

1.4.1 Nitroglycerin and Migraine 

One of the most common models of migraine, and the one primarily utilized in 

our research, is treatment with nitroglycerin (NTG). NTG in relation to migraine, was 
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discovered by Ascanio Sobrero in 1847 who reported, “a very minute quantity put upon 

the tongue produces a violent headache for several hours”[86].  Intravenous injection of 

NTG reliably triggers headache in healthy subjects and in patients with migraine 

produced a delayed migraine attack in a dose dependent manner [87-90].  Since these 

original findings NTG has been commonly used to trigger migraine attacks to study 

migraine in both human and animal experiments [90]. Upon administration, NTG is 

rapidly metabolized into NO within cells through both enzymatic and non-enzymatic 

processes. NO has a host of effects once metabolized including acting as an oxygen 

free radical on smooth muscle resulting in relaxation and vasodilation. NO also acts as 

a neuronal messenger with diverse signaling tasks in both the central and peripheral 

nervous system [91]. Other NO donors have also been used to trigger attacks in 

patients with migraine. Inhibition of nitric oxide synthase (NOS) has been studied as a 

possible therapeutic option further highlighting the importance of NO in the migraine 

pathway [87, 92, 93].  

The treatment of NTG produces robust acute effects within 2 hours of injection, 

but importantly it also establishes basal hypersensitivity to mechanical stimuli even 

several days after the NTG treatment [94]. This, among other data, has led researchers 

to conclude that NTG has a biphasic activation that drives the pro-migraine effects.  In 

humans NTG administration results in not only the immediate headache phase, but also 

has a delayed component implicated to involve production of new proteins [95]. 

Activation of trigeminal neurons in the early phase is thought to result from peripheral 

release of NO, which in turn dilates cranial blood vessels or stimulates sensory fibers. 

However, direct application of an NO donor to neurons in the TNC enhances facial 
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receptive fields stimulation indicating it is not solely a vascular effect [96]. The 

secondary component is induced by central effect upon neuronal elements responsible 

for signals from cranial structures. NTG can produce alterations through secondary 

messengers, such as cGMP, and release of calcitonin gene-related peptide (CGRP) 

following activation of the trigeminovascular system [97-100]. NTG infusion induces 

sustained elevations of cortical NO release that far exceeds the half-life of NTG 

implicating that it may drive synthesis of NO [101, 102]. NTG administration was also 

found to increase levels of NOS in neurons in dura mater, TG, TNC and perivascular 

nerve fibers supplying the meninges [103-107]. Furthermore, cGMP is increased in the 

cortical arteries as well as neuronal fibers in the TNC implicating a central effect as well 

as the changes in the periphery [99]. Increased cGMP levels can also have a direct 

effect on the hyperpolarization-activated cyclic nucleotide-gated channel (HCN) and a 

cGMP dependent protein kinase (PKG). PKG can regulate several proteins through 

phosphorylation and lower intracellular calcium. PKG can also directly affect 

phosphorylation of cAMP response element-binding protein (CREB), further altering 

transcriptional and epigenetic mechanisms [108]. A summary of NO pathway can be 

seen in Figure 2. These data collectively demonstrate the importance that NO has on 

migraine pathophysiology and how much can be learned from using NTG as a model 

system. 
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Figure 2. Signaling and synthesis of nitric oxide (NO) The three synthases for NO 
are nNOS, eNOS, and iNOS. These 3 produce NO as a byproduct of the oxidation of L-
arginine to L-citrulline. NO can form oxygen radicals or bind to the high affinity receptor 
soluble guanylyl cyclase (sGC). sGC converts guanosine triphosphate (GTP) to cyclic 
guanosine monophosphate (cGMP). The cGMP can then activate the cell membrane 
bound ion channels, hyperpolarization-activated cyclic nucleotide-gated channel (HCN). 
cGMP can also activate the cGMP-dependent protein kinase (PKG), which can 
phosphorylate a number of different proteins and regulate them. CREB is one of these 
proteins and this can result in altered gene expression. PKG also inhibits intracellular 
calcium stores. Phosphodiesterase 5 (PDE5) breaks down cGMP to GMP which can act 
as a negative regulator of this pathway [108]. 

 

 NTG is used in rodents to model several aspects of migraine. NTG can produce 

photophobia, phonophobia, and increased meningeal blood flow in rodents [109, 110]. 

Most commonly studied is the ability of NTG to examine allodynia and hyperalgesia 

associated with the migraine attack [94, 109, 111].  NTG treatment was found to 

produce both thermal and mechanical allodynia in mice that could be reversed through 

migraine treatments including sumatriptan and CGRP receptor antagonists [111, 112]. 

Repeated intermittent injections of NTG can be used to study the progression of 

migraine from an acute to chronic state, as repeated injections produce basal chronic 
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hypersensitivity (Figure 3) [94]. Acute treatments for migraine, such as sumatriptan, 

were previously found to block post-treatment hyperalgesia when given after NTG 

treatment [113] Many migraine preventives, including topiramate and propranolol, were 

seen to block NTG-induced basal hypersensitivity [114, 115]. NTG was also found to 

produce other migraine like symptoms in rodents including light-aversive behavior, a 

reflection of photophobia, and increased meningeal blood flow [109, 110].  Systemic 

NTG induces activation of many brain regions including the PAG and TNC, a similar 

pattern of activation that is seen in noxious stimulation of facial afferents [116, 117]. 

Further supporting the similarities between humans and rodents response to NTG, a 

transgenic mouse model of CK1δ showed greater sensitivity to NTG induced 

hyperalgesia compared to wild type animals [118]. Endogenously phosphodiesterase 

type 5 breaks down cGMP to GMP, which can act to inhibit the nitric oxide molecular 

mechanism. Phosphodiesterase type 5 inhibitors, such as sildenafil, were found to 

increase migraine frequency as these inhibitors promote cGMP signaling [108].  

 

Figure 3 Nitroglycerin produces both basal and 2-hour post treatment 
hyperalgesia A) Nitroglycerin (NTG) given every other day for 9 days produces robust 
basal mechanical hyperalgesia detectable on day 5 and sustained through day 9  
****p<0.0001 Two-way ANOVA. B) 2-hours after injection of NTG, mice have decreased 
mechanical thresholds Two-way ANOVA ****p<0.0001 

1.4.2 Vascular Models of Migraine 

****	
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Migraine has a complex pathophysiology that affects many aspects of the 

nervous system and as such models focus on a subset of the changes induced in 

migraine.  One of these changes is examining alterations in vasculature [119]. Many 

studies examined if pharmacological agents could produce vascular constriction. In 

pigs, arteriovenous oxygen differences have been studied as this is also thought to be 

reduced in humans during migraine [120]. Similar studies have been done investigating 

the constriction of the external carotid bed in canines [119]. While there have been 

some migraine therapeutics developed through this model it is limited as it can only 

investigate medications that have a primarily vascular mechanism. Similar models can 

be used in vitro through investigation of the dissected vascular segments. Vascular 

segments are mounted in organ baths and contraction or relaxation is measured 

isometrically. Response curves are then generated to determine the potency and 

efficacy of anti-migraine agents on their ability to reduce changes in the vasculature 

[121]. These studies have also been done to measure second messengers or 

intracellular calcium concentrations [122]. The vasculature can be stimulated chemically 

or electrically to monitor endogenous neuropeptides that are released in the vasculature 

including CGRP [123, 124]. 

 In vivo studies investigating the dural vasculature have demonstrated 

considerable utility in identifying receptors capable of modulating nociceptive stimuli that 

may be clinically relevant. This model is performed by thinning a closed cranial window 

and using microscopy to visualize and measure changes in diameter of cranial, dural 

and pial blood vessels  [125, 126]. Following electrical stimulation of the cranial window 

there is dural and pial blood vessel dilation and activation of the trigeminal nerve that is 
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thought to be due to the release of CGRP form presynaptic trigeminal nerve endings 

[125, 127, 128]. Examining the dural vasculature in this way has successfully been used 

to screen for potential migraine therapies, as inhibition of neurogenic dural vasodilation 

has been seen after treatment using triptans, dihydroergotamine, and CGRP receptor 

antagonists [125, 128-130]. Interestingly, other less successful but still used migraine 

therapies including MOR agonists and neuronal NOS inhibitors have reduced 

neurogenic dural vasodilation [127, 131]. Not all migraine treatments are successful in 

this model as propranolol, valproate, and flunarizine were all unsuccessful at inhibiting 

neurogenic dural vasodilation [132-134]. Importantly though, NO and CGRP were both 

able to induce dural blood vessel dilation strengthening the use of this model [127, 135]. 

While the vasculature component plays an important role in migraine, research has 

indicated that it is not the entire story and other factors account for migraine 

pathophysiology [136]. 

1.4.3 c-Fos Stimulation 

 c-Fos is an immediate-early response gene whose activation occurs within 5 

minutes and continues for 15-20 minutes after stimuli. c-Fos protein immunoreactivity 

can be used as a marker of nociception as peripheral noxious stimulation induced Fos 

immunoreactivity within the spinal dorsal horn [137]. c-Fos protein expression within the 

TNC following mechanical, electrical, or chemical stimuli in the extracranial or 

intracranial tissues serves as a marker to examine facial nociception. Studies have 

investigated c-Fos immunoreactivity for identifying subpopulation of neurons activated in 

response to noxious stimuli and thus identifying related nociceptive pathways [121]. 

Electrical stimulation of the TG has shown increased c-Fos expression in the ipsilateral 
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TNC [138]. Similarly, chemical stimulation of the meninges, with the use of capsaicin or 

other nociception activators, has revealed c-Fos expression in a dose dependent 

manner in the TNC [139].  These studies demonstrate the importance of the 

trigeminovascular pathway and have allowed for a greater structural understanding of 

the pathophysiology of migraine [140-144]. From the original TNC studies work has 

further mapped neuronal activation of higher structures involved in ascending and 

descending modulatory control of migraine [145-147].  

1.4.4 Inflammatory Soup 

One of the most common preclinical models relies on chemical provocation that 

uses different vasodilatory agents. The administration of a mix of inflammatory 

mediators known commonly as “inflammatory soup”, which is often a mixture of 

prostaglandin, histamine, serotonin, bradykinin, can be used to stimulate meningeal 

trigeminovascular nociceptors [148]. The inflammatory soup is often administered by 

injection using a micro-catheter placed in the cisterna magna. Alternatively direct topical 

application on the dura mater of rats is used as it causes reversible cephalic mechanical 

sensitivity [149-151]. Similarly, there are several models that rely on stimulation of the 

trigeminal nerve to produce this cephalic nociceptive activation. Release of 

neuropeptides including, CGRP, Substance P, and neurokinin A are released from the 

perivascular nerve fibers [152-154]. These peptides promote vasodilation and mast cell 

activation [155, 156]. This model has yielded some extremely valuable evidence into the 

mechanisms of migraine including the role of histamine and/or mast cell degranulation 

[157].  
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 While many of the models outlined above can effectively mimic various 

symptoms associated with migraine, no one model is all encompassing.  Each have 

their own individual strengths and weaknesses. Furthermore, some models can show 

promising results when using a novel therapeutic, but these findings are not replicated 

in other models.  Therefore, it is always important to consider using multiple migraine 

models to confirm findings and test new treatment options. While no one model is 

perfect the information we have gained about the mechanisms of migraine and the 

development of novel therapeutics highlights the importance of animal models to further 

advance the field.  

1.5 Cortical Spreading Depression  

 Cortical spreading depression (CSD) was first discovered in 1944 by Aristides 

Leão, a Brazilian biologist who studied epilepsy in the cerebral cortex of rabbits [158].  

The initial publications by Leão described a spreading suppression of spontaneous 

electroencephalogram activity that lasted for several minutes following electrical tetanic 

stimulation of the brain surface [158]. Following this hallmark study Leão went on to 

publish 3 more papers investigating this newly discovered electrophysiological 

phenomenon [158-161]. In these papers he discovered that the wave of suppression 

that gave CSD its namesake is preceded by a wave of hyperpolarization of the cells, 

which can be detected as a large shift in the direct current (DC) potential [159]. The DC 

shift was found to be a wave of hyperpolarization, which is then followed by a large 

depolarization and depression of activity, making the name of CSD somewhat of a 

misnomer. Leão also discovered vascular changes associated with the CSD wave, such 

that as it passed across the brain there was a dilation followed by a constriction of the 
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pial vessels [159-161]. Since these original finding CSD has continued to be 

investigated for its physiological components and its potential impact on various disease 

states most notably its effect on migraine. 

  Since Leão’s original discovery of the DC potential shift, much work has been 

conducted to gain a greater understanding of the molecular mechanisms that regulate 

the DC shift and drive CSD. The DC potential shift normally lasts between 1 and 2 

minutes and occurs as either a rapid peak followed by a plateau effect or as a second 

brief decline forming a second peak [161]. A depiction of a typical CSD shift induced 

through KCl stimulation can be seen in Figure 4. The DC potential shift is followed by 

changes in neuronal potential, as intracellular recordings of cortical neurons reveled an 

almost entire neuronal depolarization and a dramatic drop in membrane resistance 

[162]. The depolarization following CSD can be divided into an early phase, main 

phase, and a late phase. The early phase sees apical dendrites depolarize through 

activation of local ion channels localized on the dendrite [163, 164]. The early phase 

depolarization is also accompanied by a sharp increase in extracellular potassium [K+] 

as well as decreases in extracellular sodium [Na+], chloride ions [Cl-], and calcium [Ca2+] 

[162, 165, 166]. The main phase sees the depolarization move down the neuron and 

activation of ion channels on the somatodendritic membrane. Finally, the late phase 

concludes the rapid depolarization of the neuron and sees the closures of ion channels 

in the somatobasal zone [163, 164]. These changes in ionic concentration are 

accompanied by an increase in pH, which is followed by a sustained decreased pH 

[166].  There are also effluxes of anions including glutamtate and aspartate released 

during CSD, further altering the surrounding tissue [162, 167, 168]. Neuronal swelling 
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as well as dendritic morphology changes, including loss of spines and dendritic beading, 

accompany these drastic shifts in ionic concentrations and pH [169, 170]. All of these 

factors comprise a standard CSD wave and after initiation the wave can rapidly self-

propagate throughout the surrounding tissue approximately 2-5mm/min [171, 172].  

 

Figure 4 Representative line tracings of cortical spreading depression A) Line 
tracing of a single cortical spreading depression (CSD) wave depicting the sharp 
decrease in direct current followed by recovery. B) Line tracing of a full recording 
session. Compounds/Vehicle were injected 400 seconds after initial KCl drip. Continual 
KCl pool produced CSD events that were recorded for one hour following treatment.  
 

As the CSD wave passes it has impact not just on neurons, but also greatly 

affects the surrounding vasculature. There is an initial vasodilation that is followed by 

constriction of the cerebral vesicles [173]. The wave further results in dramatic shifts in 

metabolism that are righted by large increase in cerebral blood flow [174, 175].  The 

demand for oxygen following CSD is so severe that the tissue may have oxygen levels 

decrease to the point of anoxia for up to 2 minutes following a CSD event [169, 175]. 

Following a CSD wave the vasculature quickly recovers or is slightly dilated, this is then 

followed by a longer lasting sustained constriction that can last up to an hour [176]. The 

constriction is often accompanied by a prolonged oligaemia that normally also lasts 
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between 1 and 2 hours and is a characteristic phenomenon associated with the second 

phase of CSD [175-179]. This second phase is also characterized by a prolonged direct 

current shift that is lower in amplitude than the initial CSD wave [175]. In addition, the 

second phase often results in hypersensitization and even activation of the trigeminal 

nociceptive neuronal pathway that may trigger migraine pain [180, 181]. The later 

hypersensitization is thought to result from the release of ATP, glutamate, CGRP, and 

NO by the depolarized neurons [101, 177, 182]. These peptides are thought to diffuse 

through the surface of the cortex where they then activate pial nociceptors [183, 184]. 

Upon activation the pial nociceptors trigger neurogenic inflammation and persistent 

activation of dural nociceptors [183, 184]. The activation of the dural nociceptors led 

some to believe that CSD plays a role in both the migraine headache and the aura 

phase [37, 185].  

1.5.1 Cortical Spreading Depression and Migraine Aura 

CSD is widely accepted to be the correlate of migraine aura. Mapping of CSD 

events onto the occipital cortex reveals a phenomenon with similar temporal and spatial 

features to the most common migraine aura symptoms, visual disturbances [159, 186]. 

The timing and spatial resolution has led to the almost universally accepted hypothesis 

that CSD is the cause of migraine aura [187].  However, there are those with 

reservations about CSD and migraine aura. One leading argument against CSD and 

aura, is that the classic electrophysiological correlates associated with CSD have not 

been observed in migraine patients [185]. However, there have been 

magnetoencephalography studies that show spatial patterns of DC shift in patients with 

migraine aura [188].  Conversely, there has been no evidence of traditional surface 
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EEG recordings using scalp electrodes to show these same changes during an aura 

event [189]. Functional imaging studies have investigated the blood-flow in patients with 

evoked migraine and found widespread propagation of cortical oligaemia, followed by 

hyperaemia, in migraine aura relevant areas of the cortex [190]. Interestingly, a PET 

study of a single patient with spontaneous migraine without aura showed a propagating 

wave of oligaemia associated with the migraine headache [191]. Additionally MRI BOLD 

studies found that in both spontaneous and trigged migraine there was a propagation of 

suppression of visually evoked BOLD signal [192, 193]. While these signals indicate 

correlates of the CSD they are not without flaw as there is still not the ideal EEG 

suppression in a spontaneous migraine aura patient. Hopefully, with future studies this 

discrepancy will be resolved. 

Migraine aura most commonly presents as visual disturbances.  The timing of the 

visual aura is correlated with the spreading of the CSD wave [6, 194]. The aura is most 

often lead by an edge of scintillating zigzag pattern, which has been linked to the 

leading edge of the propagation wave of depolarization associated with CSD. Following 

the scintillating zigzag there is often a scotoma or blurring of vision suggestive of the 

inhibition of neuronal activity in the occipital cortex that follows the initial wave of CSD 

[195]. While these features are the most common there are those that have variations in 

the migraine visual aura [196].  Some patients do not experience the positive zigzag 

pattern, but only the blurry vision and others do not show movement of the zigzag 

pattern, but rather see it as a stationary event. These differences in visual aura have 

been suggested as CSD propagation in different regions of the visual cortex or possibly 

due to heterogenous brain physiology of patients [196, 197].   
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While visual aura is the most common presentation, others symptoms have also 

been categorized as part of the migraine aura [6]. There has been positive sensory 

phenomenon in face and upper extremities, language disturbances, and in some cases 

motor weakness.  In an extreme case of hemiplegic migraine there is often a pattern of 

progressive symptoms starting visual that then move to sensory, language, and motor 

symptoms that would closely follow the spreading of a CSD event from occipital lobe to 

the parietal, motor, and frontal lobe [185]. Not all symptoms occur in order and some 

can occur in the presence or absence of others further demonstrating heterogeneity to 

the migraine aura phenomenon. There is some evidence suggesting that there is 

migraine aura without a subsequent headache phase in some patients indicating that it 

is possible that CSD is a completely separate phenomena [198]. However, it is also 

suggested that the common promonitory symptoms of migraine, nausea and light 

sensitivity, are a result of a CSD event occurring in these patients that are just not 

classified as migraine aura [199]. CSD has also been purported to be part of a 

pathological brain state that accompanies migraine attack and may not be the direct 

cause, rather just another symptom of the hyperexcitable migraine brain [200].  While 

there is some controversy over the role of CSD and migraine, it is still widely accepted 

to be the cause of aura and possibly even extend to the migraine headache phase.  

Much controversy still exists in the field surrounding the importance of CSD and the 

idea of silent auras; further studies are needed to clarify the relation of CSD to migraine 

pathophysiology  

1.5.2 Cortical Spreading Depression and Migraine Head Pain  
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As mentioned, while it is still a hotly debated topic CSD has been implicated in 

causing migraine associated head pain. An increase in c-Fos expression in the TNC, 

following CSD, has led many to conclude that CSD results in activation of the trigeminal 

nociceptive neurons [201, 202].  Strengthening this finding direct electrophysiological 

data found activation of meningeal nociceptors as well as delayed activation of neurons 

within the TNC following a CSD event [180, 181].  CSD has also been linked with 

increased blood flow in the middle meningeal artery that is dependent on trigeminal and 

parasympathetic activation, further indicating noxious stimulation as a result of CSD 

[201, 203]. 

 How CSD activates the nociceptors is not entirely clear, but the leading 

hypothesis suggests that CSD causes opening of neuronal Panx1 megachannels, which 

can result in the release of the proinflammatory molecules into the meninges [203, 204]. 

Apart from these molecular alterations there is also behavioral evidence in awake 

rodents suggesting that CSD can cause nociception. A study using KCl to stimulate 

CSD events found changes in facial expression consistent with pain [203]. Another 

study found that in awake animals, tactile hypersensitivity in the face and hindpaw as 

well as cellular activation in the TNC after KCl initiated CSD [205]. While these studies 

indicate that CSD does have an impact on the migraine pain there is some evidence to 

the contrary. Awake rats had a CSD event induced through N-methyl-d-aspartate 

(NMDA) and found the rats underwent a freezing behavior, but did not show the 

characteristic ultrasonic vocalizations normally associated with rodents in pain states 

[206].  Another study using awake rodents and KCl stimulated CSDs investigated if 

CSD would produce avoidance behavior. They found no avoidance behavior when CSD 
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was paired with a dark chamber indicating that the CSD event itself is not aversive 

[207]. There is evidence that KCl itself is the necessary component for nociceptive 

neuronal activation, as KCl can cause nociceptive activation without causing a CSD. 

Furthermore, not all models of CSD produce the pain responses discussed above [205].   

A common argument against CSD being crucial to the migraine headache is only 

1/3rd of migraine patients actually experience the aura that is widely accepted to be 

correlated with CSD [6].  Some suggest that there are CSD events in the other 2/3rd of 

patients who have migraine without aura, but they have “silent aura”, an aura event with 

no notable symptoms [208, 209]. Silent auras could be contributed to CSD events in a 

cortical area where the activation and subsequent suppression of the neurons would not 

produce obvious symptoms [208, 209]. While there is strong conclusive evidence that 

CSD can result in some correlates associated with nociception associated with migraine 

it is still very controversial as to its overall role in migraine pain and more evidence will 

be needed to conclude this in the future.  

1.5.3 Methods to Induce Cortical Spreading Depression Events 

There are several commonly used models to induce CSD in animals each with 

various pros and cons. Spreading depolarization (SD) experiments can be performed in 

vitro as well as in vivo.  In vitro models commonly use, isolated retina or brain slices 

which allow for the testing of pharmacological agents without having to struggle with the 

blood-brain barrier or interference from anesthesia [210]. However, in vitro models do 

not allow for analysis of hemodynamics, pharmacokinetics, or for systemic physiological 

factors greatly limiting the applicability of their results.  Additionally, given that tissue 

oxygenation, metabolism, and blood flow play such a large role in CSD these models 
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are disadvantaged as they exclude these factors [211, 212]. However, these models do 

allow for high throughput screening of compounds because of their relative ease of set 

up. 

 In vivo studies have been done on a number of different animal models, most 

commonly rodents, but pigeons, cats, and primates, has also been used [213, 214]. 

CSD can be evoked in both gyrencephalic and lissenscephalic organisms, however the 

threshold to induce CSD is much lower in lissenscephalic organism, which needs to be 

considered when choosing a potential animal model [210]. Measuring the speed and 

changes in LFP is substantially easier in lissenscephalic organisms. Most of the models 

in vivo are conducted on anesthetized animals. This can potentially produce a problem 

as CSD has shown to easily be affected by anesthesia. Therefore, selection of which 

anesthetic and the dosage used must be considered as they can affect CSD 

susceptibility [215-221]. Isoflurane, nitrous oxide, and ketamine all have been found to 

suppress CSD induction and propagation. Barbiturates have less of an impact, but often 

produces respiratory depression which can confound the data [210]. All anesthetics 

have drawbacks, but if used at lower doses inhalants can produce the necessary 

anesthetic depth without inhibiting CSD induction. To overcome the drawbacks of 

anesthetics in CSD newer models are able to perform CSD in awake rodents [206, 222, 

223]. These models allow for behavioral data following CSD events and have revealed 

hyperalgesia and increased anxiety measure from CSD [222]. Some models in awake 

rodents can use optogenetic approaches to induce CSD, which allow for the 

experiments to leave an intact skull, avoiding any surgery confounders [223].  



	 32	

CSD events can be triggered when there is intense depolarization that raises 

extracellular potassium [K+] levels [224, 225]. One common way to trigger the 

depolarization is direct electrical stimulation [180, 224, 226].  Commonly eca square 

pulse of stepwise escalating cathodal charges is applied directly to the tissue until a 

CSD event is triggered. A charge intensity threshold can be calculated to determine 

what was the minimum necessary charge that was needed to induce CSD events.  This 

method allows for determination of what alterations result in increased or decreased 

susceptibility to CSD [210]. Electrical stimulation often shows higher variability than 

other methods, such as chemical, primarily due to issues with consistency of tissue 

contact as excessive bleeding or scar tissue build up are common.  

The most common method used for CSD experiments is the use of chemical 

depolarizing agents.  Several chemical solutions can be used for this, of which, KCl is 

most common [210]. Other chemicals can also be used including NMDA, Ca2+ channel 

openers or ionophores, and Na+ channel activators [210]. The depolarizing agent of 

choice can be applied topically or intraparenchymally to induce the CSD event [226-

229]. To access changes in threshold needed to elicit a CSD event it is common to alter 

either volume of solute or increase the concentration of the depolarizing agent [230, 

231].  Another method to investigate CSD is to use a suprathreshold concentration 

applied continuously and determine the number of events that occur in that time period 

[226, 229].  As mentioned above different depolarizing agents can cause different 

reactions in CSD and as such it can be difficult to extrapolate results.  Cranial window 

size used to view the CSD event and the presence or absence of dura can affect a 

depolarizing agents’ effectiveness.  To overcome these disadvantages it is paramount 
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that parameters are accurately maintained across experiments and control conditions 

are always used [210].   

The third and least common method for inducing CSD is direct mechanical 

pinprick stimulation of the cortex [232]. Given that it is difficult to titrate a force it is 

usually used to see how often a CSD occurs after stimulation [232]. Mechanical 

stimulation has the most drawbacks as it is difficult to reproduce the exact force, 

stimulus can easily produce traumatic injury, and mechanical induced CSD seem to 

have different pharmacological profiles compared to electrical or chemical induction 

[232-234]. However, some of Leão’s original work was found through mechanical 

stimulation demonstrating it is a potential method. 

1.5.4 Methods to Detect Cortical Spreading Depression 

There are a few methods that are commonly used to detect CSD events or the 

correlates of the CSD event. Electrophysiologically, the extracellular negative slow 

potential shift is seen as the gold standard for detection of CSD events [210].  

Measurements of the depolarization duration and amplitude can be gathered from this 

method. If multiple electrodes are used it is also possible to determine the speed of the 

CSD wave as it passes across the cortex. A less common, but still valid method is using 

MRI to see changes in diffusion weight imaging [235]. Using t-statistic mapping 

technique a passing event can be detected through single image pixels allowing for finer 

resolution than through region of interest based studies [235]. This method benefits 

from being non-invasive, however given its low spatial and temporal resolution it is 

frequently only used in larger gyrencephalic species. Another common method for CSD 

detection is the characteristic optical intrinsic signal transients that are associated with a 
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CSD wave [230]. The changes are caused by differences in light absorption and 

scattering properties of the tissue due to transmembrane ionic water shifts and changes 

in hemoglobin concentration. These changes allow for an easily identifiable wave that 

can be used to measure speed and frequency of the CSD wave [114, 173]. Blood flow 

changes can also be used to measure CSD [233, 236]. However, the changes in blood 

flow are simply correlates of CSD and should therefore only be used as a secondary 

measure. Given the numerous methods available to both induce and detect the CSD 

events it is important to consider the pros and cons of each method when beginning a 

new experiment.  

1.5.5 Cortical Spreading Depression and Migraine 

The evidence for CSD in human migraine is not as clear as it is in rodents and 

other animal models [185, 237]. While CSD can easily be evoked in lissencephalic 

animals like rodents it is more difficult, yet not impossible, to evoke them in 

gyrencephalic animals like cats and primates [158, 238]. While rare there have been 

some studies where CSD was evoked in conscious humans. Injection of KCl into the 

caudate nucleus or hippocampus produced the direct current shift associated with CSD 

that was seen to spread [239].  In epileptic patients, who were prepared to undergo 

lesion surgery experimenters failed to induce CSD with either mechanical deformation 

or electrical stimulation [240].  Similar studies used mechanical, electrical, and chemical 

stimulation in conscious patients did not produce a CSD event, despite these same 

phenomenon being able to produce a CSD event in rats [241]. These data indicate that 

while difficult, it is possible to induce CSD in some humans.  
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CSD has been heavily linked to animal models of migraine. Familial hemiplegic 

migraine (FHM) is a rare monogenetic disorder that causes unilateral weakness 

associated with migraine. A transgenic FHM mouse line has been developed and shows 

increased propensity to CSD versus wildtype controls [226, 242, 243]. Mutations in the 

enzyme casein kinase 1δ, a mutation identified in families with a more-common type of 

migraine, are also shown to have increased propensity to CSD [118]. Women have a 

higher prevalence for migraine than men and this too is reflected in animal models of 

CSD as female mice were found to have a lower threshold necessary for CSD induction 

[230].  Furthermore, female mice mutated with human migraine-associated genes have 

shown increased susceptibility to CSD compared to similarly mutated male counterparts 

[118, 226]. These data further indicate a link between sex hormones and CSD 

susceptibility.  Strengthening the link between sex and CSD estrogen exposure results 

in increased CSD susceptibility and testosterone exposure results in decreased 

susceptibility [226, 244]. These data demonstrate how susceptibility factors in humans 

translate to increased susceptibility to CSD in rodent models further strengthening the 

relationship between migraine and CSD.  

The strongest evidence indicating a link between CSD and migraine are studies 

that show that migraine preventive therapies can reduce the susceptibility to CSD. 

Chronic treatment with several migraine preventives that have diverse mechanism of 

action reduced the frequency of repetitive CSD evoked events [229]. Acute 

administration of the migraine preventive, topiramate, has been reported to inhibit CSD 

events [232].  Acute administration of an acid-sensing ion channel blocker, amilioride, 

was also shown to inhibit CSD events [245].  Similarly, drugs that have similar 
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mechanism to migraine preventives, but themselves are not migraine preventives like, 

D-propranolol, oxcarbazepine and carbamazepine show no inhibitory effects on CSD 

[229, 246, 247]. However, reducing susceptibility to CSD events is not a universal 

characteristic of all migraine preventives.  A study examining repeated administration of 

lamotrigine, valproate, and riboflavin, found that only lamotrigine consistently inhibited 

CSD while valproate’s effects were variable and riboflavin had no effect [248]. 

Previously inhibiting CSD events has been used to screen potential migraine treatments 

such as δ opioid receptor agonists [114]. Collectively, these data strengthen the link 

between CSD and migraine and help to validate the use of animal models of CSD for 

use in discovering novel migraine therapeutics.  

1.5.6 Cortical Spreading Depression Outside of Migraine 

CSD is not only seen in migraine cases.  There is extensive work showing that 

following traumatic brain injury, subarachnoid hemorrhages, and stroke CSD events can 

occur [249-251]. While there has not been the direct electrocoritcography recording of 

CSD in migraine aura patients there has been in patients who had traumatic brain 

injuries that exposed the cortex.  These recordings have shown repetitive CSD events 

that start at the site of injury and propagate. Importantly, the CSD events that are seen 

in these human cases are essentially identical to those observed in animal models. The 

CSD events observed after brain injuries and stroke have shown different vasculature 

changes than what has been observed in the other CSD events and include hyperaemia 

and oligaemia. Importantly CSD events have been correlated with worse clinical 

outcomes in these patients [249-251]. Furthermore, following ischemia, spreading 
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depolarizations (SDs) in general have been shown to contribute to lesion development 

[252].   

While there is a distinction between migraine aura CSD and CSD induced by 

tissue damage there is evidence that those who are genetically susceptible to CSD 

have more SD events that accelerate the onset and size of stroke [253-255].  Women 

who have migraine with aura are at a higher risk for stroke [256]. While similar, anoxic 

depolarization, spreading depolarization, and CSD have been thought to exist on a 

spectrum [257].  Some researchers believe that anoxic depolarization can become 

spreading depolarization and then CSD events, when coming in contact with healthy 

tissue. CSD has been shown to be converted to more severe spreading depolarization 

after the addition of vasoconstrictors [258]. These studies show a potential link between 

these two disorders, but more research needs to be conducted as the mechanism 

linking the role of CSD and stroke is still not entirely understood.  

1.6 Current Migraine Therapeutics 

Current migraine treatments can be distributed between two broad categories, 

those that are used to stop a migraine attack while it is happening, known as abortive 

therapies, or therapeutics that prevent the migraine attack from occurring, known as 

preventives. Regardless of the class, the goal of migraine therapies is to relieve pain, 

restore function to the sufferer, and reduce the frequency of headache [259]. While 

there have been advances in migraine medication that will be discussed below many 

medications are still flawed.  The most prescribed migraine abortive therapy, triptans, 

can have a paradoxical effect where upon repeated use they can result in development 

of a second headache diagnosis, medication overuse headache (MOH). While migraine 
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prevention would be the most ideal to improve a patient’s quality of life, preventing 

migraine has proven to be a daunting task.  Current migraine preventives have vastly 

diverse mechanisms of action and while some have effectively reduced headache days 

in patients many have harsh side effects that discourage their wide use.  As mentioned 

previously, those with chronic migraine have a particularly debilitating migraine 

diagnosis and despite growing research many are still dissatisfied with current treatment 

options [2].  Recent advances on the pro-migraine peptide CGRP have been translated 

to the clinic. CGRP monoclonal antibodies targeting the peptide or the receptor have 

been successfully used in human patients [260-263]. Additionally, the use of small 

molecule CGRP receptor antagonists have also been recently approved for treatment of 

migraine [264] . 

 As was stated above, some migraine abortive therapies can result in a 

paradoxical increase in frequency of migraine attacks. Additionally, some medications 

can even result in a transition of migraine from an episodic state to a chronic one. 

Approximately only 1/3rd of patients who talk to a physician about migraines are given 

specific therapeutic interventions [265]. Instead, patients are often prescribed 

nonpharmacologic strategies including avoiding light, applying cold compresses, and 

avoiding things that are known to be migraine triggers. Outside of migraine-specific 

medications it is very common to use over the counter analgesics such as NSAIDS or 

acetaminophen. One study found that 98% of patients with migraine use some form of 

acute migraine treatment and of those 49% use over the counter medications, 20% use 

prescription medication, and 29% use both [266, 267].  As with other migraine 

therapeutics even overuse of NSAIDS can result in MOH and are recommended to not 
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be used more than 15 times per month [268]. Usually only after having poor responses 

to these kinds of treatments are patients advanced to migraine specific medications 

[269].  

In an emergency room setting there are often different medications prescribed 

than would be by a headache specialist or primary physician. Diuresis can present as 

part of the premonitory phase and this in combination with nausea and potential 

vomiting can result in loss of fluids [270]. Fluids are usually given in the emergency 

room setting and are potentially helpful in reducing migraine severity and many 

intravenous migraine drug studies first prescribe fluids prior to administration of drugs 

[271]. MOR agonists are still frequently given as first-line treatment of acute migraines 

in the emergency room setting [272, 273]. MOR agonists are only partially effective at 

reducing migraine pain and comes with a host of deleterious side effects including 

reduced effectiveness of other migraine medications [274], promotion of chronic 

migraine [275], and promotion of more comorbid disorders [276].    

Often not just a single drug will be prescribed for the treatment of migraine. Some 

physicians will use a combination of therapies known as the “migraine cocktail”. In the 

emergency room the cocktail is commonly comprised of NSAID agents, dopamine 

antagonist, and/or antihistamines [277]. Some doctors will also prescribe other 

medications to treat various common symptoms of migraine including anti-nausea 

medication. Despite the frequent use and perception of positive response by emergency 

department physicians typically the patients do not equate the cocktail to a good 

response 24 hours later [277].  

1.6.1 Abortive Therapies 
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 Ergotamine was first introduced in 1926 and was the first drug used for acute 

migraine treatment [278]. Ergotamine and ergot derivatives exert an anti-migraine effect 

through agonist action on serotonin receptors. Ergotamine has a long duration of action 

and is best used on patients who have long-lasting attacks or attacks that reoccur [279]. 

In both rodents and humans ergotamine was shown to act as a vasoconstrictor [280-

283]. A disadvantage of ergot derivatives is their complex pharmacology that interacts 

with many receptors including α-adrenoceptors and dopamine D2 receptors.  These 

interactions can result in frequent adverse effects including nausea, vomiting, cramps, 

and tiredness [268]. Dihydroergotamine (DHE) is a derivative that is often better 

tolerated than ergotamine, but is often less effective because of poor bioavailability 

[268]. Attempts to increase bioavailability by differential administration including 

intravenous injection has shown to increase effectiveness, but also increase side effects 

[284]. Ergotamine also has a high rate of MOH and is often only prescribed when paired 

with a preventive medication [268].  

 Triptans are the most prescribed drug class for the acute treatment of migraine 

and were the first drug developed specifically for migraine [285, 286]. Triptans are 

selective serotonin agonists at certain 5-HT1 receptors. Activation of the 5-HT1B receptor 

peripherally was shown to reduce pain, likely through vasoconstriction properties [287]. 

Triptans also work at the 5-HT1D receptor and blockade at this receptor prevents the 

release of vasoactive peptides, which can trigger neurogenic inflammation. Triptans can 

also work by reducing afferent return of nociceptive signals to the TNC [288, 289]. 

Sumatriptan was the first drug of its class and was specifically designed to have ergot-

like properties, without the harsh side effects [290-292]. Sumatriptan is regarded as the 
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gold standard in migraine abortive medications [293, 294]. A potential mechanism of 

action of the triptans is through CGRP modulation, as CGRP positive neurons in the rat 

TG were found to be co-expressed with 5-HT1B and 5-HT1D receptors [295]. In cultured 

TG neurons sumatriptan was able to inhibit the secretion of CGRP from sensory 

neurons [296].  Triptan treatment at dural CGRP positive nociceptors caused inhibition 

in the amplitude of action potentials [297].  Sumatriptan has some drawbacks as it has 

relatively low bioavailability and a short half-life [268]. However, many second-

generation triptans solve these problems. These medications are available in several 

different agents with various forms of availability including oral, nasal, and injectable. 

Regardless of the type, triptans are most effective when they are taken early in the 

attack phase of migraine [298]. While often effective, triptans are recommended to not 

be used more than two days per week in order to reduce the risk of MOH [259].  To 

better learn what causes the transition to MOH rodent models have been developed by 

repeated administration of drugs that induce long lasting sensitization [299]. One model 

utilized by our lab has mice receive sumatriptan every day for 11 days and results in 

significant basal hyperalgesia demonstrating the risk of repeated sumatriptan use [113]. 

Triptans can produce vasoconstriction, which can potentially increase the risk of serious 

ischemic events [300]. Triptans are contradicted in patients with cardiovascular disease 

and during pregnancy and breastfeeding. Additionally, younger patients, under the age 

of 18, are generally also contradicted from triptan use; and some monoamine oxidase 

inhibitors are contradicted to be used in combination with triptans [301].  

1.6.2 Migraine Preventives 
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 Migraine prevention is usually considered when the attacks significantly affect 

quality of life; this is the case in approximately 1/3rd of migraine patients [267]. The most 

commonly prescribed migraine preventives are CGRP blockers, onabotulinum toxin A, 

propranolol, metoprolol, flunarizine, topiramate, and valproate [302]. While there have 

been advancements in migraine prevention, only about half of patients will even see a 

50% reduction in migraine attacks requiring the need for better therapeutic options 

[303]. Most of the migraine preventives were repurposed for migraine treatment and 

were initially developed to treat other disease states including, arterial hypertension, 

epilepsy, and depression. While many of the migraine preventives have differential 

receptors and pathways they target, many have similar end results such as reduced 

CSD events, reduced levels of CGRP, or decreased neuronal sensitization [229, 304, 

305].  

 Beta-adrenergic blockers are competitive inhibitors of β-receptors, and many of 

the different pharmacological agents differ in receptor binding and pharmacokinetic 

properties [306]. Not all beta-adrenergic blockers are effective in migraine, those with 

sympathomimetic activity have not been effective in migraine prevention [307]. 

Propranolol, timolol, bisoprolol, and metoprolol have all been used as effective migraine 

preventive treatments [308-310]. The full mechanism of how these compounds work to 

reduce migraine events is not fully understood.  Blockade of β1 receptors could inhibit 

noradrenaline synthesis [311]. Propranolol was shown to reduce firing of noradrenergic 

neurons in the locus coeruleus [312]. Beta-adrenergic blockers also reduce firing in the 

PAG [313]. Propranolol, preclinically, was found to reduce sensitization in the rostral 

ventromedial medulla and locus coeruleus as well as reducing sensitization in the 
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trigeminocervical complex [305]. Beta-adrenergic blockers were also seen to reduce 

auditory cortex potentials further indicating its ability to decrease sensitization [314]. 

There are also some studies indicating that beta-adrenergic blockers can interact with 

serotonin receptors and may impact serotonin synthesis [315-318]. Propranolol was 

also seen to inhibit NO production through blocking inducible nitric oxide synthase 

(iNOS) [319]. In a model of migraine aura, propranolol reduced sensitivity to CSD in rats 

without affecting cerebral blood flow [320].  While the data is promising beta-blockers for 

migraine prevention use is limited by the host of adverse behavioral side effects 

including drowsiness, fatigue, sleep disorders, depression, memory disturbances and 

even hallucinations.  Beta-blockers can also have other physiological side effects 

including gastrointestinal symptoms, decreased exercise tolerance, hypotension, and 

impotence [321].  

 Antiepileptics acting at different synaptic sites have been found to be effective in 

migraine prevention with the most success coming from topiramate and valproate [302]. 

Similar to beta-blockers, not all antiepileptics make effective migraine preventive 

agents. Interestingly, the same agents that are effective in reducing migraine attacks 

are also effective in reducing CSD events, indicating a possible similar mechanism 

[229]. Topiramate blocks multiple channels such as voltage-dependent sodium 

channels and high-voltage-activated L-type calcium channels [322]. Furthermore, it can 

also inhibit glutamate-mediated excitatory neurotransmission and facilitate GABA-A 

mediated inhibition and inhibit carbonic anhydrase activity [323]. Topiramate was also 

shown to reduce CGRP secretion from trigeminal neurons following depolarizing stimuli 

[324]. Valproate also has a complicated mechanism and can increase GABAergic 
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inhibition and block excitatory ion channels [322]. It also blocks several channels 

including voltage-dependent sodium and low-threshold T-type calcium ion channels. 

Valproate can also suppress protein kinase C and down regulates the expression of 

CGRP in brain tissue indicating a common mechanism between topiramate and 

valproate [325]. Some antiepileptics are also limited by undesirable side effects 

including weight gain and hypoandrogenism [321]. However, this is not true for all as 

topiramate actually causes a decrease in weight, but it can also cause cognitive 

problems discouraging its widespread use [326] 

 There are some calcium antagonists that are also used for migraine prevention 

including flunarizine and verapamil [327]. Flunarizine is a nonselective calcium entry 

blocker, which can also block voltage gated sodium channels [328, 329]. It is thought 

that these effects reduce neuronal excitability and normalize cortical hyperexcitabilty in 

migraine. Flunarizine has also been found to reduce the number and duration of CSD 

waves [330]. Unfortunately, flunarizine may increase leptin levels, which results in 

treatment related weight gain [331, 332].  

 Antidepressants have been commonly used as migraine preventives including 

the use of tricyclic antidepressants (TCAs), selective serotonin and norepinephrine 

reuptake inhibitors (SSNRIs; SSRIs) [333]. Interestingly, these compounds are effective 

in the absence of depression and usually at doses lower than effective in depression 

treatment. TCAs exert their antidepressant effects by modulating the reuptake of 

norepinephrine and serotonin as well as having an anticholinergic effect [334]. It is 

thought that they affect migraine through modulation of the serotonergic and 

norepinephrine tone. TCAs can inhibit norepinephrine and serotonin reuptake which can 
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modulate the pain systems and may also enhance endogenous opioids collectively 

decreasing signaling of nociceptive pathways [335-338]. Fluoxetine works to selectively 

block serotonin reuptake from the synaptic cleft leading to increased serotonin levels. 

Fluoxetine also competitively and reversibly blocks the 5-HT2C receptor [339]. Proper 

modulation of serotonergic tone could result in a protective role and explain how 

antidepressants prevent migraine [334, 340]. SSRIs are also found to downregulate β-

adrenergic receptors, and increase the number of GABAB receptors resulting in 

decreased excitatory tone [341-345].  Interestingly repeated SSRI use has been 

implicated to modulate serotonin at various receptors and this continual activation may 

result in headache through a similar mechanism that is thought to occur after repeated 

triptan use. Similarly, repeated fluoxetine use has been implicated to result in headache 

[346].  

 Angiotensin has several effects that are relevant to migraine including increased 

sympathetic discharge and adrenal medullary catecholamine release. The renin-

angiotensin system (RAS) is thought to play a role in migraine pathogenesis [347]. RAS 

system modulates cerebrovascular flow and influences homeostasis of fluids, 

autonomic pathways and neuroendocrine system [348].  Angiotensin II modulates 

potassium channels and calcium activity in cells, which can increase concentration of 

dopamine and serotonin metabolites. These metabolites can further activate nuclear 

factor κB and increase expression of iNOS [104, 349]. Lisinopril, angiotensin-converting 

enzyme inhibitor, has shown to be an effective migraine prophylactic [350]. Angiotensin-

converting enzyme inhibitors modulate vasoreactivity, alter sympathetic tone, and 
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promote degradation of proinflammatory factors [350, 351]. These molecules have also 

been implicated in modulation of the endogenous opioid system [352]. 

 An interesting often effective migraine preventive, is onabotulinumtoxin A; which 

has been found to be efficacious in chronic migraine and in several countries is 

marketed as a chronic migraine preventive [353-355]. Onabotulinumtoxin A is a protein 

complex produced by the gram-positive anaerobic bacterium Clostridium botulinum 

[356]. There are 7 serotypes of botulinum toxin, and serotype A has been used in 

human therapy since 1980 [357]. In the 1990s it was found that onabotulinumtoxin A 

treatment for hyperfunctional lines of the face was also effective in improving migraine 

[358]. Onabotulinumtoxin A was found to significantly reduce headache and migraine 

days and cumulative headache hours on headache days in patients as well as 

improving overall health-related quality of life [353-355]. The exact mechanism for how 

onabotulinumtoxin A functions to reduce migraine is unknown, but it is thought to reduce 

antinociceptive action via peripheral mechanisms [359]. Onabotulinumtoxin A directly 

inhibits peripheral sensitization by attenuating neuropeptide and neurotransmitter 

exocytosis from peripheral sensory neurons indirectly reducing central sensitization 

[359]. This may indicate why it is more effective in chronic versus episodic migraine. 

Onabotulinumtoxin A works by interfering with the fusion and release of neuropeptides 

and neurotransmitter. The process is normally controlled by interaction of proteins on 

the vesicle and vesicle associated membrane proteins, such as VAMP and 

synaptobrevin and on the synaptosomal associated protein, SNAP-25, which when 

combined form the N-ethylmaleimide-sensitive factor attachment protein receptor known 

as the SNARE complex [360-362]. SNARE is necessary for proper vesicular trafficking 
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and vesicle fusion with the membrane, onabotulinumtoxin A adheres to the nerve cells 

and inhibits fusion of intracellular vesicles with the nerve membrane by cleaving SNAP-

25 [363, 364]. This results in inhibition of neuropeptide release and receptors become 

down regulated [360, 362]. Botulinum toxin was found to inhibit the release of many 

neurotransmitters [365-367]. It is held that reducing the neurotransmitter release is 

capable of disrupting cascades of events that lead to peripheral and central 

sensitization and block the release of inflammatory neuropeptides from stimulated 

trigeminal sensory neurons [359-361, 368]. Among these is CGRP, which has been 

found to be reduced following botulinum toxin administration, providing a possible 

mechanism for how this treatment works [369]. While onabotulinumtoxin A treatment is 

effective for many it still has a delayed onset of effect and is often not the first choice for 

treatment options.  

1.6.3 CGRP and Migraine Treatment 

 CGRP basal therapies are new and exciting options for migraine patients [370, 

371]. CGRP was first discovered in 1982 [372] and has since revealed a critical role in 

regulating the trigeminovascular system as a potent vasodilator [370, 373]. CGRP is a 

peptide neuromodulator and is produced both in peripheral sensory neurons and in 

central nervous system. CGRP comes in both α and β components, with most research 

focusing on the α form. The α form of CGRP is a 37 amino acid peptide that is 

transcribed from the calcitonin related peptide alpha-CGRP gene (CALCA) [372, 374]. 

CGRP is released from stored vesicles through calcium-dependent exocytosis [375, 

376]. Presynaptic receptors located on trigeminal neurons regulate CGRP release and 

activation of 5-HT1B and 1D was shown to inhibit the release of CGRP [377]. CGRP 
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has a long half-life due to amidation of the carboxyl terminus which allows for wider 

release [378]. Trigeminal CGRP has been found in rat jugular vein and in human blood 

collected from external jugular vein following trigeminal ganglion stimulation 

demonstrating its ability to circulate throughout the body [379, 380].   

CGRP receptor is a complex of several proteins, most importantly the G-protein 

coupled receptor (GPCR) calcitonin receptor-like receptor (CRLR) [381]. To become 

functional the CRLR must form a heterodimer with receptor activity-modifying protein 1 

(RAMP1) and through an intracellular component called the receptor component protein 

(RCP) [382, 383]. The ligand-binding domain for CGRP is located at the interface 

between RAMP1 and CRLR [384, 385]. The CRLR is coupled to a Gαs pathway [374, 

386]. RCP is responsible for the coupling of Gαs proteins and adenylate cyclase to the 

intracellular effects of CGRP [387] Upon activation increases in cAMP result in 

activation of protein kinase A, which can phosphorylate many downstream targets 

including potassium ion channels and extracellular signal-related kinases. It has been 

shown that increased cAMP after CGRP activation results in vasorelaxation and dilation 

[388]. Interestingly, PDE inhibition thus driving greater cAMP, can cause migraine like 

attacks, further implicating this pathway, but complicating the story [389] CGRP 

continual stimulation also results in phosphorylation of CRLR and β-arrestin recruitment 

causing internalization of the receptor and upon chronic exposure results in degradation 

[262]. The amylin receptor, AMY, which is formed by RAMP1 and calcitonin receptor 

has also shown response to CGRP [381]. AMY1 has been found in the trigeminal 

ganglia but is likely to play a lesser role in CGRP activity [390].  
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 CGRP is known as a pro-migraine peptide as patient blood samples from 

external jugular veins reveal increased CGRP levels during the headache phases [391]. 

Additionally CGRP was found to be increased in chronic migraine patients interictally 

[392]. In other primary headache disorders, like cluster headache, there have been 

similar findings of increased CGRP [393, 394]. Increased CGRP levels have also been 

found in other regions including plasma, saliva, and CSF samples [394-397]. CGRP 

infusion intravenously into migraine prone individuals produced a lasting, migraine-like 

headache suggesting a causal role of CGRP in migraine generation [398, 399].  Based 

on this data researchers sought to reduce the effect of CGRP and believed this would 

limit the severity of migraine.  

 Small-molecule antagonists, known as gepants, were found to potently and 

selectively block CGRP, both preclinically and clinically [400, 401]. The gepants have a 

high affinity for the CGRP receptor of humans relative to receptor affinity of other 

species. This selectivity is thought to be due to species-specific residue located at the 

interface between RAMP1 and CRLR [384].  Olcegepant was the first non-peptide 

CGRP receptor antagonist to be discovered [402]. Olcegepant is thought to block the 

binding of CGRP to its receptor as it decreased cAMP production, vasodilation, and 

caused a rightward shift of CGRP concentration response curves [402, 403]. In vivo 

experiments in rats showed that olcegepant blunted the CGRP response, further 

indicating gepants effectiveness [124]. Since this discovery gepants have been 

developed that have greater potency and improved oral bioavailability [404-407]. 

However, development of first generation gepants was largely stopped because of 

increased liver toxicity after repeated use [408, 409]. Two new gepants, ubrogepant and 
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rimegepant, without the liver toxicity have recently been approved for migraine 

treatment [410, 411].  

 The first antibodies against CGRP were discovered in 1982. The antibodies were 

used for radioimmunoassay and liquid chromatography to measure CGRP in tissue and 

plasma as well as for immunohistochemistry assays in tissue [13, 412]. Since then three 

humanized monoclonal anti-CGRP antibodies (galcanezumab, eptinezumab, and 

fremanezumb) have successfully completed clinical trials for migraine prevention and 

are now commonly prescribed to migraine patients [370, 371, 413-415]. Erenumab is a 

human monoclonal antibody that targets a fusion protein on the extracellular domains of 

human CRLR and RAMP1 that includes the binding pocket [416]. Erenumab is 5,000 

times more selective for CGRP receptor than other related receptors in the calcitonin 

receptor family [415]. Erenumab has been shown to be a full antagonist of CGRP 

receptor complex both in vitro and in vivo [416]. As with the monoclonal antibodies for 

CGRP, erenumab is also an effective prophylactic therapy for episodic and chronic 

migraine [401, 413]. The antibody treatments have several advantages over other 

treatment options. They have a prolonged serum half-life, which allows for infrequent 

dosing. Importantly the antibodies avoid liver processing, preventing liver toxicity related 

side effects [262]. The strongest disadvantage of antibodies is they are not orally active 

and must be injected and injection-site reactions are somewhat common [408, 414, 

417]. Additionally CGRP antibodies have been found to produce constipation in some 

patients as well as being contradicted for the treatment of some heart patients [283, 

418, 419]. Despite these drawbacks, the CGRP antibodies have been hailed as a 

miracle treatment option for those who were previously unresponsive to other 
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medication. However, more work still needs to be done as CGRP antibodies do not 

work on everyone and largely only reduce migraine days, but do not eliminate them.  

1.7 Opioid Receptors 

 MOR agonists such as morphine, hydrocodone, or oxycodone are still commonly 

prescribed to people with migraine [420, 421]. These agonists can provide short-term 

relief, but this comes at a high cost as they can be accompanied by a host of 

deleterious side effects including the paradoxical worsening of headache or MOH [420, 

421]. While MOR agonists are the most common they are not the only opioid receptor 

that can be targeted. The opioid receptor family is comprised of 4 different receptors µ, 

δ, κ, and nociceptin/orphanin FQ [422, 423].  Each receptor interacts with a family of 

endogenous opioid peptides, the endorphins, enkephalins, dynorphins, and nociceptin 

[422]. The opioid receptors are GPCRs that primarily act through Gαi/o [424]. Each of the 

receptors can have different properties and efficacies in regulating mood and 

nociception. Specifically, for the treatment of migraine, only MOR agonists are currently 

available. However, clinical trials and extensive preclinical research is being conducted 

to investigate the effects of δ opioid receptor (DOR) agonists as well. Below I will briefly 

discuss the effects DOR agonists can have on pain, mood, and the effect of DOR 

biased agonists. I will then go on to discuss what is currently known about DOR and 

migraine and the signaling cascades thought to drive these effects. 

1.7.1 DOR Signaling 

 DORs were originally thought to exist primarily in intracellular stores [425-427]. 

While this idea is still held by some it has undergone considerable controversy as 
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fluorescently tagged DOR reporter mice show a much higher membrane localization 

than was previously observed using antibody staining [428]. Regardless, it is still held 

that DOR can be easily trafficked in response to agonists. As mentioned above, all 4 

opioid receptors are seven-transmembrane GPCRs and are largely coupled to Gαi/o. As 

such, following activation the Gα functionally separates from the Gβγ subunits and 

following separation produce varying intracellular effects [429, 430]. As part of the G 

protein family, opioid agonists can encourage the exchange of GDP for GTP within the 

receptor [431]. Gαi/o, following agonist stimulation, can have an inhibitory effect and 

decrease cyclic adenosine monophosphate (cAMP) production [432]. Studies using 

pertussis toxin revealed the cAMP inhibitory effects were through Gαi rather than Gβγ 

[433]. Apart from inhibiting cAMP levels activation of DOR regulates calcium and 

potassium ion channels. Upon separation the Gα component directly interacts with the 

G-protein gated inwardly rectifying potassium channel, Kir3 [434, 435]. This causes 

cellular hyperpolarization and inhibits neural activity. Reductions of calcium current are 

sensitive to P/Q-type, N-type, and L-type channel blockers [436]. The Gβγ component 

directly binds to the channel, which can reduce voltage activation of channel pore 

openings [437, 438]. The Gβγ DOR subunit decreases the release of neurotransmission 

through presynaptic calcium channel effects. Activation of the outward potassium 

channels decreases post-synaptic firing and the inhibition of the calcium channel lead to 

decreased neurotransmitter release presynaptic ally, collectively resulting in net 

inhibitory effects following activation of the post-synaptic opioid receptor.  

Upon activation the DOR, and other opioid receptors, are desensitized through 

phosphorylation of the receptor at the Ser363 residue [439, 440]. The phosphorylation is 
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largely regulated by GPCR kinase 2 (GRK2) [440, 441]. Following phosphorylation 

arrestin 2 or 3 are recruited [442]. Arrestin binding is key in regulating desensitization, 

traffic, and receptor sorting. The C-terminal tail of DOR is necessary for arrestin binding. 

Following arrestin recruitment the DOR can be internalized in clathrin-coated pits, where 

it is predominately degraded, but can be recycled back to the cell membrane [443]. 

Transport to degradation is not the only process that occurs following arrestin 

recruitment.  Recent evidence has highlighted the importance of actuation of signaling 

cascades following arrestin recruitment. These signaling cascades largely function 

through the MAPK family [444]. MAPKs cover many signaling processes including 

proliferation, differentiation, apoptosis, transcription regulation, channel phosphorylation 

and protein scaffolding [445]. Within the MAPK family ERK, JNK, and P38 are the most 

consistently affected. ERK 1 and 2 were found to be the most frequent opioid induced 

MAP kinases. Additionally, work has shown that there can be a second wave of cAMP 

signaling from intracellular vesicles [446]. Recently, how different agonists can affect 

different signaling cascades have garnered a lot of attention as differential pathway 

activation has demonstrated different signaling cascades and behavioral outcomes.  

1.7.2 Behavioral Effects of DOR Stimulation 

Much has been learned about the endogenous role that the various opioid 

receptors play in reward and mood through knockout mouse models [447]. Knockout of 

the DOR results in increased anxiety and depressive like behavior [448]. To better 

understand how DOR regulate mood, was agonists were investigated to determine the 

potential as antidepressant and anxiolytic agents.  Some of the original findings 

demonstrated anti-depressant like effects of enkephalin and endorphins when 
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administered to rats [449].  Additionally, inhibiting the opioid receptors by administering 

the general opioid antagonist naloxone showed depressant like effects [450]. DOR 

agonists stand out as antidepressant and anxiolytic agents stemming from the 

promising knocked out mice data.  DOR activation by several different agonists has 

shown positive effects at reducing depression like behaviors in both rats and mice [450, 

451]. These data indicate the potential benefits of DOR agonists as possible 

antidepressants or anxiolytics.   

 MOR agonists are known to produce sedation as well as euphoria in humans 

[422, 452]. Similarly in rodents, MOR agonists can produce conditioned place 

preference and will be self-administered, both indicators of a drugs addictive potential 

[452]. The highly rewarding effects of MOR activation in part have led to the national 

opioid crisis in America. Conversely KOR agonists have been found to produce 

dysphoria and psychomimetic effects upon administration in humans [453, 454]. 

Similarly, in rats use of KOR agonists were found to produce conditioned place aversion 

further indicating unpleasant feelings after administration [455]. While KOR agonists 

have low abuse potential the dysphoria limits their use as therapeutic targets.  DOR 

agonists also seem to have low abuse liability [456]. DOR agonists do not produce 

significant self-administration or rewarding behavior in animal models [457, 458]; but are 

also not anhedonic like KOR agonists.  Collectively these data suggest that DOR 

agonists can positively regulate mood without having intense euphoric effects driving 

abuse potential.  

  The opioid receptors are widely known for their importance in regulating 

analgesia, especially the MOR. MORs are distributed across both central and peripheral 
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nervous systems and are especially densely expressed in pain related areas such as 

the periaqueductal gray and rostroventral medulla [459]. MOR agonists are widely 

known to be antinociceptive and are among the most highly prescribed therapeutics for 

pain treatment [460]. Interestingly, repeated use of MOR agonists to treat migraine can 

result in MOH [461]. Like the MOR, agonists to the KOR have been shown to produce 

pain relieving effects, but many of these findings are compounded by a stress response 

limiting wide use of KOR agonists [462].  Compared to the MOR agonist DOR agonists 

are relatively ineffective in treating acute pain states [463]. However, DOR agonists 

have shown great promise at treating chronic pain states. DOR agonists have shown 

efficacy in assays of chronic inflammatory pain [464, 465]. DOR also show promise in 

treating notoriously difficult pain states including neuropathic pain models, such as 

peripheral nerve injury [457, 465-467]. However, many DOR agonists also produce 

convulsions at higher doses, limiting their therapeutic window [456]. Specifically, in 

treating migraine, the DOR has emerged as a potential treatment option and these 

findings will be discussed below 

1.7.3 DOR and Migraine 

 DOR has recently been identified as a target for treating migraine [468].  DOR is 

expressed in the TG, TNC, and the cortex all of which are key migraine pain regulatory 

regions [469-471]. DORs are also expressed in regions that regulate emotion such as 

the amygdala, hippocampus, and striatum [451, 469], which could in part explain the 

DOR agonists’ antidepressant results and process emotional responses to pain. Given 

the expression of the DOR it is not surprising that agonists have been found to be 

particularly effective in models of headache [468]. Previously our lab has demonstrated 
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that 3 different DOR agonists can block mechanical hyperalgesia following repeated 

injections of NTG [468]. Furthermore, the DOR agonist, SNC80, was found to reduce 

thermal hyperalgesia following NTG treatment [472]. SNC80 also inhibited cephalic 

allodynia in models of chronic migraine and MOH [113]. In a model of posttraumatic 

headache acute SNC80 blocked established allodynia and was found to prevent 

chronification of the post-traumatic headache associated pain [113, 473]. In a model of 

CSD SNC80 also significantly reduce the number of CSD events induced by KCl [114]. 

In humans DOR agonists have been developed and tested for treatment in pain, anxiety 

and depression [474, 475]. A recent phase 1 clinical trial performed using TRV250 was 

completed for the treatment of acute migraine [476]. This compound is currently 

recruiting for a Phase II trial for the treatment of migraine further indicating the potential 

for DOR agonists in treating this disorder. To date most of the work in DOR has relied 

on balanced agonism, with limited success. Recent studies have shown the promise of 

using biased agonists for DOR to have a better therapeutic profile. I will be adding to 

this work in Chapter 4 of my thesis.  

1.7.4 Biased Agonism of DOR 

 Ligand directed signaling or biased agonism is the idea that different agonists at 

a receptor can induce different signaling cascades and receptor trafficking events. 

These variations in signaling can cause immediate behavioral effects and changes in 

long-term adaptions through chronic drug treatment. Signaling can occur primarily 

through the G-protein signaling pathways or through G protein independent cascades 

either at the cell membrane or in subcellular compartments following receptor 

internalization [477]. Of the G-protein independent effects arrestin signaling cascades 
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are the most common [478, 479]. Arrestin can act as a scaffold for other signaling 

proteins to begin a secondary wave of signaling [480]. The use of biased agonism 

allows for preferential signaling at either the G-protein dependent or independent 

pathways, which could correlate with desired biological effect with decreased undesired 

side effects.  

 SNC80, the prototypic DOR agonist, and met-enkephalin are both relatively 

balanced agonists for DOR [481].  Most small molecule DOR ligands appear to have 

low efficacy for arrestin 3 binding and therefore have biased agonism to the G-protein 

signaling while only partial or weak agonist activity towards arrestin recruitment [482]. 

Additionally, different ligands can cause changes in the internalization of the DOR and 

the receptors eventual fate. SNC80 was found to promote the degradation pathway and 

met-enkephalin more receptor recycling [483].  Further evidence derived from 

fluorescent tagged DOR reporter mice, DOR-eGFP, found that SNC80 induced rapid 

internalization of the DOR, while another agonist, ARM390, did not produce detectable 

receptor sequestration [484, 485]. These variations in signaling cascades can have 

differential behavioral effects as well.  

 In acute tolerance studies SNC80, a high internalizing agonist, and ARM390, a 

low internalizing agonist, were both given and tolerance to the anti-hyperalgesic effects 

were measured. In this study SNC80 produced acute tolerance, along with receptor 

internalization, while ARM390 maintained its anti-hyperalgesic effect, while remaining 

on the cell membrane [485]. This study demonstrates that internalization of the DOR 

directly impacts behavioral effects of receptor activation. Other evidence to support the 

variation in behavioral outcomes from low versus high internalizing agonists comes from 
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arrestin recruitment data [457]. As mentioned previously DOR activation results in 

phosphorylation and subsequent internalization by either arrestin 2 or 3.  Recent 

evidence found that SNC80 has preferential recruitment of arrestin 2 rather than 3, 

which is thought to be responsible for the desensitization and acute tolerance [442, 

486]. Knockout of arrestin 2 results in increased potency and decreased tolerance to 

high internalizing agonist [442, 486]. In contrast a low internalizing DOR agonist was 

found to preferentially recruit arrestin 3, which has been found to facilitate the rate of 

receptor resensitization discouraging acute tolerance. Similarly, knockout of arrestin 3 

resulted in increased tolerance.  

Some DOR agonists can produce convulsions, which have greatly limited the 

development and wide use of these compounds [487, 488]. These convulsions are 

ligand specific. Convulsion following DOR activation is a form of biased agonism as not 

all agonists produce these effects and activation of different signaling cascades can 

prevent convulsions [457, 489]. ARM390 and KNT-127 were both found to not produce 

convulsions. These DOR agonists are both low internalizing further supporting that high 

internalization of the DOR agonist may lead to some of the deleterious effects 

associated with DOR agonism and biased ligands can circumvent these alterations 

[481, 490].  

1.8 Neuronal Cytoarchitecture 

 Many chronic neuropathic pain states are shown to produce changes in brain 

cytoarchitecture [491, 492]. Morphological changes have been seen following 

neuropathic pain states and result in alterations in grey and white matter [493, 494]. 

Changes in cytoarchitecture have also been seen at the cellular level including 
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alterations in dendritic density and neurite outgrowth [495, 496]. To gain a better 

understanding of the pathophysiology driving migraine progression, I sought to 

investigate the neuronal cytoarchitecture and how that changes following chronic 

migraine model.  Below I will give background information on the regulation of 

cytoskeletal dynamics.  

1.8.1 Microtubules and the Cytoskeleton 

The cytoskeleton is made up of a network of polymeric filaments that include 

actin filaments, intermediate filaments, and microtubules.  The cytoskeleton controls the 

internal organization, shape, motility, and life cycle of eukaryotic cells. Microtubules are 

the largest of the cytoskeletal components.  Microtubules are more rigid than actin 

filaments and are therefore more persistent and longer in length. Microtubules are 

commonly found to be around 5000 µm, while actin filaments are around 20 µm [497, 

498].   

Microtubules are built from heterodimers of α and β-tubulin. Nucleation is the de 

novo formation of microtubules and it is an energy unfavorable process and depends 

largely on tubulin concentration [499]. γ- tubulin is generally used to nucleate the growth 

of new microtubule structures, but is not required by all microtubules [500]. γ-tubulin ring 

processes, are lock-washer-shaped structures that act as a template for microtubule 

assembly and a cap for the minus end. The tubulin components bind in a head-to-tail 

fashion and form polarized linear protofilaments, which then associate together to form 

a hollow tube measuring approximately 25 nm at the outer diameter [501]. As the tube 

is hollow diffusion of small molecules through the microtubule is possible [502].  

Microtubules are often 13 linear protofilaments that associate laterally together. The 
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formation of microtubules can be seen in Figure 5. The surface of the microtubule is 

negatively charged as the carboxy-terminal tails of the tubulins are located on the outer 

surface. These carboxy-terminal tails are key sites for many microtubule-binding 

proteins [503]. The microtubules are also polarized with one end having exposed β-

tubulin, the plus end, and the other having exposed α-tubulin, minus end. 

  

 

Figure 5 De novo synthesis of microtubules A) γ-tubulin molecules form a helix 
which serves as an anchor for tubulin binding. B) α tubulin and β tubulin form tubulin 
heterodimers. C) These dimers are connected into a protofilaments. D) 13 
protofilaments combine to form a hollow microtubule 

 While both ends can grow and depolymerize there are still differences between 

them [504]. The β-tubulin positive end grows faster and is more likely to catastrophe 

and is therefore seen as more crucial for microtubule dynamics [505].  Microtubules are 

regulated by the properties of the tubulin dimer. Both the α and β tubulin subunit can 

bind GTP, but only the β-tubulin can hydrolyze the GTP and incorporate into the 

microtubule lattice. Assembly of the tubulin promotes hydrolysis of the GTP bound 

subunit because the incoming subunit acts as a GTPase-activating protein for the 

subunit completing its nucleotide active site [506]. At high enough concentrations GTP-

α-tubulin β-tubulin γ-tubulin 
A) B) C) D)

Tubulin heterodimer

protofilament
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tubulin will assemble into microtubules, but GDP-tubulin will not assemble into more 

than oligomers [507].  GDP tubulin destabilizes the lattice, so a stable growth is 

dependent on the cap of GTP-tubulin at the microtubule plus end. Glycerol or MAPs, 

along with in some cases Gα can potentiate tubulin GTPase activity.  The GTP cap is 

formed when a new subunit adds to the growing microtubule tip.  Since there is a short 

delay in hydrolysis and phosphate release a GTP-rich region forms at the growing end. 

The GTP cap is thought to have strong lateral bonds, which can maintain the tubular 

structure and allows for continued polymerization.   Upon loss of a GTP cap the 

microtubule will rapidly disassemble, known as catastrophe [508, 509]. These factors 

drive the constant state of growth and disassembly of the microtubule collectively known 

as dynamic instability [510]. While this is the most common method assembly and 

catastrophe can occur at both ends. There is also GTP tubulin scattered throughout the 

microtubule not just at the plus end cap [511]. The assembly of GTP-tubulin into 

microtubules is a spontaneous process that is driven primarily by the hydrophobic effect 

[512]. Disassembly primarily happens at the plus end but can happen at uncapped 

minus ends. The dynamic instability is necessary for several cellular processes. It 

allows cells to change shape to rapidly adapt to their environment. The instability allows 

microtubules to explore an environment and selective stabilization of microtubules play 

fundamental roles in many cellular processes [513].  

1.8.2 Microtubules and Neurons 

Microtubules are essential for many aspects of neuronal function throughout their 

development. The nature of neurons necessitates that active transport is needed to 

properly distribute many different cellular components and establish signaling pathways 
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from synapse to soma and vice versa. The transport of neurotransmitters and 

polarization of the neuron is heavily reliant on the microtubule [514, 515]. The 

microtubule based motors of kinesin and dynein families are necessary to transport the 

neuronal cargo throughout the cell [514, 516]. The microtubule cytoskeleton 

organization provides selective transport routes for sorting of cargo into axons or 

dendrites [517, 518].  Axon selectivity is mediated by specific properties of stabilized or 

modified microtubules as treatment with stabilizing agent result in non-polarized 

targeting of both axons and dendrites [519].   

Microtubules along with actin filaments are driving components in the neuronal 

migration process [520]. After development a model has been proposed in which neurite 

initiation and outgrowth depends on increases in actin and stabilization of the 

microtubules [521]. Stabilization of the microtubule plays an important role in initial 

specification of the axon during neuronal polarization [521].  Kinesin-1 shows higher 

affinity for stabilized and/or modified microtubules and could select axon-specific tracks 

required for polarized trafficking [519, 522, 523]. Microtubules also play key roles after 

neuron formation, as axon regrowth is critically dependent on microtubule cytoskeleton 

[524-527].  Microtubules also contribute to the formation of the synaptic terminal [528] 

and shaping of the dendritic spine [529, 530].  Within axons and dendrites microtubules 

have different pattern orientations [531]. Axons appear to be more uniformly plus-end 

out-oriented microtubules whereas dendrites contained non-uniformly oriented 

microtubules [532, 533]. The differences in the microtubule cytoskeleton contributes to 

polarized trafficking to axons and dendrites [517, 518].   
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 Microtubule dynamics and function are modulated through interaction with 

microtubule motor proteins and non-motor microtubule associate proteins (MAPs).  

Kinesins and dyneins are the two major microtubule motors [534, 535]. These motor 

proteins upon interaction with the microtubule produce force, which among other things, 

can be used for various intracellular functions including transport. The non-motor MAPs 

compromise many proteins that can both stabilize or destabilize microtubules [536]. 

Plus-end tracking proteins (+TIPs) accumulate at the ends of growing microtubules and 

control different aspects of neuronal development. [530]. +TIPs also control microtubule 

dynamics and interactions with other cellular organelles [505]. Collectively, these data 

demonstrate that many functions of microtubules are mediated by complex and diverse 

microtubule-interacting proteins.   

 While microtubules are in a dynamic state there are parts of the neurons that 

have stable microtubules resistant to polymerizing drugs [537]. It is thought that stable 

microtubules might still undergo growing and shrinkage at the plus end. However, the 

rest of the lattice makeup of the microtubule are protected against depolymerization. 

This protection can be seen in many axonal microtubules through post translation 

modifications near the minus end [537]. The post translation modification segments 

near the minus end suggest these stretches are longer lived than the rest of the 

microtubule. While there are many post translational modifications of microtubules, 

detyrosination and acetylation of α-tubulin are often cited to correlate with microtubule 

stability in many systems.  

1.8.3 Post translational Modification of Microtubules   
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 Post translational modifications of microtubules have recently garnered attention 

for their ability to control microtubule properties and functions. There are many 

modifications on the microtubule that can occur. The post translational modifications do 

not all occur at the same spot within the microtubule [538]. Some primarily take place on 

the α-tubulin component, such as detyrosination and acetylation, while others can take 

place on the carboxy tail, such as glutamylation [538]. The differences in where these 

post translational modifications occur and what the modifications are can cause differing 

effects on the function and stabilization of the microtubule. Below I will briefly discuss 

some of the post translational modifications and how these alterations can have an 

impact on the microtubule and further function of the cytoarchitecture. 

Tyrosination and detyrosination of the tubulin were the first post translational 

modification discovered [538].  Tubulin tyrosination involves enzymatic addition of Tyr to 

the α-tubulin [539]. Importantly, tyrosination of the tubulin is reversible [540]. 

Endogenously it was found that most α-tubulin are tyrosinated so removal of the 

tyrosine is seen as the modification [541]. The carboxypeptidase responsible for 

detyrosination is still unknown, but the enzyme responsible for the reverse is known as 

tubulin Tyr ligase (TTL) [542]. Detyrosinating enzymes favor polymerized microtubule 

state while TTL works exclusively on soluble dimers [542, 543]. Detyrosination of tubulin 

can be further modified by removal of the C-terminal glutatmatic acid (Glu) residue to 

form Δ2-tubulin [544]. Formation of the Δ2-tubulin is performed by deglutamylase 

enzymes of the CCP family and in contrast to detyrosination is irreversible [545, 546].  

 The progressive addition of Glu residues on the γ-carboxyl group of one or more 

Glu residues near the C-terminus of polymerized tubulin, in a process known as 
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polyglutamylation [547-549]. There is a similar polyglycylation as well, which extends 

Gly side chains also from the Glu residues near the accessible C-terminus of tubulin 

within the microtubules [550]. Both of these processes are somewhat heterogeneous as 

they can affect either the α or β subunit of the tubulin and can form various lengths of 

chains [547, 548, 550, 551]. The modifications use similar sites and can compete with 

one another [552, 553]. Polyglutamylation is particularly frequent within neuronal tissue 

[554, 555]. Polyglutamylation was found to be caused by the TTL-like 1 (TTLL1) family 

and comprises glutamylating and glycylating enzymes [552, 553, 556-559]. The different 

enzymes within the family have preferences for either glutamylation or glycylation and 

preferences for α or β tubulin [545, 558]. This is also a reversible process, which can be 

done by a degluatmylaitng enzyme in the CCP family [545, 560].  

 Ubiquitin and SUMO are a small protein that can be added covalently [561, 562]. 

Ubiquitylation and Sumoylation are found as post translational modifications on many 

proteins, but have only been found to occur on soluble tubulin dimers [563-565]. The 

ubiquitin E3 ligase, parkin, binds and ubiquitylates tubulin dimers increasing tubulin 

degradation and recycling [563]. The ubiquitinated α-tubulin can accumulate in 

aggregates of Parkinson’s disease and ALS and the inhibition of proteasomes enhance 

the aggregation [566-568]. Sumoylation is associated with cellular function that involve 

microtubules including trafficking and plasticity and may be changed in neurological 

disease states [561].  

 Acetylation of the Lys40 residue on α-tubulin is another common post 

translational modification [569]. Acetylation was found to take place on the microtubule 

polymer [570]. This is also found to be a reversible process as there are two known 
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deacetylating enzymes, histone deacetylase 6 (HDAC6) and sirtuin 2 (SIRT2) [571-

573].  α-tubulin acetylation is affected by several acetyltransferases ARD1-NAT1 [574] 

and elongator protein complex. Elongator protein complex was shown to be necessary 

and sufficient to increase acetylation of the α-tubulin [575, 576]. The C. elegans protein 

mechanosensory abnormality 17 (MEC-17) and its mammalian counterparts, α-tubulin 

N-acetyltransferase 1 (αTAT1) were shown to unambiguously be the acetyltransferase 

for the α-tubulin [577, 578]. αTAT1 is perfectly correlated with microtubule acetylation, 

but not all organisms that have acetylated microtubule have αTAT1 or a homologous 

protein. This suggests that the other proteins discussed above may play a larger role in 

the acetylation of tubulin in these organisms. 

1.8.4 Role of Post Translational Modifications 

 One important aspect of microtubule dynamics is stability of the microtubule. 

Many post translational modifications have been associated with increased longevity of 

microtubules.  Detyrosination is found to be increased on long-lived microtubules, but 

the modification itself does not necessarily cause the increased longevity [579, 580]. A 

contributing factor to the stability may be the association of tyrosinated microtubules 

with depolymerizing proteins.  Microtubule-depolymerization can be carried out by the 

Kinesin-13 family of proteins, these proteins have been found to preferentially associate 

with tyrosinated microtubules [581]. Furthermore, mice that are lacking Ttl, the enzyme 

responsible for tyrosination of tubulin, had overgrowth of microtubules. The overgrowth 

of microtubules was presumably due to the lack of depolymerized by the kinesin-13 

family [582]. Δ2-tubulin has been seen as an irreversible lock on microtubules to 

permanently stabilize them [583]. Δ2-tubulin also generally occurs at the final stages of 
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differentiation where microtubules are no longer undergoing any dynamic changes 

[583]. Acetylation of microtubules are also commonly linked with stability of the 

microtubule. Overexpression of HDAC6 led to decrease in tubulin acetylation 

accompanied by increased susceptibility of microtubules to drug induced 

depolymerization [571]. Additionally, HDAC6 knockout or inhibition significantly 

decreased parameters of microtubule dynamics [584]. There is some evidence that 

preliminarily suggests that acetylation of the tubulin may induce enzymatic microtubule 

severing, which in turn can destabilize the acetylated microtubule [585]. However, there 

is no definitive information to show this impact on how acetylation negatively impacts 

stability. Polyglutamylation has also been linked to microtubule stability through 

microtubule-severing enzymes katanin and spastin interaction [586]. Long Glu side 

chains were found to activate microtubule severing while short has little effect [587].  

 Outside of stability post translational modifications of microtubules have many 

other effects on cellular function. Detyrosination of microtubules has been shown to 

regulate binding and activity of ubiquitous Kinesin-1 [588-591]. This increased affinity 

could have large implications for the movement of kinesin along neurons. Similarly 

acetylation has been found to increase the binding of KIF5 and dynein [592, 593]. 

However, these studies are confounded as they saw the increase only after inhibiting 

HDAC6, which has other targets besides tubulin. TTLL1 knockout mice showed 

decreased neuronal polyglutamylation that showed some effects on minor kinesin 

motors, but no effect on the conventional kinesin KIF5 [594].  

 Post translational modifications play an especially key role in neurons, as 

compared to other cell types, as microtubules in neurons have a much higher rate of 
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modification [544, 595-598]. Within neurons, detyrosination has been found to 

accumulate specifically within the axon and is thought to guide polarization of the 

neuron.  Increased KIF5 binding on detyrosinated microtubules have been implicated to 

aide in navigating the neuron and establishing the axon [588, 591, 595, 599].  Further 

strengthening the importance of detyrosination in neurons, TTL-null mice have no 

tyrosinated tubulin detected in the neurons. TTL null mice show major developmental 

defects and culturing of their neurons displays premature axonal differentiation [582]. 

Acetylation follows a very similar pattern and is often enriched in the same microtubule 

populations that are detyrosinated [595]. Acetylation of microtubules in neurons 

accompanies neuronal differentiation [597, 600]. Silencing of the elongator protein 

complex correlated with decreased microtubule acetylation and impaired neuronal 

migration and branching [576]. Research in C. elegans revealed that reduced 

microtubule acetylation resulted in impaired touch receptor function [578]. 

Polyglutamylate activity was seen highest during development and at later stages 

microtubules are highly polyglutamylated while there is lower activity indicating stable 

microtubules [554]. TTLL1 knockout mice showed decreased levels of α-tubulin 

polyglutamylation resulting in altered synaptic vesicle transport [594]. Together these 

studies demonstrate the importance of post translational modifications on the 

microtubule and the effects in neurons. Post translational modifications on tubulin are 

summarized in Table 1. 

Table 1:Tubulin Post Translational Modifications   
Modification Place of 

Action 
Enzyme Reversible Consequence 

Tyrosination α-tubulin C-
terminus tail 

Tublin Tyr Ligase 
(TTL) 

Yes Associated with 
decreased 
longevity 
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Deytrosination α-tubulin C-
terminus tail 

Unknown Yes  Associated with 
increased 
longevity 
Binding of 
Kinesin-1 

Δ2-tubulin α-tubulin C-
terminus tail 

cytosolic 
carboxypeptidase 
(CCP) 

No Permanently 
stabilize 
microtubuels 

Polyglycylation γ-carboxyl 
group of 
polymerized 
dimers 

TTL-like (TTLL) Yes Kinesin motor 
binding 

Deglycylation γ-carboxyl 
group of 
polymerized 
dimers 

CCP YEs Decreased 
kinesin motor 
binding 

Polyglutamylation γ-carboxyl 
group of 
polymerized 
dimers 

TTL-like (TTLL) Yes Associated with 
increased 
longevity 
Katnin and 
Spastin binding 

Deglutamylation γ-carboxyl 
group of 
polymerized 
dimers 

Unknown Yes Associated with 
decreased 
longevity 
 

Acetylation Lys 40 residue 
on α-tubulin 

α-tubulin N-
acetyltransferase 1 
(αTAT1) 

Yes Increased 
flexibility and 
stability 

Deacetylation Lys 40 residue 
on α-tubulin 

Histone Deacetylase 
6 (HDAC6) 

Yes Stiff and 
decreased 
flexibility 

Ubiquitin Soluble tubulin 
dimers 

parkin Yes Tubulin 
accumulation 

 

1.8.5 Acetylation of Microtubules 

 Acetylation of the microtubule is unique compared to other post translational 

modifications as it is only found on the microtubule lattice and not on cytosolic tubulin. 

This means the enzyme must enter the lumen of microtubules to acetylate the tubulin. 

In support of this αTAT1 affinity is 100 times higher towards tubulin in polymeric state 

compared to unpolymerized tubulin [570, 601-603].  It is still unknown how αTAT1 

enters the lumen, but several models have been proposed. αTAT1 may enter the 
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microtubule lumen through irregularities or breaks in the microtubule wall [604]. The 

model proposes that αTAT1 scans the microtubule for defects and upon finding one 

enters the lumen. Entering the lumen when cracks are detected can explain a lack of 

complete damage to the microtubule that would necessitate αTAT1 activity [605-607]. 

Bending of the microtubules has shown increased incorporation of new dimers, 

demonstrating a repair mechanism in place after cracks are present [605]. The main 

drawback of this model is that it suggests there are many irregularities and damage 

throughout the lumen to allow for the amount of acetylation seen in mature microtubules 

[608].  

Another leading model suggests that αTAT1 enters the lumen of microtubules 

from the ends. Several studies have shown preferential entry at open ends and 

increased acetylation of microtubules at the ends [604, 607, 609-611]. This model is 

complicated by the number of MAPs and other enzymes that localize around the ends 

of the microtubule, which could make it difficult for αTAT1 to enter the lumen.  Similarly, 

questions of how microtubules are deacetylated by HDAC6 or SIRT2 still persist as this 

mechanism is also largely unknown. Some evidence suggests that tubulin deacetylation 

corresponds with depolymerization of microtubule meaning it likely affects cytosolic 

dimers [602]. However, this finding was contradicted by a study that found in vitro 

polymerized tubulin was deacetylated [571, 572]. Newer models suggest that HDAC6 

may function similarly to αTAT1 and enter the lumen through breaks or the open site 

[612].  

 As discussed earlier it has been suggested that tubulin acetylation is important 

for stabilizing microtubules [570, 602, 613]. There is an ongoing debate on whether 
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microtubules are acetylated because they are stable or whether the stability is due to 

acetylation. Early studies found that when tubulin acetylation is artificially increased it 

does not stabilize microtubules [614]. Another model suggests that microtubules 

undergo structural changes after acetylation. Acetylation of the Lys40 residue was 

shown to weaken lateral interactions between protofilaments, which in turn softens the 

microtubule [615]. Given the stress that normally accompanies microtubules in cellular 

life, softened microtubules would be more flexible and therefore more resilient to 

breakage [616]. Furthermore, it was found that acetylated microtubule hotspots are 

around the curved ends of microtubule, which are where the most breakage and 

openings occur [616, 617]. This strengthens the hypothesis that αTAT1 can enter the 

microtubule through these cracks and repair the microtubule lumen making it less likely 

to be damaged in the future resulting in longer lived more stable microtubules.  

 αTAT1 and HDAC6 manipulation has given functional insight into the importance 

of proper tubulin acetylation. Acetylation of microtubules has been linked to cell 

migration, autophagy, neuronal dependent touch in C. elegans and mice, intracellular 

trafficking, and cell adhesion, [592, 593, 609, 610, 618-620]. While the role of 

acetylation in regulating these cellular functions is largely accepted the mechanism for 

how acetylated tubulin functions is still controversial. Some studies have shown that 

molecular motors run preferentially on acetylated tracks, while studies with purified 

microtubules have shown that this may not be the case [592, 593, 621, 622].  It has 

been suggested that the finding of improved motor movement is due to the longer 

lasting microtubule rather than the actual acetylation. αTAT1 knockout mice have 

deformations in the dentate gyrus [623], touch sensation, and sperm motility [619, 624]. 
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The cells from these mice showed reduced levels of contact inhibition during cell 

proliferation possibly explaining the role of acetylation in these various functions.     

1.8.6 Histone Deacetylase 6 

HDAC6 was the first HDAC discovered to be actively maintained in the 

cytoplasm [625]. HDAC6, in rodents, is actively retained in the cytoplasm and only 

under specific circumstances can be partially found in the nucleus [625]. HDAC6 has a 

strong nuclear export signal on the N terminus preventing the accumulation of the 

protein in the nucleus. The nuclear export signal is maintained in humans, but an 

additional cytoplasmic anchoring domain is also present in rodents [626]. HDAC6 has 

been found to primarily interact with two cellular signaling systems, ubiquitination and 

acetylation [627]. HDAC6 possesses 2 catalytic activity domains [628] and the 

duplication has been argued to demonstrate its overall importance in function. There 

have been conflicting reports as to the importance of both domains as some studies find 

that the ability of HDAC6 to deacetylase tubulin needs both domains [629, 630] others 

showing that only the second domain is necessary [631, 632]. Between the two catalytic 

domains is a spacer domain that was also found to be critical for tubulin deacetylation 

activity as an amino acid addition or deletion dramatically affected the activity [629]. 

Despite the controversial findings around the duplicated domain, the second catalytic 

domain has always been found to be necessary for the tubulin deacetylase activity [629, 

631, 632]. HDAC6 has a ubiquitin binding domain and participates in cellular functions 

depending on protein ubiquitination [633, 634]. HDAC6 has a conserved cysteine and 

histidine rich domain in the C-terminus, which is also present in a group of ubiquitin-

specific proteases, known as ZnF-UBP [627, 635]. This domain was found to bind to 
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monomeric ubiquitin with the highest affinity of all known ubiquitin interacting proteins 

[634]. The domain was also found to bind polyubiquitin chains [634, 636]. 

1.8.7 Physiological Roles of Histone Deacetylase 6 

  The first identified acetylation substrate for HDAC6 was α-tubulin [571, 572, 

630]. As previously discussed, tubulin acetylation has been linked to increase kinesin-1 

activity and inhibiting HDAC6 can promote transport [593]. The increased activity of 

motor proteins may explain the ability of HDAC6 to transport protein aggregates to 

aggresomes [633]. HDAC6 also has deacetylase activity on the chaperone protein 

Hsp90 [637-639]. Hsp90 was found to interact with up to 10% of the total yeast 

proteome [640] demonstrating its importance for cellular function. Hsp90 can stabilize 

metastable regions of specific factors by keeping them in a ‘holding’ position. An 

example of this is the glucocorticoid receptor; the hormone-binding activity of the 

receptor is dependent on its association with Hsp90 [641].  HDAC6 acetylation of Hsp90 

was shown to induce dissociation of its co-chaperone p23 and result in accumulation of 

glucocorticoid receptors that were defective in hormone binding [638, 639]. Acetylation 

of Hsp90 was further found to be a major cause of instability of many of its client 

proteins [642].   

HDAC6 has been shown to regulate Hsp90 and glucocorticoid receptor 

chaperoning [637, 638].  There is a direct physical interaction between HDAC6 and 

Hsp90. Activity of both deacetylation and the ubiquitin binding are required for 

interaction with Hsp90 [638, 643]. Overexpression of HDAC6 led to hypoacetyalation of 

Hsp90 and inhibition with trichostatin A (TSA), a selective Class I and II HDAC inhibitor, 

or HDAC6 siRNA knockdown led to hyperacetylation [638]. The glucocorticoid receptor 
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in HDAC6 knockdown cells exhibits reduced ligand binding and was defective in 

translocating to the nucleus to activate transcription of glucocorticoid regulated genes. 

Further demonstrating a link between HDAC6 and glucocorticoids, cells that have 

HDAC6 knockdown and were treated with a synthetic glucocorticoid results in an 

increase in acetylation of Hsp90 [638, 643]. Hsp90 when hyperacetylated has disrupted 

assembly with co-chaperones that are necessary for normal glucocorticoid receptor 

maturation and assembly.  To this end, co-chaperone p23 affinity for Hsp90 was 

dramatically reduced in both HDAC6 knockdown and TSA-treated cells. Improper 

Hsp90 co-chaperone interaction leads to destabilizing of Hsp90 and glucocorticoid 

receptor interaction leading to deficits in signaling [638]. However, Hsp90 has multiple 

acetylation sites and it is likely that HDAC6 does not have affinity for them all [644]. 

Deletion of HDAC6 in serotonin positive neurons reduced acute anxiety-like effects of 

the glucocorticoid hormone corticosterone [645]. Furthermore, depletion of HDAC6 in 

this neuronal population prevented electrophysiological and morphological changed 

induced by traumatic stress implicated HDAC6 inhibitors as potential anxiolytics and 

antidepressants [645].  

HDAC6 has been found to be specifically involved in the fate of ubiquitinated 

proteins. The ubiquitin proteasome system is the main pathway for protein degradation. 

It functions by multiproteic proteolytic complexes that degrade short-lived ubiquitin 

marked proteins [646]. A model of proteasome-inhibition in Drosophila was found to 

cause deterioration, but an overexpression of HDAC6 can suppress the degenerative 

phenotype. This data strongly demonstrates that HDAC6 can suppress cytotoxicity 

[646].  Furthermore, knockdown of endogenous HDAC6 increases tissue degeneration. 
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When the ubiquitin proteasome system is overwhelmed HDAC6 can regulate toxicity 

through the macroautophagic system via microtubules and dynein-mediated transport 

ensuring delivery of the autophagosomes to lysosomes [647].  Aggresomes are 

inclusion bodies in which misfolded proteins are processed and are formed in conditions 

of proteasome deficiency. The ZnF-UBP within HDAC6 plays a critical role in clearance 

of cytotoxic aggregates [633]. HDAC6 acts as a linker between the dynein motors and 

the polyubiquitinated proteins and is crucial for dynein to carry HDAC6 associated 

polyubiquitinated aggregates from the cytoplasm and move them to the aggresome. 

Interestingly both the deacetylase and the ZnF-UBP domains are required for 

aggresome formation. In HDAC6 silenced cells accumulation of ubiquitin-misfolded 

proteins occurs and results in two-fold higher levels of apoptosis.   

 Cortactin is an F-actin-binding protein and promotes polymerization and 

branching and is found in areas of dynamic actin assembly including leading edge of 

cell [648, 649]. HDAC6 deacetylates cortactin through the deacetylase domains [648]. 

Deacetylated cortactin has been shown to increase ability to bind to F-actin, which then 

promotes F-actin-dependent cell movement [648]. Conversely, when cortactin is highly 

acetylated it is less likely to translocate to the cell periphery and bind with F-actin 

resulting in decreased cell motility [648].  

1.8.8 Knockout and Inhibition of Tubulin Acetylation Components 

 There are knockout mouse lines of both HDAC6 and αTAT1. HDAC6 gene was 

targeted through homologous recombination in embryonic stem cells and used to 

generate knockout mice [650]. The embryonic fibroblasts of these knockout mice 

showed normal microtubule organization and stability but had increased tubulin and 
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Hsp90 acetylation and impaired Hsp90 function. These mice are viable and mature to 

adulthood. Interestingly, SIRT2 inhibition or genetic deletion in mouse embryonic 

fibroblasts failed to alter the levels of acetylated tubulin. Within embryonic fibroblasts, 

HDAC6 is the only tubulin deacetylase with detectable in vivo activity [650].  

Knockout of αTAT1 in C. elegans resulted in almost complete loss of α-tubulin 

acetylation [578]. Furthermore, in C. Elegans there was reduced touch sensitivity and 

disruption of microtubule structure and organization in touch receptor neurons [651, 

652]. Furthermore, the depletion of the αTAT1 orthologue, mec17, in zebra fish resulted 

in developmental defects and neuromuscular deficiencies [578].  Homozygous αTAT1 

knockout mice had no detectable tubulin acetylation in embryonic or adult mice in any 

tissue examined [624]. Subcellular investigation also revealed no tubulin acetylation in 

the cytoplasm or cilia. They found that tubulin in the αTAT1 knockout mice were more 

resilient to depolymerization.  These mice were viable, despite some spermatozoa 

morphology and motility issues [624]. There were also limited behavioral alterations 

noted, except mild anxiety like changes in the elevated plus maze [624]. αTAT1 was 

found to be ubiquitously expressed in all mouse sensory neurons and the sensory 

neurons have the highest level of α-tubulin acetylation [624, 653]. A study found that 

αTAT1 knockout in mouse peripheral sensory neurons results in loss of mechanical 

sensitivity to both light touch and painful stimuli, but no alteration in hot and cold touch 

sensitivity [619].  

 One study found that after chronic social defeat stress there was lower 

acetylated Hsp90, higher glucocorticoid receptor and Hsp90 association, and enhanced 

glucocorticoid translocation in the vulnerable mice. HDAC6 inhibitor, ACY-738 led to 
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Hsp90 hyperacetylation. Furthermore, ACY-738 administration resulted in resilience to 

chronic social defeat stress [654].  Similarly, the same group found that ACY-738 

resulted in a dramatic increase in α-tubulin acetylation in the brain. They also found 

decreased depression measures in tail suspension test and a social defeat paradigm 

[655]. Plasma-membrane associated tubulin showed significant decreases in acetylation 

from depressed-suicide, depressed-no suicide, versus control in human postmortem 

tissue [656].  HDAC6 inhibition has also shown some promise in treating pain. HDAC6 

inhibition increased acetylated α-tubulin and was shown to prevent electrophysiological 

and behavioral induced neurological symptoms of vincristine based chemotherapy 

[657]. Another group found that cisplatin-induced neuropathy was prevented through 

HDAC6 inhibition and even reversed existing mechanical allodynia, spontaneous pain, 

and numbness [658]. Furthermore, HDAC6 inhibition was able to relieve hyperalgesia 

following a model of spared nerve injury [659] 

1.9 Summary and Dissertation Organization 

 In summary, migraine is a complex and undertreated disorder that requires more 

research to gain a better understanding about its complex pathophysiology and 

development of more effective therapeutic options. Investigation into cytoarchitectural 

basis for chronic migraine and other chronic pain disorders could potentially unlock 

novel treatments for chronic pain sufferers. Additionally, the DOR has anti-hyperalgesia 

effects and was previously shown to have promise in treating headache disorders. In 

this thesis, I carry out a thorough behavioral and molecular experiment detailing the 

impact of neuronal cytoarchitecture in regulating chronic migraine as well as compare 

these finding to a peripheral pain disorder,. I further highlight the effectiveness of a 
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biased DOR agonist, KNT-127, in regulating migraine associated models of pain and 

aura. This dissertation is presented in a manuscript format in which each chapter 

embodies experiments that gain a better understanding of the pathophysiology of 

chronic pain and preclinical screening of compounds for the future treatment of 

migraine. Chapter 2 has been peer reviewed initially at eLife and is currently in revision. 

This work demonstrates a cytoarchitectural basis for chronic migraine and shows how 

HDAC6 inhibition could be used as a novel therapeutic option. Chapter 3 expands on 

these findings and investigates other cytoarchitectural changes in chronic migraine 

models as well as in a model of CSD. Within chapter 3 I further demonstrate that 

cytoarchitectural changes can accompany chronic regional pain syndrome, a peripheral 

neuropathic pain state. Chapter 4 was previously peer-reviewed and published in 

Headache, and details the use of a biased DOR agonist as potential therapy for treating 

chronic migraine as well as migraine aura. Collectively these works provide a better 

understanding of chronic migraine and identifies novel therapeutic targets for this 

disorder.  
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Chapter 2: Neuronal complexity is attenuated in chronic migraine and restored by 

HDAC6 inhibition  

(Previously published as Zachariah Bertels, Harinder Singh, Isaac Dripps, Kendra 

Siegersma, Alycia F Tipton, Wiktor Witkowski, Zoie Sheets, Pal Shah, Catherine 

Conway, Valentina Petukhova, Bhargava Karumudi, Pavel A. Petukhov, Serapio 

M. Baca, Mark M Rasenick, Amynah A Pradhan (2020) Neuronal complexity is 

attenuated in chronic migraine and restored by HDAC6 inhibition biorxiv.org) 

2.1 Introduction 

Migraine is an extremely common neurological disorder that is estimated to affect 

14% of the world population, making it the third most prevalent disease worldwide [3, 

660].  One particularly debilitating subset of migraine patients are those with chronic 

migraine, which is defined as having more than 15 headache days a month [661].  

Despite its high prevalence, migraine therapies are often only partially effective or are 

poorly tolerated, creating a need for better pharmacotherapies [662]. Recent clinical 

success of antibodies against calcitonin gene related peptide (CGRP) and CGRP 

receptor demonstrate the effectiveness of targeted migraine therapeutics.  While there 

has been more research into understanding the molecular mechanisms of migraine, 

there remains much to be discovered.   

Neuroplastic changes play an important role in a variety of chronic 

neuropsychiatric conditions [663], and epigenetic alterations through histone 

deacetylases (HDACs) are frequently investigated. HDACs are best characterized for 

their ability to deacetylate histones, promoting chromatin condensation and altered gene 

expression [664]. Intriguingly, some HDACs can also deacetylate non-histone targets, 
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including proteins involved in the regulation of cytoarchitecture. Due to its cytoplasmic 

retention signal, HDAC6 is primarily expressed in the cytosol [646], and one of its 

primary targets for deacetylation is α-tubulin [646, 665]. α- and β-tubulin form 

heterodimers that make up microtubules, which are a major component of the 

cytoskeleton, and regulate intracellular transport, cell morphology, motility, and 

organelle distribution [538, 608]. Microtubules undergo multiple cycles of polymerization 

and depolymerization, thus rendering them in a constant state of dynamic instability 

[538]. Tubulin displays a variety of post translational modifications, including α-tubulin 

acetylation, which occurs endogenously through α-tubulin N-acetyltransferase I (αTAT1) 

and  it is correspondingly deacetylated by HDAC6 [608]. Tubulin acetylation is 

associated with increased flexibility and stability of microtubules [616]. In contrast, 

deacetylated microtubules are more fragile and prone to breakage [616]. Microtubules 

are important for cellular response to injury and play a role in neurite branching [666]; 

and microtubule dynamics influence neuronal signaling and mediate axonal transport 

[657, 667-670]. Importantly, changes in cellular structure such as alterations in dendritic 

spine density, have been implicated in disease chronicity [654, 671-673].  

The aim of this study was to determine if altered neuronal cytoarchitecture 

facilitates the chronic migraine state.  We observed decreased neuronal complexity in 

headache-processing brain regions in the nitroglycerin (NTG) model of chronic 

migraine-associated pain.  We further demonstrated that treatment with HDAC6 inhibitor 

reversed these cytoarchitectural changes and correspondingly decreased cephalic 

allodynia. These studies were extended to a mechanistically distinct model of migraine, 

cortical spreading depression (CSD), which is thought to be the electrophysiological 
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correlate of migraine aura.  Again, we observed decreased neuronal complexity in 

migraine related sites, which was reversed by HDAC6 inhibitor. To investigate the 

translational implication, we also tested the effect of olcegepant, a CGRP receptor 

inhibitor, and found that it alleviated chronic allodynia induced by NTG, and restored 

cytoarchitectural changes associated with chronic migraine-associated pain.  These 

results suggest a novel mechanism for migraine pathophysiology and establish HDAC6 

as a novel therapeutic target for this disorder.  

2.2 Materials and Methods 

Animals: Experiments were performed on adult male and female C57BL6/J mice 

(Jackson Laboratories, Bar Harbor, ME. USA) weighing 20-30g. Mice were group 

housed in a 12h-12h light-dark cycle, where the lights were turned on at 07:00 and 

turned off at 19:00. Food and water were available ad libitum. All experiments were 

conducted in a blinded fashion by 1-3 experimenters. Weight was recorded on each test 

day for all experiments. All experimental procedures were approved by the University of 

Illinois at Chicago Office of Animal Care and Institutional Biosafety Committee, in 

accordance with Association for Assessment and Accreditation of Laboratory Animal 

Care International (AAALAC) guidelines and the Animal Care Policies of the University 

of Illinois at Chicago. All results are reported according to Animal Research: reporting of 

In vivo Experiments (ARRIVE) guidelines. No adverse effects were observed during 

these studies, and all animals were included in statistical analysis.  

Sensory Sensitivity testing: Different groups of animals were used for each experiment.  

Mice were counter-balanced into groups following the first basal test for mechanical 

thresholds. Mice were tested in a behavior room, separate from the vivarium, with low 
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light (~35-50 lux) and low-noise conditions, between 09:00 and 16:00.  Mice were 

habituated to the testing racks for 2 days before the initial test day, and on each 

subsequent test days were habituated for 20 min before the first test measurement. For 

cephalic measures mice were tested in 4 oz paper cups.  The periorbital region caudal 

to the eyes and near the midline was tested. For experiments testing peripheral 

mechanical responses, the intraplantar region of the hind paw was assessed. Testing of 

mechanical thresholds to punctate mechanical stimuli was tested using the up-and-

down method.  The selected region of interest was stimulated using a series of manual 

von Frey hair filaments (bending force ranging from 0.008 g to 2 g).  A response of the 

head was defined as shaking, repeated pawing, or cowering away from the filament. In 

the hind paw a response was lifting of the paw, shaking, or licking the paw after 

stimulation. The first filament used was 0.4 g. If there was no response a heavier 

filament (up) was used, and if there was a response a lighter filament (down) was 

tested. The up-down pattern persisted for 4 filaments after the first response.   

Nitroglycerin model of chronic migraine: Nitroglycerin (NTG) was purchased at a 

concentration of 5 mg/ml, in 30% alcohol, 30% propylene glycol and water (American 

Reagent, NY, USA).  NTG was diluted on each test day in 0.9% saline to a 

concentration of 1 mg/ml for a dose of 10 mg/kg.  Mice were administered NTG or 

vehicle every other day for 9 days. Animals used in cephalic experiments were tested 

on days 1, 5, and 9. On test days a basal threshold was measured then animals were 

treated with either NTG or vehicle and then put back in the testing racks and 

subsequently tested 2 h later for the post-treatment effect.   
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Cortical Spreading Depression Model:  The procedure for the cortical spreading 

depression (CSD) model is based on work previously published by Ayata [229]  that is 

commonly used to screen potential migraine preventives and further used in our own 

work Pradhan and colleagues [114]. Mice were grouped into sham and CSD groups and 

then further subdivide into ACY-738 (50 mg/kg, IP) or vehicle (i.e., Sham-ACY, Sham-

Veh, CSD-ACY, CSD-Veh). To make the thinned skull cortical window, mice were 

anesthetized with isoflurane (induction 3-4%; maintenance 0.75 to 1.25%; in 67% N2 / 

33% O2) and placed in a stereotaxic frame on a homoeothermic heating pad. Core 

temperature (37.0 ± 0.5℃), non- peripheral oxygen saturation (∼ 99%), heart rate, and 

respiratory rate (80–120 bpm) were continuously monitored (PhysioSuite; Kent 

Scientific Instruments, Torrington, CT, USA). Mice were frequently tested for tail and 

hind paw reactivity to ensure that the anesthesia plane was maintained. 

To verify CSD events, optical intrinsic imaging (OIS) and electrophysiological recordings 

were performed as previously described[114]. Briefly, following anesthesia, the skin 

from the skull was detached and a rectangular region of ~2.5 x 3.3 mm2 (~0.5 mm from 

sagittal, and ~1.4 from coronal and lambdoid sutures) of the right parietal bone was 

thinned to transparency with a dental drill (Fine Science Tools, Inc., Foster City, CA, 

USA). Mineral oil application improved transparency of cortical surface parenchyma and 

vasculature for video recording. A green LED (530 nm) illuminated the skull throughout 

the experiment (1-UP; LED Supply, Randolph, VT, USA). Cortical surface reflectance 

detected by OIS was collected with a lens (HR Plan Apo 0.5 × WD 136) through a 

515LP emission filter on a Nikon SMZ 1500 stereomicroscope (Nikon Instruments, 

Melville, NY, USA). Images were acquired at 1–5 Hz using a high-sensitivity USB 
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monochrome CCD (CCE-B013-U; Mightex, Pleasanton, CA, USA) with 4.65-micron 

square pixels and 1392 × 1040 pixel resolution.  

Lateral to the thinned window two burr holes were drilled around the midpoint of the 

rectangle. These burr holes were deeper than the previously drilled skull region such 

that the dura was exposed but not broken.  To record local field potentials (LFPs) an 

electrode (in a pulled glass pipette filled with saline) was inserted into one burr hole and 

attached to an amplifier.  A separate ground wire, placed underneath the skin caudal to 

the skull, grounded this set up and LFPs were recorded for an hour to ensure a stable 

baseline and recovery from any surgically induced CSDs.   After an hour of stabilization, 

a second pulled glass pipette was filled with 1 M KCl and placed into the more rostral 

burr hole, avoiding contact with the brain or the surrounding skull.  An initial flow of KCl 

was pushed to begin and then an even flow was held so that there was a constant small 

pool of KCl that filled the burr hole.  Excess liquid was removed with tissue paper 

applied next to the burr hole. Regardless of grouping the CSD recording continued for 

3600s after the initial drip of KCl. Mice were euthanized by anesthetic overdose followed 

by decapitation.  

Golgi Staining: Golgi staining was performed according to the FD Rapid Golgi Stain kit 

(FD Neurotechnologies).  For NTG or Veh treated mice, they underwent the chronic 

NTG model and on day 10, 4 h after ACY-738 treatment or vehicle, mice were 

anesthetized with isoflurane and then euthanized.  After euthanizing the brains were 

removed rapidly.  The tissue was then rinsed briefly in double distilled water.  Tissue 

was then placed in the impregnation solution that was an equal amount of solutions A 

and B that was prepared at least 24 h in advance. After the first 24 h the brain was 



	 85	

placed in new impregnation solution and then stored for 1 week in the dark. The brains 

were then transferred to solution C, which was also replaced after the first 24 h. After 

replacing solution C the brains were stored at room temperature for 72 h more.  

Following solution C, brains were flash frozen in 2-methyl butane and cryostat cut at -

20°C into 100 µm slices. The slices were mounted onto gelatin coated slides and 

secured by a drop of solution C placed onto each slice. These slides were then left to 

dry naturally in the dark.  

Neurite Tracing: After processing images were taken at 20x magnification and a Z-stack 

was created based on different levels of focal plane. After the Z-stack was created the 

FIJI program Simple Neurite Tracer was used to trace the processes of the neuron.  

Furthermore, after tracing the neurons were analyzed using Simple Neurite Tracer [674] 

software to assess the number of branch points from each neuron, overall length of the 

neuron, and Sholl Analysis. Sholl Analysis was performed by placing a center ROI point 

at the center of the soma and producing consecutive circles every 20 pixels for the 

entire body of the neuron. Intersections were counted based on the number of times a 

neurite crossed each of these consecutive circles. These data were compiled per 

neuron and then brought into one Masterfile.  

Neuron Selection: Throughout tracing all tracers were blinded to which group the 

images belonged to. For all brain regions analyzed, six to eight relatively isolated 

neurons were randomly chosen per mouse. The selected neurons were fully 

impregnated with Golgi stain and relatively complete. An atlas was used along with 

clear anatomical markers to ensure the neurons were being taken from their described 

region of interest. Neurons characterized for the trigeminal nucleus caudalis region were 
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taken only from the outer lamina of caudal sections. Neurons analyzed for 

somatosensory cortex were all taken from layer IV of the primary somatosensory barrel 

cortex. To ensure a homogenous cell population only pyramidal cells were selected. 

The most complex neurons were chosen for analysis in all regions. Previously, it was 

shown that dendritic complexity was directly correlated to soma size. To ensure that the 

NTG group where not just smaller in size we directly compared soma diameter of 

neurons in the NTG and Veh group. There was no significant difference in soma size 

between these two groups (Veh 9.258 ± .2515 and NTG 9.192 ± .2782, student run t-

test p= 0.8608). Two individuals traced all cells. Interrater reliability was determined by 

having each tracer trace 5 neurons in their entirety. Pearson product correlations were 

accessed in three measures; number of branches, total dendritic length, and total 

intersection number through Sholl analysis and found to be 0.91, 0.94, and 0.95 

respectively. All tracings of neurons were re-examined by the primary tracer (Z.B.) to 

assure quality control.   

Drug Injections: All injections were administered at 10 ml/kg volume, intraperitoneally 

(IP), unless otherwise indicated. ACY-738 was dissolved in a 5% DMSO saline solution, 

which was used as the vehicle control.  RN-73 was dissolved in 10% DMSO, 10% 

Tween-80, and 80% saline and was injected 1 mg/kg or 10 mg/kg, this mixture was also 

used as the vehicle control group.  ASV-85 was dissolved in 15% DMSO, 15% Tween-

80, and then 70% saline, this mixture was also used as the vehicle control group. ASV-

85 was injected at 1 mg/kg dose. TSA was dissolved in 20% DMSO solution in 80% 

0.01M PBS and injected at a dose of 2 mg/kg, this same solution was used for the 

vehicle. Olcegepant was dissolved in saline solution and was injected at a 0.1 mg/kg 



	 87	

dose.  For the CSD experiments ACY-738 was injected 3 hours before starting the 

surgery so that it would reach its peak efficiency of 4 h by the time the CSD event 

started.  

Quantitative RT-PCR: Total RNA was isolated from flash frozen brain punches using the 

RNeasy Plus Mini kit from Quiagen.  RNA samples were reverse transcribed to single-

stranded cDNA.  cDNA transcription was used following the protocol from Superscript III 

(Life Technologies) and the TaqMan Gene Expression Assay system (Applied 

Biosystems). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Hs02758991_g1) 

was used as a housekeeping gene.  The threshold cycle (CT) of each target product 

was determined and CT values between HDAC6 transcripts and housekeeping genes 

were calculated (ΔCT).  The fold change (2- ΔΔCT) for each was calculated relative to the 

median ΔCT from the saline control animals.  

Immunohistochemistry: Mice were anesthetized with Somnasol (100 µl/mouse; 390 

mg/mL pentobarbital sodium; Henry Schein) and perfused intracardially with 15 ml of 

ice-cold phosphate-buffered saline (0.1 M PBS, pH 7.2) and subsequently 50 mL of ice-

cold 4% paraformaldehyde (PFA) in 0.1M PBS (pH 7.4).  Whole brain and trigeminal 

ganglia (TG) were harvested and overnight left to post-fix in 4% PFA/0.1M PBS at 4°C.  

Brain and TG were then cryoprotected in 30% sucrose in 0.1M PBS until they sunk.  

Brains were then flash frozen using 2-methyl butane over dry ice. Coronal sections of 

the trigeminal nucleus caudalis (TNC) and the somatosensory cortex were sliced at 20 

µM and TG at 16 µM. All slices were immediately mounted onto slides after slicing in 

the cryostat. Slides were washed with PBST.  Then a blocking solution with 5% normal 

donkey serum with PBST for 1 h at room temperature. Slides were then incubated 
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overnight at RT with the primary rabbit anti-HDAC6 antibody (1:500, courtesy of Tso-

Pang Yao at Duke University) diluted in 1% NDSDT. Slides were subsequently washed 

with 1% NDST and then the secondary antibody was added for 2 hours at room 

temperature (donkey anti rabbit IgG, 1:2000). Slides were washed with 0.1 M phosphate 

buffer, and cover slipped with Mowiol-DAPI mounting medium. Images were taken by in 

a blinded manner using the EVOS FL Auto Cell Imaging system, using a 40 x objective.   

Western Blots: Samples were taken from chronically treated NTG or Vehicle mice, 

which received an injection of ACY-738 or Vehicle on day 10. Samples were collected 

4h post-ACY/VEH. Protein concentrations were assessed using a Nanodrop 2000c 

spectrophotometer and equal quantities were loaded onto each Stain-Free acrylamide 

gel for SDS-PAGE (Bio-Rad, Hercules, CA, USA). The gels were subsequently 

transferred to Nitrocellulose membranes (Bio-Rad, Hercules, CA USA) for western 

blotting. The membranes were blocked with 5% non-fat dry milk diluted in TBS-T (10 

mM Tris-HCl, 159 mM NaCl, and 0.1% Tween 20, pH 7.4) for 1 h. Following the 

blocking step, membranes were washed with Tris-buffered saline/Tween 20 and then 

incubated with an anti-acetyl-α-tubulin antibody (Lysine-40) (Sigma Clone 6-11B1), α-

tubulin (Sigma), overnight at 4 °C. Membranes were washed with TBS-T and incubated 

with a secondary antibody [HRP-linked anti-mouse antibody IgG F(ab′)2 or HRP-linked 

anti-rabbit antibody IgG F(ab′)2] (Jackson ImmunoResearch, West Grove, PA, USA, 

catalog #115-036-072 for mouse, and catalog #111-036-047 for rabbit, RRID) for 1 h at 

room temperature, washed, and developed using ECL Luminata Forte 

chemiluminescent reagent (Millipore, Billerica, MA, USA). Blots were imaged using a 

Chemidoc computerized densitometer (Bio-Rad, Hercules, CA, USA) and quantified by 
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ImageLab 3.0 software (Bio-Rad, Hercules, CA, USA). In all experiments, the original 

gels were visualized using BioRad stainfree technology to verify protein loading. 

Statistical Analysis: Sample size was calculated by power analysis and previous 

experience. Since we investigated changes at the cellular level, an individual neuron 

represented a single sample [645, 675]. Data analysis was performed using GraphPad 

Prism version 8.00 (GraphPad, San Diego, CA). The level of significance (α) for all tests 

was set to 0.05. Post hoc analysis was conducted using Holm-Sidak post hoc test to 

correct for multiple comparisons. Post hoc analysis was only performed when F values 

achieved p < 0.05. All values in the text are reported as mean ± SEM. Detailed 

statistical analysis can be found in Supplementary Table 2. 

2.3 Results 

2.3.1 Exposure to chronic NTG induces cytoarchitectural changes in key pain 

processing regions 

Changes in the structural plasticity of neurons have been observed in a number 

of neuropsychiatric disorders and can serve as a marker of disease chronicity [672, 

673]. To investigate if this was also the case in migraine, we treated male and female 

C57BL6J mice every other day for 9 days with NTG or vehicle and tested for 

mechanical periorbital responses on days 1, 5 and 9 (Figure 6A). NTG induced severe 

and sustained cephalic allodynia as measured by von Frey hair stimulation of the 

periorbital region as compared to vehicle animals on the same day (Figure 6B). Mice 

were sacrificed on day 10, 24 h after the final NTG/VEH treatment, and neuronal size 

and arborization were examined through a Golgi staining procedure in a key cephalic 

pain processing region, the trigeminal nucleus caudalis (TNC) (Figure 6C) [676].  We 
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observed a dramatic decrease in neuronal complexity after NTG treatment (Figure 6D).  

Neurons of chronic NTG-treated mice had significantly fewer branch points (Figure 6E), 

and shorter neurites resulting in decreased overall length of the neurons (Figure 6F).  

Further examination of the complexity of the neurons using Scholl Analysis, showed a 

significant decrease in the number of intersections following NTG treatment (Figure 6 G-

I). In addition to the TNC we also determined if other brain regions related to central 

pain processing were affected by chronic NTG treatment. We examined the 

somatosensory cortex (SCx) and periaqueductal grey (PAG) of these mice and found 

similar results, where neurons from NTG-treated mice had fewer branch points, were 

shorter in length, and had fewer intersections. To ensure that this effect was associated 

with migraine-pain processing and not a non-specific effect of NTG we also analyzed 

neuronal complexity in the nucleus accumbens shell (NAc), a region more commonly 

associated with reward, and found no alteration in number of branches, total neuron 

length, or Sholl analysis for cells in this region (Figure 7).  Furthermore, we also 

examined the dorsal horn of the lumbar spinal cord, an important site for peripheral but 

not head-pain processing; and found no differences in NTG versus vehicle controls in 

number of branches, total neuron length, or Sholl analysis (Figure 7).  These results 

suggest that decreased neuronal complexity may be a feature that maintains the 

chronic migraine state; a previously undiscovered phenomenon. 
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Figure 6. The NTG model of chronic migraine produces cytoarchitectural changes 
in a cephalic pain processing region (A) Schematic of testing schedule, M&F 
C57Bl6/J mice were treated with vehicle or nitroglycerin (10 mg/kg, IP; NTG) every 
other day for 9 days. (B) Periorbital mechanical thresholds were accessed prior to 
Vehicle/NTG administration on days 1, 5 and 9. NTG produced severe cephalic 
allodynia p<0.001 effect of drug, time, and interaction, two-way RM ANOVA and Holm-
Sidak post hoc analysis. ***p<0.001 relative to vehicle on day 1 n=8/group. (C) 
Representative image taken of Golgi stained TNC at 4x (left) and 20x (right). Chevrons 
indicate neurons traced from the selected image and demonstrate type of neurons 
selected from this region. (D) Representative tracing of neurons from mice treated with 
chronic vehicle (left) or NTG (right) demonstrating reduced neural processes after 
chronic NTG treatment. (E) The number of branch points/neuron was decreased 
following chronic NTG. Unpaired t-test. ***p<0.001 (F) Total neuron length was also 
compromised after NTG treatment. Unpaired t-test. **p<0.01. (G) Representative Sholl 
plots of vehicle (left) and NTG (right) treated mice. (H) Sholl analysis broken up by 20 
voxel distances from the center of the cell showing differences between groups. (I) Sholl 
analysis revealed a significant decrease in total intersections after chronic NTG 
treatment. Unpaired t-test. *p<.05 n=6 mice/group, 6 neurons per mouse.  
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Figure 7. Chronic NTG treatment causes cytoarchitectural changes in the 
somatosensory cortex (SCx) and periaqueductal grey (PAG) but not the nucleus 
accumbens (Nac) or lumbar spinal cord (LSC) Mice were treated chronic 
intermittently with either NTG or Vehicle for 9 days and on day 10 tissue was collected 
for Golgi staining. (A,E,I,M) Representative image showing Golgi staining in the SCx 
,PAG, Nac, and LSC. (B,F,J,N) Neurons were analyzed for number of branch points, 
(C,G,K,O) combined neuronal length and (D,H,L,P) total number of intersections using 
Sholl analysis. In the SCx (A-D) and PAG (E-H). chronic NTG resulted in significantly 
fewer branches, neurite length, and interactions compared to vehicle treated controls; 
unpaired t-test. *p<0.05, ** p<0.01, ****p<.0001.  In the Nac (I-L) and LSC (M-P), 
chronic NTG did not produce significant changes in the number of branch points, neurite 
length, or interactions compared to vehicle controls. n=6 mice/group, 6 neurons/mouse.  
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2.3.2 HDAC6 inhibition increases acetylated α-tubulin and neuronal 

cytoarchitectural complexity 

We hypothesized that if we could restore migraine-compromised cytoarchitectural 

complexity, that this might also relieve cephalic pain. Recent studies indicate that 

increased tubulin acetylation facilitates microtubule flexibility and prevents breakage 

[608, 615, 677]. Thus, we hypothesized that inhibiting HDAC6 to promote microtubule 

stability may restore the neuronal complexity observed following chronic NTG. We 

tested the selective HDAC6 inhibitor, ACY-738, in the chronic NTG model. Mice were 

treated chronically with NTG or VEH for 9 days. On day 10, mice were injected with 

ACY-738, after 4h, tissue was processed and analyzed by western blot.  ACY-738 

treatment resulted in a significant increase in the ratio of acetylated α-tubulin to total 

tubulin in three key migraine processing regions; the trigeminal ganglia (TG), TNC, and 

SCx (Figure 8).  A separate group of mice were analyzed by neuronal tracing in the 

TNC, 4h post-ACY-738 (Figure 9A). Again, chronic NTG treatment caused a decrease 

in branch points (Figure 9B), combined neurite length (Figure 9C), and number of 

intersections (Figure 9D-F). In contrast, treatment with ACY-738 led to a significant 

increase in these measures in both chronic vehicle and NTG groups (Figure 9A-F). 
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Figure 8. ACY-738 increased levels of acetylated α-tubulin Mice were chronically 
treated with NTG or vehicle for 9 days. On day 10 mice were injected with ACY-738 (50 
mg/kg IP) or vehicle (5% DMSO, 0.9% NaCl, IP) and tissue was collected 4h later. (A) 
Trigeminal ganglia (B) somatosensory cortex, and (C) trigeminal nucleus caudalis of 
mice treated with ACY-738 showed a significant increase in the ratio of acetylated α-
tubulin/total α-tubulin compared to the vehicle treated mice ***p<.0001 n=8-9/group 
effect drug treatment two-way ANOVA. 

 

Figure 9. Treatment with HDAC6 inhibitor restores blunted neuronal complexity 
and inhibits migraine-associated pain.  (A) Representative neuron tracing of mice 
that were chronically treated with vehicle or NTG (10 mg/kg, IP) every other day for 9 
days and on day 10 were injected with ACY-738 (50 mg/kg, IP) or vehicle (5 % DMSO 
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in 0.9% NaCl, IP) and sacrificed 4h later for Golgi staining. (B) The number of branch 
points/neuron were significantly decreased following NTG treatment (NTG-Vehicle); 
while ACY-738 treated mice showed increased branching irrespective of pretreatment. 
p<0.0001 effect of chronic treatment, drug treatment, and interaction, two-way ANOVA 
and Holm-Sidak post hoc analysis. ****p<0.001 effect of ACY-738; ++++p<.001 effect of 
NTG. (C) NTG also decreased total pixel length/neuron, while ACY-738 treatment 
increased it. p<0.0001 effect of NTG treatment, drug treatment, and interaction, two-way 
ANOVA and Holm-Sidak post hoc analysis. ****p<0.0001 effect of ACY-738; ++p<0.01 
effect of NTG. (D) Representative Sholl analysis image of neuronal complexity in the 
four groups. (E) Sholl analysis broken up by 20 voxel distances reveal differences 
between NTG and ACY-738 treatment. (F) Chronic NTG results in significantly fewer 
total interactions relative to vehicle treatment. ACY-738 increases total interactions in 
both vehicle and NTG groups. p<0.0001 effect chronic treatment, drug treatment, and 
interaction, two-way ANOVA and Holm-Sidak post hoc analysis. ****p<0.001 effect of 
ACY-738; ++p<0.01 effect of NTG. For all analysis n=6 mice/group, 6-8 neurons per 
mouse. (G) C57Bl6/J mice underwent chronic intermittent NTG/Veh treatment for 9 
days, on day 10 basal mechanical thresholds were assessed, and mice were 
subsequently injected with ACY-738 (50 mg/kg IP) or Vehicle and tested 4, 24, or 48 h 
later. Chronic NTG treatment caused severe cephalic allodynia (Baselines); which was 
significantly inhibited by ACY- 738 at 4h and 24h post-injection. p<.001 drug, time, and 
interaction, two-way RM ANOVA, Holm- Sidak post hoc analysis, ***p<.001 as 
compared to Veh-Veh treated mice; +++p<.001 as compared to the NTG-Veh treated 
mice; n=12 mice/group. 
 
2.3.3 HDAC6 inhibition reverses NTG-induced allodynia  

Next, we determined if this restored neuronal complexity would affect behavioral 

outcomes. Mice were treated with chronic intermittent NTG or vehicle for 9 days. On 

day 10, baseline cephalic allodynia was observed in mice treated chronically with NTG 

but not vehicle (Figure 9G, baselines). Mice were then injected with ACY-738 or vehicle 

and tested 4, 24, or 48h later.  ACY-738 significantly reversed cephalic allodynia in NTG 

treated mice for up to 24h post-injection. Mechanical responses in vehicle-ACY-738 

treated animals were unaffected (Figure 9G), which suggests that HDAC6-augmented 

neuronal complexity in a pain-free animal does not alter endogenous pain processing. 

Interestingly, the half-life of ACY-738 is only 12 minutes [678], thus short-term inhibition 

of HDAC6 still produced long-lasting behavioral and cytoarchitectural changes.   
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We confirmed that this behavioral effect was due specifically to changes in HDAC6 

inhibition.  We first tested two pan-HDAC inhibitors: the well characterized inhibitor 

trichostatin A (TSA, Figure 10A); and a novel brain-penetrant pan-HDAC inhibitor, RN-

73 [679] (Figure 10B). Both significantly reversed chronic NTG-induced allodynia, albeit 

for a much shorter duration than ACY-738.  In contrast, when we tested the Class I, 

HDAC1 and 2 selective inhibitor, ASV-85, we did not observe any change in NTG-

induced chronic allodynia relative to vehicle controls (Figure 10C).  These data further 

support our finding that chronic migraine-associated pain can be blocked, specifically, 

by HDCA6 inhibition, and that this effect is due to increased acetylation of cytosolic 

HDAC6 substrates, rather than histone acetylation in the cell nucleus.  

Figure 10. Pan-HDAC inhibitors, but not Class I-selective HDAC inhibitor block 
chronic migraine-associated pain	Male and female C57BL6J mice were treated with 
chronic intermittent NTG (10 mg/kg IP) or Vehicle for 9 days. On day 10 mice were 
subsequently tested for baseline responses (Baseline) and then injected with various 
HDAC inhibitors. Baselines were always lower for NTG-treated mice demonstrating 
chronic cephalic allodynia. Separate groups of mice were tested for each drug. (A) Mice 
were treated with the pan-HDAC6 inhibitor Trichostatin A (TSA, 2 mg/kg IP) or Vehicle 
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(20% DMSO in 0.01 M PBS IP) and subsequently tested 2 h later. TSA significantly 
inhibited chronic cephalic allodynia. p<0.05 effect of treatment, drug, time, and 
interaction, Three-way ANOVA and Holm-Sidak post hoc analysis. ****p<0.0001 relative 
to Vehicle-Vehicle, ++++p<0.0001 relative to NTG-Vehicle at same time point n=6-
10/group (B) Mice were treated with the novel brain-penetrant pan-HDAC inhibitor, RN-
73 at 1 or 10 mg/kg (IP) or vehicle (10% DMSO, 10%Tween-80, and 0.9% NaCl). Mice 
were subsequently tested in the hind-paw region 2, 4, and 24 h post treatment. RN-73 
at the 10 mg/kg dose had a significant effect at the 2 and 4 h time point, and the 1 
mg/kg dose had a significant effect only at the 4 h time point compared to the NTG-Veh 
group. Neither dose of RN-73 produced any effect 24 h after treatment compared to 
NTG-Veh. Three-way RM ANOVA and Holm-Sidak post hoc analysis, p<0.05 effect of 
treatment, drug, time and interaction, ****p<0.001 relative to Vehicle-Vehicle at 
matching time point, +++p<.001 NTG- RN-73 relative to NTG-Vehicle at same time 
point, n=8/group. (C) Following chronic NTG/VEH treatment, mice were treated with the 
Class I specific HDAC inhibitor, ASV-85 (1 mg/kg IP) or Vehicle (6.25% DMSO, 5.625% 
Tween- 80, and 0.9% NaCl, IP) and had subsequent mechanical thresholds taken at 2 
and 24 h post-treatment. ASV-85 failed to inhibit NTG-induced pain. NTG-ASV-85 and 
NTG-Veh treated mice both were significantly different than the Vehicle control groups 
at both 2 and 24 h time points, Three-way ANOVA and Turkey post hoc analysis p<.05 
effect of treatment, *p<.05 NTG treated mice compared to Vehicle treated mice at same 
time point.	

2.3.4 HDAC6 mRNA and protein is found ubiquitously in key migraine processing 

regions 

HDAC6 expression is enriched in certain brain regions, such as the dorsal raphe 

[645] and, to the best of our knowledge, HDAC6 expression in head pain processing 

regions is not well characterized.  In situ hybridization using RNAScope and 

immunohistochemical analysis (Figure 11A,B) revealed abundant expression of HDAC6 

transcripts in TG, TNC, and SCx. Gene expression analysis revealed that, of these 

regions, chronic NTG treatment increased HDAC6 expression in the TG (Figure 11C), 

which are the first order cells regulating cephalic pain processing.  Thus, HDAC6 is 

expressed and regulated dynamically in regions that are critical for migraine-associated 

pain processing.  
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Figure 11. HDAC6 is expressed in migraine-processing regions and is 
dynamically regulated (A.) In situ hybridization by RNAScope reveals abundant 
HDAC6 transcripts (red) in trigeminal ganglia, trigeminal nucleus caudalis, and 
somatosensory cortex (B.) Immunohistochemical staining also reveals HDAC6 
expression in these regions. (C.) Mice were treated chronically with vehicle or NTG for 9 
days and tissue was analyzed for HDAC6 gene expression on day 10. HDAC6 
transcript levels were significantly increased following NTG treatment in the TG, 
unpaired t-test, *p<0.05, n=10 mice/group. 
 

2.3.5 HDAC6 inhibitor results in reduced CSD events 

CSD is an electrophysiological property thought to underlie migraine aura. It is 

mechanistically and etiologically distinct from the NTG model of migraine pain, and 

reduction of CSD events is a feature of many migraine preventives [680].  Thus, we 
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examined whether CSD propagation was also affected by HDAC6 inhibition.   Briefly, 

the skull was thinned in an anesthetized animal to reveal the dural vasculature and 

cortex underneath (Figure 12A).  Two burr holes were made, and the more rostral was 

used to continuously drip KCl onto the dura to induce CSD, while local field potentials 

(LFPs) were recorded from the caudal burr hole. The somatosensory/barrel cortex was 

targeted, as it is more sensitive to CSD induction [681]. Throughout the 1h recording, 

CSDs were identified by visual shifts in light and sharp decreases in the LFP (Figure 

12B-C).  Pretreatment with ACY-738 resulted in significantly fewer CSD events relative 

to vehicle controls (Figure 12D), indicating that HDAC6 inhibition also effectively blocks 

this separate migraine mechanism.  
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Figure 12. ACY-738 reduces cortical spreading depression events (A) Schematic of 
the thinned skull preparation used to visualize CSD and placement of KCl infusion and 
LFP recording. (B) Image sequence shows the wave of change in reflectance 
associated with a CSD event. (C) Representative tracing of a single CSD event of 
voltage change versus time. Representative line tracing of CSDs in a Vehicle (Top) vs. 
ACY-738 (Bottom) treated mouse over a 1h period. (D) Animals pretreated with ACY- 
738 (50 mg/kg IP) 4h before CSD recordings began showed a significant reduction in 
the average number of CSD events recorded over an hour. Unpaired t-test. ***p<0.001 
n=7/group.  
 

2.3.6 CSD results in decreased neuronal complexity in the somatosensory cortex 

that is restored by HDAC6 inhibition 

We next examined the neuronal complexity of pyramidal neurons within the 

somatosensory cortex following CSD induction.  Sham mice that underwent anesthesia 

and surgery, but did not receive KCl, were used as controls. Mice were pretreated with 

ACY-738 or vehicle, underwent CSD or sham procedure, and were immediately 

sacrificed for Golgi staining of the SCx (Figure 13A-B).  In the somatosensory cortex, 

CSD evoked a significant decrease in branch points (Figure 13C) and total length of 

neurons (Figure 13D).  In addition, CSD also resulted in a significant reduction in the 

number of branches in neurons of the TNC (Figure 14), a region that is known to be 

activated following CSD events [180].  In contrast, ACY-738 increased neuronal 

complexity in the cortex in both sham and CSD groups.  Sholl analysis demonstrated a 

dramatic decrease in neuronal complexity after CSD, while ACY-738 treatment had the 

opposite effect (Figure 13E-G).  These results demonstrate that decreased neuronal 

complexity is also observed in a second, mechanistically distinct model of migraine, and 

that HDAC6 inhibition can prevent these changes in neuronal cytoarchitecture and 

decrease CSD events. 
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Figure 13. CSD induces decreased neuronal complexity that is prevented by 
treatment with ACY-738 (A) Representative image of Golgi stained sensory/barrel 
cortex at 4x (left) and 20x (right). (B) Representative neuronal tracing for mice that 
underwent pretreatment with Vehicle or ACY-738 and underwent Sham or CSD 
procedures. (C) Analysis of number of branch points/neuron reveal a significant effect of 
CSD and of ACY-738. Two-way ANOVA with Holm-Sidak post hoc analysis. 
++++p<0.0001 effect of CSD; ****p<0.0001 effect of ACY-738. (D) Neurons were further 
analyzed for pixel length per neuron and CSD significantly decreased overall length, 
while ACY-738 significantly increased length. Two-way ANOVA and Holm-Sidak post 
hoc analysis. ++++ p<0.0001 effect of CSD, **** p<0.0001 effect of ACY-738 (E) 
Representative Sholl analysis plot of a neuron demonstrating CSD reduces and ACY-
738 increases neuronal complexity. (F) Sholl analysis broken up by 20 voxel distances 
showing differences between groups. (G) Sholl analysis revealed a significant decrease 
in total intersections after CSD compared to Sham mice; and pretreatment with ACY-
738 increased total intersections compared to vehicle treated groups. Two-way ANOVA 
and Holm-Sidak post hoc analysis ++p<0.01 effect of CSD, **** p<0.0001 effect of ACY-
738. n=6 mice/group, 9 neurons/mouse  
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Figure 14. Cortical spreading depression (CSD) results in blunted neuronal 
complexity in the trigeminal nucleus caudalis (TNC) Mice underwent the previously 
described CSD procedure or a sham surgery in which no KCl was dripped onto the 
dura. Mice were sacrificed immediately after an hour of recording. (A) Neurons were 
analyzed for number of branch points, and CSD resulted in significantly fewer branch 
points relative to sham controls. (B) Neurons were further analyzed for combined 
neuronal length and no significant difference was observed. (C) Total number of 
intersections were analyzed using Sholl analysis and there was no significant 
difference. Unpaired t-test ** p<0.01 n=6/group n=6 mice/group. 

 

2.3.7 CGRP receptor blockade reverses NTG-induced chronic allodynia and 

cytoarchitectural alterations 

We next sought to determine if migraine-selective therapies could influence 

neuronal cytoarchitecture; and we tested the small molecule CGRP receptor antagonist, 

olcegepant, in the chronic NTG model [682]. Mice developed a sustained allodynia to 

repeated NTG treatment (Figure 15A).  On day 10, 24 hours after the final NTG 

injection, baseline mechanical responses were assessed and mice were treated with 

olcegepant or vehicle. Olcegepant significantly inhibited NTG-induced cephalic allodynia 

(Figure 15B), similar to previously published reports [683]. Subsequent golgi analysis of 
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TNC revealed cytoarchitectural alterations in this cohort of animals (Figure 15C).  As 

was observed previously, chronic NTG treatment decreased the number of branch 

points (Figure 15D), combined neurite length (Figure 15E), and number of intersections 

using Sholl analysis (Figure 15F-H). Interestingly, olcegepant treatment restored 

neuronal complexity induced by chronic NTG, but had no effect in chronic vehicle 

treated mice (Figure 15C-H). These data demonstrate that altered neuronal complexity 

could be a feature of chronic migraine, and that restoration of these changes may be a 

marker of effective migraine treatment. 

Figure 15. Treatment with the CGRP receptor antagonist, olcegepant, blocks NTG-
induced chronic allodynia and reverses blunted cytoarchitecture (A) Periorbital 
mechanical thresholds were accessed prior to Vehicle/NTG administration on days 1, 5 
and 9. NTG produced cephalic allodynia; p<0.001 effect of drug, time, and interaction, 
two-way RM ANOVA and Holm-Sidak post hoc analysis. ***p<0.001, ****p<0.0001, 
relative to vehicle on same day 1 n=12/group. (B) Mice were treated with olcegepant 
(0.1 mg/ml, IP) or vehicle (0.9% NaCl) and tested 4 hours later. Olcegepant significantly 
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reversed chronic cephalic allodynia. p <0.05 effect of treatment, drug, time, and 
interaction. Three-way ANOVA and Holm-Sidak post hoc analysis. *p<0.05, **p<0.01 
relative to Vehicle-Vehicle, ++p<0.01 relative to NTG-Vehicle at the same time point 
n=6/group. (C) Representative neuron tracing of mice that were chronically treated with 
Vehicle or NTG (10 mg/kg, IP) every other day for 9 days and on day 10 were treated 
with olcegepant or vehicle and sacrificed 4 hours later for Golgi staining. (D) The 
number of branch points/neuron were significantly decreased following NTG treatment 
(NTG-Vehicle); while NTG-olcegepant treated mice showed increased branching 
compared to the NTG-Vehicle treatment alone. p<0.05 effect of chronic treatment, drug 
treatment, and interaction, two-way ANOVA and Holm-Sidak post hoc analysis. 
****p<0.0001 NTG-Veh compared to Veh-Veh, +p<0.05 NTG-olcegepant compared to 
NTG-Veh. (E) NTG also decreased total length/neuron; while NTG-olcegepant treated 
mice showed restored length compared to the NTG-Vehicle treatment alone p<0.01 
effect of NTG treatment, drug treatment, and interaction, two-way ANOVA and Holm-
Sidak post hoc analysis. ***p<0.001 NTG-Veh compared to Veh-Veh, +++p<0.001 NTG-
olcegepant compared to NTG-Veh. (F) Representative Sholl analysis image of neuronal 
complexity in the four groups. (G) Sholl analysis broken up by 20 voxel distances reveal 
differences between NTG-Veh treatment relative to the other groups. (H) NTG-Veh 
results in significantly fewer total interactions relative to the Veh-Veh treatment and 
NTG-olcegepant mice had significantly more total interactions compared to NTG-Veh 
p<0.05 effect chronic treatment, drug treatment, and interaction, two-way ANOVA and 
Holm-Sidak post hoc analysis. **p<0.01 NTG-Veh compared to Veh-Veh; ++p<0.01 
NTG-Veh compared to NTG-olcegepant. For all analysis n=6 mice/group, 6 neurons per 
mouse. (I) Schematic summary of findings. Endogenously there is a balance of 
acetylated and deacetylated α-tubulin which regulates optimal neuronal complexity. In 
the case of chronic migraine, there is a disbalance resulting in decreased neuronal 
complexity. HDAC6 or CGRP receptor inhibition restores tubulin dynamics and neuronal 
complexity and correspondingly decreases chronic migraine-associated symptoms.  

 

2.4 Discussion 

Our results indicate that in models of chronic migraine there is a dysregulation of 

cellular plasticity resulting in decreased neuronal complexity. We found that following 

the establishment of chronic cephalic allodynia in the NTG model of migraine-

associated pain, there was a decrease in the number of branch points, combined 

neurite length, and interactions of neurons within the TNC, PAG, and somatosensory 

cortex.  With this newly discovered phenomenon we sought to mitigate this decrease 

through inhibition of HDAC6, which we found to restore neuronal complexity and 
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correspondingly, inhibit allodynia.   We found that the cytoarchitectural changes were 

not just NTG induced but were also prominent following CSD. Reduction in neuronal 

complexity was also observed in this model of migraine aura, and again HDAC6 

inhibition restored neuronal plasticity and decreased the number of CSD events. The 

latter effect is a hallmark of migraine preventive drugs. Furthermore, we found that a 

migraine specific treatment, CGRP receptor inhibition, also restored cytoarchitectural 

changes. Together our results demonstrate a novel mechanism of chronic migraine and 

reveal HDAC6 as a novel therapeutic target for this disorder (Figure 15I).  

We used the NTG model in this study as it is a well-validated model of migraine 

[684]. NTG is a known human migraine trigger and has been used as a human 

experimental model of migraine [685]. Similar to humans, NTG produces a delayed 

allodynia in mice [686], as well as photophobia and altered meningeal blood flow [110, 

687]. Chronic intermittent administration of NTG is used to model chronic migraine [683, 

688-691]. Although, compared to humans, much higher doses of NTG are required in 

rodents, the allodynia induced in mice is inhibited by migraine-specific medications, 

such as sumatriptan [114, 686, 688] and CGRP targeting drugs [683], as well as the 

migraine preventives propranolol and topiramate [115, 692].  Further, mice with human 

migraine gene mutations are more sensitive to NTG [85]. Systemic administration of 

NTG also causes cellular activation throughout nociceptive pathways including in the 

TNC and brainstem [116, 692-694]. Correspondingly, we also observed changes in 

neuronal complexity in the TNC, as well as in the PAG and somatosensory cortex, 

regions heavily involved in pain processing. Alterations in these regions could contribute 

to allodynia or interictal sensitivity observed in chronic migraine patients.  We did not 
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observe any alterations in neuronal complexity in the nucleus accumbens, which is 

commonly associated with processing of reward and motivation. RNA-Seq experiments 

from our lab have also showed that the nucleus accumbens shows very different 

responses to chronic NTG relative to parts of the trigeminovascluar system [695]. 

Importantly, we observed no change in neuronal cytoarchitecture in the lumbar spinal 

cord, a region involved in peripheral but not cephalic pain processing. These findings 

suggest that neuronal cytoarchitectural changes may be a common maladaptive 

mechanism driving migraine chronicity.  

While these results are the first of their kind to demonstrate cytoarchitectural 

changes in models of chronic migraine, alterations in neuronal plasticity have been 

described previously in models of neuropathic pain. A mouse model of chronic 

constriction injury of the sciatic nerve reduced neurite length in GABA neurons within 

lamina II of the spinal cord [496].  Another group observed that following spared nerve 

injury, there were decreases in the number of branches and neurite length of 

hippocampal neurons but increases in spinal dorsal horn neurons [696]. Together these 

studies, along with those reported here, suggest adaptations of the central nervous 

system to chronic pain culminate in alteration of the neuronal cytoarchitecture.  

We also observed decreased neuronal complexity in CSD, a migraine model 

mechanistically distinct from NTG. CSD is thought to underlie migraine aura and reflects 

changes in cortical excitability associated with the migraine brain state [185, 697].  

Previous studies also support the idea of cytoarchitectural alterations accompanying 

spreading depression/depolarization events, and have mainly focused on dendritic 

morphology. Neuronal swelling [169] and dendritic beading [698] have been observed 
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following spreading depression events. CSD also resulted in alterations in dendritic 

structure [169, 699] and volumetric changes [169]. Further, Steffensen et al. also 

showed decreased microtubule presence in dendrites following spreading depression in 

hippocampal slices, again implying alterations in cytoarchictural dynamics [698]. 

Microtubules have been shown to disassemble in response to increased intracellular 

calcium [700]; and the increased calcium influx following spreading depolarization [701] 

may facilitate this breakdown. Tubulin acetylation is associated with increased flexibility 

and stability of microtubules [616].  One way in which HDAC6 inhibitors could attenuate 

CSD is through increased tubulin acetylation, thus counteracting cytoarchitectural 

changes produced by CSD events.  Furthermore, multiple reports indicate that CSD can 

activate the trigeminovascular complex, and evoke cephalic allodynia in rodents [205, 

702-706].  We also observed decreased neurite branching in the TNC following CSD, 

further linking CSD to head pain processing.  Combined, these data suggest that CSD 

has an impact on neuronal morphology that contributes to migraine pathophysiology. 

Proper acetylation of microtubules is necessary for a variety of cellular functions 

including appropriate neurite branching [666], cell response to injury [666], 

mitochondrial movement [667, 668], anchoring of kinesin for microtubule mediated 

transport [707] and regulation of synaptic G protein signaling [670, 708, 709]. Knockout 

of the α-tubulin acetylating enzyme, α-TAT1, in sensory neurons results in profound 

deficits in touch [619]. Furthermore, Charcot-Marie-Tooth (CMT) disease is a hereditary 

axonopathy that affects peripheral nerves resulting in damage to both sensory and 

motor function.  Mouse models of CMT reveal deficits in mitochondrial transport in the 

dorsal root ganglia (DRG) due to reduced acetylation of α-tubulin, while HDAC6 
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inhibition ameliorates CMT-associated symptoms [710, 711]. HDAC6 inhibitors were 

also found to be effective in models of chemotherapy induced neuropathic pain [657, 

658]. In mice, HDAC6 inhibitors effectively reduced chemotherapy-induced allodynia 

following treatment with vincristine [657] or cisplatin [658]. In addition, both groups 

found that chemotherapy blunted mitochondrial transport in sensory neurons, an effect 

that was restored by HDAC6 inhibition.  A recent study also found that HDAC6 inhibition 

was effective in models of inflammatory and neuropathic pain [659]. Together with our 

study, these data further demonstrate the importance of HDAC6 in regulating acetylated 

α-tubulin and how tubulin acetylation state can regulate sensory dysfunction; thus 

supporting the potential of HDAC6 inhibitors for the treatment for chronic pain 

conditions. 

We observed that chronic migraine resulted in decreased neuronal complexity 

and therefore focused on the role of HDAC6 in tubulin acetylation and cytoarchitectural 

dynamics [608, 666].  However, HDAC6 also regulates Hsp90 and cortactin [646]. 

HDAC6 deacetylates Hsp90, which plays an important role in glucocorticoid receptor 

maturation and adaptation to stress [638]. A previous study using a model of social 

defeat stress showed that HDAC6 knockout or inhibition decreased Hsp90-

glucocorticoid receptor interaction and subsequent glucocorticoid signaling, thus 

encouraging resilience [645]. In line with these findings, HDAC6 inhibitors also show 

antidepressant-like effects [669, 678], and membrane-associated acetylated tubulin is 

decreased in humans with depression [709]. Changes in neuronal complexity may serve 

as a common mechanism underlying the chronicity of psychiatric and neurological 

diseases. Further, HDAC6 also directly deacetylates cortactin, a protein that regulates 
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actin dependent cell motility [648]. Future studies will focus on identifying the precise 

mechanism by which HDAC6 impacts neuronal complexity in the chronic migraine state.  

We investigated whether a current migraine treatment strategy, CGRP receptor 

inhibition, could ameliorate the cytoarchitectural changes induced by chronic migraine-

associated pain. We found a good correlation between the anti-allodynic effects of 

olcegepant and its ability to restore neuronal complexity in the chronic NTG model. In 

contrast to ACY-738, olcegepant had no effect on vehicle treated mice and only 

recovered but did not increase neuronal branching, length, or intersections in the NTG 

treated group.  These results, along with the finding that NTG did not alter complexity in 

the lumbar spinal cord or nucleus accumbens, help to confirm that the changes in 

neuronal cytoarchitecture following NTG are associated with migraine mechanisms. In 

addition, this study suggests a possible mechanism in which recovered neuronal 

complexity is a marker of effective migraine medication.  Our findings also open up 

research on the signaling mechanisms that link migraine relief with tubulin dynamics. 

One possibility is that decreased neuronal cytoarchitecture is driven through a CGRP 

related mechanism and direct antagonism of the CGRP receptor reverses these 

alterations. NTG treatment was previously found to upregulate CGRP in the blood, 

TNC, and dura mater demonstrating a direct link between NTG and CGRP [712-714]. 

Future studies will explore the relationship between CGRP and other migraine therapies 

with neuronal cytoarchitecture.  

Our results reveal a novel cytoarchitectural mechanism underlying chronic 

migraine, and imply that this disorder may result from attenuation of neurite outgrowth 

and branching. This blunted complexity would consequently decrease neurnoal 
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plasiticity and the ability of the cell to respond to its environment. We propose that this 

decreased flexibility could also encourage the strengthening of maladaptive synapses 

and prevent the formation of potentially beneficial synapses. Human imagining studies 

reveal decreased cortical thickness [715], and grey matter reductions in the insula, 

anterior cingulate cortex, and amygdala of migraine patients [73]. Interestingly, a 

significant correlation was observed between gray matter reduction in anterior cingulate 

cortex and frequency of migraine attacks [73]. These structual changes could reflect 

decreased neuronal complextity in combination with other factors.  

We propose that strategies targeted towards pathways regulating neuronal 

cytoarchicture may be an effective approach for the treatment of chronic migraine.   

Although HDAC6 inhibition increased neuronal complexity in vehicle or sham animals, 

this did not affect normal pain processing or cortical excitability, respectively. 

Additionally, constitutive knockout of HDAC6 produces viable offspring with few 

phenotypic changes other than resilience to stress [650]. Together these results 

suggest that HDAC6 inhbitors may restore cellular adaptations induced by chronic 

disease states but may not otherwise affect healthy physiological function. Chronic 

migraine may result from attenuation of neurite outgrowth and branching and 

compounds that reverse this adaptation, such as HDAC6 inhibitors, may contribute to 

the migraine therapeutic armamentarium.   
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Chapter 3: Altered Neuronal Complexity in chronic nitroglycerin, cortical 

spreading depression, and complex regional pain syndrome  

Chapter 3.1 Introduction 

 Chronic pain syndromes are debilitating conditions that affect approximately 20% 

of American adults, greatly impacting their quality of life [716]. The International 

Association for the Study of Pain (IASP) defines chronic pain as, “pain without apparent 

biological value that has persisted beyond the normal tissue healing time” [717].  

Despite its wide prevalence, the pathophysiology that drives the transition of pain from 

an acute state to a chronic one is still not entirely known [718].  One possible 

mechanism implicated in many neuropsychiatric conditions, including chronic pain, is 

alterations in neuroplasticity [663]. Within the broad range of neuroplasticity, recent 

evidence has suggested the importance of cytoarchitectural alterations in the regulation 

of many psychiatric conditions [671, 709]. A key component of the cytoarchitecture is 

microtubules, which are in a constant state of dynamic instability [538]. Microtubules 

facilitate cellular responses to injury and regulate many neuronal functions, including 

neurite branching, axonal transport, and signaling [666, 667].  Importantly, alterations in 

neurite structure, including gross changes in neuronal complexity and dendritic spine 

density are observed in animal models of neuropathic pain disorders [491, 496]. 

Therefore, it is possible that alterations in neuronal cytoarchitecture may be 

fundamental for initiating and/or maintaining pain chronicity. 
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 Chronic pain can encompass disorders effecting both central and peripheral 

processes [719]. An especially common centrally regulated pain disorder is chronic 

migraine. Chronic migraine affects up to 2% of the general population and is defined as 

having at least 15 headache days a month for a minimum of 3 months [7, 661]. While 

much has been recently learned about the pathophysiology responsible for the 

transition of migraine from an acute to chronic state the underlying mechanisms are still 

being explored [720]. A chronic migraine model, which uses the human migraine trigger 

nitroglycerin (NTG), as well as a model of cortical spreading depression (CSD) were 

recently shown to result in alterations in cytoarchitecture within key migraine regulating 

regions [721]. This, along with human research showing alterations in grey matter 

volume following chronic migraine further indicates a possible causal mechanism 

between headache chronicity and alterations in cytoarchitectural dynamics [722, 723]. 

Other chronic pain disorders have also been shown to have alterations in neuronal 

complexity in humans and animal models including, chronic regional pain syndrome 

(CRPS) [492, 493, 495, 724]. CRPS originally presents itself as an acute/peripheral 

disorder, but over time can transition to a chronic/centrally regulated pain disorder [725]. 

The acute phase is characterized by warmth of the affected skin, while in the chronic 

phase there is no peripheral limb warmth or inflammation, but there is chronic pain in 

humans and allodynia in animal models as well as debilitating cognitive deficits [726, 

727]. As with chronic migraine much is still unknown about the transition from the acute 

to chronic CRPS  [718]. Gaining a better understanding of the changes in the 

cytoarchitecture following chronic pain disorders could allow for the development of 

novel therapeutics that are affective in multiple pain conditions.  
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 The aim of this study was to further investigate alterations that occur following 

chronic migraine and assess if similar alterations in cytoarchitecture are observed in a 

peripheral model of CRPS. We previously showed that there were neuronal 

cytoarchitectural differences in key migraine pain processing regions following the NTG 

model of chronic migraine [721]. These results revealed a novel mechanism responsible 

for the transition of migraine from an episodic to a chronic condition.  We sought to build 

on these original findings by exploring other brain regions related to migraine and 

homeostatic dysregulation and determine how far reaching these cytoarchitectural 

changes were.  In the NTG model of chronic migraine, we observed an increase in 

cytoarchitectural complexity within the thalamus. Additionally, we also investigated 

alterations in areas that are found to regulate the emotional and affective aspects of 

pain, specifically the central amygdala and the caudate putamen [728, 729]. However, 

we found that our chronic migraine model showed no significant changes in these 

regions. We further expanded on previous CSD results and found that within the 

periaqueductal gray (PAG) there is also decreased neuronal complexity, similar to the 

SCx and TNC (Chapter 2). We further investigated if another chronic pain model, 

CRPS, also resulted in cytoarchitectural alterations. Within the hippocampus we 

observed decreased neuronal complexity. However, there was an increase in the 

complexity of neurons within the PAG. These results suggest that altered neuronal 

complexity could be an important hallmark of the transition of pain from an acute to 

chronic state. 

3.2 Materials and Methods 
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Animals: Experiments were performed on adult C57BL6/J mice (Jackson Laboratories, 

Bar Harbor, ME. USA). The chronic migraine experiments used both male and female 

mice, while the cortical spreading depression work used onle females. All experiments 

performed with the chronic regional pain syndrome model used only male mice. All mice 

weighed between 20-30 grams for the length of the study. To ensure health, weight was 

recorded on each day for all experiments. Mice were group housed in a 12h-12h light-

dark cycle, where the lights were turned on at 07:00 and then turned off at 19:00.  Both 

food and water were available ad libitum. All experiments were conducted in a blinded 

fashion. The procedures for all studies were approved by the University of Illinois at 

Chicago Office of Animal Care and Institutional Biosafety Committee, in accordance 

with Association for Assessment and Accreditation of Laboratory Animal Care 

International (AAALAC) guidelines and the Animal Care Policies of the University of 

Illinois at Chicago.  The results are reported according to Animal Research: reporting In 

vivo Experiments (ARRIVE). The complex regional pain syndrome experiments were 

done in collaboration with Dr. Vivianne Tawfik at Stanford University. The in vivo 

experiments modeling complex regional pain syndrome were done at Stanford 

University and in accordance of their animal care committees.  No animals were seen to 

have adverse effects and all animals were included in the statistical analysis.  

Chronic migraine sensory sensitivity testing: Different groups of animals were used for 

each experiment. The mice for the chronic migraine experiment were counter-balanced 

on the first day based upon their original basal threshold. Mice were tested in a behavior 

room, which was completely separated from the vivarium. The testing room had low 

light and low noise conditions. All tests were performed between 08:00-16:00.  For 
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cephalic testing animals were habituated to the testing rack for 2 days prior to the 

original test day. The rack also contained 4 oz paper cups that the mice also habituated 

to.  On subsequent test days mice were placed on the rack with the cups 20 minutes 

prior to that day’s basal measurement. The up and down method was used to assess 

punctate mechanical stimuli [730]. Manual von Frey hair filaments with a bending force 

between 0.008 to 2 g were used in these experiments.  A response in the cephalic 

measures was defined as repeated shaking, pawing at the face, or cowering from the 

filament following stimulation. The first filament used was 0.4 g and following no 

response a heavier filament (up) was used. Alternatively if there was a response a 

lighter filament (down) was used next.  This up and down pattern was repeated for 4 

filaments following the initial response.   

Complex regional pain syndrome sensitivity testing: In vivo experiments and testing 

were conducted by Dr. Vivianne Tawfik’s lab at Stanford University. Logarithmically 

increasing set of von Frey filaments were used in a range of 0.007 to 6.0 g.  The 

filaments were applied to the plantar hind paw until a bend occurred. A positive 

response was a withdrawal from the filament within 4 seconds.  The up and down 

method was also used for these experiments and a 50% withdrawal mechanical 

threshold were calculated for the mice.  

Nitroglycerin model of chronic migraine: Nitroglycerin (NTG) was purchased at a 

concentration of 5 mg/ml, in 30% alcohol, 30% propylene glycol and water (American 

Reagent, NY, USA).  For the chronic NTG experiment, the NTG was diluted prior to 

testing on each day with 0.9% saline to a concentration of 1 mg/ml and a dose of 10 

mg/kg. The 0.9% saline served as the vehicle control. Mice were injected with NTG IP 
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every other day for 9 days i. On days 1, 5, and 9 mice were tested before and 2h 

following NTG injection. 

Cortical Spreading Depression Model: The cortical spreading depression model used in 

this study, is based off previous work by Ayata [210, 229] that is commonly used to 

screen potential migraine therapeutics. For these studies only female mice were used 

and mice were randomly assigned to sham or CSD groups.  The skulls of the mice were 

thinned to form a cortical window. For the surgery the mice were anesthetized with 

isoflurane induction 3-4%; maintenance 0.75 to 1.25%; in 67% N2 / 33% O2). Once 

adequate anesthetic level was assessed the mice were placed on a stereotaxic frame 

on a homoeothermic-heating pad. Life signs were monitored throughout the experiment 

including core temperature, non-peripheral oxygen saturation, heart rate, and 

respiratory rate (PhysioSuite; Kent Scientific Instruments, Torrington, CT, USA). To 

ensure proper anesthetic depth mice were frequently tested for tail and hind paw 

reactivity.  

CSD events were verified using optical intrinsic imaging (OIS) and electrophysiological 

recordings as previously described [465].  Following anesthesia the skin was cleared 

from the skull and a rectangular region of ~2.5 x 3.3 mm2 (~0.5 mm from sagittal, and 

~1.4 from coronal and lambdoid sutures) of the right parietal bone was thinned to 

transparency with a dental drill (Fine Science Tools, Inc., Foster City, CA, USA).  

Following successful window creation mineral oil was applied to the surface to improve 

transparency for video recording.  A green LED (530 nm) was further used to illuminate 

the skull to aid in recording (1-UP; LED Supply, Randolph, VT, USA). Cortical surface 

reflectance detected by OIS was collected with a lens (HR Plan Apo 0.5 × WD 136) 
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through a 515LP emission filter on a Nikon SMZ 1500 stereomicroscope (Nikon 

Instruments, Melville, NY, USA). Images were acquired at 1–5 Hz using a high-

sensitivity USB monochrome CCD (CCE-B013-U; Mightex, Pleasanton, CA, USA) with 

4.65-micron square pixels and 1392 × 1040 pixel resolution. 

Lateral to the window 2 burr holes were drilled. These burr holes were drilled deeper 

than the thinned window such that exposure to the dura was achieved, but not so deep 

as to damage the dura.  Local field potentials were recorded using an electrode filled 

with saline that was inserted into the dorsal burr hole and subsequently attached to an 

amplifier. Placing a silver wire beneath the skin grounded the animals. Basal 

electrophysiological measurements were measured for 1h prior to KCl application to 

induce CSD. KCl (1M) was dripped into the rostral burr hole at a rate that ensured a 

continual pool, but not so much that excess spilled over onto the thinned skull. The pool 

of KCl was maintained for an hour of recording. Sham mice had the skull thinned and 

the burr holes drilled, but they did not receive KCl drip or have an electrode placed as 

punctate stimuli can produce a CSD itself. Following CSD recording mice were 

euthanized and brains were collected for Golgi staining.  

Complex regional pain syndrome model: Dr. Vivianne Tawfik’s lab at Stanford University 

performed the CRPS model. Mice were anesthetized using isflourane and had the 

closed right distal tibial fracture followed by casting [731]. The right hind limb was 

wrapped in gauze and a hemostat was used to fracture the distal tibia. The hind limb 

was wrapped using casting tape from the metatarsals to the spica formed around the 

abdomen. The cast was applied only to the plantar surface and a window was left to 

prevent constriction. 21 days following casting the casts were removed. Mice had a 
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basal measure prior to fracture, one 21 days after fracture (acute phase), and then at 7 

weeks (chronic phase).  Following completion of the 7th week the mice were sacrificed 

and their brains underwent the Golgi staining technique. Afterwards they were shipped 

to the University of Illinois at Chicago for tissue processing and analysis.  

Golgi Staining: All Golgi staining was done using the FD Rapid Golgi Stain Kit (FD 

Neurotechonlogies).  Chronic NTG mice were sacrificed on day 10 following anesthesia 

using isoflourane and then decapitation. CSD/Sham mice were similarly sacrificed 

following the hour of CSD recordings. CRPS animals were sacrificed 7 weeks after 

casting and were subsequently used in the same Golgi staining behavior. Brains were 

removed and then rinsed in distilled water. An impregnation solution of A and B was 

prepared in advance and brains were placed in this solution for 1 week in the dark.  

Following this they were placed into solution C for 72 hours. Brains were then flash 

frozen in 2-mehty butane and cut on a cryostat to 100 µm slices. The slices were then 

put on slides and stained using the kit procedure. 

Neurite Tracing: After tissue processing all images were taken at 20x magnification and 

a Z-stack was created through different focal planes.  FIJI program Simple Neurite 

Tracer was used to process al the neurons [674]. The software was also used to count 

the number of branch points, overall length, and Sholl analysis. Sholl analysis used the 

soma as the center point and 20 pixels as the consecutive circles.  

Neuron Selection: The tracers were blinded to which group the images belonged. 6 to 8 

relatively isolated neurons were randomly chosen per mouse. The neurons were fully 

impregnated with Golgi stain. An atlas and clear anatomical markers were used to take 
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images from the region of interest. Somatosensory cortex neurons were taken from 

layer IV of the primary somatosensory barrel cortex.  

Statistical analysis: Sample sizes were calculated by power analysis and based on 

previous experiments. Data analysis was performed using GraphPad Prsim version 

8.00 (Graphpad, San Diego, CA). The level of significance (α) for all tests was set to 

0.05. Post hoc analyses were conducted using Holm-Sidak post hoc test. Post hoc 

analysis was only conducted when F values achieved significance of p<0.05. All values 

in text and in figures are reported as mean ± SEM. 

3.3 Results 

3.3.1 Chronic NTG treatment produces cytoarchitectural changes in  pain relay 

circuitry 

 We used a previously established model of chronic migraine by treating male and 

female C57BL6J mice every other day for 9 days with NTG or vehicle (Figure 16A) [94]. 

We measured periorbital response to mechanical stimulation on days 1, 5, and 9 

(Figure 16A). This model produced a significant decrease in the basal cephalic 

mechanical threshold within the NTG treatment group (Figure 16B). These data 

represent the development of chronic hypersensitivity, as is often seen in migraine 

patients [39]. Following chronic NTG/Veh treatment mice were sacrificed on day 10, 24 

hours after the final treatment. The brains then underwent the Golgi staining procedure 

to investigate possible neuronal cytoarchitectural alterations. We chose to investigate 

the ventral posteromedial nucleus of the thalamus (VPM) as it has been implicated as a 

key player in regulating allodynia and sensitization from the trigeminal circuit (Figure 
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16C) [15, 39, 732, 733]. Examination of the number of branch points per neuron 

revealed a dramatic increase in the total number of branches in the NTG treated mice 

(Figure 16D). Interestingly, this stark increase in the number of branch points did not 

correlate with an increase in the overall length of neurons (Figure 16E) or change in the 

complexity as assessed through Sholl analysis (Figure 16F-G).  While there was not a 

significant change in all measures, the increase of branching of neurons within the VPM 

are an interesting contrast to the previous findings of decreased branching and 

complexity in the trigeminal nucleus caudalis (TNC), ventrolateral periaqueductal gray 

(vlPAG), and the somatosensory cortex (SCx) following chronic NTG [721].  

 

Figure 16. Chronic NTG Treatment resulted in cytoarchitectural changes within 
the ventral posteromedial nucleus 
(A) Schematic of testing and injections, M&F C57Bl6/J mice were treated with chronic 
intermittent Nitroglycerin (10 mg/kg, IP; NTG) or Vehicle for 9 days and on day 10 tissue 
was collected for Golgi staining (B) Periorbital mechanical thresholds were accessed 
prior to Vehicle/NTG administration on days 1, 5 and 9. NTG produced severecephalic 
allodynia p<0.001 effect of drug, time, and interaction, two-way RM ANOVA and Holm-
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Sidak post hoc analysis. ***p<0.001, **p<0.01 relative to vehicle on same day n=5-
6/group (C) Representative image taken of the Golgi stained Ventral posteromedial 
nucleus of the thalamus at 4x(left) and 20x (right). (D) The number of branch points per 
neuron were significantly increased following treatment with chronic NTG. Unpaired t-
test **p<0.01 (E) Total neuron length was also measured, but showed no significant 
change. Unpaired t-test. (F) Representative Sholl image of Vehicle (left) and CSD 
(right). (G) Sholl analysis showed no significant changes between the NTG and vehicle 
groups with in the thalamus. Unpaired t-test. n=5-6mice per group. 6 neurons per 
mouse 
 
3.3.2 No difference following chronic NTG in central amygdala and caudate 

putamen, areas that regulate affective and emotional responses 

 To further build on our current and previous [721] findings we sought to 

determine if there were any other regions implicated in migraine that also showed 

cytoarchitectural alterations.  Migraine results in a host of symptoms outside of pain, 

including alterations in emotional regulation and cognitive dysfunction [6, 12]. The 

amygdala and the basal ganglia have both been highly implicated in migraine 

pathophysiology [72, 734]. We first investigated if there were any changes within the 

central amygdala following chronic NTG treatment (Figure 17A). There was no 

significant change in the number of branch points (Figure 17B), total neuronal length 

(Figure 17C), or in the complexity of the neurons assessed through Sholl analysis 

(Figure 17D-E). We had very similar findings when investigating the caudate putamen 

(Figure 17F). Again, There was no significant difference in branches (Figure 17G), total 

neuronal length (Figure 17H) or complexity (Figure 17I-J). These data show that the 

alterations in cytoarchitecture following chronic NTG, while widespread, do not affect 

every region. 
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Figure 17. Chronic NTG does not produce cytoarchitectural changes in brain 
regions that regulate emotional regulation Mice were treated with chronic 
intermittent NTG or Vehicle for 9 days and no day 10 tissue was collected for Golgi 
staining. (A) Representational image of central amygdala 4x(left) and 20x (right) (B) 
Neurons from this region were analyzed for number of branch points and showed a 
decreasing trend, but no significant change. Unpaired t-test (C) Total neuron length was 
also found to trend towards a decrease, but no significant change. Unpaired t-test. (D) 
Representational Sholl analysis image of Vehicle (Left) and NTG (Right). (E) Sholl 
analyses were conducted and there was no significant change in the number of 
intersections within the central amygdala. Unpaired t-test (F) Representational image of 
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the Caudate Putamen 4x(left) and 20x (right) (G) Neurons from this region were 
analyzed for number of branch points and showed a decreasing trend, but no significant 
change. Unpaired T-test (H) Total neuron length was also found to be trend towards a 
decrease, but no significant change. Unpaired t-test. (I) Representational Sholl analysis 
image of Vehicle (Left) and NTG (Right) (J) Sholl analyses were conducted and there 
was no significant change in the number of intersections within the Caudate Putamen. 
Unpaired t-test. n=5-6/mice/group, 6 neurons per mouse 
 
3.3.3 Cortical spreading depression results in alterations in the PAG 

 CSD is an electrophysiological phenomenon long held to be the cause of 

migraine aura [185]. CSD is mechanistically distinct from the NTG model of migraine 

pain, and migraine preventives have been shown to decrease CSD events [229]. We 

examined mice that underwent multiple KCl stimulated CSDs or Sham procedures 

(Figure 18A-B). These mice had their skulls thinned and then had continual KCl dripped 

onto the dura for an hour. Sham mice were used as controls and underwent the same 

skull thinning procedure, were anesthetized for the same duration of time, but did not 

receive KCl.  Following the CSD/sham procedure, brains of these mice underwent Golgi 

staining and the vlPAG was examined (Figure 18C). Neurons within the vlPAG were 

found to have significantly decreased number of branch points following repeated CSD 

events (Figure 18C). Neurons in this region also showed decreased length (Figure 

18D). Sholl analysis was conducted to investigate the overall complexity of these 

neurons, and while there was no significant change there was a trend towards 

decreased complexity within the vlPAG (Figure 18E-G). These data show that a 

primarily cortical driven phenomenon can have widespread impact on other brain 

regions, which could represent the relationship between aura and headache as well as 

representing chronification of migraine. 
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Figure 18. CSD results in decreased cytoarchitectural complexity in the 
periaqueductal gray (A) Representative line tracing of CSD events over a 3600 
second period (B) Graph shows the average number of CSD events that occurred in the 
hour of recording. n=7 mice (C) Representational image taken of Golgi stained PAG at 
4x (left) and 20X (right). (D) The number of branch points/neuron was significantly 
decreased in the CSD group compared to Sham surgery counterparts. Unpaired t-test 
*p<0.05 (E) Total neuron length was also found to be significantly decreased following 
CSD. Unpaired t-test *p<0.05. (F) Representative Sholl Image of Sham (left) and CSD 
(right). (G) Sholl analysis revealed a trend towards decrease, but not statistically 
significant. Unpaired t-test. n=6-7/mice/group, 6 neurons per mouse 
 
3.3.4 Complex regional pain syndrome resulted in varying alterations in neuronal 

complexity depending on the brain region examined 
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 Given our findings that widespread alterations in cytoarchitecture are present in 

two distinct models of migraine, we sought to find if these changes could be observed in 

a peripheral chronic pain state. To do this we used an established model of CRPS [731, 

735]. Briefly, animals underwent a distal tibial fracture followed by 3 weeks of casting. 

As casting and fracture on their own can cause CRPS, uninjured mice were used as 

control. Following removal of the cast at 3 weeks, animals have sustained basal 

hypersensitivity that persists through 20 weeks post fracture [731].  These mice were 

sacrificed at week 7, which is considered well within the chronic/central phase, and had 

their tissue processed through Golgi staining. While the pain is the primary symptom 

associated with CRPS, cognitive impairment and memory deficits are also common 

affecting upwards of 50% of chronic CRPS patients [736, 737]. Previously another lab 

using a similar model showed alterations in hippocampal complexity. We sought to 

replicate these results and examined cytoarchitectural alterations in the dorsal 

hippocampus in CRPS and control mice (Figure 19A). Investigation of branching 

revealed a significant decrease in the total number of branches following CRPS (Figure 

19B). Changes in branches also correlated with decreased neuronal length (Figure 

19C); and Sholl analysis also revealed a significant decrease in the complexity of these 

neurons (Figure 19D-E). These results show a possible mechanism for cognitive 

alteration accompanying chronic pain.  

Previous findings showed alterations within the vlPAG following chronic migraine 

and CSD, we sought to investigate if CRPS produced any similar changes in this key 

pain circuitry region (Figure 20A). We investigated the number of branch points per 

neuron, and while we saw a trend towards increased branching, the trend did not reach 
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significance (Figure 20B). However, examining total neuronal length revealed 

significantly increased neuronal length following CRPS in the PAG (Figure 20C). 

Furthermore, we also observed an increase in the complexity of neurons within the PAG 

following CRPS using Sholl analysis (Figure 20D-E).  

 We also investigated if CRPS altered neuronal complexity in pyramidal cell 

neurons in the SCx (Figure 21A), as this region was shown to be dramatically altered 

following chronic NTG or CSD [721].  No change was observed in branching (Figure 

21B), length (Figure 21C), or analysis complexity (Figure 21D-E). These data indicate 

that different brain regions show distinct cytoarchitectural alterations in response to 

CRPS.  

 

Figure 19. CRPS results in decreased hippocampal neuronal complexity (A) 
Representation image taken of the Dorsal Hippocampus 4x(left) and 20x (right). (B) 
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Number of branch points per neuron were analyzed and found to be significantly 
decreased in the CRPS group. *p<0.05 unpaired t-test. (C) Similarly, total neuron length 
was found to be significantly decreased in the Hippocampus following CRPS. *p<0.05. 
Unpaired t-test. (D) Representational neurons of Control (Left) and CRPS (Right). (E) 
Sholl analysis also revealed a significant decrease in the number of intersections 
following CRPS. *p<0.05 Unpaired t-test. 
 

 
Figure 20. CRPS produces a significant increase in cytoarchitectural complexity 
in the periaqueductal gray (A)Representation image taken of the Golgi stained 
Periaqueductal gray at 4x(left) and 20x (right). (B) Number of branch points per neuron 
were analyzed and found no significant difference between the control and the CRPS 
mice. Unpaired t-test. (C) Total neuron length was found to be significantly increased in 
the PAG following CRPS. *p<0.05. Unpaired t-test. (D) Representational neurons of 
Control (Left) and CRPS (Right). (E). Sholl analysis also revealed a significant increase 
in the number of intersections following CRPS. *p<0.05 Unpaired t-test. 
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Figure 21. CRPS resulted in no change in pyramidal neurons in the 
somatosensory cortex (A) Representational image taken of the Golgi stained 
Somatosensory Cortex 4x (left) and 20x (right). (B) No statistical difference was found 
after examining number of branch points per neuron. Unpaired T-test (C) No statistical 
difference was seen after examining overall neuron length. Unpaired T-test (D) 
Representational neurons form the somatosensory cortex Control (Left) and CRPS 
(Right) (E) Similarly there was no significant change in the number of intersections 
within the somatosensory cortex following CRPS. Unpaired t-test. n=4/group, 8 neurons 
per mouse. 
 

3.4 Discussion 

 Our results build on previous studies that support the notion that chronic pain is 

characterized by alterations in neuronal plasticity. A summary of the cytoarchitectural 

changes in this study and our previous work can be found in Table 2. We continue this 
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work by first examining alterations following our chronic NTG model [94]. NTG has long 

been used as a human migraine trigger and has been used experimentally to induce 

migraines in humans and migraine like symptoms in rodents [738]. Rodent models 

using NTG have been able to produce several human associated symptoms including 

delayed allodynia, photophobia, and altered meningeal blood flow [110, 111, 684]. NTG 

has further been demonstrated to activate nociceptive pathways [692, 693]. We 

previously demonstrated that chronic NTG decreased cytoarchitectural complexity in 

many brain regions important for migraine pain processing including the TNC, SCx, and 

the PAG [721].    

Table 2 Summary of cytoarchitecture changes 

Model TNC SCx vlPAG Dorsal 

Hippocampus 

LSC VPM CPu NAc CeA 

NTG ↓ Decrease  

 

↓Decrease  

 

↓Decrease  

 

N/A = No 

Change 

↑ Increase = No 

Change 

= No 

Change 

= No 

Change 

CSD ↓ Decrease  

 

↓Decrease  

 

↓Decrease  

 

N/A N/A N/A N/A N/A N/A 

CRPS N/A = No 

Change 

↑ Increase ↓ Decrease  

  

N/A N/A N/A N/A N/A 

 

 We built on these previous findings by revealing alterations in the VPM of the 

thalamus.  Interestingly, in stark contrast to the decreased neuronal complexity 

observed within the TNC, PAG, and SCx, we saw an overall increase in the number of 

branches within the VPM neurons.   There are known dura-sensitive neurons within the 
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VPM that receive direct projections from the TNC [733]. The VPM was shown to 

become sensitized following repeated activation of the trigeminocervical pathway [39]. 

Following sensitization innocuous stimuli produced activation to the level of noxious 

stimuli within the VPM, indicating this region is important for driving allodynia [39]. 

Increased branching within the VPM could drive the allodynia associated with chronic 

migraine. Increased volume changes within the thalamus have been observed in 

humans with chronic migraine [723, 739].  One study found chronic migraine patients 

had increased left thalamus size and that this size positively correlated with the 

frequency of migraine attacks [739]. Similarly, in a model of medication overuse 

headache the whole thalamus and each subnuclei also had increased volume [723]. 

While increased volume in humans cannot be directly compared to alterations in 

branching, our data are in line with the idea that augmentation of thalamic nuclei could 

be a driving mechanism for chronic migraine. Additionally, given our previous 

observations of decreased complexity in the TNC, PAG, and SCx this data suggests an 

overall imbalance in the migraine brain. Decreased branching from TNC could result in 

disruption of the usual connection between the TNC, VPM, and SCx. This could explain 

why we see increased complexity within the VPM, but see decreased complexity within 

the TNC and SCx. Future studies will be needed to better understand the connections 

between these regions and how changing cytoarchitecture in one region affects 

projections to another.  

 The amygdala has been implicated in regulating the affective aspects of pain and 

more recently to also have a role in regulating analgesia [740]. Furthermore, human 

imaging studies of patients with migraine have shown alterations in the amygdala, as 
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whole brain functional connectivity of the amygdala was increased [740].  Chronic 

migraine patients were also found to have decreased left amygdala volume [73]. Based 

on these studies we investigated if chronic NTG would also produce changes in 

neuronal cytoarchitecture of the amygdala. While our studies did not reveal any 

significant alterations following chronic NTG, it is possible that functional alterations in 

this region are present that are missed through our gross morphological analysis.  

 The caudate putamen is a major site of cortical and subcortical input into the 

basal ganglia [741]. While, the caudate putamen is frequently seen activated during 

pain, it was thought to primarily be due to its role in motor function [742, 743]. However 

more recent findings suggest it is important in processing the sensory aspects of pain 

[744]. Functional imaging of the brain of a migraine patient showed decreased activation 

within the caudate putamen following non-repetitive stimuli [72]. Alterations in caudate 

signaling show the inability of the migraine brain to properly habituate itself to stimuli 

[72, 729]. Interestingly, researchers also found increased gray matter density in the 

caudate of migraine patients compared to healthy controls [72].  In our study we did not 

observe any alteration in neuronal complexity within the caudate. In our previous work, 

we also did not observe any changes in the anatomically related nucleus accumbens 

following chronic NTG [721]. These results in combination with our central amygdala 

data suggest that regions important in regulating the affective aspects of pain do not 

undergo the same cytoarchitectural changes that we have previously observed in the 

TNC, PAG, and SCx.  

 In this study we also built upon our previous findings using the CSD model of 

migraine aura.  CSD is thought to underlie the hyperexcitable brain state of migraine 
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patients, and to underlie migraine aura [185, 697]. CSD has been shown to result in 

neuronal swelling, alterations in dendritic structure, and even volumetric change [169]. 

While CSD is primarily a cortical phenomenon it has been shown to cause sensitization 

of other brain regions, primarily the TNC, along with activation of meningeal nociceptors 

[37, 181]. These data indicate that the cortical phenomenon of CSD could have other 

distant effects in pain circuitry. In previous work conducted in our lab, we found that 

CSD correlated with a dramatic decrease in the cytoarchitecture of the SCx as well as 

the TNC [721]. While these two regions are the most highly implicated in CSD and 

migraine other connected regions may also show alterations following CSD events.  The 

PAG is part of the pain circuitry and receives a direct projection from the TNC [12, 745, 

746]. Based on the role of the PAG in regulating pain we looked at cytoarchitectural 

changes following CSD in the PAG. We found decreased neuronal complexity within the 

PAG, demonstrating that CSD events can cause cytoarchitectural alterations in the pain 

matrix more broadly. Growing evidence further suggests the effect that CSD has on 

activation of the pain circuitry. Activation of Pannexin1 channels was seen following 

CSD. The activation and subsequent signaling cascade has been implicated in 

promoting the trigeminal afferents and promoting the headache phase that follows 

migraine aura [203]. Furthermore, a recent study found that optogenetic stimulated 

cortical spreading depression events produced sustained periorbital mechanical 

allodynia as well as increased anxiety measures [222]. These studies in combination 

with our cytoarchitectural findings provide further support for the link between CSD and 

pain.  
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 We finally wanted to determine if alterations in neuronal complexity were a 

feature of chronic pain conditions more broadly, or limited to chronic migraine. We 

chose to study CRPS, as this type of pain clearly transitions from an acute peripheral 

pain to a centrally mediated chronic pain state [725]. This transition is accompanied by 

a host of changes including altered immune response, DNA methylation, and even 

some alterations in cytoarchitecture [495, 724, 735, 747]. In humans CRPS was found 

to result in shrinkage of cortical mapping of affected limb index fingers [493]; and these 

alterations in cortical representation were positively correlated with severity of pain in 

the affected limb [493].  A previous mouse model of CRPS showed alterations of 

dendritic architecture in the amygdala and perirhinal cortex [495]. This study also 

investigated the hippocampus and while they did not see any changes in dendrite 

density, they did find a decrease in synaptophysin indicating alterations in hippocampal 

processing [495]. A more recent study showed decreased dendritic complexity within 

the hippocampus following injury and casting [724]. We sought to replicate these 

findings using the Golgi staining technique and we also observed decreased neuronal 

complexity within the hippocampus following CRPS. These results further strengthen 

the connection between altered hippocampal neurons and the resulting changes in 

cognitive function associated with CRPS. 

 The PAG is an important region in regulating pain, and stimulation of the PAG 

was found to produce analgesia [748]. Since this initial finding much more has been 

learned about the role of the PAG in the pain circuitry [749]. Specifically, the vlPAG is a 

key regulator of endogenous opioid mediated pain suppression as this region is rich in 

mu opioid receptors and enkephalin [459, 470, 750].  Previous research has shown that 
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different populations of GABAergic and glutamatergic neurons can divergently modulate 

pain signals and either promote or inhibit analgesia [751].  We found an overall increase 

in neuronal complexity within the vlPAG following CRPS. This is interesting as it is in 

sharp contrast to the decreased complexity we and others have observed in the 

hippocampus. While we saw decreased cytoarchitecture in the PAG following both 

chronic NTG and repeated CSD events it is not too surprising we see differential 

findings following CRPS. One factor that could contribute to variation in our findings is 

the length of time animals underwent each condition. CSD was done over an hour of 

repeated stimulation and chronic migraine exposed mice for 9 days. This is in contrast 

to CRPS, in which  mice were in pain for 7 weeks before they were sacrificed and 

neuronal cytoarchitecture examined. It is possible that if we continued the chronic 

migraine experiments longer we would see a similar increase in cytoarchitecture 

complexity in the PAG rather than the decrease we see. Additionally, CRPS begins as a 

peripheral chronic pain state and eventually transitions to a central one. Chronic 

migraine and CSD, both affect the central nervous system from the beginning, which 

could cause the differences we see in cytoarchitecture.  These results still collectively 

show the importance that cytoarchitectural dynamics play in regulating chronic pain 

states.  

 The cytoarchitectural analysis that was conducted in these studies is limited by 

the Golgi staining technique, as it largely does not allow for co-staining with 

immunohistochemical markers [752]. Without this information it is difficult to determine 

how different cellular populations respond to chronic pain.  In mice activation of a 

subsection of GABAergic cells within the central amygdala was found to decrease both 
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mechanical and thermal allodynia, while inhibition resulted in increased allodynia [753]. 

Our findings in the amygdala showed no significant changes. It is possible given the 

importance of the GABAergic subpopulation in controlling pain signals focusing solely 

on the GABAergic population would reveal changes in neuronal complexity that were 

lost when looking at gross morphological changes. Additionally, differentiation in cellular 

populations could give greater meaning to our cytoarchitectural changes as it could 

reveal more about how these changes cause alterations in signaling.  

 Many human anatomical studies have shown alterations in cytoarchitecture in 

psychiatric disorders including chronic pain [492, 656, 721, 754]. These alterations can 

have wide impact on function of these areas and in many cases are also correlated with 

altered functional readings. Our findings give greater understanding to the possible 

molecular basis for these alterations. While more work needs to be conducted in the 

future to further investigate why some of these regions result in decreased, increased, 

or no change in complexity our findings make it clear that cytoarchitectural changes are 

a key part of chronic pain. This knowledge could be used in the future to identify 

neuronal signatures of chronic pain, and could result in the development of novel 

therapeutics targeting signaling mechanisms that govern neuronal plasticity.  
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Chapter 4: A non-convulsant delta opioid receptor agonist, KNT-127, reduces 

cortical spreading depression and nitroglycerin-induced allodynia 

(Previously published as Bertels Z, Witkowski WD, Asif S, Siegersma K, van Rijn 

RM, Pradhan AA. A non-convulsant delta-opioid receptor agonist, KNT-127, 

reduces cortical spreading depression and nitroglycerin-induced allodynia. 

Headache. 2021 Jan;61(1):170-178.) 

4.1 Introduction: 

Migraine is an extremely prevalent neurological disorder that disproportionately 

affects women and people between the ages of 15-60[755].  While there have been 

recent advances in migraine therapeutics there are still a large number of patients who 

are not fully satisfied with their current therapies[662, 756, 757]. Effective acute and 

preventive migraine treatments target a wide range of molecular mechanisms[758, 759] 

and this emphasizes the complex pathophysiology of migraine. The delta opioid 

receptor (DOR) has recently emerged as a promising therapeutic target for 

migraine[468, 760]. Three different DOR agonists effectively reduced chronic migraine-

associated pain induced by the known human migraine trigger, nitroglycerin (NTG)[114].  

Subsequent studies also showed that the agonist, SNC80, also blocked allodynia in 

models of post-traumatic headache and triptan- and opioid-induced medication overuse 

headache[761, 762].  SNC80 also reversed NTG induced condition place aversion a 

model reflecting the negative emotional state induced by migraine[114]. Furthermore, in 

a KCl stimulated model of cortical spreading depression (CSD), SNC80 decreased CSD 

events a result predictive of migraine preventives[114].   These studies highlight the 

potential of DOR agonists for the treatment of migraine.  
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A major limitation to the development of DOR as a target for clinical use is the 

seizurogenic properties of some DOR agonists[469, 763]. Some of the early small 

molecule DOR ligands such as SNC80 and BW373U86 were found to produce short 

non-lethal convulsions followed by a brief cataleptic period in rodents[764-768], as well 

as pro-convulsant effects in rhesus monkeys[769]. Although this pro-convulsant activity 

is dependent on activation of DOR[766, 770], not all DOR agonists produce these 

effects[771]. For example, ARM390[770], PN6047[772], and ADL5859[773] do not show 

seizurogenic properties yet maintain pain-relieving effects characteristic of DOR 

agonists. This ligand specific effect is thought to be due to activation of distinct 

intracellular signaling cascades by pro-convulsant DOR agonists, potentially linked to 

their ability to internalize DOR upon binding[771].  Both convulsant (SNC80) and non-

convulsant (ARM390, JNJ20788560) DOR agonists were shown to effectively block 

allodynia in a NTG model of migraine[114], suggesting that this anti-migraine property is 

not ligand specific but universal to DOR agonists.  However, only SNC80 has been 

tested in CSD models. The ability of DOR agonists to affect cortical activity may be 

dependent on the same signaling mechanisms that regulate pro-convulsant effects, and 

the aim of this study was to explore this relationship further.  

The selective DOR agonist, KNT-127, was recently reported to have a wide 

therapeutic margin, and even at 10X the physiologically relevant dose did not show pro-

convulsant properties[774].  Similar to SNC80, administration of KNT-127 reduces 

hyperalgesia in chronic peripheral pain models and produces anti-depressant 

effects[490, 775].   In this study we determined if KNT-127 was effective in the CSD 

model of migraine aura. In addition, we also tested KNT-127 in the NTG model of 
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chronic migraine-associate pain[688].  The ability of an agonist to produce 

internalization of DOR has been correlated with pro-convulant properties[770, 771]. 

Previous publications show that KNT-127 does not cause internalization of DOR in 

forebrain, lumbar spinal cord, and dorsal root ganglia (DRG)[442]. We therefore sought 

to determine if this was also true in key migraine processing regions: trigeminal ganglia 

(TG), trigeminal nucleus caudalis (TNC), and somatosensory cortex (SCx). We 

hypothesized that, despite KNT-127 being a low internalizing agonist, it would still 

reduce CSD events and reverse established NTG allodynia. These studies provide 

valuable information on whether the anti-migraine effects of DOR agonists can be 

separated from the pro-convulsant effects, which can subsequently inform drug 

development of this target. 

4.2 Materials and Methods 

Animals: Adult male and female C57BL6/J mice (Jackson Laboratories, Bar Harbor, 

ME. USA) from 8-15 weeks of age were used in the behavioral experiments, and DOR-

eGFP knockin mice (C57BL6/J background) were used for internalization studies.  Mice 

were group housed in a 12h-12h light-dark cycle, in which the lights were on from 

07:00-19:00.  Mice had access to food and water ad libitum. When possible, all 

experiments were conducted in a blinded fashion by the experimenters. All experiments 

were approved by the University of Illinois at Chicago Office of Animal Care and 

Institutional Biosafety Committee, in accordance with Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) International guidelines and the 

Animal Care Policies of the University of Illinois at Chicago. Weights were recorded on 

each test day of experiments and no adverse effects were observed during the studies.  
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Sensory Sensitivity Testing:  In order to minimize differences between groups, mice 

were counter-balanced into groups based on the basal cephalic mechanical thresholds 

assessed on day 1 using Excel software.   All mice were tested in a behavioral room 

that was separate from the vivarium. The behavioral room had low light (~35-50 lux) and 

maintained low-noise conditions.  All behavioral tests were done between 09:00-16:00. 

Mice were habituated 2 days prior to the first test day and 30 minutes before each test 

[113, 688, 776, 777].  To assess cephalic measure mice were placed in 4 oz paper 

cups.  The periorbital region caudal to the eyes and near the midline was tested to 

assess cephalic allodynia.  To test mechanical thresholds, we stimulated the periorbital 

region with von Frey hair filaments (bending force ranging from 0.008g to 2g) using the 

up-and-down method. A positive response was defined as a shaking, repeated pawing, 

or cowering following a full bend from the filament. The first filament used in all cases 

was 0.4 g. If there was no response a heavier filament (up) was used, and if there was a 

response a lighter filament (down) was tested[778].  The up-down pattern continued for 

4 filaments after the first response. All animals tested were used in the final analysis.  

Cortical Spreading Depression: The procedure for cortical spreading depression (CSD) 

is based on work previously published by Ayata and colleagues [229].  Previously, this 

model has been used to screen for potential novel migraine preventive therapeutics 

including work previously done in our lab [94]. Female mice in the first experiment were 

randomly grouped into Vehicle or SNC80 (10 mg/kg, IP) and in the second experiment 

Vehicle or KNT-127 (5 mg/kg, SC). For the CSD procedure mice were anesthetized with 

isoflurane (induction 3-4%; maintenance 0.75 to 1.25%; in 67% N2 / 33% O2) and 

placed in a stereotaxic frame on a homoeothermic heating pad.  Core temperature 
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(37.0 ± 0.5℃), oxygen saturation (∼ 99%), heart rate, and respiratory rate (80–120 bpm) 

were continuously monitored (PhysioSuite; Kent Scientific Instruments, Torrington, CT, 

USA). Mice were repeatedly tested with tail and hind paw pinch to ensure proper 

anesthetic levels were maintained.  

 

CSD was verified in two ways, optical intrinsic signal (OIS) and electrophysiological 

recordings, as previously described [94]. For OIS a thinned rectangular region of the 

skull was made about 2.5 x 3.3 mm2 (~0.5 mm from sagittal, and ~1.4 from coronal and 

lambdoid sutures) of the right parietal bone. A dental drill (Fine Science Tools, Inc., 

Foster City, CA, USA) was used to thin the skull.  To increase transparency mineral oil 

was applied to the thinned region, which allowed for further visualization of the 

parenchyma and vasculature. For video recording a green LED (520 nm) light 

illuminated the skull throughout the experiment (1-UP; LED Supply, Randolph, VT, 

USA). Reflectance was collected with a lens (HR Plan Apo 0.5 × WD 136) through a 

515LP emission filter on a Nikon SMZ 1500 stereomicroscope (Nikon Instruments, 

Melville, NY, USA). Images were acquired at 1–5 Hz using a high-sensitivity USB 

monochrome CCD (CCE-B013-U; Mightex, Pleasanton, CA, USA) with 4.65-micron 

square pixels and 1392 × 1040 pixel resolution.  

Two burr holes were drilled lateral to the thinned window around the midpoint of the 

rectangle. The burr holes were drilled deeper than the thinned skull portion such that the 

dura was exposed, but not so deep that the dura was broken. Local field potentials 

(LFPs) were recorded using a pulled glass pipette filled with saline and attached to an 

electrode, which was further connected to an amplifier. The electrode was placed inside 
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of the lateral burr hole such that it was inside of the cortical tissue.  A separate ground 

wire was placed underneath the skin caudal to the skull, which was used to ground the 

LFPs.  After set up the LFP was recorded for an hour to allow for stabilization in the 

case that a CSD occurred during the placement of the electrode or the thinning surgery. 

After stabilization a second pulled glass pipette was filled with 1M KCl and placed into 

the rostral bur hole, ensuring there was no direct contact with the brain or surrounding 

skull. Once placed, an initial flow of KCl was started and an even flow was maintained 

so that a constant small pool of KCl filled the burr hole.  Any excess liquid was removed 

with tissue paper.  After initial KCl administration mice were recorded for 400 seconds.  

Following which mice were treated with the appropriate compound (vehicle, SNC80, or 

KNT-127) and then recorded for a remaining 3600 seconds, for a total recording time of 

4000 seconds. Animals were only included in the final analysis if at least 2 CSD events 

occurred within the first 400s of recording. No animals were excluded in this study. 

Following the recording, video and LFP were analyzed and used to count the number of 

CSD events that occurred within the hour recording. Following the procedure mice were 

euthanized by anesthetic overdose followed by decapitation.  

Drug Injections: All injections were administered at 10ml/kg volume, intraperitoneally 

(IP) or subcutaneously (SC), unless otherwise indicated. KNT-127 was custom 

synthesized and purified by ChemPartner (Shanghai, China) as has been previously 

reported [779]. 1H NMR and HPLC-MS were employed to confirm identity and ensure 

the purity was >95%.  

Immunohistochemistry: Male and female DOR-eGFP mice were anesthetized with 

Somnasol 100 µl/mouse; 390 mg/mL pentobarbital sodium; Henry Schein) and perfused 
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intracardially with 20 mL of ice-cold phosphate-buffered solution (0.1 M PB, pH 7.2) and 

subsequently 50 mL of Ice cold 4% paraformaldehyde (PFA) in 0.1M PB (pH 7.4).  After 

perfusion, whole brain and trigeminal ganglia (TG) were harvested and left in 4% 

PFA/0.1M PB at 4°C overnight to post-fix. The next day tissue was cyroprotected in 

30% sucrose in 0.1M PB. Brain and TG were flash frozen using 2-methylbutane over 

dry ice.  Coronal sections of somatosensory cortex and trigeminal nucleus caudalis 

were sliced at 20 µM while the TG were sliced at 16 µM.  Sections were immediately 

mounted onto slides after slicing.  Slides were then washed with PBST. A blocking 

solution with 5% normal donkey serum (NDS) with PBST was used to block slides for 

1h at room temperature. Slides were then incubated overnight at RT with the primary 

chicken anti-GFP antibody (1:500 AB_13970) diluted in 1% NDST. Slides were 

subsequently washed with 1% NDST and then the secondary antibody was added for 2 

hours at room temperature (donkey anti chicken IgG, 1:2000). Slides were washed with 

0.1M PB, and cover slipped with Mowiol-DAPI mounting medium.  A blinded investigator 

then took images using the EVOS FL Auto Cell Imaging system, using a 40x objective.  

Quantification of intracellular mean fluorescence intensity was determined with ImageJ 

software.  Nuclear fluorescence was used to calculate background optical density and 

was subtracted from intracellular fluorescence. No samples were excluded from this 

analysis.  

Statistical Analysis: The sample size needed for each experiment was either based on 

similar previous experiments or calculated through power analysis where the minimal 

detectable difference in means =0.3, expected standard deviation of residuals= 0.14, 

desired power=0.8, alpha=0.05, n=6/group.  Each experiment was replicated with 
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separate cohorts of animals to ensure reproducibility.  All data were analyzed using 

GraphPad Prism (GraphPad, San Diego, CA). The level of significance (α) for all tests 

was set to p<0.05. Unpaired, two-tailed, t-tests were performed to determine 

significance of CSD data. 2-way RM ANOVA was performed on NTG-Veh Basal and 

Post-Treatment cephalic mechanical allodynia. The factors were treatment, time, and 

interaction. 3-way ANOVA was conducted to determine the effect of KNT-127 on day 

10. Treatment (Vehicle-Nitroglycerin), Drug (Vehicle-KNT-127), and time were used as 

the 3 factors for the ANOVA. Post hoc analysis was conducted using Holm-Sidak 

analysis to correct for multiple comparisons. Post hoc analysis was only performed 

when F values achieved p < 0.05. All values in the text are reported as mean ± SD.   

Data availability: All data are available upon reasonable request. 

4.3 Results 

4.3.1 KNT-127 decreases cortical spreading depression events 

CSD is an electrophysiological phenomenon that is considered to be the 

physiological correlate of migraine aura, and reduction of CSD events is also a good 

predictor of migraine preventives[229]. We have previously shown that the DOR agonist 

SNC80 can inhibit CSD events[114], and in this experiment we repeated these findings 

both as a positive control and a test of internal reproducibility. We used the CSD model 

as previously described[114].  Briefly, in an anesthetized mouse the skull was thinned to 

reveal the dural vasculature and cortex underneath (Figure 22A).  Two burr holes were 

made, and one was used to continuously drip KCl onto the dura to induce CSD, and 

local field potentials (LFPs) were recorded from the other burr hole. The 
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somatosensory/barrel cortex was targeted, as it is more sensitive to CSD 

induction[681]. CSDs were identified by visual shifts in light (Figure 22B) and sharp 

decreases in the LFP (Figure 22C).  Four hundred seconds after KCl application mice 

were injected IP with SNC80 or vehicle. SNC80 treated mice showed significantly fewer 

CSD events relative to vehicle controls (Figure 22D; t(10)=3.400, p=0.0068, Difference 

between means 2.833; ~71.2% of Vehicle).  In a separate group of mice we tested the 

non-convulsant DOR agonist, KNT-127 or vehicle.  Similar to SNC80, KNT-127 also 

significantly reduced CSD events (Figure 22E; t(10)=3.570, p=0.0051, Difference 

between means -5.167; 55.7% of Vehicle).  These data demonstrate that the inhibition 

of CSD by DOR agonists is not dependent on signaling related to pro-convulsant 

effects. 
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Figure 22 SNC80 and the non-convulsant DOR agonist, KNT-127, both reduce 
cortical spreading depression events (A) Schematic illustrating the thinned skull 
preparation that allows for the visualization of CSD waves. Two burr holes were used 
for KCl infusion (rostral) and to record LFP (caudal). (B) Image sequence demonstrating 
a typical change in reflectance associated with a single CSD event. (C) Representative 
line tracing of CSD events over a 4000-second period Vehicle (Veh; Top), SNC80 
(Middle), and KNT-127 (Bottom). KCl infusion was initiated and video recording began, 
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after 400 seconds the mice were treated with either Veh, SNC80, or KNT-127. (D) 
Animals treated with SNC80 (5 mg/kg, ip) had a significant reduction in the average 
number of CSD events recorded in the remaining 3600 seconds of recording compared 
to Veh. Unpaired t-test **p < 0.01. (E) Similarly, animals treated with KNT-127 (5 mg/kg, 
sc) had a significant reduction in the average number of CSD events recorded in the 
remaining 3600 seconds compared to Veh treatment. Data are represented as mean ± 
SD, unpaired t-test **p < 0.01 n = 6/group 

4.3.2 KNT-127 inhibits chronic migraine-associated allodynia 

We next determined if KNT-127 was effective in the NTG model of chronic 

migraine[688]. To this end we treated male and female C57BL/6J mice every other day 

with NTG or vehicle for 9 days and assessed cephalic mechanical threshold on days 1, 

5, and 9 (Figure 23A).  Chronic NTG treatment resulted in a significant decrease in 

basal mechanical thresholds over time (Figure 23B; Two-Way ANOVA NTG-Veh: F (1, 

22) = 26.93, Interaction: F(2, 44)=13.07, Difference between means Day 5=0.6177, 

p<0.0001; 11.27% of Vehicle, Difference between means Day 9=0.6179, p<0.0001; 

0.928% of Vehicle). On day 10, 24 hours after the final NTG/vehicle injection, NTG-

treated mice continued to show significant cephalic allodynia (Figure 23C, baseline; 

Three-Way ANOVA NTG-Veh: F(1,20)=45.81, Vehicle-KNT-127: F(1, 20) = 2.356, 

Time: F(1, 20) = 15.42, Interaction: F(1, 20) = 12.80). Mice were subsequently injected 

with KNT-127 (5 mg/kg, SC) or vehicle and tested 30 min later. KNT-127 did not alter 

mechanical responses in vehicle pre-treated mice, but significantly inhibited NTG-

induced chronic allodynia (Figure 23C, post-treatment; Difference between NTG-VEH 

and NTG-KNT means=0.5515, p=0.0011. Responses in the NTG-KNT group were 

comparable to Veh-Veh controls; differences between means=0.1882, p=0.8605).  
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Figure 23 KNT-127 effectively reverses established cephalic allodynia induced by 
chronic nitroglycerin (NTG) treatment (A) Schematic of testing schedule, Male and 
female C57BL6/J mice were treated with intermittent chronic NTG (10 mg/kg, ip) or 
vehicle (Veh; 0.9% NaCl, ip) every other day for 9 days. On day 10, 24 hours after the 
last NTG/Veh injection, mice received KNT-127 or Veh treatment. (B) On days 1, 5, and 
9 mice had their basal periorbital mechanical threshold assessed prior to the NTG/Veh 
injection. NTG produced persistent and severe cephalic allodynia p < 0.001 effect of 
treatment, time, and interaction, two-way RM ANOVA, and Holm–Sidak post hoc 
analysis. ****p < 0.001 relative to Veh on day 1, n = 12/group. (C) On day 10, baseline 
responses were determined in the morning (baseline), and NTG-treated animals 
continued to show severe allodynia compared to Veh controls (***p < 0.001). In the 
afternoon, mice were injected with KNT-127 (5 mg/kg, sc) or Veh (0.9% NaCl, sc) and 
tested 30 minutes later. KNT-127 significantly reversed chronic cephalic allodynia, p < 
0.05 effect of treatment, drug, time, and interaction, three-way ANOVA and Holm–Sidak 
post hoc analysis. ****p < 0.001 relative to Veh–Veh at the same time point, ++p < 0.01 
relative to NTG/Veh at the same time point, n = 6/group. Data are represented as mean 
± SD 

4.3.3 KNT-127 is a low-internalizing DOR agonist  



	148	

Some but not all DOR agonists induce internalization of DOR in vivo[780]. 

Previous studies showed that KNT-127 produced little or no internalization of DOR in 

the DRG, lumbar spinal cord, hippocampus, and striatum[490].  We next determined if 

KNT-127 was also a low-internalizing agonist in key migraine pain processing regions; 

trigeminal ganglia (TG), trigeminal nucleus caudalis (TNC), and somatosensory cortex 

(SCx).  DOR-eGFP mice were used to examine DOR internalization state, and we used 

the same dose and timing of KNT-127 that was effective in behavioral experiments 

outlined above. KNT-127 did not induce detectable DOR internalization (Figure 

24A,B,C). Intracellular expression of DOR was quantified in TG and SCx as a 

measurement of internalized receptors, and there was no significant difference between 

KNT-127 and vehicle injected mice (Figure 24D; t(6)=0.7827, p=0.7827, Difference 

between means -3.210, Figure 3E; t(6)=0.1900, p=0.8556, Difference between means -

3.331). In the TNC, DOR internalization helps to identify the individual cell bodies from 

the fibers and background (see Figure 24F, SNC80). As neither vehicle nor KNT-127 

induced substantial internalization we could not quantify intracellular fluorescence in 

cells in this region.  
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Figure 24 KNT-127 produces low-internalization of DOR-eGFP in key migraine 
pain processing regions DOR-eGFP mice were treated with vehicle (Veh) or KNT-127 
(5 mg/kg, sc) and tissue was subsequently harvested 30 minutes post-injection. 
Representative images of (A) trigeminal ganglia (TG) (B) somatosensory cortex (SCx), 
and (C) trigeminal nucleus caudalis (TNC) of Veh (left), KNT-127 (middle)-treated mice. 
White arrowheads indicate DOR+cells. Mean intracellular fluorescence was quantified 
for TG (D) and SCx (E); and revealed no significant difference between Veh and KNT-
127-treated groups, unpaired t-test. Due to the low internalization by Veh or KNT-127 it 
was difficult to identify clear DOR+cell bodies in the TNC; therefore, this region could 
not be quantified. Data are represented as mean ± SD. (F) Representative image of 
DOR-eGFP mouse treated with SNC80 (10 mg/kg, ip), a high-internalizing DOR 
agonist. Internalization of DOR reveals cell bodies in the TNC that is not apparent 
without receptor internalization (Veh, KNT-127) 

4.4 Discussion 
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Our findings demonstrate that the non-convulsant DOR agonist KNT-127 effectively 

decreases established cephalic allodynia induced by chronic NTG and inhibits CSD 

evoked by KCl stimulation. Furthermore, we confirm that KNT-127 is a low-internalizing 

DOR agonist and does not produce significant receptor internalization in migraine 

processing regions. These results show that the signaling mechanisms that produce 

seizurogenic activity of DOR agonists are not necessary for the mechanisms that inhibit 

migraine-associated symptoms.  

DOR agonists have been investigated for migraine as they are highly expressed in 

key migraine processing regions such as the dura, TNC, TG, and SCx [114, 470, 471, 

781]. DOR agonists effectively inhibit allodynia in multiple models of headache 

disorders [113, 114].  In an NTG model of migraine SNC80, ARM390, and 

JNJ20788560 were all able to inhibit migraine-associated allodynia[114]. Furthermore, 

SNC80 blocked established allodynia in models of chronic migraine, post-traumatic 

headache, and medication overuse headace[113, 473]. Compared to the mu opioid 

receptor (MOR) agonist, morphine, and sumatriptan, DOR agonists produced limited 

medication overuse headache or opioid induced hyperalgesia[113]. The G protein 

biased DOR agonist, TRV250, has been developed for the treatment of migraine[782]; 

and is currently undergoing Phase II clinical trial 

(https://clinicaltrials.gov/ct2/show/NCT04201080). Our data build on these previous findings 

and demonstrate that KNT-127, a G protein biased DOR agonist, is also able to reverse 

established migraine-associated allodynia.  

DOR agonists have previously been demonstrated to effectively relieve 

hyperalgesia/allodynia associated with models of chronic inflammatory and neuropathic 



	151	

pain[114, 466, 783, 784].  KNT-127 has also been shown to be pain-relieving in 

preclinical models. In acute pain models, this compound effectively inhibited acetic acid 

induced writhing and formalin paw-licking[775]. Further, in the Complete Freund’s 

Adjuvant (CFA) model of chronic inflammatory pain, KNT-127, blocked both thermal and 

mechanical hyperalgesia in a dose dependent manner[785]. In addition, KNT-127 also 

shows anti-depressant and anxiolytic like effects[490, 775, 786], similar to many other 

DOR agonists including SNC80[469, 787]. Systemic administration of KNT-127[490, 

775], as well as injection specifically into the basolateral amygdala[788] produced 

anxiolytic effects which were blocked by the DOR antagonist naltrindole. We found that 

KNT-127 was also effective at inhibiting preclinical correlates of migraine-associated 

pain and aura.  These data support the idea that anti-migraine effects are a commonly 

shared effect of DOR agonists, similar to the pain-relieving and anti-

depressant/anxiolytic effects. Furthermore, there is a high co-morbidity between 

migraine, chronic pain, and/or emotional disorders, and delta agonists may therefore 

benefit migraine patients on multiple levels. 

Approximately a third of migraine patients have their migraine attacks preceded by 

an aura[6], which is believed to be due to an electrophysiological phenomenon known 

as cortical spreading depression. CSD is a slowly propagating wave of depolarization 

that is followed by inhibition of brain activity[158, 160, 161].  Preclinically, models of 

CSD have been used to predict the validity of potential migraine therapies[210] as many 

migraine preventive drugs were found to reduce the number of CSD events[229, 789].  

We had previously shown that SNC80 could decrease CSD[114], and our current 

results confirm that this effect is shared by other DOR agonists. Modulation of CSD by 
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DOR may be occurring at cortical or sub-cortical regions. There is  high expression of 

DOR in the cortex[469, 790, 791]; and in mice ~15-25% of DOR+ cells in the 

somatosensory cortex are GABAergic[792]. Future studies will focus on identifying the 

cellular and anatomical sites through which DOR agonists regulate CSD. 

Some, but not all, DOR ligands produce receptor internalization[485, 793-795].   

SNC80 and a few other DOR agonists have pro-convulsant effects at higher doses, and 

this effect may be correlated with the ability of an agonist to induce receptor 

internalization[469, 771]. This ligand specific effect appears to be biased towards 

engagement of specific arrestin populations [771, 795]; and SNC80 has been shown to 

have more potent convulsant activity in arrestin 2 knockout mice[472, 795]. While this 

data may seem to be contradictory, some studies have found that the factor important 

for driving convulsions and receptor internalization is dependent on which arrestin is 

engaged. In comparison, KNT-127 does not produce convulsant activity[774, 775], 

produces little DOR internalization[785], and is a low arrestin recruiter[779]. Our study 

demonstrated that DOR agonist ability to decrease CSD events was not linked to the 

internalization of DOR or signaling pathways that are related to pro-convulsant effects, 

thus suggesting that the DOR modulation of CSD is likely also a G protein mediated 

effect.  

Overall, our data further support the development of DOR agonists for the treatment 

of migraine. Many small molecule DOR agonists are non-convulsant, and our study 

shows that the mechanisms that regulate seizurogenic activity are separate from the 

anti-migraine effects of DOR activation. Importantly, DOR agonists represent a novel 
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therapeutic target for migraine that is mechanistically distinct; and may not alter 

endogenous vascular responding.   
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5. Conclusion 

5.1 Introduction 

 In this thesis I investigated the pathophysiology of chronic migraine disorders to 

develop better therapeutic targets for their treatment. To do so I used preclinical models 

of migraine to screen and gain a better understanding of how these conditions 

progressed and the effectiveness of novel therapeutic targets. Overall, I demonstrated a 

novel cytoarchitectural mechanism of migraine chronification.  Chronic migraine and 

CSD events induced cytoarchitectural changes in key migraine pain processing regions 

that could be reversed through HDAC6 inhibition. Interestingly, cytoarchitectural 

changes were also found in a neuropathic pain model, CRPS indicating the importance 

of cytoarchitectural regulation in regulating pain. Furthermore, I showed that the biased 

DOR agonist, KNT-127, could be used to reverse established hyperalgesia induced by 

chronic NTG treatment as well as reduce CSD events. In this last chapter of the thesis, I 

will give a more in depth summary of each individual chapter’s key discoveries, discuss 

methodological limitations, and possible future directions to continue building on the 

established findings.  

5.2 Summary 

 In chapter 2 I discovered and characterized a novel cytoarchitectural modification 

that correlates with migraine chronification. To achieve this, I used a previously 

established model of chronic migraine [94]. This model entails repeated intermittent 

treatment with NTG and produces chronic hypersensitivity. Following completion of the 

treatment mice were sacrificed and Golgi stain was used to examine the neuronal 
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cytoarchitecture within some key migraine pain regions, primarily the TNC, vlPAG, and 

SCx.  NTG treated mice had decreased neuronal complexity within these regions. 

Importantly these changes did not extend to every region as the LSC and NAc were 

unchanged, demonstrating that these alterations were not due to whole brain NTG 

toxicity, but rather chronic migraine specific effects.  Following these changes I 

demonstrated that HDAC6 inhibition could be used to increase acetylated α-tubulin and 

reverse the alterations in cytoarchitecture resulting in an overall increase in neuronal 

complexity. Interestingly, this recovery of neuronal complexity also coincided with a 

recovery of the basal hyperalgesia as a single HDAC6 inhibitor dose reversed 

mechanical threshold changes for over 24 hours.  

 To further explore these changes in cytoarchitectural complexity we also 

investigated a mechanistically distinct model of migraine aura. Many migraine 

preventives have been found to reduce frequency of CSD events in a continual KCl 

stimulation model [229]. I demonstrated that HDAC6 inhibition could reduce CSD events 

compared to vehicle controls. This finding indicated that tubulin acetylation and 

neuronal cytoarchitecture could play a role in regulating CSD as well. Therefore, we 

examined the cytoarchitecture of mice following repeated CSD events. We found that 

CSD produced decreased cytoarchitectural complexity of pyramidal neurons in the SCx. 

Importantly, pretreatment with HDAC6 inhibitor prevented these changes and 

decreased number of CSDs further demonstrating HDAC6 as a potential migraine 

therapeutic target. Given these novel findings of cytoarchitecture as a part of migraine 

pathophysiology, we sought to determine if a common migraine treatment option, 

olcegepant, could also restore neuronal complexity. We found that NTG again resulted 
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in decreased cytoarchitecture and that olcegepant treatment reversed these changes. 

This study demonstrated a novel mechanism for migraine and established HDAC6 

inhibition as a promising therapeutic target.  

 Chapter 3 of this thesis further explored the cytoarchitectural changes that 

accompany chronic migraine related symptoms. We further explored other brain regions 

linked to migraine in NTG treated mice. Firstly I found that within the VPM nuclei of the 

thalamus, a direct projection from the TNC [12], there was increased branch points of 

neurons. This is especially interesting as it is in sharp contrast to the decrease in the 

TNC, PAG, and SCx that we observed. I also investigated regions that could be 

responsible for the affective aspects of pain, including the central amygdala and the 

basal ganglia, and found that these regions were unchanged following chronic NTG. To 

further investigate if CSD events had cytoarchitectural effects outside of the SCx, I 

examined the vlPAG and saw that following CSD this region had decreased neuronal 

complexity, similar to what was seen in the SCx and TNC. This further demonstrated 

that the CSD affects are not entirely cortical and can impact other parts of the pain 

pathway, further implicating the role of CSD outside of strictly migraine aura. This adds 

to previous data implicating CSD as an important factor in migraine pain outside of just 

migraine aura. 

 After building on these novel discoveries in migraine models I wanted to 

investigate if these changes were seen in a peripheral chronic pain state as well. We 

investigated CRPS, as it has a very interesting transition from an entirely peripheral pain 

state to one that is centrally regulated [725].  We first investigated the hippocampus, as 

neuronal complexity in this region was previously shown to be down regulated following 
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CRPS [495]. We successfully reproduced these findings showing decreased complexity 

of hippocampal neurons. We further investigated the vlPAG and found a contrasting 

increase in neuronal complexity similar to what was seen in the VPM following NTG. 

Throughout the 2nd and 3rd chapter I demonstrated a variety of cytoarchitectural 

changes following different models. 

 Chapter 4 investigated if a non-convulsant biased agonist of DOR would still be 

effective in reducing chronic migraine associated symptoms. DOR agonists were 

previously shown to reduce migraine-associated symptoms in preclinical models 

including reversing established allodynia as well as reducing CSD events. Many DOR 

agonists have potential to cause convulsions at physiological relevant doses. A biased 

DOR agonist, KNT-127, was previously shown to not produce convulsions even at 10 

times the a behaviorally effective dose [775]. I demonstrated that KNT-127 was also 

able to reverse the established basal allodynia following chronic migraine. Additionally, 

KNT-127 was able to reduce CSD events following KCl stimulation. Finally we showed 

that KNT-127 treatment did not cause internalization of the DOR in key migraine 

regions, which correlates with previous findings of low internalizing DOR agonists being 

non-convulsants.  These data further establish KNT-127 and non-convulsant DOR 

agonists in general as therapeutic targets for the treatment of chronic migraine and 

other pain disorders. 

 While these chapters all focus on identifying novel treatments for migraine the 

overall concepts may seem somewhat disparate. I first began investigating the novel 

chronic migraine model and repeated CSD events and found there is decreased 

cytoarchitecture in key migraine processing regions. Following this we found that both 
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HDAC6 inhibition and CGRP receptor antagonism can reverse these changes in 

cytoarchitecture. Additionally this thesis built on previous work in the Pradhan lab and 

demonstrated the effectiveness of non-convulsant DOR agonists, KNT-127, to treat 

both the allodynia following chronic migraine and reduce CSD events. While these 

concepts all revolve around development of chronic migraine treatments, a model 

demonstrating a common mechanism has not been presented. A theoretical model 

linking the delta opioid receptor work to the changes in cytoarchitecture is presented 

(Figure 25). CGRP activates the CRLR-RAMP1 heterodimer complex, which upon 

activation can cause increased activity of Gαs [383, 385]. Previous work has shown that 

activation of Gα can cause destabilization of the GTP bound microtubule cap and this 

can result in catastrophe, thus decreasing microtubule length [796].  Collectively these 

data give a possible mechanism through which CGRP inhibitors could reverse changes 

seen in cytoarchitecture (Figure 25A).  DOR agonists have also been shown to reduce 

the level of CGRP in migraine models indicating a possible mechanism for how they 

could also be related to cytoarchitectural changes (Figure 25B).  Finally our work with 

HDAC6 inhibitors demonstrates that increased cytoarchitecture is possible through 

increased acetylation of tubulin (Figure 25C). Collectively these studies outline a 

possible mechanism for how all of the work in this thesis could regulate microtubule 

dynamics and in turn chronic migraine mechanisms. More work in the future will be 

needed to unravel the exact mechanism of these findings.  
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Figure 25 Regulatory mechanisms through CGRP, DOR agonists, and HDAC6 
inhibition. Collectively my findings demonstrate a novel cytoarchitectural basis for 
chronic migraine and show the effectiveness of CGRP antagonist, DOR agonists, and 
HDAC6 inhibition. (A) CGRP receptor activation could lead to destabilization of the GTP 
microtubule cap leading to catastrophe. This could be reversed through inhibition of 
CGRP. (B) DOR agonist, KNT-127, could function to decrease the amount of CGRP 
that is released which would then further limit the effect that CGRP could have on 
microtubule disassembly. (C) HDAC6 inhibition was shown to increase tubulin 
acetylation which in turn could result in stabilized microtubules.  

5.3 Limitations 

 Measuring pain in an animal model presents several difficulties and limitations. In 

the studies above we use von Frey hair filaments to detect thresholds to mechanical 
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stimuli in periorbital and hind paw tests. We use the measure of decreased thresholds 

as a representation of the allodynia that accompanies migraine in patients. However, 

the decreased mechanical threshold does not necessarily correlate to a migraine attack, 

or pain in general. Pain is a complex state and cannot be measured by simple von Frey 

hair mechanical threshold testing [797]. However, the mechanical assay used in this 

thesis does allow for the detection of basal allodynia, which is a common chronic 

migraine symptom and has been previously used to model migraine [39, 41]. While the 

mechanical threshold testing can give us a lot of information, it cannot assess thermal 

hyperalgesia, which does not always correlate exactly with mechanical hyperalgesia. It 

is possible that looking solely at mechanical measures could miss some important 

information that would be unlocked by also looking at other endpoints.  

 As mentioned previously migraine symptoms extend far beyond the headache 

phase [661]. While one of these symptoms is frequent whole body and cephalic 

allodynia there are other symptoms that frequently accompany migraine including 

photophobia. Future work should integrate animal models to detect more symptoms 

including a light dark box chamber experiment to examine photophobia or the use of the 

facial grimace scale to better understand the affective aspects of migraine [798, 799]. A 

larger understanding of the other aspects would allow for more effective treatment of 

migraine and a more efficient transition of compounds from a preclinical to a clinical 

state. 

 Throughout the study we primarily used the NTG based models to induce 

migraine like symptomology. While the NTG model has previously been used to gain 

information about migraine pathophysiology [100], the method is not without flaws.  In 
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these studies the dose of 10 mg/kg was used to induce the chronic migraine state. This 

dose is substantially higher than the equivalent dose used in humans [90].  This could 

mean that the NTG is having other effects outside of migraine induction. However, 

previous work has shown that migraine preventives at human relevant doses have been 

able to ameliorate the mechanical hyperalgesia following NTG injection [94]. As 

discussed in Chapter 1 of this thesis, there are many models of migraine which each 

target different aspects of the disorder. While NTG has been previously established and 

shown to produce many migraine-associated symptoms, it still does not induce every 

aspect of a migraine attack. To gain a more well-rounded picture of migraine it is 

important in future studies to use additional models to ensure that similar 

pathophysiological changes accompany other migraine models. 

 CSD was used throughout this thesis to model migraine aura. As discussed 

above there are several ways to induce CSD events including electrical or mechanical 

stimulation. We chose to use the KCl model as it previously has been successfully used 

to screen preclinical compounds [114, 229]. However, like the NTG model, CSD 

induction through KCl has some unique properties that are not necessarily seen in other 

models. Additionally we used an anesthetized model and anesthesia has been 

previously shown to potentially effect CSD induction [210]. To avoid this, we always 

used vehicle treated animals as controls under the same conditions, but still this could 

be a confounding variable. Previous studies have used a threshold model to establish 

susceptibility to migraine [230].  We used a suprathreshold continuous supply of KCl 

and examined the total number of CSD events that occurred in both our HDAC6 and 
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KNT-127 experiments. Future studies should also examine how these compounds 

affect the threshold to induce a CSD event to gain a more complete picture. 

 Golgi staining method was used in many of the experiments to examine the 

cytoarchitecture of the neurons in the regions of interest. While Golgi method has been 

used for centuries to study cytoarchitecture it is not without limitations. While there have 

been some modern adaptations of the Golgi method; the overall principles remain the 

same from when the method was first used [800-803]. The method selectively visualizes 

the entire architecture of a neuron and gives a clear background while thousands of 

neurons next to it remain unstained. The reaction works through chromium salts binding 

to proteins in the neuron that then are transformed to black mercuric sulfide deposits 

upon alkali treatment [804-806]. The result is clearly stained soma, dendrites, axons, 

and spines that can be easily visualized under a bright field microscope. The Golgi 

method stains neurons sporadically and it is still unclear why some neurons are stained 

and others are not [807]. Since it randomly selects neurons and only stains a small 

subsection of the population it is difficult to selectively stain a minority population of 

neurons [807]. The Golgi staining process makes the tissue extremely light sensitive 

and can quickly become damaged after just a brief amount of light. Additionally, while it 

has occasionally been done, using immunohistochemical techniques in combination 

with Golgi stain has largely been unsuccessful [752]. Since the immunohistochemical 

staining cannot be combined with the Golgi stain it is difficult to gather more information 

about the cellular population being examined aside from purely morphological analysis. 

This greatly limits the information that can be gained using the Golgi method. In the 
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future directions I will discuss other techniques that could be used to overcome this 

disadvantage and alternatives for future studies.   

5.4 Future Directions 

Alternatives to Golgi Stain 

 Golgi staining method while widely used is not without its limitations. One major 

limitation discussed throughout the thesis is the inability of Golgi method to be used with 

immunohistochemical techniques. This limits the information about the particular cell 

population and makes it difficult to gather deeper knowledge on how cell morphology 

changes may interact the surrounding neuronal environment. I will briefly discuss other 

staining methods that can be used to effectively stain neuronal populations and how 

these could be implicated in future studies.  

 An alternative method to Golgi staining that is commonly used is intracellular 

injection of staining agent. Lucifer Yellow or biocytin can be delivered into the cell 

following electrical recording [808]. Injection of the labeling agent allows for a 

morphological reconstruction to accompany the previously recorded electrophysiological 

data. This technique also has disadvantages as it can only be done in slice 

preparations, which can sever the axon fibers limiting the full arborization morphological 

data. This technique is very time consuming and only a single neuron can be done at 

once making it very difficult to label large populations.  

Electroporation and transfection methods allow for neuronal morphological 

labeling that does not have many of the disadvantages seen in the Golgi staining 

method [805, 809]. Electroporation is the application of an electric pulse that disrupts 
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the plasma membrane and allows for DNA or other molecules to be forced inside the 

cell allowing for labeling [810].  Electroporation and transfection is commonly done by 

administering dye to individual cells via microinjection through intracellular or patch 

pipettes. This method allows for comprehensive labeling of a single cell, but it is very 

technically demanding and can result in sampling bias [809, 811-813]. Another 

commonly used option is neuronal transfection, which uses DNA constructs to target 

cells and tissue. Biolistic delivery uses a gene gun and a pressurized release of gas to 

shoot the DNA-coated micro-particles into tissue that cross the plasma membrane and 

targets the cell [814]. This method is much simpler than the conventional intracellular 

injections [815]. However, it must be done in living tissue samples to allow for 

replication of the DNA and transfection. One way around this is the use of diolistic 

labeling of live or fixed neurons [816]. Diolistic labeling uses the lipophilic fluorescent 

dye dialkylcarbocyanine (Dil). Dil was first used as an anterograde and retrograde 

tracer, but it can also be used to fluorescently label neuronal cell membranes [816]. Dil 

coated micro-carriers are delivered in a ballistic way to fixed or cultured tissue slices 

where it is incorporated in the cellular membrane. The lateral diffusion of the Dil allows 

for movement into the plasma membrane providing fluorescent labeling of the entire 

cell. Often ballistically delivered using gas Dil-coated particles are embedded in various 

neurons of tissue [817]. The micro-carriers can travel into the soma while the Dil stays 

in the neuronal membrane. This allows Dil to diffuse through the cellular membrane of a 

single neuron fluorescently labeling the neuronal architecture [817].  

 Virus vectors are another common approach to selectively label neurons. 

Genetically encoded viral dyes can be transgenically labeled that are non-invasive and 
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can provide stable labeling of neurons in reproducible patterns across animals. Green 

fluorescent protein (GFP) was first used to label sensory neurons of the C. elegans 

[818]. This has been expanded to fruit flies and the use of Flp-out allows for sparse 

labeling of neurons by exposing some to heat shock producing Flp expression which 

then expresses GFP in a small subset of neurons [819, 820]. In mice a similar method 

using position effect variegation can cause line-to-line variations in transgene 

expression [821]. This allows for mice expressing GFP under a modified protein and 

has a small subset of neurons labeled [822]. Another common way is to use the GFP 

under an inducible form of Cre recombinase. This can allow for dose-dependent 

labeling of cells [823, 824].  While these viral vectors allow for mass labeling of neurons, 

the clarity of the neurons are lost compared to Golgi stain.  

 Labeling using multiple distinct labels distributed to different cells allows for 

labeling and analysis of many cells even when they are in close proximity to one 

another [825]. Fluorescent proteins (FPs) use genetically encoded labels that can be 

restricted to specific cell types or areas that can rely on promoters or sequences. FPs 

can be amplified using a number of approaches including antibodies, fusion proteins, or 

chromogenic enzymes [823, 826, 827]. To induce specific gene modifications site-

specific recombinases like Cre and Flp are commonly used [828]. The recombinases 

catalyze DNA recombination between a pair of short specific sequences. These can be 

used to arrange different target sequences and result in excision, inversion, or 

intermolecular exchange [825]. The site-specific recombinase described here is an all or 

none approach but use of ligand-activated CreER recombinase allows for alteration of 

the expression level, providing a more fine tune labeling [828]. In general, this approach 
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combines the advantages of genetic targeting and random labeling creating sparse 

expression within a genetically defined domain.  

 Spaghetti monster fluorescent proteins (smFPs) are highly antigenic molecules 

based on GFP like fluorescent proteins that contain numerous copies of peptide 

epitopes and bind IgG antibodies [829]. smFPs were found to be fully distributed into 

neurons including the axons, dendrites, and even spines. Furthermore, by varying 

epitope and scaffolds a diverse family of mutually orthogonal antigens can be generated 

[829]. smFPs were found to perform much better than standard labeling techniques to 

investigate low abundance proteins. They also allow for increased number of 

simultaneous imaging channels that can be used at once [829]. Use of several of these 

techniques would allow for cell population specific information to be gained. Future 

studies could be conducted to investigate how specific populations change following 

chronic pain states.   

HDAC6 Modulation 

 Throughout the second chapter of the thesis I highlighted the importance of 

HDAC6 in regulating cytoarchitectural dynamics. I further showed how HDAC6 inhibition 

can be used to reverse or prevent some cytoarchitectural changes associated with 

chronic migraine models. Building on these findings it would be interesting to examine 

factors that endogenously regulate HDAC6 and how manipulating these factors can 

affect tubulin dynamics and cytoarchitecture. While HDAC6 can interact and deacetylate 

several other proteins within the cell, it can also be regulated. Glycogen synthase 

kinase 3β (GSK-3β) is a cytoplasmic serine/threonine kinase and is important for many 

cellular processes including survival and apoptosis [830]. GSK-3β is widely distributed 
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in the brain [831]. Many of GSK-3β substrates are cytoskeleton-related proteins [832] 

and inhibition of GSK-3β results in increased acetylated tubulin as well as kinesin-1 

association with mitochondria [833]. GSK-3β inhibition resulted in a slight decrease in 

HDAC6 protein, but a much larger decrease of deacetylase activity. Conversely 

enhancement of GSK-3β resulted in increased activity of HDAC6 [833]. HDAC6 and 

GSK-3β were found to co-localize in hippocampal neurons. Further HDAC6 can be 

phosphorylated at the serine-22 residue [834]. Importantly, inhibition of GSK-3β resulted 

in decreased phosphorylation of this residue and resulted in increased acetylated 

microtubules [833]. This data demonstrates that HDAC6 phosphorylation can have 

direct impact on its acetylation capability. Examining GSK-3β following chronic pain 

models could reveal a molecular basis for how chronic pain states may alter 

cytoarchitecture. 

GPCR kinase 2 (GRK2) has also been found to modulate a number of signaling 

sensors in phosphorylation dependent and independent manner [835]. Decreased 

expression of GRK2 in MEFs have enhanced tubulin acetylation compared to wildtype 

MEFs, however these changes were not accompanied by changes in expression of 

HDAC6 or SIRT2 [836]. HDAC6 was found to co-immunoprecipitate with GRK2 in the 

cytoplasm [836]. GRK2 was further found to phosphorylate the second catalytic domain 

of HDAC6 and mutants of GRK2 that cannot phosphorylate HDAC6 showed increased 

acetylated microtubules [836]. Protein Kinase Cs (PKCs) are known to play roles in 

cytoskeleton regulation and are involved with cell polarization, directional sensing, and 

cell motility [837]. Multiple PKCs including PKC α and PKC ζ were found to form protein 

complexes with HDAC6 and phosphorylate HDAC6 [838]. Increased phosphorylation of 
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HDAC6 through PKC ζ was found to result in increased deacetylase activity and 

reduced acetylated tubulin levels [838].  Protein kinase CK2 was also found to 

phosphorylate HDAC6 and increase HDAC6 deacetylase activity within the cytoplasm 

and the phosphorylation through CK2 was found to be necessary for proper aggresome 

formation [839]. Collectively these data demonstrate the importance of phosphorylation 

of HDAC6 on its proper function. Future studies examining the relationship between 

HDAC6 phosphorylation and alterations in cytoarchitecture could produce effective 

therapeutic treatment options for chronic pain.  

Chapter 1 revealed that a common migraine therapeutic, Olcegepant, was not 

only able to relieve allodynia from the chronic NTG model, but was also able to reverse 

cytoarchitectural changes. This opens up some very interesting possibilities for how 

migraine therapeutics may work. It is possible that migraine therapeutics could produce 

undiscovered cytoarchitectural changes and this could be key to their effectiveness in 

treating migraine. Future work could be done to examine if this trend holds true for other 

therapeutics or if this is solely a HDAC6 inhibitor and Olcegepant effect. In this thesis 

we showed that KNT-127 was capable of reversal of allodynia as well as reduction of 

CSD events. Further work should be conducted to further explore the relation of DOR 

agonists and other migraine therapeutics on the effect on tubulin acetylation and 

cytoarchitectural changes.  

5.5 Concluding Remarks 

 The overarching aim of this thesis was to investigate novel therapeutic targets for 

the treatment of chronic pain disorders. Chapter 2 demonstrated a cytoarchitectural 

basis for chronic migraine as well as the use of HDAC6 inhibitors as a novel therapeutic 
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target. Chapter 3 built on these findings and showed that cytoarchitectural changes are 

widespread across the mouse brain following chronic migraine and can also be seen in 

another chronic pain state, CRPS. Chapter 4 used a non-convulsant DOR agonist and 

revealed that a biased agonist with a greater therapeutic window can still effectively be 

used to reverse migraine-associated symptoms. Overall the work in this thesis 

establishes the use of HDAC6 inhibitors for migraine treatment, that cytoarchitectural 

changes persist in multiple pain states, and that a non-convulsant DOR agonist can still 

effectively treat migraine.  Future experiments could be conducted to better understand 

the neuronal population changes associated with chronic pain disorders. Further studies 

could also examine the changes in HDAC6 regulation and use these as targets for 

treatment for chronic pain disorders 
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