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Abstract
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Migraine is a highly prevalent headache disorder imposing a significant burden of
disability on human health worldwide. The headache is believed to arise from activation
of trigeminal pain pathways, with CNS regions also playing an integral role in attack
initiation and progression. Recent genetic associations have been made, but there is a
need to convert these into relevant experimental models to study underlying disease
mechanisms. Herein, [ detail functional analysis of two deleterious variants in the genes
KCNK18 and SLC12A3, that segregate with migraine with aura in one large pedigree.
Gene function has been studied in a range of cell models, from heterologous expression
systems and primary neuronal cultures, to Induced Pluripotent Stem (iPS) cell-derived
nociceptors. In this context, the protein products of KCNK18 and SLC12A3 have been
shown to modulate parameters of neuronal excitability, including baseline membrane
properties and firing patterns. Migraine attacks are not wholly attributable to
perturbations in peripheral pathways. | have shown that these genes are also expressed
within the CNS in a small number of discreet regions, suggesting a possible role in
central processing. Utilizing recently defined genetic variants and physiological cell-
based models, will provide a platform for mechanistic insights into migraine
pathogenesis and allow for the development of drug screening assays for new migraine
therapies.
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1. Introduction

Often trivialised as “just a headache,” migraine has had a long-standing impact on the
health of individuals and society as a whole (Lipton, Stewart et al. 1995). Migraine
causes significant discomfort and suffering in a large proportion of the population, yet
current approaches to treating this disorder are inadequate (Ferrari, Goadsby et al.
2002) and the pharmaceutical industry have dis-invested in migraine drug discovery
programs. This is somewhat surprising considering its high prevalence and life-long
impact, which constitutes an attractive disease profile for industry. The lack of
knowledge, as to the pathobiology of migraine susceptibility and the mechanism of
attack initiation, may be a contributing factor. Despite the documentation of migraine
for thousands of years, fundamental questions still remain and debate continues: Which
brain region(s) trigger the cascade of a migraine attack? Is there common pathobiology
amongst migraine subtypes? How is the pain of the headache phase generated and
transmitted? Where and how do current therapeutics act? Answering these questions
will be of upmost importance in the development of novel and effective therapeutic
strategies.

In this thesis I will first seek to address the generalities of migraine and our
current knowledge of the pathobiology - from the genetic to the systems level. With the
advent of new screening techniques, genetic associations have slowly emerged for
migraine (Silberstein and Dodick 2013); Chapters 3 and 4 will provide functional
evidence in support of a role for two such genetic associations, namely the genes
KCNK18 and SLC12A3. Migraine research relies heavily upon human clinical/imaging
studies, but also upon molecular and systems research in animal models. Often these

two fields fail to reach consensus (Olesen and Jansen-Olesen 2012). Chapter 5 and 6
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describe the development of a humanized cellular model of migraine, utilizing the rare

variants previously discussed and Induced Pluripotent Stem Cell technology.

1.1  Characteristics of migraine

1.1.1 The burden of migraine

Migraine is a highly prevalent headache disorder, imposing a significant burden of
disability on human health worldwide. In Europe headache disorders have a one-year
prevalence of 51%. Migraine itself represents roughly one quarter of these cases, with
43 million Europeans listed as migraine sufferers (Andlin-Sobocki, Jonsson et al. 2005).
The prevalence is unequal across gender, with a cumulative lifetime incidence of 43%
for women compared to 18% for men (Stewart, Wood et al. 2008). There are also
differences across socio-economic groups, with individuals on low income 60% more
likely to suffer attacks than those on higher income (Stewart, Lipton et al. 1992). Such
figures may only represent a fraction of total migraine cases as the majority go
undiagnosed or unreported (Lipton, Stewart et al. 1998). Due in part to its debilitating
nature and also its sheer prevalence, migraine should be acknowledged in terms of its
burden on society, both at a social and economic level.

A classical migraine attack comprises several phases, including a severe,
throbbing and usually unilateral headache. The headache phase will typically last
between 4-72 hours and can be associated with secondary symptoms such as
photophobia and nausea (Headache Classification Committee of the International
Headache 2013). While clearly there exists a spectrum of symptoms and severity, with
some patients experiencing only infrequent and mild migraine attacks, the majority of
migraineurs report more than one attack per month, and 13% report more than one per
week (Steiner, Scher et al. 2003). Migraine is known to be a severe stressor in life with

impact on both family relationships (Lipton, Bigal et al. 2003) and career prospects
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(Trust 2004). Additionally, depression is three times more common in the migraine
population (WHO 2004).

The prevalence of migraine varies with age and generally maximally impacts
upon those in the most productive years of their lives (Stewart, Lipton et al. 1992), with
median age of onset at around 25 years of age (Stewart, Wood et al. 2008). On average in
the UK, migraineurs lose 5.7 working days per year due to migraine attacks, resulting in
25 million lost work days nationally per year (Steiner, Scher et al. 2003). Treatment
costs and the effect on the workforce, makes migraine a significant economic burden-
costing Europe €27 billion annually and coming 3t in the rank of most costly
neurological disorders (Andlin-Sobocki, Jonsson et al. 2005). Despite the economic
burden it imposes, migraine is heavily underfunded- being the least publicly funded of

all neurological disorders relative to its economic impact (Olesen, Lekander et al. 2007).

1.1.2 Clinical aspects of migraine
Migraine is diagnosed based on attack descriptions given by the patient and the
exclusion of possible secondary causes of headache. Criteria for diagnosis have been set
out by the Headache Classification Committee of the International Headache Society
(Table 1.1). Migraine can be grouped into two major subtypes: migraine with aura (MA)
and migraine without aura (MO). The aura is a reversible focal neurological symptom
that classically manifests as disturbances of the visual system, but can take other forms
including sensory or motor disturbance. Symptoms typically develop gradually for 5-20
minutes before or during the headache phase and can last up to one hour (Headache
Classification Committee of the International Headache 2013). Roughly one third of
migraine patients are defined as MA sufferers but it is not uncommon for patients to
experience both forms of migraine (Russell, Rasmussen et al. 1995).

Migraine can be described by several phases that may or may not occur for a

given attack. Premonitory symptoms, including fatigue, neck stiffness, difficulty
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concentrating, nausea and heightened sensitivity to light, present up to 48hrs preceding
the headache phase. When present, aura will typically manifest within 30 minutes
preceding headache pain (Queiroz, Rapoport et al. 1997). Migraine headaches are often
rated as moderate to severe in intensity, commonly unilateral and throbbing in their
nature. The period of headache pain is variable, but can last up to several days and is
associated with a number of secondary symptoms including nausea, photophobia,
vomiting and phonophobia. The characteristics of the postdrome phase of an attack
differ markedly between patients and typically last several days. Patients can report
euphoria following an attack, or a sense of depression coordinated with cognitive
difficulties, mood changes and other symptoms (Headache Classification Committee of

the International Headache 2013).

Migraine
without Atleast 5 attacks fulfilling criteria A-D
aura
(MO) A) Headache lasting 4-72 hours
B) Headache has at least two of the following characteristics:
a. Unilateral localization
b. Pulsating quality
¢. Moderate or severe pain severity
d. Aggravation by, or causing avoidance of routine physical
activity
C) During headache at least one of the following
a. Nausea and/or vomiting
b. Photophobia and phonophobia
D) Not attributable to another disorder
Migraine
with aura At least 2 attacks fulfilling criteria A-C
(MA)
A) One or more of the following fully reversible aura symptoms
a) visual
b) sensory
c) speech and/or language
d) motor
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e) brainstem
f] retinal

B) Atleast two of the following:

a. Atleast one aura symptom spreads gradually over =5
minutes, and/or two or more symptoms occur in succession
Each individual aura symptom lasts 5-60 minutes
At least one aura symptom is unilateral
d. The aura is accompanied, or followed within 60 minutes, by

headache.

SIS

C) Not attributable to another disorder and transient ischaemic
attack has been excluded.

Table 2.1 Migraine diagnosis criteria. Adapted from (Headache Classification Committee of the

International Headache 2013).

1.2  Pathophysiology of migraine

1.2.1 The Aura

As a premonitory symptom to the headache, aura has classically been viewed as a
tractable way of studying the earliest phases of a migraine attack. Most MA sufferers
experience a visual aura (Russell and Olesen 1996) that can consist of a propagating
scintillating scotoma or zigzag shapes that move gradually across the visual field. In
some cases the visual perception of aura has spatial and temporal characteristics
remarkably similar to Cortical Spreading Depression (CSD) (Lashley 1941, Wilkinson
2004). This observation lead to the assumption that CSD is the neurophysiological
correlate underlying the aura. CSD was first described by Leao in 1944 in a series of
experiments that demonstrated how electrical stimulation of the brain surface in rabbits
could induce a measurable wave of depolarization, followed by hyper-polarization that
travelled across the cortex at a rate of 3-5mm/min (Leao 1944, Leao 1944, Leao 1945,
Leao 1947). The wave of CSD is propagated through neuronal and glial cell activity

resulting in a disruption of normal ionic balance (Hansen and Zeuthen 1981). In
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addition to the neuronal/glial waveform, there is profound vasodilation followed by
vasoconstriction of associated cerebral blood vessels (Brennan, Beltran-Parrazal et al.
2007).

Animal models of CSD are well established and provide strong evidence
associating CSD with migraine pathogenesis (van den Maagdenberg, Pietrobon et al.
2004, Ayata, Jin et al. 2006, Eikermann-Haerter, Dilekoz et al. 2009). CSD-like events in
humans have been shown. Electrocorticography (ECoG) recordings direct from the
cortex of patients undergoing surgery for brain injury, demonstrate repetitive CSD
events around the site of injury (Dreier, Major et al. 2009, Woitzik, Hecht et al. 2013).
However, there is a paucity of direct evidence to confirm that these CSD events occur
during a migraine attack. Standard EEG recordings with scalp electrodes are unlikely to
detect the spreading depression and due to the invasiveness of the technique, ECoG has
not been performed on migraine patients. Functional imaging has provided indirect
evidence for CSD events during aura. Blood oxygenation level dependent (BOLD) signal
changes with characteristics consistent with CSD have been observed in three subjects
during a visual aura (Hadjikhani, Sanchez Del Rio et al. 2001). Further, a DC shift
suggestive of a CSD waveform has been observed using Magnetoencephalography
during spontaneous and visually stimulated migraine aura (Bowyer, Aurora et al. 2001).
Lack of a direct observation of CSD during a migraine attack, in addition to the structural
differences between human and rodent cortex, leave open the possibility that the
migraine aura may be due to an event differing from classical experimental CSD.

It is now clear that CSD can activate pain pathways. Spreading activation
followed by deactivation releases multiple factors including: nitric oxide (NO)
(Obrenovitch, Urenjak et al. 2002), calcitonin gene-related peptide (CGRP) (Colonna,
Meng et al. 1994) and ATP (Schock, Munyao et al. 2007), all of which can activate or
sensitize pain signaling pathways. Induction of CSD in anaesthetized and awake animals

causes activation of the nociceptive trigeminovascular system (Ingvardsen, Laursen et
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al. 1997, Fioravanti, Kasasbeh et al. 2011) and behavioral studies suggest that in awake
rodents, CSD can induce pain-associated facial expressions (Karatas, Erdener et al.
2013).

The relevance of CSD to migraine is still to be fully elucidated. Whilst it appears
likely that CSD-like events do occur during migraine aura, the role of CSD in migraine
without aura is fiercely debated. It thus remains an open question as to whether in
human migraine, CSD is a causative step in the cascade that results in headache pain, or

is simply an epiphenomenon.

1.2.2 The Vascular theory for the origin of the headache

Perhaps the most contested aspect of migraine pathology today, is the origin and
signaling pathways of the headache pain during an attack. Harold Wolff initially
popularized the vascular theory of migraine in the mid-twentieth century. Experiments
on awake patients undergoing neurosurgery showed that electrical stimulation of dural
and cerebral arteries induced nausea and headache pain (Wolff 1948). Eighty percent of
migraineurs experience pain of a pulsatile and throbbing nature consistent with a role
for arteries (Ray BS 1940). Furthermore, headache can be induced by balloon dilation of
cerebral arteries (Nichols, Mawad et al. 1990) and is a commonly seen symptom of
cerebral arteritis (Headache Classification Subcommittee of the International Headache
2004). Finally, one of the earliest therapeutics for migraine, ergotamine, and several
subsequent efficacious therapies including triptans (Jansen, Edvinsson et al. 1992,

Petersen, Lassen et al. 2005) are potent vasoconstrictors (Maier 1926).

1.2.3 Vascular changes are not causative of headache pain during migraine
There exists accumulating evidence that changes in blood flow may not be the driver of
migraine pain. Blood flow studies have noted a temporal discrepancy between hypo-

perfusion and headache (Olesen, Friberg et al. 1990). Pituitary adenylate cyclase
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activating peptide (PACAP-38) and vasoactive intestinal polypeptide (VIP) both cause
marked cranial vasodilation but only PACAP-38 can initiate migraine (Rahmann,
Wienecke et al. 2008, Schytz, Birk et al. 2009). In addition, many current efficacious
migraine therapies have no documented effect on the vasculature (Goadsby 2012).
Whilst Nitroglycerin (NTG) is a potent vasodilator, no changes in extracranial or
intracranial vessels were observed during NTG -induced migraines (Schoonman, van der
Grond et al. 2008). An interesting finding by Ahn (Ahn 2010) and followed up recently
by Mo (Mo, Maizels et al. 2013), suggests that the throbbing nature of headache does not
necessarily correlate temporally with heart rate. Perhaps most conclusively, it has now
been shown using magnetic resonance angiography that there is no extracranial and
only minor intracranial vasodilation during spontaneous migraine attacks (Amin,

Asghar et al. 2013).

1.2.4 Neurovascular inflammation
The vascular theory as it was first proposed, has largely been replaced by a hypothesis
based on neurovasculature dysfunction. Here, the headache pain involves the
trigeminovascular system (TGVS) (Figure 1.1) that consists of intracranial meningeal
blood vessels and the pain fibers that innervate them. The dura is extensively
innervated by unmyelinated (C-fibers) and thinly myelinated (AS8-fibers) nociceptors
originating in the trigeminal ganglion (TG) and C1-3 dorsal root ganglion (DRG)
(Andres, von During et al. 1987). Stimulation of the dura is a well accepted migraine
model (Bergerot, Holland et al. 2006, Akerman, Holland et al. 2013) and results in
increased activation of both first order trigeminal neurons (Levy, Zhang et al. 2008) and
second order trigeminal neurons residing in the Trigeminal Nucleus Caudalis (TNC)
(Holland, Akerman et al. 2012).

There is strong evidence from animal models indicating that CSD events directly

lead to TGVS activation, supporting the theory that CSD, and hence its correlate the aura,
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precipitates headache pain. The wave of activity associated with CSD induces the
release of a range of signaling factors including glutamate, ATP and H+ and K+ ions from
neurons and glia, and CGRP and NO from perivascular nerve terminals (Levy 2012).
Early work detailed the ability of CSD to induce long lasting blood flow changes in the
Middle Meningeal Artery (MMA), which corresponded with ipsilateral activation of
second order trigeminal neurons. Activation could be abolished by sumatriptan or
chronic sectioning of the trigeminal nerve (Bolay, Reuter et al. 2002). Direct
electrophysiological recordings have now shown that CSD can activate meningeal
nociceptors (Zhang, Levy et al. 2010), however questions remain as to whether factors
released by CSD can induce delayed and prolonged activation of trigeminal afferents
consistent with the temporal characteristics of aura and prolonged headache pain. A
recent study has provided evidence that through the opening of neuronal Panx1 mega
channels CSD can induce a parenchymal inflammatory cascade resulting in MMA
vasodilation and TGVS activation (Karatas, Erdener et al. 2013). In contrast to transient
release of neurotransmitters and ions, inflammatory pathways may act to provide a
delayed and prolonged stimulus for TGVS activation. In support for the involvement of
peripheral pathways, mediators that cross the blood-brain barrier (BBB) slowly, or not
at all, such as histamine and CGRP, can induce migraine attacks (Lassen, Thomsen et al.

1995, Lassen, Haderslev et al. 2002).

1.2.5 The central theory of migraine

In contrast to the viewpoint that peripheral nociceptors drive the headache phase, an
alternative theory postulates that migraine pathogenesis resides mostly within the CNS
(Akerman, Holland et al. 2011). Eighty-two percent of migraineurs experience a
prodromal phase (Schoonman, Evers et al. 2006) whereby premonitory symptoms are
experienced hours or days before the headache pain. These can include circadian

rhythm disturbances, heightened sensitivity to light, fatigue and changes in thirst, mood,
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appetite and urination (Giffin, Ruggiero et al. 2003). Such symptoms strongly argue for a
dysfunction intrinsic to the CNS during the earliest phase of a migraine attack.
Classically, efficacy of anti-migraine drugs has been attributed to action in the periphery
(Humphrey, Feniuk et al. 1990). However it has been shown in animal models that when
applied locally, triptans can act on central targets (Storer and Goadsby 1997). Systemic
infusion of sumatriptan can reduce the activity of TNC neurons as measured by c-Fos
expression (Shepheard, Williamson et al. 1995) and single unit recordings (Kaube,
Hoskin et al. 1993). It must be noted that this effect was only observed after blood-brain
barrier (BBB) disruption, which has yet to be robustly demonstrated to occur during
migraine (Edvinsson and Tfelt-Hansen 2008). Indeed cilostozol, a robust migraine
provocant, strengthens the BBB (Horai, Nakagawa et al. 2013). Recent experiments have
highlighted the possibility that CSD events can activate TNC neurons without a
contribution from peripheral afferents. Injection of lignocaine into the TG can block
spontaneous and dural/facial evoked responses in second order trigeminal neurons.
Lignocaine injection during or before CSD triggering had no effect on discharge rates in
the TNC (Lambert, Truong et al. 2011). From these results it was concluded that
activation of the TGVS following CSD can occur without activation of peripheral inputs,
and instead signals are sent directly between the cortex and brainstem. The study
findings have however been questioned due to technical aspects of the study design
(Burstein, Strassman et al. 2012). Furthermore it is particularly unclear how a large-
scale wave of activity such as CSD, would selectively activate only the central pain
pathways associated with headache. Finally, a CNS-restricted mechanism has so far not
been able to explain the delayed nature of TNC activity following CSD; increased
discharge is consistently seen only after 10-20 minutes following CSD (Zhang, Levy et al.

2010, Lambert, Truong et al. 2011).
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Figure 1.1 Neuronal pathways implicated in migraine. The cerebrovasculature is innervated
by trigeminal afferents that project to second order neurons in the TNC. These neurons send
signals to several nuclei within the thalamus, which in turn ascend to cortical regions including
S1, anterior cingulate cortex and insular cortex, leading to the perception of pain. In addition to
this, second-order trigeminal neurons project to the periaqueductal grey (PAG) and to
hypothalamic nuclei. TNC neurons also synapse with neurons from the superior salivatory
nucleus. From here, the sphenopalantine ganglion carries parasympathetic efferents to the
cranial vasculature. This reflex likely contributes to the autonomic symptoms often associated
with migraine. Descending modulation of TNC neurons originates from cortical, thalamic and
hypothalamic regions as well as from the PAG, via the rostral ventromedial medulla (RVM). Solid

lines represent afferent traffic and dashed lines represent descending modulation.
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The periaqueductal grey (PAG) has consistently been shown to be activated during
migraine (Afridi, Giffin et al. 2005, Denuelle, Fabre et al. 2007). Such activation remains
beyond successful treatment with sumatriptan (Weiller, May et al. 1995). Electrical
activation of the PAG inhibits dural evoked activation of TNC neurons (Knight and
Goadsby 2001) and a small proportion of patients undergoing electrode implantation
near the PAG report delayed migraine-like pain (Raskin, Hosobuchi et al. 1987). These
findings spawned the idea that PAG dysfunction could be the mediator of migraine
attacks. Anatomically, the PAG has extensive communication with the rostral
ventromedial medulla (RVM) (Holstege and Kuypers 1982). Both areas have bi-
directional connections with the TGVS and higher brain centers, such as the
hypothalamus and thalamus (Droste and Roskamm 1990, Semenenko and Lumb 1992,
Edelmayer, Vanderah et al. 2009). Specific dysfunction of the PAG acting as a driver for
migraine attacks is an attractive way of explaining the many and varied premonitory
and accessory symptoms of migraine. However it would not explain the specificity of
the headache pain during migraine, since the PAG is activated during a wide range of
pain syndromes (Hsieh, Stahle-Backdahl et al. 1996, Petrovic, Ingvar et al. 1999,
Derbyshire, Jones et al. 2002). It is reasonable to assume from imaging and clinical
observations that central regions have a clear modulatory role on TGVS traffic during
headache, but until it is shown that dysfunction of these regions can activate previously
quiescent trigeminal nociceptive pathways, it must be considered more probable that

activation of primary trigeminal afferents is required for the headache pain.

1.3  Genetic background
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1.3.1 Contribution of a genetic component

Migraine is often observed to segregate in families, suggestive of a genetic component.
First-degree relatives of MO have a 1.9-fold increased risk (spouses have 1.4-fold
increase), while with regard to the more genetically tractable MA, first-degree relatives
have a 4-fold increase in risk (spouses have no increase) (Russell and Olesen 1995).
Twin studies reveal that concordance is higher amongst monozygotic than dizygotic
twins (Ulrich, Gervil et al. 1999) and that genetic and environmental factors likely play a
roughly equal role in pathogenesis (Mulder, Van Baal et al. 2003). Complex segregation
analysis suggests that Mendelian inheritance is unlikely, and that in most cases, disease

is affected by a combination of multiple gene variants (Russell, Iselius et al. 1995).

1.3.2 Familial Hemiplegic Migraine (FHM)
FHM is a rare autosomal dominant condition caused by monogenic mutations. It is
considered to be on the spectrum of migraine and patients share many clinical
characteristics with those of typical MA. Distinctive of FHM, patients experience
hemiparesis that occurs during the aura phase and also exhibit longer duration of aura
and headache symptoms. FHM patients can also experience “typical” migraine attacks
(Thomsen, Eriksen et al. 2002). While it seems genetic factors are not shared, FHM
patients are at a higher risk than the general population for MA (Thomsen, Olesen et al.
2003), suggestive of a common pathophysiology. Due to its clinical similarity to typical
migraine but more easily interpretable genetics, FHM has been used extensively as a
model to define novel pathways and develop hypothesis for the pathogenesis of typical
migraine.

To date, mutations in three genes have been identified as causing FHM (Figure
1.2): CACNA1A (FHM1) (Ophoff, Terwindt et al. 1996), encoding the al subunit of
neuronal Ca,2.1 Ca2+ channels; ATP1A2 (FHM2) (De Fusco, Marconi et al. 2003),

encoding the a2 subunit of Na*/K+ ATPase pumps; and SCNA1 (FHM3) (Dichgans,
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Freilinger et al. 2005), encoding the pore-forming al subunit of neuronal Na,1.1 Na*
channels. The described mutations do not explain all FHM cases and so it is likely that
mutations in other genes are yet to be discovered. A mutation in SLC4A4 (Suzuki, Van
Paesschen et al. 2010), encoding the Na*-HCO3- co-transporter NBCel, has been
identified in sisters with FHM, however definitive evidence for causality is lacking.

The functional properties of FHM-associated proteins gives credence to the idea
that FHM (and hence potentially typical migraine) can be described as a channelopathy
(Ferrari MD 2006) (Figure 1.2). Cellular and knock-in mouse models show that
causative FHM1 CACNAIA mutations result in a gain-of-function effect on channel
activity (Ophoff, Terwindt et al. 1996, Tottene, Fellin et al. 2002). Ca,2.1 channels are
expressed on presynaptic nerve terminals and couple membrane depolarization with
neurotransmitter release (Wu, Westenbroek et al. 1999). Using a knock-in mouse model,
incorporating the R192Q FHM1 mutation, augmented excitatory neurotransmission has
been shown (Tottene, Conti et al. 2009). FHM 3-associated mutations have given
conflicting results. In heterologous expression systems, both gain and loss of function
mutations have been described (Kahlig, Rhodes et al. 2008). Contrary to this, expression
of the identified loss of function mutation in primary inhibitory interneurons rescues
mutant channel current, sufficiently to induce an overall hyperexcitably phenotype
(Cestele, Schiavon et al. 2013). In rodent CNS, Nayl.1 is predominantly expressed by
parvalbumin-positive inhibitory interneurons (Ogiwara, Miyamoto et al. 2007). How an
enhancement of GABAergic neuron firing can contribute to migraine pathology is
currently unclear. However, it has been speculated that excessive accumulation of

extracellular GABA and K* could initiate CSD (Cestele, Schiavon et al. 2013).
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Figure 1.2 Migraine mutations affecting the central glutamate synapse. Increased Ca2*
influxes caused by familial hemiplegic migraine subtype-1 (FHM1)-associated mutations in
Cay2.1 channels enhance glutamate release from presynaptic terminals. Loss of Na*/K* ATPase
function, as seen in FHM2, is proposed to indirectly reduce astrocyte uptake of glutamate,
resulting in increased levels of the neurotransmitter in the synaptic cleft. FHM3-associated
mutations increase firing of inhibitory interneurons. This may induce spreading depolarizations
by releasing excessive GABA/K* into the extracellular space. Mutations in SLC4A44 inhibit glia-
mediated acid secretion and thus free N-methyl-D-aspartate (NMDA) receptors from proton-
mediated inhibition. Activity of Excitatory Amino Acid Transporter 2 (EAAT2), the major
glutamate transporter in the brain, is indirectly affected by up-regulation of the metadherin gene

(MTDH), a likely consequence of a reported mutation in rs1835740. Low-density lipoprotein
receptor-related protein 1 (LRPI) has a role in glutamate signaling and has been shown to

directly modulate NMDA-dependent calcium currents in vitro.

The importance of glia is evident in FHM2; all studied mutations yield a 'loss-of-
function' of the Na+/K+* ATPase pump (Segall, Mezzetti et al. 2005). These pumps are

essential for the astrocyte-mediated uptake and clearance of neurotransmitters and K+
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ions in the synaptic cleft. It is presumed that reduced clearance will lead to enhanced
neurotransmission. Neuronal excitation causes extracellular alkalosis, but this is
buffered by acid secretion from glial cells. Such secretion is induced by glial cell
depolarization and mediated by inward rectifying Na+ HCO3- co-transport (Chesler
2003). Mutations in SLC4A4, another glial transporter that has been reported to cause
FHM in two sisters, cause defective trafficking of NBCel and reduced intracellular
alkalization (Suzuki, Van Paesschen et al. 2010). Decreased capacities to buffer
extracellular alkalosis could result in increased neuronal excitability, as N-methyl-D-
aspartate (NMDA) receptors are sensitive to inhibition by protons.

While FHM and typical migraine overlap significantly, phenotypic differences do
exist (Hansen, Thomsen et al. 2008) and to date, mutations in FHM genes have not been
found to associate with typical migraine. Despite this, FHM serves as a highly valuable
model of migraine. The usefulness of FHM genetic studies extends beyond simply
identifying genes responsible for rare migraine subtypes. More importantly, they have
provided mechanistic insights into the pathobiology of migraine in general, which seems
likely to be a disease related to ionic disturbances with a resultant altered excitability of
certain brain regions. Adopting this hypothesis may help prioritize findings, in the
context of the large volume of data arising from genome-wide association studies and

genome sequencing, by examining ionic homeostasis pathways.

1.3.3 Migraine as part of a broader syndrome

Migraine, both FHM and typical, often presents as part of a broader syndrome of disease.
These conditions are usually attributable to highly penetrant mutations and offer an
opportunity to investigate migraine-relevant pathways. To date, seven genes have been
identified to cause syndromes of which migraine (FHM or MA/MO) is one component.
PRRT2, encodes a transmembrane protein that associates with SNAP-25; mutations in

PRRT2 is causative for paroxysmal kinesigenic dyskinesia (PKD) and benign familial
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infantile epilepsy (BFIE) (Riant, Roze et al. 2012). A mutation in SLC1A3, encoding the
glial glutamate transporter EAAT1, has been identified in one patient who presented
with alternating hemiplegia and migraine, in addition to episodic ataxia and seizures
(Jen, Wan et al. 2005). COL4A1, encodes the type IV collagen alpha chain and mutations
in this gene result in cerebral small vessel disease, porencephaly and infantile
hemiparesis (Lanfranconi and Markus 2010). NOTCH3 encodes a key-signaling molecule
in neuronal development and mutations in this gene have been shown to underpin
cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) (Ceroni, Poloni et al. 2000). TREX-1 encodes a DNA
exonuclease which when mutated, causes hereditary vascular retinopathy (Stam, van
den Maagdenberg et al. 2008) amongst other syndromes. Finally, casein kinase 61 is a
serine-threonine kinase associated with advanced sleep disturbances (Brennan, Bates et
al. 2013) (Figure 1.3). Since migraine is only one part of each syndrome, this implies
that these genetic defects lead to broader disruption of multiple pathways including

those involved in migraine causation.

1.3.4 Genome-Wide Association Studies
Genome-Wide Association Studies (GWAS) allow for the un-biased interrogation of the
genome on a large scale. Millions of SNPs can be compared between disease and control
cohorts with the resultant analysis best suited to detect common disease variants, even
those with low effect size. GWAS have been applied to migraine with varying success,
with 8 associated variants identified to date (Figure 1.3).

The first GWAS used a relatively small European patient cohort (2,731 migraine
cases) and identified one SNP that reached genome-wide significance (Anttila,
Stefansson et al. 2010). Rs1835740 on chromosome 8q22.1 associated with migraine

with a P value of 5.38x10-9and odds ratios ranging from 1.21-1.33. Replication studies
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confirmed the association in further European cohorts. The marker resides between two
genes, PGCP and MTDH, both of which have been implicated in glutamatergic
neurotransmission. Although minimal functional follow-up has been performed, the risk
allele is associated with higher MTDH expression in lymphoblastoid cell lines. MTDH
down-regulates EAAT2, a protein utilized by glia to clear glutamate from the synaptic
cleft. It is hypothesized that higher levels of MTDH expression could therefore result in
an increase of extracellular glutamate levels and thus promote a state of hyper-
excitability in the CNS.

The second GWAS took a meta-analysis approach to six European cohorts and
identified 32 SNPs associated with migraine (Ligthart, de Vries et al. 2011). Of particular
interest from this study was a SNP in the nerve growth factor receptor gene. Despite the
large study size, replication of all identified SNPs failed in 3-population based samples
(from the Netherlands and Australia) leading the authors to postulate that the study
lacked power due to the heterogeneity of their population-based samples. The samples
used were obtained from patients diagnosed on the basis of short questionnaires, rather
than a clinical diagnosis. This not only increases the probability of miss-diagnosis, but is
also likely to generate bias for less severe phenotypes (and thus a lower predicted
genetic risk). This study did however provide modest support for the association of the
MTDH gene and migraine, yet failed to replicate the specific SNP association noted
previously by Antilla, et al., 2010 (rs1835740).

The largest migraine GWAS performed to date identified three SNPs:
(rs2651899 [PRDM16], rs10166942 [TRPMS8], and rs11172113 [LRP1]) (Chasman,
Schurks et al. 2011). A plausible hypothesis linking PRDM16 to migraine is lacking,
however TRPM8 is a cold-activated ion channel highly expressed in sensory neurons and
with a large role in peripheral pain pathways (McKemy 2005). LRP1 is expressed in a
range of cells in the CNS (Bu, Maksymovitch et al. 1994) and LRP1-/- mice present severe

neurological defects (Liu, Trotter et al. 2010). The protein has been shown to modulate
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NMDA-dependent intracellular signaling, suggestive for a role of LRP1 in controlling
synaptic transmission (Nakajima, Kulik et al. 2013).

The most recent study replicated the TRPM8 and LRP1 loci but also identified
two novel loci: MEF2D and TGFB2R (Freilinger, Anttila et al. 2012). MEF2D is a
transcription factor that restricts the number of excitatory synapses in response to
enhanced neuronal activity (Flavell, Cowan et al. 2006). TGFBRZ2 is involved in cell
proliferation and differentiation (Lin, Wang et al. 1992). A missense mutation in the
gene has been associated with aortic dissection in a large multi-generational pedigree.
Crucially, 11/14 mutation carriers also suffered from migraine (Law, Bunyan et al
2006). This study identified two further, but minor associations with the genes PHACTR
and ASTNZ2. While a functional link between ASTNZ2 and migraine is unclear, the protein
product of PHACTR controls synaptic morphology and activity (Greengard, Allen et al.
1999).

The majority of GWAS-identified SNPs fit well with the hypothesis born from
earlier FHM studies: that migraine predisposition is at least partially due to a
deregulation at the central synapse. However, it is also of note that some of the loci,
TRPMS8 in particular, are more known for their role in peripheral pathways, arguing
against the notion that peripheral pathways are redundant in migraine pathogenesis.
Despite the undoubted utility of GWAS studies there exists two main weaknesses in
their application. Firstly, the currently identified variants have odds ratios that range
from 0.77-1.23. These variants are therefore present and well tolerated in the control
group and thus can all be classified as having a low effect size. It is often desirable to
perform functional follow-up studies on genetic variants as a way to gain insight into
disease mechanisms. The low penetrance of GWAS-defined variants poses a significant
challenge to this. Secondly, despite the large patient sizes in the documented studies (up
to 23, 285) there is clearly a substantial amount of missing heritability. The

effectiveness of GWAS is greatest in detecting disease-associated alleles that occur with
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relatively high frequency. Thus, missing heritability can be partially explained by the
inability of GWAS studies to detect rare disease variants, epistasis and epigenetic effects.
(Eising, N et al. 2013). Progress in migraine genetics may therefore require further
classical genetic studies in familial migraine and next generation sequencing

approaches.

1.3.5 KCNK18

The candidate-based approach can be extremely powerful in detecting risk variants
associated with disease, but requires a priori knowledge of disease mechanisms
(Patnala, Clements et al. 2013). Our laboratory used this methodology to identify the
first gene associated with typical migraine (Lafreniere, Cader et al. 2010). Using the
knowledge base provided by FHM studies, a screen of 150 brain-expressed ion channel
genes was undertaken in 110 unrelated migraine patients. In an attempt to improve the
chance of identifying deleterious coding mutations, patients were selected on the basis
of presenting with a strong family history of MA. A 2bp deletion in KCNK18 (F139fsX24),
which causes a premature truncation of the coded protein, was found in one proband.
The KCNK18 gene was sequenced in 16 family members of the proband, spanning
several generations. F139fsX24 is inherited in a dominant fashion and revealed 100%
penetrance and segregation of the mutation with MA. KCNK18 encodes TRESK (TWIK-
related spinal cord potassium channel), a K* leak current channel and member of the
two-pore K+ channel family. Given the apparent high penetrance of this mutation,
characterizing protein function may reveal general disease mechanisms.

Despite the strong segregation of the KCNK18 variant with disease phenotype, it
would be counterintuitive to assume monogenic inheritance in a sporadic form of
migraine. Further analysis of the original data was performed and a second genetic
linkage peak (LOD score 2.8] was found with a segregating haplotype present in all

affected individuals and two unaffected individuals. Exome sequencing with an average
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100-fold coverage per exome, identified 2333 exonic SNPs and 104 exonic indels shared
by all 3 individuals. The F139WfsX24 mutation was found in all 3 affected individuals
but no other predicted deleterious variants in genes adjacent to KCNK18. At the second
genetic locus, there were no indels and only 1 shared exonic polymorphism - a rare
deleterious variant (G264A) in SLC12A3. We then confirmed that all affected individuals
in the family carry the G264A mutation (Cader et al, unpublished data). SLC12A3 encodes
a Na*/Cl- co-transporter (NCC) classically restricted to a role in the distal convoluted
tubule of the kidney (Gamba 2009). Nothing is known about the role of NCC in migraine
salient areas, but given the genetic association it is pertinent to investigate whether NCC

could function as a modifier of migraine pathobiology.
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Figure 1.3 Genes and pathways involved in different forms of migraine. FHM genes:
CACNA1A, ATP1A2 and SCN1A are involved in the regulation of glutamatergic neurotransmission.
Genes in which rare variants have been associated with migraine as part of a broader syndrome

associate with both FHM and MA/MO. These variants are implicated in a multitude of pathways.
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Overlapping with FHM, common migraine genes MTDH, LRP1 and MEF2D also associate to
glutamatergic neurotransmission. Additional common migraine genes implicate neuron and
synapse development (ASTN2, PRDM16, PHACTR1 and TGFBRZ2), brain vasculature function
(PHACTR1 and TGFBRZ2) and pain sensing (TRPMS8) as further migraine-relevant pathways. A
variant in KCNK18 was the first to be associated with typical migraine and fits with the pain-

sensing pathway.

1.3.6 Two-Pore Potassium (Kzp) channels

Although postulated by the constant field theory of Goldman, Hodgkin and Katz
(Goldman 1943) the molecular basis for background K+ leak current went undefined for
over half a century. However in the 1990’s, with the identification of the TWIK (Tandem
of pore domains in a weak inward rectifying K* channel) channels came the first glimpse
at the molecular pores through which the K+ leak flows (Lesage, Guillemare et al. 1996).
Since then, 15 genes spanning 6 subfamilies have been identified and classified as
members of the Tandem Two-Pore Domain super family of mammalian K+ channels- Kzp
channels (Goldstein, Bayliss et al. 2005). While sequence homology between the
different subfamilies is often low (Fink, Duprat et al. 1996), all share a common
structural feature that is unique amongst K+ channels (Figure 1.4). Each subunit
possesses four transmembrane domains and two pore-forming regions, generating
dimers that conform to the classical tetrameric K* pore (Piechotta, Rapedius et al. 2011).
Kop channels show only modest or no dependence on voltage, but can be heavily
regulated by a range of endogenous factors (Maingret, Patel et al. 2000) and clinical
compounds (Putzke, Hanley et al. 2007). Perhaps most crucial to their neuronal
function, Kzp channels have a large impact on the intrinsic excitability of neurons. Kzp
channels shape the duration, frequency, and amplitude of action potentials, and regulate
neuronal excitability by modulating membrane resting potential and resistance

(Goldstein, Bockenhauer et al. 2001). Indicative of a fundamental importance, genetic
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orthologs are present in lower organisms (Goldstein, Price et al. 1996, de la Cruz, Levin
et al. 2003). There is broad expression across the body (Reyes, Duprat et al. 1998, Hur,
Choe et al. 2009, Buxton, Singer et al. 2010), suggesting that these channels play a role in
a vast array of physiological processes, ranging from hearing (Holt, Asako et al. 2006)
and pregnancy (Monaghan, Baker et al. 2011), to regulating the cardiac pacemaker (Joon
Kim and Earm 2006) and the circadian rhythm (Enyedi and Czirjak 2010). Kzp channels
are also widely distributed in the nervous system (Hervieu, Cluderay et al. 2001,
Yamamoto, Kummer et al. 2002, Cadaveira-Mosquera, Perez et al. 2012). Research is
now shedding light on the role of these channels in both the physiology and disease of

the nervous system.
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Figure 1.4 The Kzp family of K* channels. (A) The molecular structure of a K;p subunit. Each
subunit is composed of four transmembrane domains (TM1-4) and two pore-forming regions
(P1-2). Two subunits form a dimer to create the tetrameric pore through which K* ions can flow.
(B) Phylogenetic tree of the Kzp family. Six discreet subfamilies exist on the basis of the factors

that modulate channel activity and their sequence homology. Naming is given as old
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nomenclature (bold text) and current convention (Kzp X.1). Gene names are given in the form

KCNKX.

1.3.7 TRESK function

TRESK expression is particularly enriched in sensory ganglia, and evidence is suggestive
of a crucial role in peripheral pain pathways. Along with TREK-1 and TREK-2, TRESK
contributes to >95% of the background K+ conductance in DRG neurons (Alloui,
Zimmermann et al. 2006) and by mRNA levels is the most abundant of the Kyp family in
this tissue (Marsh, Acosta et al. 2012). TRESK functional knockout (KO) mice show
enhanced DRG excitability (Dobler, Springauf et al. 2007) and application of the TRESK
blocker hydroxy-a sanshool, increases activation of TRPV1 positive sensory neurons
(Bautista, Sigal et al. 2008). In a peripheral nerve injury model, DRG taken from rats 3
weeks after sciatic nerve axotomy show an increased soma excitability that corresponds
with a decrease in TRESK transcripts. In vivo, pharmacological and RNAi mediated
inhibition of TRESK results in nocifensive behaviours and a decrease in the threshold to
painful mechanical stimuli (Tulleuda, Cokic et al. 2011), although only a modest increase
in thermal nociceptive sensitivity is observed in the knockout model (Dobler, Springauf
et al. 2007). Similarly, intrathecal injection of adenovirus carrying the TRESK gene
increased mRNA expression in the DRG and decreased sensitivity to pain in a rat model
of neuropathic nerve injury (Zhou, Yang et al. 2013). TRESK is unique amongst ion
channels in that it has a direct interaction with calcineurin (Czirjak and Enyedi 2006). In
Xenopus oocytes, cyclosporine A, a calcineurin inhibitor, eliminates TRESK activation
(Czirjak, Toth et al. 2004), and patients receiving cyclosporine A require higher doses of
the anaesthetic isoflurane (a TRESK activator) (Niemann, Stabernack et al. 2002) to
achieve appropriate levels of anaesthesia. TRESK may, therefore, play a key part in
Calcineurin Inhibitor-Induced Pain Syndrome (CIPS), classified as severe pain in the

lower limbs induced by immunosuppressive treatment following transplant. These
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results suggest that TRESK plays an important physiological role in primary nociceptive

pathways.

1.3.8 NCC function

The relevant function of NCC is much less clear than for TRESK. There are only a few
examples of studies investigating NCC outside of the kidney (Bazzini, Vezzoli et al. 2005,
Lauf, Chimote et al. 2008). Within the nephron, NCC has the function of reabsorbing Na+
and Cl- ions from the tubular fluid (Gamba 2009) and no other, non-cannonical protein
function has been described. Protein family members are expressed by neurons
(Toyoda, Yamada et al. 2005) and other Na+*/Cl- co-transporters are now understood to
be crucial for nociceptive pathway plasticity (Hasbargen, Ahmed et al. 2010). Despite
this, no study to date has documented NCC presence or function in the nervous system.
In support of a neuronal role, NCC is regulated by neuronal specific factors (Glover,
Zuber et al. 2009). There is little overlap between TRESK and NCC pathways, but both
are modulated by calcineurin signaling (although with opposing net effects). TRESK is
activated by calcineurin (Czirjak, Toth et al. 2004), yet the activity of NCC is increased

upon calcineurin inhibition (Hoorn, Walsh et al. 2011).

1.4 Induced Pluripotent Stem Cells to model neurological disorders

1.4.1 Current in vitro tools to study migraine

Animal models are relied upon heavily in research and have helped gain insight into the
pathobiology of disease, from the cellular to the systems level. Such work however has
its acknowledged pitfalls. In vitro and in vivo animal work relies upon the assumption
that results can be extrapolated across species and can provide relevant information
pertaining to the human condition. This assumption cannot be taken as a given, a fact

best underlined by the consistently disappointing results when translating therapies
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successful in animal models to human subjects (Hackam and Redelmeier 2006, Perel,
Roberts et al. 2007). Access to live human tissue is scarce and often relies upon
immortalized cell lines, especially in drug screening efforts. However, due to the process
of immortalization it is questionable how accurately these cell types resemble native
human cells. Both animal, and immortalized models are highly valuable in determining
the functional impact of singular genetic factors through gain or loss of function
experiments. However their usage in cases of complex hereditary may be less beneficial.
Conditions such as migraine, where disease is based upon a complex multifactorial
genetic background, and occurs in cells largely inaccessible to researchers, cannot be
completely modelled by these standard cellular systems. Figure 1.5 details the

disadvantages of traditional models.

1.Gene discovery 2. Protein characterization 3. Disease model

Linkage Analysis

Heterologous Knockout/knock-in
Rar.e expression system == model
variants wannlnn
GWAS ———> —
o T o
variants
Difficulties /* Missing * Protein studied in an * Relating rodent phenotype

to human disease
* Only singular genetic
odification

heritability un-realistic cell type

iPSC

iPSC challenges
e Relating
Phenotype — disease

Cellular — systems level

¢ Clonal variation

Figure 1.5. A standard functional genetics pipeline and its deficiencies. Classical linkage

analysis or Genome Wide Association Studies (GWAS) first identifies disease-associated genes.
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Linkage analysis efficiently identifies highly penetrant rare variants but the power of large-scale
GWAS is required to identify common variants with low penetrance. However, despite
complementary approaches many diseases still have missing genetic heritability. Identified genes
can be assessed for protein function by overexpressing in immortalized cell lines and studying a
multitude of cellular outcomes. This system is easy to use and amenable to genetic modifications,
however it is clear that the protein under investigation is not functioning in the context of its in
vivo environment. A more physiological system, and often the next step in the experimental
strategy, is to generate a mouse with the gene of interest knocked-out, or the disease associated
variant knocked-in. This provides a platform to study systems level consequences of gene
expression, such as behavioural analysis. How well rodent phenotypes correlate with human
disease and the similarity in function of rodent and human protein homologs, are significant
issues to consider when evaluating results from such a model. Both overexpression and mouse
models are limited in their capacity to study only a few genetic factors in combination. This fact
reduces their appeal in terms of modelling polygenic diseases. iPSC technology offers promise to
resolve many of the discussed challenges (circled red) and should be used at several points in the

time line to complement traditional approaches.

1.4.2 Pluripotent cells as experimental models

Stem cell technology has been developed as a highly promising tool for basic science and
regenerative medicine and could overcome some of the difficulties faced by traditional
models. Embryonic stem cells (ESC) retain many stem cell properties in culture, namely
the ability to expand indefinitely, self-renew and differentiate into specialized cellular
progeny. As such, human ESCs have become an increasingly used tool in cellular biology
in the decade and a half since they were first isolated (Thomson, Itskovitz-Eldor et al.
1998). They offer the potential to generate human cell types that were previously
unattainable in cell culture conditions. In terms of disease modelling, ESCs can be
derived from embryos known to carry genetic defects or can be genetically modified by

a range of in vitro methods (Ding, Lee et al. 2013, Zhang, Rho et al. 2013). Differentiation
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and interrogation of such models has been illuminating for disease pathogenesis across
many systems (Lorincz 2005, van de Stolpe, van den Brink et al. 2005, Abdul Kadir, Ali et
al. 2009, Niclis, Pinar et al. 2013). ESC technology negates the issue of species relevance,
but fails to provide a system of genetic relevance to polygenic disorders where all
disease-associated variants may not be known.

The reprogramming of somatic cells to an ESC-like state offers a second route for
stem cell based disease modelling. Such efforts overcome not only the ethical
considerations of ESC technology, but can also be used as a source of genetically
relevant material. Somatic cells, traditionally skin fibroblasts (Takahashi, Tanabe et al.
2007), but also blood (Staerk, Dawlaty et al. 2010), urine (Zhou, Benda et al. 2012) and
keratinocytes (Aasen, Raya et al. 2008), can be reprogrammed by forced expression of
factors associated with pluripotency. Classically, virally mediated expression of the four
transcription factors; OCT-4, c-MY(C, SOX-2 and KLF-4, is enough to generate cells that
can be expanded indefinitely in culture and differentiated into almost all cell types
(Takahashi and Yamanaka 2006). Since the initial report in 2006, a multitude of
reprogramming methods have been published in an attempt to increase efficiency,
consistency and safety (Gonzalez, Boue et al. 2011). Reprogrammed cells are termed
“Induced Pluripotent Stem Cells” (iPSC) and appear to very closely resemble ESC in
terms of morphology, molecular identity and differentiation potential (Hu, Weick et al.
2010, Swistowski, Peng et al. 2010). iPSCs are capable of differentiating at comparable
rates and efficiencies to ESCs and the range of cell lineages generated from iPSC is ever
expanding. Specifically, many neuronal lineages such as motor neurons
(Karumbayaram, Novitch et al. 2009), glutamatergic (of all six cortical layers) (Shi,
Kirwan et al. 2012), GABAergic (Higurashi, Uchida et al. 2013), dopaminergic
(Swistowski, Peng et al. 2010), sensory (Chambers, Qi et al. 2012) and retinal ganglion
cells (Parameswaran, Balasubramanian et al. 2010), in addition to associated cell types

such as astrocytes (Roybon, Lamas et al. 2013), oligodendrocytes (Wang, Bates et al.
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2013) and Schwann cells (Kreitzer, Salomonis et al. 2013), have all been successfully
derived. More recently it was demonstrated that it is possible to derive multicellular
systems reminiscent of a developing brain (Lancaster, Renner et al. 2013). This
expansion of differentiation capability has made investigation of previously unavailable
human cell types of choice a reality.

As well as offering the ability to generate specific cell types, iPSC technology
allows the investigation of cellular disease phenotypes. Fibroblasts taken from disease
patients, once differentiated to the cell type of choice, retain the genetic background of
disease. This allows cellular phenotypes to be compared between cells derived form
healthy subjects and disease patients. Early studies focused upon monogenic conditions
and investigating disease relevant phenotypes when the disease-associated variant was
known (Chang, Zheng et al. 2011, Mitne-Neto, Machado-Costa et al. 2011, Jiang, Ren et al.
2012). Less genetically tractable, sporadic conditions have proven a greater challenge
(Soldner, Hockemeyer et al. 2009, Almeida, Zhang et al. 2012), but it is heartening to see
that examples of success are starting to emerge (Burkhardt, Martinez et al. 2013, Kondo,
Asai et al. 2013).

The advantages of iPSC technology overlap significantly with the deficiencies in
current migraine models. Neuroscience as a whole is continually hampered by a lack of
relevant human tissue to study. In some neurological conditions post-mortem tissue
analysis is highly informative. This however is not the case for migraine, as the condition
is likely one associated with biochemical and biophysical changes, as opposed to
morphological or degenerative changes that are amenable to post-mortem analysis. The
latest imaging techniques are providing exciting data, with ever increasing spatial
resolution, as to real-time neural activity during the different stages of a migraine attack.
What is required is a system to explore the molecular and cellular processes that go
hand-in-hand with these systems level changes. The predominant attraction of iPSC

technology in relation to migraine modelling is the capturing of the whole genetic
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landscape. Genetic association studies have failed to identify the variants responsible for
the majority of migraine heritability. Thus it is impossible to totally model the disease by
conventional means. iPSC taken from migraine patients and differentiated to mature cell
types would contain every genetic contributor to disease for that patient. This makes the
technology very attractive for use in the study of migraine. However it is also important
to consider the limitations. iPSC technology will never be suitable to model complex
physiological behaviour (Weir, Stein et al. 1989, Weir and Wale 2011). Further, if
unknown environmental factors contribute substantially to disease causation, the in
vitro model may never develop disease relevant abnormalities despite a predisposing
genetic background. Emergent phenomenon may also be difficult to capture in single

cell type cultures.

1.5 Aims of this work

My overarching aim for this thesis is to use functional studies of genetic variants to

dissect mechanisms that may play a role in migraine pathogenesis.

The three principle aims are:

1. To assess the functional consequence of TRESK activity to a range of neuronal
cell models and to understand how this function relates to disease.

2. To define whether there is a novel role for the thiazide-sensitive Na*/Cl- co-
transporter (NCC) in neuronal physiology. This work is to support an
unpublished observation associating a deleterious mutation with migraine.

3. To establish a humanised cell model of migraine by generating functional

nociceptors from iPSCs. Second to this, I aim to compare migraine-derived
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nociceptors to healthy controls in an attempt to define biophysical differences

that may be relevant for disease
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2. Materials and Methods

2.1 General methods

2.1.1 RNA extraction and reverse transcription

RNA was extracted from cell pellets and frozen tissue by RNeasy Mini Kit (QIAGEN)
following the manufacturer’s instructions. Cells were typically homogenized by
prolonged vortex treatment, while tissue required QIAshredder homogenization
(QIAGEN). Total RNA was purified from samples by RNeasy mini columns before elution
in variable volumes of RNAse-free H20. 2ug RNA was reverse transcribed to cDNA by
MutiScribe reverse transcriptase (Life Technologies) following manufacturer’s
instructions. To overcome inhibitory effects of reverse transcription reagents to

downstream applications, cDNA was diluted 1:5 in H20 prior to use and stored at -20°C.

2.1.2 Reverse Transcription-PCR (RT-PCR)

1pl of sample cDNA (20ng/ul) was used as template for each 50pul PCR reaction with Taq
DNA polymerase (Sigma-Aldrich). Primer sequences used for RT-PCR and their
annealing temperatures (Tm) are shown in Table 2.1. Cycling conditions used: 95°C for 3
min, 30 x [95°C 30 sec, X°C 30 sec, 72°C 1 min], 72°C 10 min. Products were visualized on

a 1% (w/v) agarose gel and base pair length estimated by comparison to 1kb/100bp

standard DNA ladders (New England Biolabs).

hPAX3 481 AGCACCCCAATCAGATGA  TGTCTGGGTTGGAAGGA 65
AG ATC

hSOX9 204 CGAAGATGGCCGAGAT AGTGGGTAATGCGCTT 65

hS0X10 175 CCACCTGGCTCTCCTCTAA CTCAGCTCCACCTCCGAT 65
A AG

hTRKA 399 CACAGAGCTGGAGCAGTC  AGCGTGTAGTTGCCGTT 65
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AG GTT
hBRN3A 230 GCTTGAAAGGATGGCTCT ATGTCCATGAACAGCAA 65
TG GCA
hGAPDH 516 AGCCACATCGCTCAGACAC GCCCAATACGACCAAAT 55
CcC
hTRESK 440 GACATCCTGGCAACCATCT GCAGCTGCACAGGAAAT 65
T GTA
hER-a 293 GCTTCGATGATGGGCTTA  ATGCGGAACCGAGATGA 55
CTGA TGT
hER-f3 393 TAGTGGTCCATCGCCAGT GGGAGCCACCTTCACCA 55
TAT T
hNCC 340 CTGACCTGCACTCCTTCCT GACTTGACCTTGCCATT 60
C GGT

Table 2.1. RT-PCR primer sequences

2.1.3 Sequencing and data analysis

mRNA for sequencing was first reverse transcribed to cDNA as previously described.
cDNA was then cloned into pCR8/GW/TOPO vector (Life Technologies) following
manufacturer’s instructions. Single colonies of bacteria transformed with vector were
grown, selected and expanded before DNA was extracted by Qiagen Miniprep Kit.
Subsequent DNA was directly sequenced as per below. For genomic DNA (gDNA), 1ul of
10ng/ul gDNA was used as template for each 25ul PCR reaction with the high fidelity
polymerase, Phusion Hot Start Il (Thermo Scientific). Primer sequences used for PCR
amplification and their annealing temperatures (Tm) are shown in Table 2.2. Cycling
conditions used: 98°C for 1 min, 30 x [98°C 30 sec, X°C 30 sec, 72°C 1 min], 72°C 10 min.
Products were visualized on a 1% (w/v) agarose gel and purified by Qiagen Gel
Purification Kit, as per manufacturer’s instructions. PCR amplified fragments were
sequenced by Source Bioscience using the same primers as for the initial PCR
amplification. Results were analyzed by SnapGene Viewer 2.4.3 and sequence alignment

was performed by ClustalW multiple alignment tool.

mNCC 1671 GTTGCATGCTCAACATC TGTTCAGCCACTTGGTG 65

exons 3-17 TGG TGT
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hKCNK18 300 TTTAAAGCTTTTGGGGG  GCGGGCTTGGGGTCCGG 60
GAAAAAGGG TTT

Table 2.2. Primers used for PCR amplification and/or nucleotide sequencing

2.1.4 Qualitative RT-PCR (qPCR)

5ul of template cDNA (20ng/ul) was used for each 20pul PCR reaction. Reaction utilized
SYBER Green chemistry (Applied Biosystems) and a StepOne Plus real-time PCR
machine (Applied Biosystems). Primers were designed to span exon-exon boundaries of
target genes to nullify amplification of genomic DNA. Each primer set was validated for
efficiency by performing qPCR reactions on a set of serially diluted cDNA templates.

Primer efficiency was calculated from the formula:
1
E = (10 slope — 1) x 100

where slope represents the gradient of the line of linear regression fitted through the

mean Ct values plotted against logio [cDNA concentration].

Only efficiencies ranging between 90-110% were deemed acceptable. Primer sets were
monitored for primer dimerization and non-specific amplification through scrutiny of
the melt curve analysis for additional peaks. All primer sequences and their relative

efficiencies are detailed in Table 2.3.

Cycling conditions:

Initial denaturation 95°C 10 min
Denaturation 95°C 15 sec x40 Cycles
Annealing/extension 60°C 1 min

Table 2.3. Cycling conditions for Syber Green qPCR reactions
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Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Ribosomal protein L19
(RPL19) were used as reference genes for experiments on human and mouse tissues

respectively. Ct values were corrected for primer efficiency using the following formula:

2E
Ct — Ct X m
corrected measured Log (2)

Relative expression of target genes was calculated using the comparative Ct (AACt)

method:

ACt = Ctearget — Ctreference
AACt = ACtsample - Athalibrator

Relative expression = 27AACt

At least 3 biological replicates, each with 3 technical replicates were used in all

experiments.

mTRESK  CTCTCTTCTCC AAGAGAGCGCTCAG 105.9% mTrigeminal
GCTGTCGAG GAAGG Ganglion
mRPL19  AGCCTGTGACT GGCAGTACCCTTCC 95.5% N2A

GTCCATTCC TCTTCC

hGAPDH  AGCCACATCGC GCCCAATACGACCA 95.4% iPSC-sensory
TCAGACAC AATCT neuron D15

hC-MET ACCTTTGATAT GCTTTAGGGTGCCA 94.0% iPS-sensory
AACTGTTTACT GCATTTT neuron D15
TGTTGCA

hRUNX1 CAAGACCCTGC GTAGTTTTCATCAT 104.4% iPS-sensory
CCATCGCTT TGCCAGCC neuron D15

hTRESK GTGTTCAGCAC CCGTGAGAACGAGG 95.73% hTRESK-AcGFP
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CGTGGGCTA AACATCA

Table 2.4. qPCR primer sequences and amplification efficiency

2.1.5 Protein extraction

Dissected tissue was immediately placed in radioimmunoprecipitation assay (RIPA)
lysis buffer (150 mM NacCl, 50 mM Tris-HCI [pH 7.5], 1% (v/v) sodium deoxycholate, 1%
(v/v) Triton X-100, 0.1% (w/v) SDS) and 1.5% (v/v) protease inhibitor cocktail
(Roche).) Tissue was homogenized until solution appeared uniform by multiple rounds
of gentle sonication, followed by ice cooling. Sample was centrifuged at 12,000rpm for
20 min (4°C) and supernatant transferred to a fresh epindorf. Protein concentration was
quantified using Pierce BCA protein assay kit (Thermo Scientific) following the
manufacturer’s instructions. Proteins were diluted to a concentration of 1-5mg/ml and

stored in single use aliquots at -80°C for future use.

2.1.6 Western blotting

Equal amounts of protein (*30pg) from each sample were boiled for 10 min in Laemmli
sample buffer (Bio-Rad) with 5% (v/v) B-mercaptoethanol. Proteins were separated
alongside a protein standard ladder (GE Healthcare), by 10% (w/v) SDS polyacrylamide
gel electrophoresis. After separation proteins were transferred to 0.2pm nitrocellulose
membranes (Millipore), which were then blocked for 1 h in 5% (w/v) milk powder in
Tris-Buffered Saline-Tween 20 (0.1% (v/v) Tween-20 in TBS). Blocked membranes
were incubated overnight (agitating at 4°C) with primary antibodies (a-NCC Millipore-
Ab3553 (1:1000) and a-B-tubulin Abcam- ab15568 (1:5000)) diluted in 5% (w/v) milk
TBST. The following day, primary antibody was washed off by 3x 10 min TBST washes.
1:10,000 (v/v) horseradish peroxidase (HRP)-conjugated secondary antibodies (Abcam)
were diluted in 5% (w/v) milk TBST and incubated with membrane for 2hr at room
temperature. Membranes were washed 3 times for 10 min in TBST before signal was
detected using enhanced chemiluminescence reagents (Amersham) according to the

manufacturer’s instructions.
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2.1.7 Immunocytochemistry (ICC)

Cells grown on coverslips were fixed with freshly prepared 4% (w/v) paraformaldehyde
(PFA, Electron Microscopy Sciences) in PBS for 10 min. PFA was aspirated from the cells,
which were then washed three times by excess PBS for 10 minutes. Cells were
permeabilised/blocked for 1 h at RT in PBS containing 0.3% (v/v) Triton X-100, 0.05%
(v/v) Tween-20 and 5% (v/v) Normal Goat Serum (Sigma Aldrich). Primary antibodies
were diluted as detailed (Table 2.4) in blocking solution supplemented with 1% (w/v)
Bovine Serum Albumin (BSA, Sigma Aldrich) and incubated overnight at 4°C. The
following day cells were washed in excess PBS three times for 10 min, and incubated for
2 h with fluorophore-conjugated secondary antibodies (Life Technologies) diluted
1:1000 in antibody dilution buffer. Cells were washed in excess PBS three times for 10
min, mounted using Vectashield Mounting Medium with DAPI (Vector Laboratories),
and imaged using a Zeiss LSM 510 META laser-scanning microscope. Isolectin B (IB4)
binding was performed similarly to standard ICC. Primary antibody step was replaced
by overnight incubation (4°C) with biotin-conjugated IB4 (Sigma Aldrich) diluted 1:100
in blocking solution supplemented with 1% (w/v) BSA. Secondary antibody used for 1B

labeling was Streptavidin, AlexaFuor 488 (Sigma Aldrich) handled in the standard way.

2.1.8 Immunohistochemistry (IHC)

For kidney and CNS protein localization studies, mice were perfused with 4%PFA in
PBS. Brains were removed, post-fixed in the same fixative overnight at 4°C and
embedded in 4% agarose. Serial 60um sections were cut on a vibratome (Leica;
VT1000S) and stored as free-floating sections. Fresh frozen TG tissue was cut serially in
13um sections before hydration in PBS for 10 min. Tissue was fixed for 10 min in 4%
PFA before 3 x 10 min PBS wash. All tissues were processed for antigen retrieval by 20

min in citrate buffer (10mM Sodium Citrate, (v/v) 0.05% Tween-20, pH 6.0) at 95°C,
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before cooling to room temperature and washed twice in distilled H;0. Sections were
blocked in PBS containing 0.3% (v/v) Triton X-100, 0.05% (v/v) Tween-20 and 5%
(v/v) Normal Goat Serum for 1hr under constant agitation. Sections were incubated
overnight (4°C) with primary antibodies (Table 2.4) diluted in blocking solution
containing 1% (w/v) BSA. Primary antibody was removed by 3 x 10 min PBS wash and
replaced by secondary antibody, diluted in blocking solution containing 1% (w/v) BSA
and maintained for 2hr at room temperature. For immunofluorescence studies,
secondary antibodies used were Alexa-488/594/647 (Life Technologies-1:1000
concentration) and were washed off by 3 x 10 min PBS wash. Tissue was dried onto a
glass slide, mounted using Vectashield Mounting Medium with DAPI and imaged using a
Zeiss LSM 510 META laser-scanning microscope. Immunohistochemistry using a
horseradish peroxidase detection system was used for some analysis. Here, secondary
antibody was biotinylated Donkey anti-Rabbit IgG (Abcam), used at a 1:200 (v/v)
concentration for 2hr. Biotin detection was performed using Vectorstain Elite ABC Kit
(Vector Laboratories) followed by signal detection with DAB peroxidase substrate kit
(Vector Laboratories) as per manufacturer’s instructions. Sections were mounted on
slides and dehydrated (80% EtOH 1min, 95% EtOH 1 min, 100% EtOH 1min, 100%
EtOH 1 min, HistoChoice clearing agent 1 min -Sigma Aldrich). Images were acquired on
a Zeiss Axioplan 2 microscope. Immunostaining with a-TRESK (Alomone Laboratories)
was performed as above, but in the absence of Triton X-100 and Tween-20 throughout

the whole process.

Goat polyclonal a-mTRESK Santa Cruz Biotech- sc- 1:100
51240

Rabbit polyclonal a-RET Alomone- ANT-025 1:50

Goat polyclonal a-hTRESK Santa Cruz Biotech- sc- 1:100
51238
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Rabbit polyclonal a-TRPM8 Alomone- ACC-049 1:200

Rabbit polyclonal a-5-HT1p Alomone- ASR-023 1:100
Rabbit polyclonal a-Cay2.1 Alomone- ACC-001 1:500
Rabbit polyclonal a -VGLUT-1 Synaptic Systems 1: 500
Rabbit polyclonal a-NCC Millipore- Ab3553 1:200
Goat polyclonal a-Nanog Abcam- ab77095 1:100
Rabbit polyclonal «a- III $-Tubulin Covance- MMS-435P 1:500
Rabbit polyclonal a-Oct4 Abcam- ab19857 1:200
Mouse monoclonal a- AP2 Abcam- ab61 1:200
Rabbit polyclonal a-p75NTR Promega- G323A 1:100
Rabbit polyclonal a-Peripherin Santa Cruz biotech- sc- 1:100
7604
Mouse polyclonal a- Islet-1 DSHB- 39 4D5. s 1:100
Rabbit polyclonal a-P;X; Alomone- APR-016 1:100
Mouse polyclonal a-Brn3A Millipore- MAB1585 1:500
Mouse monoclonal a-CGRP Abcam- ab81887 1:500

Table 2.5. List of primary antibodies used for ICC or IHC

2.1.9 Statistical analysis

All data sets were assessed for normal distribution by the Shapiro-Wilk test. When
normally distributed, data was statistically analyzed using either an unpaired t- test
with Welch’s correction, a paired t- test, or a one-way analysis of variance (ANOVA) with
Bonferroni’s multiple comparison test. If the data did not pass normality testing, the
non-parametric Mann-Whitney U test or Kruskal-Wallis test with Dunn’s multiple
comparison test were used. In the case of regression analysis, linear regression was
performed and R2? values calculated. Pearson’s product-moment correlation coefficient
(R) was calculated to quantify correlation. GraphPad Prism 6 and Excel software were
used for all statistical analyses. Each figure highlights the specific statistical analysis

applied to the described data sets.
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2.2 Standard cell culture

2.2.1 Culture conditions

A variety of immortalized cell lines were used in this thesis; SH-SY5Y neuroblastoma,
Human Embryonic Kidney (HEK) 293, U20S (human osteosarcoma) and mouse Neuro-
2A (N2A) cells. Common culturing conditions were routinely used to maintain all of
these lines. Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) with
4.5 g/L D-glucose and pyruvate (Life Technologies) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS, Life Technologies) and 1% penicillin/streptomycin

(PAA Laboratories). Cells were kept at 37°C in a 5% (v/v) CO, humidified atmosphere

and sub-cultured every 4-7 days when = 70-90% confluent.

2.2.2 Differentiation of SH-SY5Y

SH-SY5Y cells were differentiated to a neuronal-like state by prolonged retinoic acid
treatment. 7 days prior to experiment SH-SY5Y (<P20) cells were passaged and plated at
a density of 2x104 cells/well of a 24 well plate. Cells were cultured adherent to 13mm
circular coverslips (VWR) and media was supplemented with 10uM retinoic acid
(Sigma-Aldrich). Media was changed every 2-3 days to ensure optimum retinoic acid

activity.

2.2.3 DNA transfection

Exogenous gene products were expressed in all cell lines by standard techniques. Cells
were plated at least 24 h pre-transfection, such that by transfection they were = 70-90%
confluent. At this stage, cells were maintained in DMEM supplemented with (v/v) 10%
FBS (no antibiotics). Cells were exposed to a cocktail of Lipofectamine 2000 (Life

Technologies) and DNA (500ng/1.5ul Lipofectamine), diluted in Opti-Mem Reduced
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Serum media (Life Technologies). Transfection cocktail was removed 12 h post
application and cells were fed with routine culturing media. Experiments were

performed 24-72 h post-transfection when robust expression was observed.

2.3  Mouse specific methods

2.3.1 Overview
Mouse handling and experiments were performed in accordance with the UK Home
Office Animals (Scientific Procedures) Act (1986) and approved by the University of

Oxford Ethical Review Panel.

2.3.2 Genotyping

This thesis contains data relating to two genetic ablation mouse models: KCNK18-/-and
SLC12A3-/-. For genotyping, an ear punch biopsy was obtained from newborn pups that
served as an identifier and source of DNA. Tissue biopsies were digested by 3ul of
20pg/ml Proteinase K (Roche) in 150ul DNA extraction buffer (100mM Tris-HCl [pH
7.5], 0.2% (w/v) SDS, 200 mM NaCl, 5mM EDTA [pH 8.0]) at 55 °C overnight. The next
day, samples were vortexed thoroughly, followed by centrifugation at 16,000xg for 10
minutes to pellet non-digestible material. Supernatant was mixed with equal volumes of
isopropanol and spun at 16,000xg for 10 minutes. DNA pellet was air-dried and

resuspended in 50ul H,0.

Genomic DNA was analyzed by PCR for the presence or absence of knockout alleles.
SLC12A3-/-mice were originally generated by the insertion of a neomycin cassette into
exon 12. Wild-type genotyping primer pair amplified a region either side of naive exon
12. Knockout primer pair used the same forward primer, but a reverse primer with
sequence complimentary to the phosphoglycerate kinase promoter, which drives the

neomycin gene (Figure 2.1) of the knockout cassette. KCNK18-/- was generated by
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VelociGene definitive null allele design (Valenzuela, Murphy et al. 2003). Wild-type
genotyping primer pair amplified an intronic region of wild-type allele, while knockout
primer pair targeted a region beginning in the LacZ cassette and ending in the 3’

homology arm of the null allele (Figure 2.1).

. B
A F primer SLCI12A3  +/+ -/- +/-
wild type—— [ EGREEN
<—
WTR
F primer
Knockout——— [ NEORNERI
<—
KOR
C F prigper D KCNK18 +/+ -/- +/-
wild type-[NERGRAN MExGnzN —MExGnEN —
<—
WTR
F primer
—>
knockout— [EEEEN ) INESRVER )
5’ Exon 1 LoxP 3’ Exon 3
<—
KOR

Figure 2.1 Allele structure and genotyping strategies for SLC12A3 and KCNK18 knockout
mice. (A) Gene target strategy originally employed to ablate SLC12A3. Neomycin cassette was
targeted to disrupt exon 12. (B) PCR products of genotyping reaction performed on mice of all
three SLC12A3 genotypes. Left lane represents 100bp reference ladder (New England Biolabs).
(C) VelociGene targeting system ablates coding region of KCNK18 by inserting a LacZ-neomycin
cassette into the majority of the coding region of KCNK18. (D) PCR products of genotyping
reaction performed on mice of all three KCNK18 genotypes. Left lane represents 1kb reference

ladder (New England Biolabs).
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All PCR reactions were performed using 1 pul gDNA template in a 20ul Taq polymerase

reaction.

Cycling conditions:

Initial denaturation 95°C 2 min

Denaturation 95°C 30 sec

Annealing X°C 30 sec x30 Cycles
Extension 72°C 1 min

Final extension 72°C 10 min

Table 2.6 Genotyping PCR conditions

PCR products were analyzed on a 1% (w/v) agarose gel and genotype determined

(Figure 2.1).

Wild type 433 ACAGGCAGGGTGATAAGG GCATGGCTGAGTGATTTC 65
KNCNK18 TG CT

Knockout 3218 TTTCCATATGGGGATTGG  TTTGGCCCTCAAGTAGGT 65
KCNK18 TG T

Wild type 265 AGGGTCAAGGGCACGGTT GGTAAAGGGAGCGGGTCC 70
SLC12A3 GGC GAGG

Knockout 188 AGGGTCAAGGGCACGGTT GCATGCTCCAGACTGCCTT 70
SLC12A3 GGC G

Table 2.7 Genotyping primer sequences

2.3.3 Primary culture

Mouse TG neuron cultures were prepared as outlined previously (Malin, Davis et al.
2007). Postnatal mice (P5-20) were sacrificed and TG rapidly excised into ice-cold HBSS
without Ca2+/Mg?+ (Life Technologies). Ganglia were diced into small pieces and
incubated in Papain (20U/ml- Worthington Biochemical) solution for 20 min at 37°C.
Further enzymatic dissociation involved a second 20-minute incubation in Dispase type

[I/Collagenase solution (Worthington Biochemical). Cells were washed to remove
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residual enzyme and mechanically dissociated through a fire-polished glass pipette.
Cells were plated onto laminin/poly-D lysine (BD Biosciences) treated coverslips in
DMEM-F12 media (Life Technologies) supplemented with 10% (v/v) FBS and 1% (v/v)
P/S. Cells used for voltage-clamp experiments were cultured devoid of growth factors
but for all other assays, plating media contained 50ng/ml mouse Nerve Growth Factor
(NGF- PeproTech) and 10ng/ml Glial-Derived Neurotrophic Factor (GDNF- PeproTech).

Culture media was replaced every 3 days over the course of the experiment.

2.4 Induced Pluripotent Stem Cell culture

2.4.1 Culture conditions

All iPSC clones (Table 2.8) were routinely maintained in mTESR1 (Stem Cell
Technology) on hESC-qualified matrigel (BD Biosciences) coated wells. Cells were
enzymatically passaged every 5-7 days and plated at 2.5x105 cells/ml in the presence of
10uM Y-27632 (Merck Millipore). iPSC lines were analyzed for genome integrity every 5
passages by Illumina Human CytoSNP-12v2.1 array. DNA was extracted from a cell
pellet of 2x10¢ cells, by PureLink Genomic DNA kit (Life Technologies). The Oxford
Genomics Centre carried out sample array and analysis. Only lines exhibiting less than
five genome abnormalities and no aberrant differentiation were taken forward for

neural induction.

AHO017-3 Control Female 67 Nakanishi
AHO017-7 Control Female 67 Nakanishi
NHDF-1 Control Female 44 Retrovirus
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JL-3 Disease Female 64 Nakanishi
SH-4 Disease Female 62 Nakanishi

DD-6 Disease Female 65 Nakanishi

Table 2.8 Details of iPS subject clones

2.4.2 Sensory neuron induction

Sensory neuron differentiation was performed similarly to a published protocol
(Chambers, Qi et al. 2012) and an overview is given in Figure 2.2. iPSC were rendered to
single cells by enzymatic passage and plated on matrigel-coated coverslips at a density
of 30,000cells/cm?2. At this point, cells were maintained in MEF-conditioned knockout
serum replacement (KSR) media (see below) supplemented with 10uM Y-27632 and
10ng/ml bFGF (Miltenyi Biotec Ltd). Media was changed daily until 40-50% confluence
was achieved (24 - 48 h). To initiate neuronal induction, media was replaced with KSR
containing 100nM LDN-193189 (Stemgent) and 10uM SB431542 (Tocris Bioscience).
This time-point was denoted as day 0. Media was changed daily with LDN-193189 and
SB431542 added on days 0-5. 3uM CHIR99021 (Tocris Bioscience), 10uM SU5402
(Sigma-Aldrich) and 10uM DAPT (Sigma-Aldrich) specify the sensory lineage and were
added on days 2-10. N2 media was added in increasing increments every other day from
day 4, until completely replacing KSR on day 10. Cells were only passaged during days
1-10 if the cell line had accelerated growth properties. On day 10, cells were passaged
onto new matrigel-coated coverslips at a density of 1.5x105 cells/cm? in N2
supplemented with 50ng/ml NGF (PeproTech), 20ng/ml BDNF (PeproTech) and
20ng/ml GDNF (PeproTech). After this point, cells were fed every 2-3 days. For longer-
term cultures, cells were treated on day 14 with 4uM Cytosine (3-D-arabinofuranoside
(Sigma Aldrich) to eliminate proliferating progenitor cells and mouse laminin I (1pg/ml-

R&D Systems) was added weekly to the media to enhance cell adherence.
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KSR medium was prepared as follows: 81% (v/v) Knockout DMEM (Life Technologies),
15% Knockout Serum Replacement (Life Technologies), 1% non-essential amino acids
(PAA Laboratories), 1% GlutaMAX (Life Technologies), 1% penicillin/streptomycin

(PAA Laboratories) and 0.1mM - mercaptoethanol (Life Technologies).

Day 0 Day 5

Neuralization Maturation

Several weeks

Nociceptor induction
Day 2 Day 10

Passage for terminal
differentiation

KSR N2

Figure 2.2. Workflow of sensory neuron induction

N2 medium was prepared as follows: 95% (v/v) Neurobasal (Life Technologies), 1% N2
supplement (Life Technologies), 2% B-27 supplement minus Vitamin A (Life
Technologies), 1% GlutaMAX and 1% penicillin/streptomycin

MEF-conditioned KSR media was prepared by seeding murine embryonic
fibroblasts in 0.1% gelatin (Sigma-Aldrich) coated flasks with MEF-medium (90% (v/v)
DMEM (Life Technologies) and 10% (v/v) FBS (Life Technologies)). 24 hours after
seeding, media was replaced with KSR media. Media was harvested every day and
replaced with fresh KSR. MEF-conditioned KSR was collected for 9 days and frozen at -

20°C for storage.
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2.5 Electrophysiology

2.5.1. Solutions

Whole-cell patch clamp recordings were undertaken at room temperature with cells

bathed in solution containing:

Immortalized cells (HEK 293, U20S and SH-SY5Y) Primary/iPSC-neurons

125 mM NaCl
4 mM KCl

2 mM CaCl;
1.2 mM MgS0,
10 mM Glucose

10 mM HEPES.

140 mM NaCl
4.7 mM KCl
2.5 mM CaCl;
1.2 mM MgCl;
10 mM Glucose

10 mM HEPES.

Osmolarity was adjusted to 320 mOsm and pH adjusted to 7.3 with NaOH. Patch pipettes

of 3-6 MQ tip resistance were pulled from filamental borosilicate glass capillaries

(1.2 mm outer diameter, 0.69 mm inner diameter; Harvard Apparatus, USA), using a

horizontal puller (Sutter P-97) and filled with an internal solution containing:

Immortalized cells (HEK 293, U20S and SH-SY5Y) Primary/iPSC-neurons

140mM KCl
4mM NaCl
0.02mM CaCl;
0.8mM EGTA
2mM MgCl;

4mM MgATP

130mM KClI
4.7mM KCl
0.5mM EGTA
1mM MgCl;
5mM MgATP

10mM HEPES.

Osmolarity was adjusted to 305 mOsm and pH adjusted to 7.3 with KOH. All chemicals
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were purchased from Sigma Aldrich.

2.5.2 Whole cell recordings

Recordings were made using an Axopatch 1D amplifier (Molecular Devices, USA) and
data acquired using WinWCP Strathclyde Whole Cell Analysis software (V.3.9.7;
University of Strathclyde, UK). The digitized data were analyzed with pClamp9 (Axon
Instruments, Inc., USA). Upon breakthrough, cells were left dormant for 1-3 min before
protocols were run to allow for intracellular solution dialysis. For 1/V curves, a current-
voltage protocol was applied using 300-ms pulses from -80 mV to +50 mV in 10 mV
increments from a holding potential of -80 mV. P/4 leak subtraction was used to
account for passive seal and membrane leak. Control pulses were given in a potential
range unlikely to elicit significant TRESK-mediated leak. Several minutes after
breakthrough, resting membrane potential (RMP) was noted in current clamp bridge
mode. During the course of recordings Raccess and RMP were noted and recordings were
abandoned if values deviated by +20%. Current clamp was used for all measures of
excitability and in this mode cells were maintained at a holding level of -60mV. For
analysis of rheobase, short (50ms) injections of depolarizing current were increased
incrementally until an action potential was fired. The current required, beyond that to
hold the cell at -60mV, was defined as the rheobase. For repetitive firing assays, long
pulses (500ms) of supra-threshold current (2 x rheobase) were applied and number of
action potential events counted as an average of five repeat pulses. Input resistance
(Rinput) was calculated from the voltage change induced by a 10pA hyperpolarizing pulse
at -60mV. Action potential (AP) amplitude was measured as the voltage change from
holding potential to the peak of the action potential. After-hyperpolarization was
defined as the peak negative voltage deflection (relative to the potential induced by the
current injection) directly following an action potential. AP duration was measured as
the time between points of half-maximal amplitude of AP trace. Spontaneous firing was

recorded in current clamp mode while zero current was inputted. All drugs used are
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detailed in Table 2.9.

Tetrapentylammonium | Sigma Aldrich Fresh-ACSF 500nM

Bromide (TPA) (241970) solution*

Phorbol-12-myristate- | Sigma Aldrich 10mM-DMSO 100nM

13 acetate (PMA) (P8139)

5-chloroquinolin-8-ol Dr. Paul Wright Fresh- DMSO 10nM-100uM

(CQ) MRCT

Tetradotoxin (TTX) Tocris 1mM- dH,0 500nM

citrate (1069)

Hydrochlorothiazide Sigma Aldrich Fresh-DMSO 100puM

(HCTZ) (H4759)

o,3 Methylene ATP Sigma Aldrich 30mM DMSO 30uM
(M6517)

A 803467 Tocris 10mM- DMSO 500nM
(2976)

17-B Estradiol Sigma Aldrich 10mM DMSO 5uM
(E2758)

Table 2.9 Drug solutions. *Working solution of drug was made up fresh on the day of

experiment
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3. The role of TRESK in neuronal physiology

3.1 Introduction

3.1.1 Genetic associations require functional validation

A deleterious mutation in KCNK18 (F139fsWx24), the gene encoding TRESK, lies within
a genome-wide significant linkage region and segregates perfectly with MA in one
multigenerational family (Lafreniere, Cader et al. 2010) (Figure 3.1). Outwith the family,
frame-shift mutations in TRESK have been reported in MA patients, but these studies
have not been published in any detail (Lafreniere and Rouleau 2011). The paucity of
further MA families with TRESK mutations and due to the candidate-based approach
taken to discover the frame-shift mutation, there exists doubt on the causality of the
mutation to migraine pathogenesis (Eising, de Vries et al. 2013).

In support of this notion, disease-associating variants in KCNK18 have not been
identified in recent GWAS studies. However, GWAS studies in migraine are not powered
to detect rare variants (Ward and Kellis 2012). Sequencing studies can identify rare
variants and in follow up studies on a cohort of several hundred-migraine patients, two
deleterious KCNK18 variants were found that result in a complete loss of channel
function (Andres-Enguix, Shang et al. 2012). A34V was found in one migraine proband,
while C110R was present in both migraine and control subjects (Lafreniere, Cader et al.
2010). These results suggest that loss of TRESK activity can be tolerated and indeed, is
not causative of disease. Intriguingly, a recent report suggests that the C110R variant
has different effects to the frame-shift mutation in TG neurons (Guo, Liu et al. 2014),
although as an over-expression heterologous study, this should be interpreted with

caution.
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Mutations in KCNK18 clearly have a complex and uncertain relationship with
migraine. It is possible that the frame-shift mutation is a chance association and that
another gene in the same linkage region is causally related to migraine. It is also
plausible that other modifier genes significantly alter the penetrance of deleterious
KCNK18 variants. Irrespective, TRESK remains of considerable interest in migraine
given its prominent physiological role in sensory ganglion neuron excitability. To better
establish the relevance of TRESK in migraine, functional studies offer an alternative way
forward. Testing the hypothesis that a given protein has a role in disease-relevant
pathways is not only profitable for supporting/challenging genetic association, but also
affords the opportunity to define novel information about the protein. It is with these
two objectives in mind, that this chapter attempts to build upon current knowledge of

TRESK function.
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Figure 3.1 Genetic association of F139WfsX24 KCNK18 with MA. Family members of original

1

proband had the coding region of KCNK18 sequenced. Black symbols represent patients with a
history of MA, with white representing healthy controls. Wild-type KCNK18 allele is colored
green and F139WfsX24 KCNK18 red. Figure modified from Lanfreniere et al 2010 (Lafreniere,

Cader etal. 2010).
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3.1.2 Fundamental properties of TRESK

TRESK was first cloned in 2003 from mouse spinal cord and found to have two pore-
forming, and four transmembrane domains (Sano, Inamura et al. 2003). This structural
confirmation is evolutionarily conserved across Kzp channels (Enyedi and Czirjak 2010).
Despite this, TRESK demonstrates low amino acid homology with other Kzp channels
(13.5-19.7%) and represents a distinct subtype within the Kzp phylogenetic tree (Sano,
Inamura et al. 2003). Background K+ conductance hyperpolarizes the resting membrane
potential towards the reversal potential for K+, and also counteracts depolarizing
stimuli. As such, Kop channels are considered important in controlling the initiation,
shape and duration of the action potential (Enyedi and Czirjak 2010). The majority of
Kop family members conform to classical definitions of leak conductance in that they are
independent of voltage, non-inactivating and non- or weakly rectifying. Expression of
TRESK in heterologous systems induces a voltage-independent, and only slightly
outwardly rectifying K+ current (Sano, Inamura et al. 2003). Although tissue expression
data is somewhat variable between species and independent studies, TRESK is
consistently found in sensory ganglia (Kang and Kim 2006, Yoo, Liu et al. 2009). In
mouse, expression can be detected by embryonic day 15.5 and continues into adulthood
(Lafreniere and Rouleau 2011). Expression of TRESK in human sensory neurons has
also been documented (Lafreniere, Cader et al. 2010). Further to this, TRESK has been
detected in autonomic structures such as stellate ganglion and the paravertebral
sympathetic chain (Lafreniere, Cader et al. 2010). A systematic characterization of
expression is of integral importance for future studies of pharmacological interventions

and for understanding results from behavioral models.

3.1.3 Migraine: a disorder of hyper-excitable neurons?
Functional studies investigating FHM have shaped our thinking of migraine

pathophysiology. FHM-associated proteins have been proposed to play a role in the

68



central glutamate synapse (Figure 1.2) and there is direct evidence for FHM1 mutations
causing increased excitatory neurotransmission in pyramidal cells (Tottene, Conti et al.
2009). . These findings have led to the idea that migraine is a disorder associated with
hyper-excitability of cortical areas and in which excitatory/inhibitory influences are
unbalanced (Pietrobon and Moskowitz 2013).

Hyper-excitability may not be confined to cortical regions; activation of spinal
trigeminal nucleus increases in the period leading up to an attack and the intensity of
the given activation can be used to predict the next attack (Stankewitz, Aderjan et al.
2011). Whilst the excitability changes of the cortex may be complex, depending on the
final net effect on excitatory-inhibitory balance, hyper-excitability of trigeminal neurons
should have a simpler relationship to migraine since TG neuron activation is considered
likely a central feature of migraine headache (Olesen, Burstein et al. 2009).

Kop channels have a documented role in modulating neuronal excitability (Deng,
Poudel et al. 2007). The K* leak they conduct acts as a hyperpolarizing force to
counteract depolarizing stimuli. The same is true of TRESK activity. Loss of TRESK
channel activity, with the loss of this opposing effect, has in a variety of conditions been
associated with enhanced dorsal root ganglion excitability and increased activation of in
vivo pain pathways (Dobler, Springauf et al. 2007, Tulleuda, Cokic et al. 2011). Hence,
pre-existing functional evidence suggests that it is plausible that loss of TRESK activity

may also play a role in increasing the excitability of migraine-specific pain pathways.

3.1.4 Effective pharmacological toolkit for research and therapy

Pharmacological approaches are vital for effective studies of protein function and can
lead to drug discovery. As is common for all the Kzp channels, pharmacological methods
for specific inhibition of TRESK are currently lacking. TRESK is not inhibited by the
classical K+ channel blockers tetraethylammonium (TEA) and 4-aminopyridine (4-AP),

but is sensitive to Ba2* and quinidine (Kang, Han et al. 2004). Alpha-hydroxy-sanshool
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(Bautista, Sigal et al. 2008), a derivative IBA (Isobutylalkenyl amide) (Tulleuda, Cokic et
al. 2011) and lamotrigine (Kang, Kim et al. 2008), potently inhibit TRESK but also other
Kop channels (Bautista, Sigal et al. 2008). Despite the documented effects on other
channels, these inhibitors are used as the primary tool to delineate TRESK function
(Tulleuda, Cokic et al. 2011); these non-selective effects will impact the validity of
conclusions drawn from their use.

While specific inhibitors would greatly aid basic research, novel activators may
prove profitable as therapeutic agents. Activation of Gg-coupled receptors augments
TRESK current by increasing cytoplasmic Ca?+ levels. Ca2*-dependent regulation is
mediated by a unique, direct interaction of TRESK with calcineurin (Czirjak, Toth et al.
2004). Histamine, which binds to Gg-coupled H1 receptors, can elevate TRESK currents
2-fold in Xenopus Oocytes (Dobler, Springauf et al. 2007). Stimulation of protein kinase
C by phorbol 12-myristate-13-acetate (PMA) can elevate TRESK currents by 3-fold in a
calcineurin-independent manner (Rahm, Gierten et al. 2012). With regard to exogenous
agents, volatile anesthetics activate TRESK (Liu, Au et al. 2004) as well as other Kzp
channels (Patel, Honore et al. 1999). The diversity of inhibitors/activators of TRESK
offer promise that it will be possible to define specific pharmacology for the channel.

This is of upmost importance for both the study and therapeutic targeting of TRESK.

3.1.5 Mouse models of TRESK

To date, two mouse models of TRESK ablation have been generated. Clear from both
models is that under normal conditions TRESK is not critical for survival. Homozygous
animals are viable and neither study observed overt phenotypes as a consequence of
gene ablation. Deletion of exon 3 leads to animals with a minor increase in sensitivity to
Isofluorane and a 20% increase in thermal sensitivity to pain. Interestingly, TRESK-/-
mice have a higher mortality rate following anesthetic testing (Chae, Zhang et al. 2010),

which suggests that TRESK may have vital functions that are not observable at rest. DRG
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neurons from mice with a functional TRESK knockout (induced by substitution of
glycine for arginine at position 339) have a 27% reduction in background conductance
and exhibit enhanced excitability. TRESK~/- neurons exhibit lower threshold for
activation, reduced action potential duration, and moderately higher amplitudes of
after-hyperpolarization (Dobler, Springauf et al. 2007). These studies illuminate some of
the properties of TRESK function however, with specific reference to TRESK function in

migraine, the properties of TRESK-/-trigeminal neurons have not been assessed.

3.2  Aims of Chapter 3

The aim of Chapter 3 is to build upon previous knowledge of TRESK physiology and
further define its role in pain pathways. To this end it has several sub-aims:
1) Assess the basic role of wild-type TRESK, and migraine-associated variants
in neuronal physiology
2) Investigate novel exogenous modulators of TRESK activity

3) Characterize CNS TRESK expression

3.3 Results

3.3.1 TRESKinduces a prominent outward current in SH-SY5Y cells

Human TRESK acts to conduct K+ efflux, however the influence of this on the biophysical
properties of humanized neuronal cells has never been studied. I sought to generate a
humanized cell-based system to assess the consequence of expression of different
hTRESK variants. Wild-type (WT), F139fsWx24 and C110R hTRESK-GFP (Gift, Dr. S
Tucker) were transiently transfected into SH-SY5Y cells. The SH-SY5Y line is a cell line of

human neuroblastoma origin, that replicates some features of human neurons
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(Kovalevich and Langford 2013). Localization studies revealed that unlike WT protein,
F139fsWx24 and C110R TRESK were not transported to the plasma membrane (Figure
3.2 A). Work performed by collaborators suggests that the protein products are retained
in the ER (F139fsWx24) and Golgi (C110R) (data not shown). Whole-cell voltage-clamp
recordings offer the ability to directly record ionic currents in response to changes in
membrane potential. Control (GFP transfected) SH-SY5Y cells exhibit a small outward
current in response to incremental voltage steps from -80mV to +30mV (Figure 3.2 B),
indicative of a low level of endogenous ion channels. This current was unchanged in
cells expressing either F139fsWx24 or C110R TRESK (Figure 3.2 B and C). These results
are consistent with the localization studies and previous reports that both variants are
non-functional (Andres-Enguix, Shang et al. 2012). WT-expressing cells demonstrated
>5-fold increase in outward current compared to control (Figure 3.2 B and C). Control
subtracted current was weakly outwardly rectifying and had not reversed by -80mV,
suggestive of the current being carried by K+ ions (predicted VeqK+=-90.68mV). These
findings demonstrate that transfected WT-hTRESK successfully traffics to the plasma
membrane of SH-SY5Y cells and is capable of conducting K+ current efflux. Furthermore,
these data support previous reports that neither variant (F139fsWx24 or C110R) has
any residual channel activity, however does not rule out the possibility that subunits

could conduct current if properly trafficked to the plasma membrane.

72



WT TRESK-GFP Fs TRESK-GFP DAPI C110R
TRESK-GFP

PHALLOIDIN PHALLOIDIN PHALLOIDIN MERGE

B C
+30mV 3'2 el
1nA| f:‘_:,2-5
= 2
50ms S15
-90mV 3 1
os 11 A 7
Control F139Wfsx24 N O & &
& & o"’o N
& ﬁ
Q'Sr
D
wT hTRESK , DA
’W 3
(W
C110R [ttt 2
Wm 1
MMWW“
-100 -50 0 50
mV

Figure 3.2 Transient overexpression of hTRESK induces a large outward current.
Constructs harboring WT-hTRESK and F139Wfsx24 and C110R forms of hTRESK were
transiently overexpressed in SH-SY5Y cells. (A) GFP tagged WT-hTRESK has membranous
localization 48hrs post-transfection. F139Wfsx24 and C110R reside in the cytoplasm and fail to
reach the membrane. Cells were stained with phalloidin (red) to mark F-actin skeleton. (B)
Representative traces of currents recorded from cells in the whole-cell voltage clamp mode.
Currents were induced by depolarizing the membrane in 10mV increments, from a holding
potential of -90mV to +30mV. (C) Total outward current, as measured at the end of a 300ms
voltage step to +30mV. (D) TRESK mediated outward current. Current-voltage relationship for
current measured in WT-TRESK cells subtracted by background current (control). ***P<0.001;
Kruskal-Wallis test, Dunn’s multiple comparison test; results represent mean * s.e.m of at least

seven cells per group.
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3.3.2 TRESK expression hyperpolarizes the cell membrane and reduces
excitability.

I wanted to understand the consequence of an enhanced TRESK current to the
behaviour of neurons. A key hallmark of neurons is there ability to fire action potentials
in response to depolarizing stimuli. Unlike most immortalized lines, SH-SY5Y cells can
be differentiated to the extent that they are capable of firing action potentials (Tosetti,
Taglietti et al. 1998). Whole-cell current clamp allows the investigator to input current
to a cell and measure associated membrane potential changes. I first verified that SH-
SY5Y cells could fire action potentials in response to current injection. Cells were
treated for 7 days with 10uM retinoic acid to enhance neuronal features prior to
recording. Short (50ms) current injections of 5pA increments were applied to the cells
until an action potential was generated (Figure 3.3 A). Action potentials could be
abolished in the presence of 500nM TTX (Figure 3.3 B). The rheobase (the minimal
current amplitude required to generate an action potential) is a common measure of
membrane excitability. Expression of WT-TRESK, but not F139fsWx24 or C110R,
significantly increased the rheobase (Figure 3.3 B). Kzp channels are open at all voltages
and so could be expected to have a large impact on the resting membrane potential
(RMP) (Enyedi and Czirjak 2010). WT-TRESK expression markedly hyperpolarizes the
cell membrane and moves the RMP towards the reversal potential for K+ (Figure 3.3 D).
Hence, exogenous TRESK renders cells resistant to firing and alters their steady state

biophysical properties.
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Figure 3.3 TRESK over-expression dampens neuronal excitability. Whole-cell current clamp
recordings from differentiated SH-SY5Y cells. (A) Representative trace of an action potential
generated by increasing increments of depolarizing current. (B) Action potentials could not be
generated in the presence of 500nM TTX. (C) Rheobase current of cells expressing GFP (control),
F139Wfsx24, C110R or WT TRESK, 48 hours following transfection. (D) Resting membrane
potential of transfected groups. ***P<0.001, **P<0.01; One-way ANNOVA, Bonferroni’s’s multiple

comparison test; results represent mean * s.e.m of at least six cells per group.

3.3.3 Lowlevels of TRESK are sufficient to dampen excitability

Transient overexpression can lead to exogenous protein levels far higher than are ever
observed endogenously, and therefore can result in observations not relevant to normal
physiology. I sought to perform analogous experiments as above, but with more

moderate levels of TRESK expression. To this end, stable hTRESK-GFP (WT and
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F139fsWx24) SH-SY5Y lines were made (initial work carried out by Dr. Jinghuan Li,
Cader lab) utilizing a tetracycline-inducible expression system (Figure 3.4 A). Under
normal culture conditions, cells do not express the gene of interest, but transcription
can be initiated upon addition of doxycycline to the culture medium. Following FACS
sorting of transduced cells; I generated lines of which 100% of the population expressed
TRESK upon doxycycline treatment. The level of this expression was far below that of
transient transfection experiments. WT-TRESK-GFP expressing lines exhibited a
modestly enhanced outward current in comparison to control and F139fsWx24-GFP
lines (Figure 3.4 B). Induced current was approximately 6-fold lower than that observed
under transient transfection conditions. Despite the lower levels of exogenous TRESK,
similar cellular phenotypes were still observed. RMP was hyperpolarized (Figure 3.4 C)
and rheobase increased (Figure 3.4 D) in WT-TRESK-GFP cells. These results indicate
that even low levels of TRESK have measurable effects on the biophysical properties of a

neuron and acts to make a cell less excitable.
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Figure 3.4 Low levels of TRESK induce a hypo-excitable phenotype. (A) Schematic detailing
tetracycline-inducible expression system. Under basal condition the E. Coli “reverse” Tet-
repressor protein (rTETR) is silent. In the presence of doxycycline, rTETR binds the tetracycline
response element (TRE) and activates expression of the transgene (TRESK-GFP). (B) Current-
voltage relationships for stable transduced lines expressing low levels of WT-TRESK or
F139Wfsx24. (C) Resting membrane potential and (D) rheobase of transduced lines. **P<0.01,
*P<0.05; One-way ANNOVA, Bonferroni’s’s multiple comparison test; results represent mean# s.e.m

of at least fifteen cells per group.

3.3.4 Novel pharmacology targeting TRESK activity
Pharmacological modulators of Kzp channels are lacking; making it difficult to assess
function of distinct channels. Specific modulators of TRESK would be highly valuable for

basic research and could form the basis of future drug development.
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Figure 3.5 Tetrapentylammonium (TPA) inhibits TRESK activity. Patch clamp recordings of
transiently transfected SH-SY5Y cells. (A) Current-voltage relationship of hTRESK-GFP and GFP
cells, with or without bath application of 500nM TPA. (B) Effect of TPA on RMP, **P<0.01;
Kruskal-Wallis test, Dunn’s multiple comparison test. (C) Rheobase current across the groups.
*¥P<0.01; One-way ANNOVA, Bonferroni’s’s multiple comparison test; results represent mean# s.e.m

of at least five cells per group.

TRESK activity is inhibited by a range of endogenous (Braun, Nemcsics et al. 2011) and
exogenous factors (Bautista, Sigal et al. 2008); however these also have effects on other
pathways and channels (Bautista, Sigal et al. 2008). At low concentrations (500nM),
tetrapentylammonium (TPA) is suggested to specifically inhibit TRESK, while having
minimal effect on other Kyp channels (personal communications Dr. S Tucker). I wished

to investigate whether TPA was able to inhibit TRESK activity and if so, whether it could
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be used to rescue the excitability phenotypes observed in the over-expression model.
Externally applied TPA partially (41-52%) inhibited TRESK current, but had no effect on
outward current of naive SH-SY5Y cells (Figure 3.5 A) indicating that its actions are
mediated through TRESK inhibition. TPA application brought excitability phenotypes
towards control levels; depolarized the RMP (Figure 3.5B), and reduced the rheobase
current (Figure 3.5 C) of WT-TRESK expressing cells. These results show that TPA can
inhibit human TRESK and that by doing so, can alleviate phenotypes associated with

TRESK activity.
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Figure 3.6 5-Chloroquinolin-8-o0l (CQ) potently activates human TRESK. Patch clamp
recordings of U20S cells virally transduced with hTRESK. (A) Representative current traces
obtained from hTRESK expressing or un-transduced (naive) U20S cells, depolarized by
incremental voltage steps. (B) Current-voltage relationship for naive (n=7) and hTRESK (n=17)

U20S cells. (C) Normalized currents in the presence of TRESK activators. Currents were evoked
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by a voltage step from -80mV to +50mV and values were taken at the end of the 300ms pulse (n=
5 cells per group.) (D) Dose response curve for CQ activation of TRESK, normalized to vehicle-
treated control (nz 4 cells per group.) *P<0.05; One-way ANNOVA, Bonferroni’s’s multiple

comparison test; results represent mean * s.e.m

3.3.5 5-chloroquinolin-8-o0l potently augments TRESK current

Modulators that up-regulate TRESK function would be powerful research tools. In
addition, specific TRESK activators would be exciting therapeutic agents. As part of a
drug discovery programme, and in collaboration with MRC Technology, we developed a
screening method to identify novel TRESK activators. The drug 5-Chloroquinolin-8-ol
(CQ) was found to enhance TRESK activity 2-fold, but have no effect on other K+
channels tested (Paul D. Wright 2013). These data were obtained using an indirect
method for measuring TRESK activity (FluxOR K* lon Channel Assay, Life Technologies)
and so direct validation by patch clamp analysis of compound pharmacology was
sought. U20S cells transduced with human TRESK (kind gift Dr. Paul Wright) exhibited a
marked outward current that was not present in naive cells lacking TRESK (Figure 3.6 A
and B). This current could be abolished by treatment with 500nM TPA and enhanced by
treatment with the TRESK activator, PMA (100nM) (Rahm, Gierten et al. 2012) (Figure
3.6 C). These results confirmed that the current was TRESK-mediated. CQ activates
TRESK in a concentration-dependent fashion with a maximal activation =2-fold above
control conductance (Figure 3.6 C and D). CQ activity had an ECso of 3.62uM, consistent
with that measured independently by thallium flux (3.8uM) (Paul D. Wright 2013).
These data support the original thallium flux findings and highlights CQ as a promising

compound for increasing basal TRESK activity.

3.3.4 TRESKin sensory neurons
TRESK function has been studied most extensively in peripheral sensory neurons.

Overexpression (Zhou, Yao et al. 2012), pharmacological inhibition (Tulleuda, Cokic et
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al. 2011) and genetic ablation studies (Dobler, Springauf et al. 2007) have illustrated the
role TRESK plays in murine DRG neurons. The TG is often considered analogous to the
DRG, however differences do exist (Ambalavanar, Moritani et al. 2005). To date, TRESK
has only been studied in TG neurons via overexpression experiments wherein
exogenous TRESK currents are in significant excess of endogenous levels (Guo and Cao
2014). In an attempt to interrogate its role in a more physiological context, | wished to
study the consequence of reduction of endogenous TRESK current to TG neuron
physiology. To achieve this I utilized primary murine trigeminal cultures, in conjunction
with pharmacology and a novel transgenic model.

Gender differences in animal models of pain are an accepted phenomenon
(Greenspan, Craft et al. 2007) and the incidence of migraine is far higher in woman than
men (Lipton and Stewart 1997). As a prelude to patch clamp studies, I confirmed levels
of TRESK mRNA in TG tissue were similar between male and female animals (Figure
3.7). This rationale was used to justify the use of tissue from both sexes for all

subsequent studies.
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Figure 3.7 TRESK expression between the genders. Levels of TRESK mRNA are equivalent in
male and female adult mice. mRNA was extracted from sensory ganglia and pooled per animal.
TRESK mRNA was quantified by qPCR using Rpl19 levels as an internal control. Un-paired

student’s t test, results represent mean# s.e.m of six animals per group.
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Pharmacological inhibition results in a transient reduction in protein activity
that can be informative with respect to function, but it is important to consider
selectivity and efficacy when analyzing such data. In contrast, genetic ablation results in
a permanent and total loss of protein function. The disadvantage of permanent loss of
protein is that compensatory mechanisms may develop and hide relevant cellular
phenotypes. It is for these reasons that [ used both pharmacology and a genetic ablation
model to investigate TRESK function in TG neurons. Knockout animals were generated
by the trans-NIH Knock-Out Mouse Project (KOMP) and obtained from the KOMP
Repository (www.komp.org). The VelociGene targeting system (Valenzuela, Murphy et
al. 2003) ablates KCNK18 by replacing the majority of the coding region with a LacZ-
neomycin cassette (Figure 3.8 A). Homozygous animals express no TRESK mRNA in
tissue where expression is normally high (Figure 3.8 B). These results confirm that the

KCNK18 gene has successfully been ablated from homozygous animals.
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Figure 3.8 TRESK knockout mouse model. (A) KCNK18 is ablated by the insertion of a LacZ-

neomycin cassette with homology arms targeting the 5’ of exon 1 and the 3’ of exon 3. (B) TRESK
mRNA is abundant in DRG tissue of wild-type animals, but absent in tissue from TRESK-/-

littermates. Results represent mean# s.e.m of three animals per group.
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3.3.5 Voltage-clamp recordings from trigeminal neurons

In comparison to immortalized lines, primary neurons offer the opportunity to study the
contribution of a protein of interest within the context of other endogenous ion
channels/transporters. Primary TG neurons were subjected to whole-cell voltage-clamp
recordings within 48 hours of dissociation from adult mice. Cells of <30uM diameter and
with limited dendrites were chosen for analysis to enrich for nociceptors and to reduce
experimental error due to space clamp issues. TRESK is expressed homogenously across
sensory neuron subtypes (Dobler, Springauf et al. 2007) and so specific sub-populations
of small/medium TG neurons were not exclusively targeted. A previously documented
protocol was used to dissect TRESK currents from other ionic conductance (Dobler,
Springauf et al. 2007, Liu, Xiao et al. 2013). Neurons were held at -60mV before
depolarization to -25mV for 300ms and then the potential was ramped to -135mV over
550ms (Figure 3.9 A). Outward current was measured at the end of the 300ms step to
minimize the contribution from high-voltage activated Ca?+ or fast TTX-resistant Na+*
channels (Dobler, Springauf et al. 2007). At -25mV there is minimal activation of
voltage-gated K+ currents (Dobler, Springauf et al. 2007) and 1pM TTX was bath applied
to suppress voltage-gated Na* channels. This protocol however does not distinguish
TRESK current from some channel currents, such as those mediated by other Kzp
channels. Naive cells exhibit an outward current that is reduced by 24.5% in the
presence of 500nM TPA (Figure 3.9 B). Inhibition was largely reversed by drug wash-
off, indicating that the reduction was due to the reversible pharmacological actions of
TPA (Figure 3.9 A). Current rundown is a common occurrence during whole-cell
recordings (Hattori, Murakami et al. 2003) and must be considered when performing
multiple measurements of a cell over time. I therefore assessed the magnitude of
rundown to the standing outward current. In the absence of pharmacology, outward
current was reduced by 6.7% (Figure 3.9B), 20 minutes after achieving the whole-cell

configuration (the time-point at which TPA inhibition was measured). TPA did not
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significantly reduce the outward current of TRESK-/- neurons (Figure 3.9 B) beyond the
natural current rundown, suggesting that the effect of TPA on WT neurons outward K+

current is due to a selective action on TRESK.
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Figure 3.9 TPA sensitive outward current in TG neurons. (A) Representative traces of the
outward current induced by prolonged depolarization to -25mV. In wild-type neurons, this
current was inhibited by perfusion for 20 minutes of 500nM TPA. Upon drug wash off, current
returned towards basal levels. TPA had only a minor effect on TRESK/- neurons. (B)
Quantification of the reduction in outward current following TPA treatment (n =7 cells per
group). (C) Total outward current present in neurons with and without TRESK activity. Outward
current was normalized for cell capacitance to reflect the current density (n 212 cells per group).
*P<0.05, **P<0.01; Comparison between wild-type and TPA treated groups was performed by a
paired students t-test. Comparison between wild type and TRESK~/- groups was performed by un-

paired students t-test; results represent mean + s.e.m of at least three independent experiments.
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Total outward current was reduced in TPA-treated neurons, as well as TRESK-/-
neurons, compared to wild type. This reduction was 24.7 and 21.3% respectively, and is
of a similar magnitude to the TRESK contribution in DRG neurons (Dobler, Springauf et
al. 2007). The difference between wild type and TRESK-/- neurons did not reach
statistical significance, most likely due to the heterogeneity of the cell population. No
difference was observed between TPA-treated wild-type neurons and TRESK-/- neurons.
As previous data suggests that TPA partially blocks TRESK (Figure 3.5), this finding
would suggest a degree of current compensation following genetic ablation of TRESK

(Figure 3.9C).

3.3.6 Passive membrane properties of trigeminal neurons

In the SH-SY5Y model, overexpression of TRESK induced robust phenotypes associated
with altered membrane properties. I investigated the basal cell membrane properties in
the different groups of TG neurons. Wild-type neurons exhibited properties consistent
with those observed in the literature (Table 3.1) (Cabanes, Lopez de Armentia et al.
2002). TPA treatment induced a modest depolarization of the membrane potential but
RMP was unaltered in TRESK-/- neurons. Input resistance (Rinput) iS @ measure of the
number of open channels in the membrane, and determines how much the membrane
potential changes in response to a flow of current. Rispwr was unaltered in TRESK-/-
neurons but increased in wild-type neurons following TPA treatment (Table 3.1). These
results are consistent with loss of TRESK activity. They also indicate that changes may
occur in TRESK-/- neurons with respect to other ion channels open at RMP to
compensate for alterations in these key cellular parameters. This suggestion supports

the voltage-clamp data.

85



Group RMP (mV) Rinput (MQ) Capacitance (pF)

Wild-type -53.75+0.98 269.99+37.62 51.40+6.97
500nM TPA -48.55+2.43* 312.98+91.29** 49.67+15.60
TRESK/- -50.00+2.49 233.4573+26.47 52.75+9.31

Table 3.1 Passive properties of trigeminal neurons. *P<0.05, **P<0.01; paired student’s t test;

results represent mean # s.e.m of at least three independent experiments (n2 9 cells per group).

3.3.7 Firing properties of trigeminal neurons with reduced TRESK current

The firing properties of primary neurons recapitulate in vivo behavior to a greater
extent than immortalized cell lines e.g. action potential morphology and the ability to
fire repetitively. I wished to investigate whether loss of TRESK current induced firing
phenotypes in this more physiological setting. To do this, 1 investigated similar
parameters as those detailed for SH-SY5Y cells, but extended the analysis to more
complex traits of action potential morphology and firing. Rheobase current was
decreased to a similar extent upon 500nM TPA treatment and in TRESK-/- neurons,
compared to control (Figure 3.10 A and B). TG neurons have the capacity to fire multiple
action potentials in response to a sustained, depolarizing stimuli. A long (500ms) pulse
of current with amplitude 2-fold the measured rheobase generated an average of 2.4
spikes in wild-type cells. This appeared to be enhanced by TPA treatment and in TRESK-
/- neurons, but differences failed to reach significance (Figure 3.10 C and D). Previous
analysis of TRESK-/- DRG neurons reported subtle changes in action potential
morphology (reduced action potential duration and increased after-hyperpolarization
amplitude), hypothesized to be due to compensatory mechanisms (Dobler, Springauf et
al. 2007). No difference between control and TPA treated/TRESK-/- neurons was
observed for any of these parameters. Nevertheless my findings extend the importance

of TRESK to parameters of cellular excitability, in a more physiological setting.
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Group AP amplitude (mV) | AP duration (ms) | AHP (mV)
Wild-type 104.83+4.31 4.87+0.67 24.90+1.39
TRESK/- 87.87+6.04 3.93+0.70 24.41+2.33
500nM TPA 107.75+8.40 5.41+0.72 21.40+3.68

Figure 3.10 Current clamp recordings in neurons from wild type, TPA-treated and TRESK-/-
neurons. (A) Cells were depolarized with increasing current of 10pA increments from a holding
potential of -60mV. Rheobase was assessed as the minimum current required to elicit an action
potential. Panels show representative images from a wild-type neuron, the same neuron 20
minutes following exposure to 500nM TPA, and a TRESK/- neuron. (B) Quantification of
rheobase across the different groups. (C) Cells were depolarized by a prolonged stimulus
(500ms) corresponding to double their previously assessed rheobase. Stimulus was applied 5
times and the average number of action potential generated per stimulus calculated. Panels show
representative images from a wild-type neuron, the same neuron 20 minutes following exposure

to 500nM TPA and a TRESK"/- neuron. (D) Quantification of repetitive firing across the groups.
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(E) Action potential characteristics analyzed from traces obtained in A. *P<0.05; One-way
ANNOVA, Bonferroni’s’s multiple comparison test; results represent mean * s.e.m of at least three

independent experiments (n2 9 cells per group).

3.3.8 TRESK expression throughout the CNS

Data relating to the expression of TRESK expression in tissues/neuronal regions is
conflicting, with differences reported across species and between studies (Sano,
Inamura et al. 2003, Yoo, Liu et al. 2009). Reliable expression data would be of great
value for understanding TRESK physiology and its relevance to migraine. The field is
challenged by a lack of specific antibodies capable of recognizing TRESK epitopes. One
previous study of rat CNS found TRESK protein expression to be abundant in most brain
regions (Yoo, Liu et al. 2009), contradicting other studies that found low levels/absence

of TRESK mRNA in brain tissue (Sano, Inamura et al. 2003).

o-TRESK/ DAPI
Wild-type

a-TRESK/ DAPI

Figure 3.11 Non-specific binding of TRESK antibody. TG neurons derived from (A) wild type

and (B) TRESK/- tissue stained with a-TRESK (Santa Cruz sc-51240). Scale bars represent 50um.

Using TRESK-/- neurons [ sought to determine the specificity of the antibody used by Yoo

et al. Under analogous conditions to those reported, a-TRESK Ab produced a positive
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signal that was comparable in wild type and TRESK-/- neurons (Figure 3.11 A and B),
undermining the specificity of this antibody. | wished to map TRESK expression using an
alternative approach. The null allele present in TRESK-/- mice contains a reporter
system, with the LacZ transgene under transcriptional control of the endogenous

KCNK18 promoter (Figure 3.8).
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Figure 3.12. KCNK18 promoter activity in TRESK-/- CNS. Brains harvested from homozygous

knockouts were sectioned at 300pM and probed for regions of LacZ expression by X-gal staining.
(A) Low magnification sagittal section, illustrating B-galactosidase activity is not uniform
throughout the CNS and localizes to specific brain regions. (B) Low magnification image of optic
nerve taken in the sagittal plane. (C-K) Coronal sections of regions positive for LacZ expression
as identified by a serial screen of whole brain. Scale bars represent 200puM unless otherwise

stated. Abbreviations; DMH, dorsomedial hypothalamic nucleus; SCH, superchiasmatic nucleus;
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Z1, zona incerta; PVN paraventricular nucleus; VMH, ventromedial hypothalamic nucleus; ACB,
nucleus accumbens; MOBgl, main olfactory bulb, glomerular layer; LSc, lateral septal nucleus;

SFO, subfornical organ; CA3, field CA3 of hippocampus; S1, primary somatosensory cortex.

As a proxy for TRESK expression, I investigated the location of [3-galactosidase
activity in TRESK-/- CNS. Thick (300uM) sagittal sections indicated relatively restricted
expression of LacZ, predominantly clustered around the hypothalamus and striatum
(Figure 3.12 A). Optic nerve demonstrated high levels of LacZ activity (Figure 3.12 B).
Serial coronal sections supported this finding with multiple nuclei of the hypothalamus
(Figure 3.12 C-E) and regions of the striatum (Figure 3.12 F-H) exhibiting robust -
galactosidase activity. Higher magnification imaging of positive regions in the nucleus
accumbens revealed staining adjacent to blood vessels (Figure 3.12 G). This was not
seen in other brain regions. Additional LacZ expression was noted throughout the
olfactory bulb (Figure 3.12 I) and hippocampus (Figure 3.12 ]J). Primary somatosensory
cortex was positive for LacZ expression, however signal was detected in far fewer cells
relative to other areas (Figure 3.12 K). Data presented here contradicts previous
assessments of CNS TRESK expression and identifies regions that could link TRESK

dysfunction to primary phases of a migraine attack.

3.4 Discussion

A deleterious mutation in KCNK18 associates with migraine with aura (Lafreniere, Cader
et al. 2010), however the cellular mechanisms, and indeed the neuronal population on
which the mutation has its disease-modifying effect, are unknown. Key to answering
these questions is a good understanding of TRESK physiology under normal conditions.

TRESK is a protein with a documented role in sensory pain pathways (Tulleuda, Cokic et
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al. 2011) yet its direct contribution to neuronal behavior has mainly been investigated
indirectly, or by the use of non-selective pharmacology. Further, while TRESK is known
to be highly enriched in sensory ganglia (Braun, Nemcsics et al. 2011), its expression
within other migraine-salient areas has not been satisfactorily resolved. In this chapter,
[ have detailed the significant contribution of TRESK to cellular excitability. Affected
parameters are robust across a range of cellular models, from overexpression in
immortalized lines, to inhibition/inactivation of endogenous protein in primary
neurons. These models have also been utilized to screen novel modulators of TRESK
activity, which may prove beneficial for future studies and even drug discovery projects.
Finally, CNS TRESK expression has been systematically mapped to specific brain
regions. Such data will support future investigation of TRESK function in relation to

migraine pathogenesis.

3.4.1 Fundamental properties of TRESK current

Heterologous expression in immortalized lines is a system commonly used to
interrogate the basic properties of ion channel function. This is due to the simplicity and
consistency of sample preparation, but also the ease in which specific currents can be
recorded without the challenge of distinguishing exogenous from endogenous
conductance. SH-SY5Y cells offer the benefit of being easy to culture and manipulate, yet
also display biophysical characteristics of neurons when differentiated (Tosetti, Taglietti
et al. 1998). Hence, they offer the possibility to interrogate basic channel function, but
also to perform rudimentary investigations of neuronal firing. In previous studies,
TRESK is documented as an outwardly rectifying K+ channel that polarizes the cell
membrane (Sano, Inamura et al. 2003). Transient overexpression of WT hTRESK in SH-
SY5Y cells generated a current consistent with these observations. In this study, neither
the C110R nor F139Wfsx24 TRESK variants were able to transport to the membrane

and conduct current (Figure 3.2). This poses the intriguing question of why one loss-of-
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function variant associates with migraine, and another does not? Recent evidence has
suggested that F139Wfsx24 may have a larger inhibitory effect on wild-type channel
subunits than C110R (Liu, Xiao et al. 2013), however care must be taken when analyzing
direct interactions between mouse and human forms of TRESK protein. Given that
migraine is thought of as a polygenic disorder, perhaps a profitable approach may be to
look for epistatic interactions with other gene variants that may precipitate disease.
Consistent with previous reports, 1 found that overexpression of TRESK
hyperpolarized neurons and made them resistant to firing an action potential (Figure
3.3). This held true even when TRESK was introduced to the cell at a much lower level
(Figure 3.4). This fits well with the clinical picture of a deleterious variant in TRESK
associating with migraine, a disorder considered to be based upon altered excitability of

the nervous system (Aurora and Wilkinson 2007).

3.4.2 Novel TRESK pharmacology
Studies of protein function are hindered by a lack of selective agonists and/or
antagonists. [ have shown that at 500nM TPA can effectively block TRESK currents while
having minimal effects on other background conductance (Figures 3.5 and 3.9).
However, it should be noted that these studies were performed at room temperature,
yet several Kop channels are known to be more active at 37°C (Maingret, Lauritzen et al.
2000, Kang, Choe et al. 2005). To rigorously assess drug selectivity it would be
necessary to screen TPA on TRESK-/- neurons at this temperature. However, TPA
presents as a useful research tool under suitable experimental conditions and should be
used in conjunction with classical TRESK blockers that are known to have non-specific
actions (Bautista, Sigal et al. 2008).

TRESK is an attractive analgesic drug target. Up-regulating channel activity

could act as a molecular brake on primary afferent activation. This action would be in
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the periphery, negating the need for compounds to cross the blood brain barrier.
Expression in peripheral tissue appears relatively restricted to sensory ganglia, although
there is some evidence of expression in other neuronal (Cadaveira-Mosquera, Perez et
al. 2012) and non-neuronal tissue (Kang, Mariash et al. 2004). Multiple agents are
currently known to both inhibit (Lennertz, Tsunozaki et al. 2010) and activate (Liu, Au
et al. 2004) TRESK, albeit in a non-selective manner. This chapter describes a TRESK
agonist, CQ, which was discovered in a high-throughput screen of TRESK activity. Patch
clamp analysis directly confirmed a 2-fold current activation induced by CQ (Figure 3.6).
These data validate TRESK as a druggable target, justifying further screening for
additional agonists, or medicinal chemistry approaches to improve CQ selectivity and
efficacy. Such therapeutics could have diverse applicability across a spectrum of pain-

related disorders, including migraine.

3.4.3 TRESK modulates the properties of trigeminal neurons

TRESK is highly expressed in the TG, which in turn is a body of cells implicated in
transducing the headache pain of migraine (Pietrobon and Striessnig 2003). I have
shown that TRESK represents 20-30% of the background current in TG neurons (Figure
3.9). At the mRNA level, TRESK is the most abundant K;p channel in sensory neurons
(Marsh, Acosta et al. 2012). It has also been shown that TRESK expression is decreased
following cell dissociation (Tulleuda, Cokic et al. 2011) and therefore, estimates may
undervalue its contribution in vivo. Loss of TRESK in TG neurons mirrors the effects of
overexpression, i.e. depolarization of RMP and a decrease in rheobase (Table 3.1 and
Figure 3.10). Indicative of its importance, multiple migraine candidate genes have been
shown to contribute to the function of the TGVS (McKemy 2005, Hullugundi, Ansuini et
al. 2014). It can be postulated that any reduction in the activation threshold of
trigeminal nociceptors could lead to aberrant or sustained firing, which in turn would

feed forward to second order neurons and generate the perception of headache pain.
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Hence the finding that TRESK has substantial control over TG neuron excitability has

important relevance to understanding migraine pathogenesis.

3.4.4 TRESKin the CNS
Migraine is a complex brain disorder whose origins are unlikely to be in the periphery.
TRESK may or may not have a role in the early, CNS-intrinsic events of a migraine attack.
As a first step to answer this question, TRESK expression within the CNS must be
characterized. Using our reporter mouse line, [ have shown that TRESK expression is not
CNS-wide as previously described (Yoo, Liu et al. 2009). Of particular note, TRESK was
extensively distributed in the hypothalamus (and hypothalamus-associated regions such
as the lateral septal nucleus (Figure 3.12)), a region heavily implicated in migraine. PET
studies have observed hypothalamic activation during spontaneous migraine attacks
(Denuelle, Fabre et al. 2007) and many of the features of migraine could be attributed to
hypothalamic dysfunction (Alstadhaug 2009). While expression appears low in cortical
regions, robust expression is seen in the hippocampus (Figure 3.12). The hippocampus
acts on hypothalamic regions to modify the stress response and is implicated in pain
processing (Liu and Chen 2009). Direct links between hippocampus dysfunction and
migraine have been made by recent imaging studies (Moulton, Becerra et al. 2011).

I have taken the approach of analyzing regions of KCNK18 promoter activity.
Thus, findings must be tempered with the detail that [ do not describe TRESK protein
presence, but rather the likely transcriptional activity of the KCNK18 locus. Data from
the Allen Brain Atlas does not support the presence of KCNK18 transcripts in mouse
CNS. However this is concluded from a single in situ experiment, relying upon only one
set of anti-sense probes. Further evaluation of TRESK mRNA presence in highlighted
brain regions should be performed.

Future efforts should specify the precise cell types that possess TRESK current

and investigate the functional role this may have in the relevant regions. For example, it
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would be interesting to investigate whether TRESK-/- mice have a circadian rhythm
dysfunction, or if CSD propagation/initiation is different in these animals compared to
control.

Data presented in this chapter serve to highlight the function of TRESK as a
“molecular brake” on neuronal excitability. This property is particularly prominent in
trigeminal neurons, however expression of the channel is also seen in CNS regions that
warrant further investigation. Using TRESK dysfunction as a model, it may be possible to
investigate common pathways of migraine pathogenesis. Although TRESK variants may
underlie only a minor proportion of migraineurs, it still presents as a highly promising
drug target. Efforts to develop novel therapeutics to up-regulate channel activity could

create novel opportunities for pain management and migraine treatment.
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4. Investigating the association of SLC12A3 with migraine

4.1 Introduction

While monogenic forms of migraine do exist: a multifactorial heredity model best
explains common migraine. The mode of migraine inheritance is most compatible with
multiple genetic susceptibility factors, interacting with numerous environmental cues,
combining to result in recurring migraine attacks (Russell, Iselius et al. 1995). The
F139Wfsx24 KCNK18 variant appears to show 100% penetrance in our pedigree
population (Lafreniere, Cader et al. 2010), apparently suggesting that this rare variant
represents a monogenic form of migraine. Contrary to this, the C110R KCNK18 variant
that also results in a total loss of TRESK function, is found in both migraine and healthy
control cases (Andres-Enguix, Shang et al. 2012). There can be two plausible
explanations for this observation. Firstly, the two variants may have differing impacts
on cell physiology. This argument has been discussed previously (Chapter 3, Discussion
3.3.1) but does not exclude the second hypothesis. Due to the knowledge that migraine
is a polygenic disorder, it can be speculated that other genetic loci outside of KCNK18
may play a role in disease pathogenesis. Such genetic factors could act in a “double hit”
manner, acting in concert with loss of TRESK activity, or alternatively such loci could act
at a different point in the disease cascade, in a different cell type and/or tissue. The
latter would be an attractive way of explaining why loss of TRESK, with its principle role
in the TG, associates with a whole-brain disorder like migraine.

During the original linkage analysis only one locus was identified with a LOD
score >3.0. This region contained the KCNK18 frame-shift mutation. A second linkage
peak (LOD score 2.8) was subsequently defined with a segregating haplotype present in

all affected individuals, but also two unaffected individuals. One deleterious mutation
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(G264A) was defined in this region and it occurred in the gene SLC12A3 (Cader et al,

unpublished data, Figure 4.1).
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Figure 4.1 The SNP polymorphism, G246A segregates with MA in one pedigree. (A) All
carriers of the F139fsWx24 KCNK18 mutation also harbour a mutation in SLC12A43. SNP (G246A)
is also present in two unaffected individuals. SLC12A3 encodes for the thiazide-sensitive Na*/Cl-
co-transporter, NCC. (B) NCC transports one Na* ion into the cell along with one Cl- ion. The net
flow of charge is zero and defines the transporter as electroneutral. (C) Predicted structure of
human NCC, including 12 transmembrane domains (TM1-12). Migraine-associated G264A
represents a substitution of alanine for glycine at amino acid 264 in the 4t transmembrane
domain. The mutation causes a 50% loss of transporter function (Moreno, Tovar-Palacio et al.

2004).
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SLC12A3 belongs to the SLC1Z2 family of electro-neutral cation/Cl- co-
transporters (Gamba 2009). The gene encodes a transporter (NCC) that inwardly
translocates Cl- along with Na* with 1:1 stoichiometry (Figure 4.1 B). NCC is a protein of
1,002-1,028 amino acid residues and has a prominent role in reabsorbing Na+* and Cl-
from the tubular fluid into cells of the distal convoluted tubule of the nephron (Gamba
2009). Traditionally, NCC expression has been thought to be restricted to the kidney
(Mastroianni, De Fusco et al. 1996), however evidence for expression in other tissues is
now emerging (Bazzini, Vezzoli et al. 2005, Dvorak, De Joussineau et al. 2007). Despite
this, no past observations supportive of a role in migraine salient tissues have been
made.

Deleterious mutations in SLC12A3 cause Gitelman’s syndrome- an autosomal
recessive disorder characterized by hypokalemic metabolic alkalosis, hypocalciuria,
hypomagnesaemia, and arterial hypotension (Simon, Nelson-Williams et al. 1996). In the
G246A variant, a highly conserved glycine residue at position 264 is replaced by alanine
(Figure 4.1 C). Previous in vitro investigations associate the variant with a partial loss-of
function phenotype. G264A causes a 50% reduction in 22Na* uptake but an increase in
transporter affinity for extracellular ClI- and thiazides (Moreno, Tovar-Palacio et al.
2004). These results are consistent with a reduction of intrinsic co-transporter activity
and diminution of Na+*/Cl-translocation. To date, G264A has not been associated with
Gitelman'’s syndrome and there is no history of tubular acidosis in the affected family. All
subjects have normal blood pressure, serum and urinary electrolytes including: Na+, K+,
Mg2+ and HCO3- (Cader et al, unpublished data).

Cl-/cation co-transporters are electro-neutral. Despite this, some have been
heavily implicated in neuronal physiology and spiking behaviour. KCC2 and NKCC1 have
both been shown to modulate the excitability of a range of neuronal cell types (Zhu,
Polley et al. 2008, Sipila, Huttu et al. 2009, Seja, Schonewille et al. 2012), including

trigeminal neurons (Schobel, Radtke et al. 2012). Both proteins have relevance to
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seizure and pain pathways. NKCC1 inhibition suppresses epileptiform activity in
hippocampal slices (Dzhala, Talos et al. 2005), while down-regulation of KCC2 increases
the susceptibility of immature rats to seizure (Huang, McMahon et al. 2012). KCC2 and
NKCC1 are both present in spinal nociceptive neurons and expression changes under
acute/chronic pain conditions have been noted (Cramer, Baggott et al. 2008, Miletic and
Miletic 2008). Furthermore, such changes have been shown to have functional effects on

pain behaviour (Hasbargen, Ahmed et al. 2010, Austin and Delpire 2011).

4.2 Aims of Chapter 4
Chapter 4 is concerned with providing functional information to support or refute the
hypothesis that a deleterious variant in SLC12A3 is causative for migraine. To this end,

the chapter has two sub-aims:

1) Document expression of NCC in migraine-salient tissue.
2) Investigate whether NCC has a role in neuronal physiology.
4.3 Results

4.3.1 NCC expression in migraine-salient regions

NCC function has rarely been investigated outside of the kidney and has never been
studied for a neuronal role. I wished to investigate whether NCC expression was
detectable in regions of the nervous system implicated in migraine. To confirm antibody
specificity, immunohistochemistry was performed on mouse kidney sections from wild
type and NCC-/- mice (characterized and detailed in Results 4.3.6 and Figure 4.10). a-
NCC produced a strong and specific signal localized to discreet regions of the kidney
(Figure 4.2 A). The staining profile was consistent with expression in the distal

convoluted tubules of the nephron. No signal was detected in kidney tissue of NCC-/-

100



mice (Figure 4.2 A). Higher magnification images revealed apical localization of antibody
binding (Figure 4.2 B). These results are consistent with previous NCC localization
studies (Loffing, Vallon et al. 2004). By western blot, a-NCC detects a single band at
~190kDa (Figure 4.2 C) that is absent when probing lysate from NCC-/- kidney (Figure
4.2 C). Human and mouse NCC share 89% amino acid sequence homology. To confirm
that a-NCC also recognizes the human form of the protein, human NCC (hNCC) tagged
with GFP was expressed in N2A cells, followed by immunocytochemistry. a-NCC stained
GFP positive cells with 100% overlap (Figure 4.2 D), indicating that the antibody was
compatible with both human and mouse NCC detection. These results gave me

confidence in the use of the antibody for all future studies.
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Figure 4.2 Validation of primary antibody against NCC. (A) Renal cortex of wild type and NCC-
/- mice immunostained with rabbit a-NCC (Abcam- AB3553), followed by incubation with Alexa
488-conjugated goat anti-rabbit IgG. (B) Zoomed image of NCC in wild type kidney showing
expected apical localization of the target epitope. (C) Kidney lysate from wild type and NCC-/-
mice subjected to SDS-PAGE analysis and probed with a-NCC and a-f-actin. Incubation with
HRP-coupled a-rabbit IgG followed by ECL detection results in discreet bands of molecular
weight =42kDa and =190kDa. These bands represent the expected size of B-actin and NCC
respectively. No band was observed at 190kDa when NCC-/- kidney lysate was probed. (D) N2A
cells overexpressing hNCC-GFP immunostained with a-NCC, followed by incubation with Alexa

594-conjugated goat a-rabbit IgG.

As a first step to investigate NCC expression in neuronal tissue, crude lysates of

mouse kidney, occipital cortex, whole brainstem and TG were probed by Western blot.
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Brainstem and TG showed strong bands, while occipital cortex was marked by a low
level of NCC protein (Figure 4.3 A). TG lysate exhibited the highest level of expression
and so further studies were performed. RT-PCR confirmed the presence of NCC mRNA in
rat TG (Figure 4.3 B) and immunohistochemistry of mouse TG revealed neuronal

staining of all sized trigeminal neurons (Figure 4.3 C).
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Figure 4.3 NCC expression in migraine-salient tissue. (A) Presence of NCC protein in regions
classically associated with migraine. Whole tissue lysates of mouse kidney, occipital cortex,
brainstem and TG were probed for NCC expression by Western blot analysis. Levels of $-actin
served as a loading control. (B) Confirmation of NCC mRNA in rat TG using RT-PCR and exon-
spanning primers specific to NCC. Test template was 10ng/ul cDNA derived from rat TG mRNA.
Rat NCC expression construct (pSPORT1-rNCC) and no template control, were run in parallel as
positive and negative controls respectively. (C) Whole tissue immunostaining of mouse TG with
a-NCC, followed by incubation with Alexa 594-conjugated goat a-rabbit IgG. Membranous signal
is apparent in all neuronal cell bodies, including large diameter (>30uM, dashed arrows) and

medium/small diameter (<30uM, solid arrows) neurons.
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4.3.2 NCC throughout the CNS

The observation that NCC could be detected by western blot in multiple CNS areas, led
to the desire to comprehensively localize protein expression. Serial coronal sections of
60uM thickness were generated from the whole brain of P56 male mice. Sections were
subsequently probed by immunohistochemistry to identify regions of protein
expression. Two areas within the hypothalamus showed a robust and clear positive
signal. These regions were the paraventricular (PVN) (Figure 4.4 B) and supraoptic
nucleus (SON) (Figure 4.4 C). Staining suggests that NCC is present on the cell body and
neurites of neurons in these regions. No other brain areas were identified to have signal

above background.
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Figure 4.4 Spatial expression of NCC throughout adult mouse CNS. Serial sections
representing the whole brain were probed for NCC expression. (A) Immunoreactivity was not
widespread, but was noted in two discreet hypothalamic regions. Higher magnification images of
(B) PVN and (C) SON revealed robust staining of cell body and projections. CC, corpus callosum;
CA3, field CA3 of hippocampus; SON, supraoptic nucleus; PVN, paraventricular nucleus; 3V, third

cerebroventricle; Opt, optic tract.

Immunohistochemistry provides good spatial resolution of expression, but does
not convey quantitative information. To compare relative expression levels across

tissues, mRNA was extracted from key regions highlighted in previous studies: kidney,
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brainstem, TG, DRG, PVN and SON. Hypothalamic samples were a kind gift of Dr. Mike
Greenwood, University of Bristol. NCC mRNA was readily detectable in neuronal tissues,
however levels were roughly 100-fold lower than found in kidney. Expression was
highest in the sensory ganglia compared to other neural tissue (Figure 4.5). These
results represent a novel finding that NCC mRNA and protein is present in key neuronal

populations.
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Figure 4.5 Quantification of NCC mRNA in neuronal tissue. mRNA was harvested from adult
male Sprague Dawley rat tissue and reverse transcribed to cDNA. Expression is normalised to the
housekeeping gene RPL19 and results are depicted relative to the kidney. Bstem, whole

brainstem. Results represent the mean #s.e.m of 3 independent experiments.

4.3.3 NCC overexpression does not alter firing properties of SH-SY5Y cells
NCC imports one positive charge (Na+) along with one negative charge (Cl-) and hence, is
an electroneutral transporter. Despite being electroneutral, there are transporters that

have profound effects on neuronal physiology (Mercado, Mount et al. 2004, Cooper,
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Saxena et al. 2005). Given its expression in neuronal tissues, I wanted to define whether
NCC has a modulatory role on neuronal properties. hNCC-GFP was expressed in
differentiated SH-SY5Y cells and exhibited localization that was consistent with proper
trafficking to the plasma membrane (Figure 4.6 A). 48hrs following transfection,
biophysical parameters were assessed by whole-cell patch clamp. To ascertain if hNCC
induced any gross changes in membrane currents, a basic voltage-clamp protocol
ramping the potential from -80mV to +30mV in 10mV increments was used. Maximum
inward and outward current for each depolarizing pulse were plotted as a function of
membrane potential. hNCC did not affect inward or outward voltage-activated current
(Figure 4.6 B and C). At hyperpolarized potentials there existed a consistent inward
current that was potentiated by hNCC expression (Figure 4.6 C). With regard to firing
properties, there was no difference in RMP or rheobase between hNCC-GFP and control

(GFP-empty vector expressing) cells (Figure 4.6 D and E).
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Figure 4.6 NCC overexpression induces no notable excitability phenotype in SH-SY5Y cells.
hNCC-GFP was overexpressed in differentiated SH-SY5Y cells and biophysical parameters
measured in whole-cell mode. (A) Immunofluorescence of SH-SY5Y cells, 48 hours post-
transfection with NCC-GFP. Localisation of fluorescence is consistent with proper membrane
trafficking of NCC. (B) Voltage clamp protocols were performed to step membrane potential
from -80mV to +30mV in 10mV increments. Outward currents were measured at the end of the
depolarization step. (C) Inward currents were measured at the beginning of each depolarization
step and noted as the peak current recorded. (D) Rheobase current of cells expressing hNCC-GFP
or GFP empty vector (control). Increasing 5pA increments were applied to cells and rheobase

determined as the minimal amount of current required to generate an action potential. (E) RMP
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as recorded in current-clamp bridge mode. *P<0.05, N.s P>0.05; Unpaired Student’s t-test; results

represent mean# s.e.m (n 27 cells per group).

4.3.4 HCTZ alters the excitability of trigeminal neurons

SH-SY5Y cells do not express the full repertoire of channels/transporters that are

present in primary neurons. Nor do they allow for detailed investigation of firing

properties, as they are only capable of rudimentary action potentials and cannot spike

repetitively. Due to the observation of high expression of NCC in the TG, I performed

whole-cell recordings from TG neurons while applying pharmacological inhibition of

NCC activity. The specific inhibitor (1944, de Jong, Willems et al. 2003, Hebert, Mount et

al. 2004, Hunter, Craigie et al. 2014)- hydrochlorothiazide (HCTZ) was used to inactivate

NCC. HCTZ treatment did not significantly alter passive membrane properties (RMP,

Vehicle=52.13+1.1mV, 100pM HCTZ=53.39+1.5mV; Rippus, Vehicle=287.65+29.3MQ,

100uM HCTZ=375.48+39.29MQ; Capacitance,

28.01+3.5pF).
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Figure 4.7 HCTZ does not alter gross voltage-activated currents. Whole-cell voltage-

clamp recordings of mouse TG neurons exposed to vehicle (0.01%DMSO0) or 100uM

HCTZ 1-3 hours prior to recording. Membrane potential was ramped from a holding
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level of -60mV to +50mV in 10mV increments. (A) Outward current was measured as
the maximal positive current observed during each 500ms step. (B) Inward current was
measured as the maximal negative current observed during each 500ms step. Voltage-
gated currents were noted from potentials of -30mV. Inset shows enlarged image of
currents recorded at hyperpolarized potentials. *P<0.05, **P<0.01; Unpaired Student’s t-

test; results represent mean# s.e.m (n2 14 cells per group).

Voltage-clamp recordings of neurons were used to define whether drug treatment
altered ionic conductance. While it would be very challenging to isolate each current in
turn, it is possible to assess gross currents. Potential was ramped from -60mV to +50mV
and currents divided into those that represent net outward, or inward flow of current.
Voltage-activated currents were present from potentials of -30mV and were unaltered
between vehicle and drug treated groups (Figure 4.7 A and B). As was noted for SH-
SY5Y cells there were significant differences in current in response to potential changes
at hyperpolarized values. 100uM HCTZ reduced the maximal inward current observed
between potentials of -60mV and -30mV (Figure 4.7 B). These results support the SH-
SY5Y data in concluding that while voltage-activated currents are unaffected, net inward
current present at hyperpolarized potentials is reduced by transporter inhibition.

To examine measures of excitability, groups were assessed for their rheobase,
action potential morphology and response to prolonged depolarization. Rheobase was
unaltered between groups (Figure 4.8 A), as was action potential amplitude (Figure 4.8
B), after-hyperpolarization (Figure 4.8 C) and duration (Figure 4.8 D). In response to
prolonged (500ms) depolarization, HCTZ treated cells fired 2-fold more action
potentials than vehicle treated (Figure 4.8 E and F). As such, while most electrical
parameters are unaltered by HCTZ treatment, neurons have a greater propensity to fire

repetitive action potentials in response to sustained depolarization.
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Figure 4.8. HCTZ alters the spiking properties of TG neurons. Whole-cell current-clamp
recordings of TG neurons exposed to vehicle (0.01%DMSO0) or 100pM HCTZ 1-3 hours prior to
recording. (A) Rheobase current was defined as the minimal current required to elicit an action
potential. (B) Action potential (AP) amplitude was measured as the maximal positive potential
change during the action potential. (C) After-hyperpolarization (AHP) was defined as the
negative potential deflection relative to the holding level, observed directly following an action
potential. (D) AP duration was calculated as the time between the points of half-maximal
amplitude of the action potential. (E) Representative traces of cells stimulated by current 2-fold
the previously defined rheobase for 500ms. (F) Quantification of mean number of action
potentials generated in response to prolonged depolarization. N.s P>0.05, Unpaired Students t-test

*¥P<0.01; Mann-Whitney U test; results represent mean# s.e.m (n 214 cells per group).

4.3.5 NCCinhibition does not impact on cell size
Cell swelling can increase the excitability of neurons (Rosen and Andrew 1990). As the

movement of Na* and Cl- ions by NCC likely increases H;O entry to the cell, I
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hypothesized that the effect of NCC inhibition on excitability may be mediated through
changes in cell volume. I assessed whether HCTZ altered the cell volume of TG neurons.
As a proxy for cell volume, the soma surface area was analyzed in dissociated cultures
treated with 100uM HCTZ. Calcein AM is a cell permeant dye that strongly fluoresces
upon interaction with intracellular esterases. I used this reagent to aid in visualizing
soma size. Under analogous conditions to those used for patch clamp analysis, no
significant difference in cell area was noted between vehicle and drug treated groups
(Figure 4.9). These results argue against cell shrinkage as a mechanism for enhanced

excitability.

Cell area
500 n.s

D
o
o
—

N w
o o
o o

=
o
o

Arbitrary area units

o

Vehicle 100uM HCTZ

Figure 4.9 HCTZ does not alter soma size. Murine trigeminal neurons were cultured in similar
conditions as those for patch clamp analysis. Groups were treated with 100uM HCTZ or vehicle
for 1 hour prior to analysis. Cells were loaded with 5uM Calcein AM for 30 minutes before
fluorescent microscopy was used to capture multiple images per well. Images were analyzed for
cell size using Image] analysis software. (A) Representative images of vehicle and drug treated
cultures. (B) Quantification of cell size did not show a difference between vehicle and drug
treated groups. N.s P>0.05; Unpaired Student’s t-test; results represent mean# s.e.m cell size per

group (3 independent experiments with at least 5 images per experiment)
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4.3.6 Characterisation of NCC-/- mouse

Despite the documented specificity of HCTZ (de Jong, Willems et al. 2003, Hebert, Mount
et al. 2004, Hunter, Craigie et al. 2014), non-canonical actions of pharmacological agents
must always be considered when interpreting data. Furthermore, HCTZ may not enact a
complete block of NCC protein activity, allowing residual function to mask subtle
phenotypes. To add support to the evidence garnered by pharmacological inhibition, I
wished to study the properties of TG neurons derived from mice lacking the SLC12A43
locus.

Previously generated and characterized NCC/- mice were imported (kindly
provided by Dr. Jan Loffing, University of Zurich (Loffing, Vallon et al. 2004)) and a
colony established. The knockout model was originally generated by inserting a
neomycin cassette into exon 12 of SLC12A3. Resultant mice lack NCC mRNA and protein
in kidney tissue (Schultheis, Lorenz et al. 1998). | developed a genotyping strategy for
the colony based upon PCR of genomic DNA and two sets of primers which recognized
either; naive exon 12, or the junction between the 3’ of exon 12 and the beginning of the
neomycin cassette (Methods: Figure 2.1). Ear clips taken from individual mice were
used to clearly define genotype and hence reduce the chance of miss-identification.

Western blot analysis of tissue lysates was performed to confirm the lack of NCC
protein in knockout mice. The band corresponding to NCC was not present in kidney
samples from knockout animals (Figure 4.10 A). However, bands remained for neuronal
tissue: occipital cortex, brainstem and TG. Neuronal lysates were taken from the same
animal as the kidney samples and the results replicated on a second set of samples in an
independent experiment. Neuronal bands appear at the same molecular weight to
kidney, but are not diminished in knockout animals (Figure 4.10 A). To confirm the
apparent protein expression in knockout tissues, immunostaining of NCC/- TG was
performed. NCC-/- sections probed with a-NCC demonstrated a comparable signal to

wild-type sections (Figure 4.3 C and 4.10 B).

113



Figure 4.10. Continued presence of NCC protein in tissue from knockout mouse. (A)
Western blot analysis of tissue lysates derived from wild type and NCC-/- littermates. Levels of (3-
actin served as a loading control. (B) Whole tissue immunostaining of NCC/- mouse TG with a-
NCC, followed by incubation with Alexa 488-conjugated goat a-rabbit IgG. Membranous signal is

apparent in all neuronal cell bodies.

These results could best be explained by non-specific antibody-antigen
interactions. Four of the five proteins with the highest amino acid homology to NCC
(NKCC1- 53% homology, NKCC2- 50%, KCC3- 28% and KCC1- 28%) are abundantly
expressed in the kidney (Liapis, Nag et al. 1998, Wall, Fischer et al. 2001, Liu, Xie et al.
2011, Melo, Cruz-Rangel et al. 2013). As such, they are unlikely to represent the
neuronal band observed by western blot, as they would also be present in NCC-/- kidney
samples. KCC2 shares 27% amino acid sequence homology with NCC and uniquely,
expression is confined to neurons (Williams, Sharp et al. 1999). The predicted molecular
weight of KCC2 is 123.6kDa and it is typically detected at ~140kDa in neuronal tissue
(Williams, Sharp et al. 1999, Jaenisch, Witte et al. 2010). Hence it is unlikely that the
neuronal band can be attributed to KCC2 detection.

[ investigated whether NCC mRNA was absent from knockout tissues. RT-PCR
analysis of tissue-derived cDNA, yielded a band of a size consistent with the presence of

NCC mRNA (exons 3-17). NCC mRNA was detected in kidney, brainstem and TG of wild
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type mouse. NCC was absent in kidney mRNA but still present in brainstem and
trigeminal tissues of knockout animals (Figure 4.11 C). The band corresponding to NCC
mRNA in TG of NCC/- mice was purified, cloned into pCR8/GW/TOPO vector and
sequenced. The fragment contained all expected exons from 3-17 and was consistent
with the wild type sequence of SLC12A3 (Figure 4.11 D). No detection of the neomycin
cassette was made. These results suggest that in neuronal tissue of NCC-/- mice, NCC is
transcribed in the wild type form and is translated into protein. It is assumed that
resultant protein has full activity and thus the NCC-/- mouse is not suitable for the study

of NCC function in neurons.

A B Null Allele » GGcTA TG AGCC
Wild type Allele A GGCTA TG GCAAG
Cloned fragment A GGCTA TG GCAAG

Figure 4.11 NCC mRNA is detectable in neuronal tissue of NCC-/- animals. (A) RT-
PCR analysis amplifying exons 3-17 of mouse NCC transcripts. mRNA was extracted
from wild type and NCC-/- tissues and reversed transcribed to cDNA, for subsequent PCR
amplification. (B) Sequences of mRNA fragment amplified from NCC-/- TG. Cloned

sequence aligned 100% with wild type NCC with no detectable neomycin cassette.

4.4 Discussion

115



Identifying and performing functional follow up studies of disease-associated genetic
variants offers significant potential in understanding migraine pathogenesis. The
association of G264A SLC12A3 with MA, is to date confined to one family. As such,
functional work also serves the purpose of supporting an association that is unlikely to
be replicated in future genetic studies. This is particularly pertinent in the case of
SLC12A3 as current literature provides little support for such an association. There is
scant work detailing NCC function in tissues other than the kidney. In this chapter I have
shown that expression of NCC is not restricted to the nephron, but is also present in
migraine-salient neuronal tissues. More than this, expression appears to impact on the

basic firing properties of neurons.

4.4.1 NCC expression in migraine-salient tissue
NCC is expressed in peripheral and central nervous tissue (Figures 4.2-4.5). These
findings are contradictory to current literature suggesting a near total specificity of NCC
for the kidney (Mastroianni, De Fusco et al. 1996). Data presented in this chapter is
based on an antibody that has been validated (Schultheis, Lorenz et al. 1998) and
extensively relied upon in the literature (Richardson, Rafiqi et al. 2008, Cui, Huang et al.
2011, Ledeganck, Boulet et al. 2011). Additionally, NCC mRNA was detected in all tissues
found to stain positive in protein-based studies. One explanation for the contradiction
between this work and previous studies, could be the spatial resolution of past
experiments. Whole brain (and never peripheral nervous tissue) was previously
analyzed and given the apparent region specific localization of NCC, this expression may
go undetected in a larger pool of mRNA/protein.

In the periphery NCC is prevalent in sensory ganglia (Figures 4.3 and 4.5)-
clusters of nerve cell bodies, which contain primary nociceptive afferents. There is a
significant body of work detailing the functional expression of other Cl- co-transporters

in sensory neurons. NKCC1 and KCC2 are expressed by trigeminal neurons (Toyoda,
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Yamada et al. 2005) and modulate excitability under normal (Zhu, Polley et al. 2008,
Sipila, Huttu et al. 2009) and disease conditions (Schobel, Radtke et al. 2012, Gagnon,
Bergeron et al. 2013). Due to the role of TRESK in TG neurons (Chapter 3), it is tempting
to speculate that the sensory ganglia could be a tissue in which NCC and TRESK
functions combine to affect physiology.

NCC is also present in hypothalamic nuclei; namely the PVN and SON (Figure
4.4). Both of these nuclei are heavily involved in water retention, with many neurons
projecting directly to the posterior pituitary where they release vasopressin into the
general circulation (Yang, Bertram et al. 2001). Under conditions of dehydration,
vasopressin affects a variety of processes in the nephron, including up-regulation of NCC
activity (Pedersen, Hofmeister et al. 2010), to increase water retention. From an
evolutionary point of view, it is thus perhaps not surprising that we find NCC in
structures outside of the kidney, but with still a large role to be play in kidney
physiology. PVN and SON have also been implicated in descending pain modulation.
Electrical stimulation of both nuclei alters pain threshold in rat (Yang, Chen et al. 2008,
Yang, Yang et al. 2008) and NTG administration results in robust c-Fos activity in PVN
and SON (Greco, Mangione et al. 2011). Tracing studies have shown that PVN neurons
send descending projections to laminae I and outer II of Sp5C, and the superior
salivatory nucleus (SSN) (Abdallah, Artola et al. 2013, Robert, Bourgeais et al. 2013).
Microinjection of GABAa agonists onto PVN neurons reduces basal and evoked
responses of neurons in Sp5C (Robert, Bourgeais et al. 2013), suggesting that PVN
modulation is primarily excitatory. The SSN controls the parasympathetic outflow to
cephalic and ocular/nasal structures via the sphenopalantine ganglion (SPG). Activation
of the SPG is known to induce plasma protein extravasation, vasodilation and local
inflammatory factor release (Delepine and Aubineau 1997) that can activate meningeal
nociceptors. As such, the structures in which NCC expression has been documented

likely play a significant role in modulating the headache phase of migraine.
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4.4.2 Neuronal function of NCC

Co-transporter channels are present in neurons and can affect excitability. The main
mode of influence of Cl- transporters is to alter the Cl- reversal potential, to subsequently
modify the strength and direction of GABAa-induced currents (Rivera, Li et al. 2002,
Yamada, Okabe et al. 2004). Adult sensory neurons are distinct in that [Cl]; is
maintained high enough to shift the Cl- reversal potential depolarized relative to RMP
(Pieraut, Laurent-Matha et al. 2007, Rocha-Gonzalez, Mao et al. 2008). This renders
GABAA activation excitatory rather than inhibitory (De Groat, Lalley et al. 1972, Levy
1977). In this context, it is clear to explain the hyper-excitability phenotypes induced by
up-regulation of NKCC1 (mediates Cl- influx) and down-regulation of KCC2 (mediates Cl-
efflux) (Pfeffer, Stein et al. 2009, Seja, Schonewille et al. 2012). Data presented in this
chapter shows that loss of NCC activity (and thus a presumed reduction in [Cl];) leads to
a hyper-excitability phenotype in sensory neurons (Figures 4.8). However it is
important to consider that my data were generated in a cell autonomous fashion, in
which NCC exerts its effects in the context of dissociated cultures, free of GABAergic
influence. In this respect, it is interesting to note that while NKCC1 is believed to be an
agent whose activity promotes hyper-excitability, prolonged pharmacological inhibition
or genetic ablation renders neurons intrinsically more excitable. Sipilla et al 2009 found
that if they recorded from pyramidal cells of NKCC1-/- mice in the presence of blockers of
ionotropic glutamatergic and GABAergic transmission, spiking frequency was six-fold
higher than that of wild-type neurons. In addition, this increase in intrinsic excitability
could be achieved by prolonged (2-3h) exposure to the NKCC1 blocker, bumetinide
(Sipila, Huttu et al. 2009). The authors postulate a compensatory mechanism that
induces autonomous cell changes that would counter the systems level increase in

GABAergic induced hyperpolarization.
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The mechanisms involved in this phenomenon may be similar to those acting in
the context of NCC. While no gross conductance changes were seen to be induced by
NCC activity, a low level inward current was noted to be enhanced in SH-SY5Y cells upon
overexpression of NCC (Figure 4.6) and reduced in TG neurons when NCC was inhibited
(Figure 4.7). The identity of the ionic flow that this current represents is unclear. It is
also unclear whether this current has any role in the firing phenotypes observed in
primary neurons. In this regard, it is interesting to note that neurons wherein Cl-leak
currents have been abolished, are hyper-excitable and fire more action potentials in
response to a supra-threshold current stimulus (Ratte and Prescott 2011). One of the
few studies to look at NCC outside of the kidney explores the transporters function in
the small intestine. Strong evidence for expression in rat small intestine is presented
that marries well with clinical data, illustrating a significant role for NCC in Ca2*
homeostasis (Simon, Nelson-Williams et al. 1996). HCTZ induces a transient influx of
Ca?* in human HT-29 cells (Bazzini, Vezzoli et al. 2005). It would be pertinent to
investigate whether HCTZ has similar actions in sensory neurons, as Ca2+influx would
be an appealing candidate as an initiator of signalling cascades that could subsequently

lead to hyper-excitability.

4.4.3 Incomplete knockout of NCC

To determine a definitive mechanism for the observed hyper-excitability phenotype, it
would be necessary to carefully dissect various currents. Trigeminal neurons lacking
NCC protein would significantly aid this effort by circumventing the use of potentially
non-specific pharmacology. In this chapter, I have described the characterization of a
previously generated (Schultheis, Lorenz et al. 1998) and extensively used NCC
knockout mouse model (Loffing, Vallon et al. 2004, Soleimani, Barone et al. 2012). The
absence of NCC was confirmed in kidney tissue by Western blot, immunohistochemistry

and RT-PCR (Figures 4.2, 4.9 and 4.10). However, using these same assays, NCC was
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detected at both the mRNA and protein level in several neuronal tissues of knockout
animals (Figure 4.10 and 4.11). These results could best be explained by non-specificity
of detection assays. This is however unlikely, due to the validation undertaken in kidney
tissue and the stringent specificity of techniques such as RT-PCR. Intriguingly, when NCC
mRNA from NCC/- neuronal tissue was cloned and sequenced, the sequence
corresponded to wild-type NCC, devoid of the ablation cassette (Figure 4.11 B). Such
results are challenging to explain, but are most likely due to neuron-specific splicing
events.

In summary, in this chapter I have shown NCC expression outwith the kidney
and specifically in neuronal tissue that can be linked with migraine pathogenesis.
Furthermore it has been demonstrated that NCC activity modulates primary neuron
firing, such that loss of transporter function results in a hyper-excitability phenotype.
This work provides functional evidence to support an association of a deleterious
mutation in SLC12A3 with migraine. It also serves to highlight the need to further
investigate the novel role of NCC in neuronal physiology. Such work could have
implications for both the understanding of migraine and in understanding the side

effects of current therapies targeting NCC.
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5. A cellular model for the study of migraine

51 Introduction

iPSC technology holds promise as a platform to both model disease and provide an in
vitro substrate for drug screening efforts. Key to fulfilling this potential is the ability to
efficiently and consistently derive a mature cell type of choice that is suitable for
downstream assays. Migraine is a whole-brain disorder, and as such there are multiple
cell types one might wish to access. Pertinent cell types will include sensory neurons,
endothelial cells, astrocytes and a plethora of CNS neurons. Differentiation protocols
have been described for some of these lineages (Chambers, Qi et al. 2012, Emdad,
D'Souza et al. 2012, Lippmann, Azarin et al. 2012, Shi, Kirwan et al. 2012). Due to the
prominent role of the TGVS in migraine, patient-derived iPSC modelling of primary
afferents of the sensory ganglia could be of great benefit to our understanding of
disease. While a protocol for the derivation of trigeminal neurons has only been
published recently (Dincer, Piao et al. 2013) (after work for this chapter), success was
first had in generating dorsal root ganglion neurons (Chambers, Qi et al. 2012).

To successfully utilize stem cell models it is key to understand the analogous
endogenous developmental pathways to be recapitulated. In vivo, sensory neurons arise
form the neural crest (NC) (Marmigere and Ernfors 2007). Situated at the border
between ectoderm and neural plate, the neural crest is a transient embryonic structure
that in vertebrates, gives rise to most of the PNS and other non-neural cell types
(smooth muscle cells, melanocytes, craniofacial cartilage etc.). Multipotent neural crest
cells are born of dorsal neural tube cells, which under the influence of Bone
Morphogenetic Protein (BMP) and WNT signalling have undergone an epithelial to
mesenchymal transition (Garcia-Castro, Marcelle et al. 2002). During an extensive

period of neural crest migration, sensory neurogenesis takes place in successive waves.
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The precise genetic cascades occurring during these waves gives rise to the three
subtypes of sensory neuron: mechanoreceptors, proprioceptors and nociceptors. Within
nociceptors, there are two distinct populations; peptidergic neurons that express
neuropeptides such as CGRP and substance P, and non-peptidergic neurons that are
devoid of neuropeptides and instead express the purinergic receptor P2Xs; (Burnstock
2000). Both populations originate from a common precursor expressing Runt-related
transcription factor 1 (RUNX1) and neurotrophic tyrosine receptor kinase-A (TrkA)
(Marmigere, Montelius et al. 2006). Terminal differentiation occurs post-natally in the
mouse. Peptidergic neurons lose RUNX1 expression but maintain TrkA, rendering them
responsive to NGF signalling. In reverse, non-peptidergic neurons retain RUNX1
expression but TrkA is diminished (Chen, Broom et al. 2006). Continued RUNX1
expression induces activation of common glial-derived neurotrophic factor family ligand

receptor, Ret (Franck, Stenqvist et al. 2011) (Figure 5.1).
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Figure 5.1 Sensory neurogenesis and likely points of action of small molecule inhibitors.

Cellular Potency
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restricts differentiation to the neuroectoderm. Early in development, NC cells arise at the border
of the neural plate and epidermis (Garcia-Castro, Marcelle et al. 2002) and induction is
dependent on both WNT signaling and BMP inhibition (Kleber, Lee et al. 2005). Hence
simultaneous LDN193189 and CHIR99021 (potent inhibitor of glycogen synthase kinase 3) will
help direct cells towards the NC fate. SOX10 is vital for both the formation and maintenance of
the NC (Kelsh 2006) and expression retains multipotency and inhibits neuronal differentiation
(Kim, Lo et al. 2003). This transient SOX10+ population spans the pre-migratory and migratory
stage of NC development and it is expression of neuregulins that determine sensory fate. High
levels of neuregulin 2 (Ngn 2) biases SOX10* progenitor cells down the sensory lineage and high
enough levels causes sensory commitment and expression of neuregulin 1 (Ngn1l), as well as
post-migratory markers such as Brn3a. WNT activation has a key role in stabilizing neuregulins,
acting therefore as another likely site of CHI99021 action. FGF signaling arrests NC cells in the
proliferative state and must be inactivated for neuronal differentiation to occur (Murphy, Reid et
al. 1994). SU5402 has a range of inhibitory actions on multiple pathways including the FGF
signaling pathway (Sun, Tran et al. 1999). Likely, one effect is to help induce terminal neuronal
differentiation of proliferating progenitor cells. DAPT is a y-secretase inhibitor with indirect
inhibitory actions on Notch signaling. Notch signaling blocks neuronal differentiation and this is
most likely the site of DAPT action. Sensory precursors commit to the nociceptive lineage
through expression of RUNX1 over RUNX3 (mechano- and proprioceptive neurons) before

making a final fate decision between peptidergic (TrkA*) or non-peptidergic (Ret*) identity.

Multiple groups have been successful in generating ES and iPSC-derived NC populations
in vitro (Lee, Kim et al. 2007, Motohashi, Aoki et al. 2007, Pomp, Brokhman et al. 2008,
Liu, Spusta et al. 2012, Wang, Tang et al. 2012). These have been shown to have the
capacity to differentiate into multiple lineages including PNS lineages (sensory neurons
and Schwann cells) and mesenchymal lineages (chondrogenic, smooth muscle,
adipogenic and osteogenic cells) (Lee, Kim et al. 2007). Using a combination of five
specific small molecule inhibitors, Chambers et al have shown rapid and efficient

production of sensory neurons from iPSC. Within 10 days of culture, the population
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contained >75% neurons which co-expressed sensory markers such as Brn3a
(Chambers, Qi et al. 2012). Further maturation of these cells revealed expression and
functional properties consistent with human nociceptors: such as functional TTX-
resistant currents and response to noxious stimuli ATP and capsaicin. The timescale for
this in vitro process is considerably shorter than in vivo, and suggests that targeting of
specific signalling pathways with small molecules may be able to overcome a main

hurdle of iPSC technology, namely the lengthy culturing conditions.

5.2  Aims of Chapter 5

The overarching aim of this chapter is to develop an iPSC cellular model for the study of
migraine. To this end, this chapter is devoted to:

1) The optimisation of protocols (based on Chambers et al 2012) for the
differentiation of nociceptive neurons (akin to those in the dorsal root
ganglion) and to characterise these cells both in terms of expression and
function.

2) To assess the relevance of derived cells to the investigation of migraine-

associated gene products.
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5.3 Results

5.3.1 Induction of a NC intermediate population

Using an iPSC line derived from a healthy subject, (AH017-7, kindly provided by Dr. Sally
Cowley) I cultured cells as per the published protocol (Chambers, Qi et al. 2012) with
the aim of generating sensory neurons. Before differentiation was initiated, cells were
assessed for DNA integrity and expression of pluripotency markers. CytoSNP (Illumina)
karyotyping revealed normal chromosomal structure and detected only two regions of
over-representation (Figure 5.2 A). CytoSNP utilizes an array of 300,000 SNP markers
and so has higher resolution, even when compared to high-resolution G-banding (10Kb
vs 3Mb) (Shaffer and Bejjani 2004, Dussaillant, Serrano et al. 2012). We determined a
line to pass karyotype quality control if 5 or less over/under-representations were
detected and if these regions were <1Mb in size. Affected regions were further assessed
for the presence of genes with known roles in sensory neuronal physiology. Applying
these criteria, AHO017-7 line was deemed to have passed quality control. Cells showing
no morphological signs of aberrant differentiation and exhibiting uniform OCT-
4 /NANOG expression were they taken forward for differentiation (Figure 5.2 B). Cells
were seeded at a low density and cultured with small molecule inhibitors at the

appropriate times.
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Figure 5.2 AHO17-7 is a karyotypically normal pluripotent stem cell line. (A) Karyogram of
AHO017-7 DNA. Karyotyping reveals acceptable DNA integrity with only two (black bands parallel
to chromosome) instances of over-representation. Cells were used for differentiation
experiments within 5 passages of this stage. (B) Cells homogenously stain positive for

pluripotency markers OCT-4 and NANOG. Scale bars represent 200uM

When applying differentiation protocols it is important to track temporal development
of the cell population, to confirm that they represent the terminal cell type you wish to
study. OCT-4 expression was reduced to a very low level in all cells by day 10 suggesting
efficient, whole-population loss of pluripotency (Figure 5.3 A). Expression of key NC
genes was documented through early time-points of differentiation. Paired box 3 (Pax3)
is known to both initiate NC specification from early embryonic lineages, but also to
drive migration and differentiation of NC derivatives (Milet, Maczkowiak et al. 2013). In
our system, Pax3 is activated by day 5 and remains present up to day 15 (Figure 5.3 B).
Group E Sox genes (Sox8, Sox9 and Sox10) are highly expressed in the prospective NC
(Cheung and Briscoe 2003). Sox9 expression precedes the appearance of NC pre-
migratory markers and biases NC formation over CNS neuronal differentiation (Cheung

and Briscoe 2003, Lee, Aoki et al. 2004). Up-regulation of Sox9 as early as day 2 is
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observed, with a peak at day 9 (Figure 5.3 B). Sox10 is the central regulator of NC
development. It is involved in the formation and maintenance of multipotency of the NC
(Kelsh 2006). Low expression of Sox10 is observed by day 2, but this is up regulated to
higher levels and a peak at day 9 (Figure 5.3 B). Cells are passaged at day 10 to allow for
accelerated maturation. The decrease in Sox9/10 levels post day 10 is consistent with a
loss of multipotency and lineage restriction. To determine whether NC induction was
population wide or restricted to a subset of cells, ICC was performed at different time-
points. The transcription factor, AP2-q, is integral to NC development: loss of the protein
results in defects of NC development (Schorle, Meier et al. 1996) and forced expression
of AP2-a is sufficient for NC induction in frog embryos (Luo, Matsuo-Takasaki et al.
2002). AP2-a is rapidly induced by day 3 and continues to increase to day 6. By day 6
>95% of cells stained positive for nuclear AP2-a (Figure 5.3 C). Another marker of NC,
p75 neurotrophin receptor (p75NTR), is also found present in a large percentage of the
population by day 8 (Figure 5.3 D). Such results illustrate that under our culturing
conditions, pluripotent cells are driven down the NC lineage in an accelerated and

homogenous fashion.
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Figure 5.3 Small molecule inhibitors rapidly induce expression of NC markers. (A)

Expression of the pluripotency marker OCT-4 at day 0 (pre-differentiation) and day 10, showing
a reduction in expression during this time. (B) RT-PCR analysis of mRNA extracted from cultures
at progressing time-points. Transcripts for NC/sensory neuron identity were detected with
increasing levels during differentiation. GAPDH serves as an internal control. (C) Time-course of
expression of the NC marker, AP2-a. (D) Supporting evidence for NC identity with high

expression of p75NTR by day 8 in culture. Scale bars represent 200uM

5.3.2 Functional sensory neurons after 15 days

NC cells give rise to multiple lineages: both neuronal and non-neuronal. By Day 13, cells
exhibit preliminary processes that resemble neurites. Staining for the pan-neuronal
marker B-Tubulin III (Tuj I) reveals that 39.6 + 8.3% (mean * s.e.m efficiency, derived

from three independent experiments) of cells have converted to the neuronal fate. More
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specifically, >90% of Tuj I+ cells co-express the sensory markers Brn3a and Islet-1
(Figure 5.4 A and B). Co-expression of Brn3a and Islet-1 is common across all sensory
subtypes (Anderson 1999, Fedtsova, Perris et al. 2003): mechanoreceptors,
proprioceptors and nociceptors. Subsets can be distinguished by their specific
expression of neurotrophic factors (Marmigere and Ernfors 2007). Cells up-regulate
TrkA by day 9 (Figure 5.3 B) suggestive of a nociceptive lineage (Fang, Djouhri et al.
2005). Peripherin is a type Il intermediary filament protein expressed by neurons of
the PNS and associated with unmyelinated (C-fiber) and thinly myelinated (A-6 fiber)
nociceptors (Rose, Lunardi et al. 2013). Low-level, but robust co-expression with Brn3a
was noted by day 15 (Figure 5.4 C). For any workable neuron based model, cells must be
able to respond to depolarizing stimuli by firing an action potential. Patch clamp
analysis of day 15 neurons was performed in current-clamp mode. Increasing
increments of depolarizing current was injected until cells fired an action potential.
Even at this early stage, cells were capable of action potential generation (Figure 5.4 D).
However, neurons had a depolarized resting membrane potential and a low density of
ionic currents in response to depolarizing potentials, indicating that neurons were still
immature (Figure 5.4 E). This was particularly evident in relation to voltage-activated
inward currents (Figure 5.4 F). In sum, day 15 neurons were functional and showed
signs of restriction to the nociceptor lineage, but were at too immature a stage to do

meaningful biophysical assessments.
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Figure 5.4 Efficient generation of functional sensory neurons within 15 days of culture. (A)
By day 13, the majority of cells co-express the neuronal marker B-tubulin III, with the

prototypical sensory marker Brn3a. (B) -tubulin III* cells are found also positive for a second
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sensory marker, Islet-1. (C) Robust expression of peripherin is noted in Brn3a neurons at day 15.
(D) Patch clamp recording from a day 15 neuron illustrating that neurons can illicit an action
potential in response to increasing increments of depolarizing current. (E) Representative traces
of currents evoked by serial potential steps (-80mV to +30mV in 10mV increments) of a day 15
neuron (left trace) and a post-natal mouse DRG neuron (right trace) of similar capacitance.

Resting membrane potentials represent an approximation of values from cell groups assessed.

5.3.3 Maturation of iPSC-nociceptors takes several weeks

Estimates suggest that during human development nociceptors emerge after 30-50 days
(Kitao, Robertson et al. 1996). Thus it is not surprising that after only 15 days in culture,
iPSC-nociceptors lack complete maturity in terms of electrophysiological function. Cells
were further maintained in a cocktail of neurotrophic factors until day 50, in an attempt
to enhance maturation. If cells were challenged with an anti-mitotic agent (4puM
Cytosine [(-D-arabinofuranoside) at day 14 of culture, cultures were almost entirely
homogenous for sensory neurons at day 50 (Figure 5.5). Likely due to the high levels of
growth factor, neurons exhibited extensive neurites and organized into clusters

reminiscent of ganglionic structures (Figure 5.5).
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Figure 5.5 Culture maturation. Inmunocytochemistry of 50-day old cultures reveals an almost
entirely homogenous population of sensory neurons. Neuron bodies can be seen clustering in

“ganglion-like” structures. Scale bar represents 50uM.

Late stage neurons displayed more physiological firing behaviour in response to
depolarization. A “shoulder” during the falling phase of an action potential is associated
with C-fibre nociceptors (Lopez de Armentia, Cabanes et al. 2000): a phenomenon that
has been attributed to voltage-activated TTX-resistant Na* channels and high voltage-
activated Ca2* currents that are not totally inactivated during the falling phase (Blair and
Bean 2002). 25% (9/36) of cells tested exhibited a shoulder during the falling phase of
action potentials (Figure 5.6 A) and mean action potential duration was 3.2 * 0.3 ms
(mean # s.e.m duration, derived from three independent experiments). This duration is
consistent with previous recordings of small-diameter DRG neurons (Blair and Bean
2002). During post-natal maturation, sensory neurons develop the ability to fire trains
of action potentials (Cho, Furness et al. 2011). In our culture 17% (13/53) of neurons
fired multiple action potentials in response to a prolonged current stimulus (Figure 5.6

B). Repetitive firing was never observed in day 15 cultures and mirrors maturation of
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this function that has been observed in other iPSC-neuron cultures (Shi, Kirwan et al.
2012). Na,1.8 is selectively expressed in both rodent and human nociceptors (Dib-Hajj,
Tyrrell et al. 1999) and has been implicated in mediating inflammatory pain (Porreca,
Lai et al. 1999). Using a voltage-clamp protocol, an inward current was evoked when
cells were stepped from -60mV to OmV. This current was only partially blocked by TTX
(2/5 cells), suggesting the presence of TTX-resistant Na+* or voltage-gated Ca2+ currents.
Inward current were further blocked by the Na,1.8.specific inhibitor- A803467 (Figure
5.6 C). Na,1.8 is selectively expressed by nociceptive sensory neurons (Dib-Hajj, Tyrrell
et al. 1999) and as such these results indicate that nociceptor-specific currents are
present in a proportion of our neurons. It is not clear whether cells in which inward
current was completely abolished by TTX treatment represent a mature population of
non-Nay1.8 expressing neurons, or cells at an earlier developmental stage that will
eventually express Nay1.8. To gain insight into how accurately iPSC-derived neurons
recapitulate primary neurons, electrophysiological properties were compared between
day 50 iPSC-derived nociceptors and a heterogeneous population of small/medium
diameter DRG neurons, acutely dissociated from P12-20 mice. Resting membrane
potential and rheobase were comparable between the two groups. iPSC-neurons had
larger capacitance values, likely a consequence of the elongated culture and the
development of significant neurites. iPSC-neurons also have reduced input resistance;
however these values are within the reported range for sensory neurons (Ma,
Greenquist et al. 2006). These results are consistent with neurons being at a mature

stage after 50 days of culture.
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Figure 5.6 Cells require several weeks in culture to develop into a mature biophysical
state. (A) Action potential morphology of day 50 neurons. Following multiple weeks cultured
with growth factors, a proportion of neurons display action potential morphology typical of in
vivo nociceptors (note “shoulder” during falling phase of right trace). (B) A train of action
potentials generated in a day 50 neuron by a 500ms current injection of 2x rheobase amplitude.
(C) Example voltage-clamp recording showing the presence of both TTX-sensitive and TTX-
resistant Na* currents, where the Nay1.8 blocker A-803467 further blocks the TTX-resistant
component. (D) Biophysical properties comparing day 50 neurons and adult mouse DRG

neurons. Results represent mean# s.e.m of at least 6 cells per group.

5.3.4 Non-peptidergic identity of iPSC-nociceptors

Nociceptors can be sub-classified as peptidergic (neuropeptide containing) or non-
peptidergic (devoid of neuropeptides and binding 1B4) (Zylka, Rice et al. 2005). The two
classes have been shown to have distinct neurophysiology (Stucky and Lewin 1999,

Cavanaugh, Chesler et al. 2011) and differing roles in pain pathways (Cavanaugh, Lee et
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al. 2009). Hence, I sought to define which population the iPSC-nociceptors most
resembled. RUNX1 expression specifies nociceptors during sensory neurogenesis and
maintained expression drives the formation of TrkA- non-peptidergic neurons.
Conversely, loss of RUNX1 activity leads to sustained TrkA expression and a peptidergic
phenotype (Marmigere and Ernfors 2007). I sought to document RUNX1 expression
throughout the first 24 days of nociceptor induction to gain insight into the early
processes of fate decision. Expression was initiated by day 9 and following an initial
decrease, expression increased to maturity (Figure 5.7 A). C-Met activity, in concert with
NGF signalling, is required for extinction of RUNX1 activity and proper peptidergic
differentiation that results in activation of neuropeptides (Gascon, Gaillard et al. 2010).
c-Met expression saw a peak at day 13 before a sharp reduction back to pre-
differentiation levels by day 15 (Figure 5.7 A). The peak of c-Met expression correlated
with the transient decrease in RUNX1 levels, which is consistent with the notion that c-
Met and RUNX1 orchestrate mutually antagonistic pathways (Gascon, Gaillard et al.
2010) during sensory neurogenesis. A sustained RUNX1, and only transient c-Met
expression profile is consistent with non-peptidergic differentiation. In harmony with

this, TrkA levels drop from a peak at day 9 to day 15 (Figure 5.3 B).
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Figure 5.7 Sensory neurons can be sub-classified as non-peptidergic. (A) Expression profile
of key peptidergic vs. non-peptidergic transcription factors; c-Met and Runx1. Quantitative PCR
analysis throughout the first 24 days of culture shows an expected pattern of expression for a
non-peptidergic population. (B) Neuron cell bodies are positive for binding to isolectin IB4 (C)

and (C) Ret. Results represent mean# s.e.m of a single experiment with technical triplicates

In support of the developmental profile, mature neurons bound isolectin IB4 (Figure 5.7
B) but had no detectable CGRP expression. Further, neurons stained positive for
common glial-derived neurotrophic factor family ligand receptor, Ret (Figure 5.7 C)-
another non-peptidergic marker (Franck, Stenqvist et al. 2011). Functionally, non-
peptidergic sensory neurons can be identified by the expression of P2X3 receptors that
are activated by ATP (Zylka 2005). Over 50% of Tuj I* neurons expressed P2ZX3R by day

20 in culture (Figure 5.8 A). By day 35, the majority of neurons tested (4/5) responded
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to topical application of 30uM Methylene-ATP. Drug application induced an inward
current that was either fast or slowly inactivating (Figure 5.8 B). In contrast, no neurons
responded to application of the classical peptidergic agonist, capsaicin (Cavanaugh,
Chesler et al. 2011). These data illustrate that cells follow a developmental pathway
consistent with non-peptidergic differentiation and result in neurons with functionality

consistent with this phenotype.
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Figure 5.8 Neurons possess functional purinergic receptors. (A) A sub-population of day 20
iPSC-neurons stain positive for P2X3 receptors. (B) The majority of cells tested responded to
focal application of ATP, by inducing an inward current. Representative traces of slowly (top) and
fast (bottom) inactivating currents. Cells were held at -60mV and drug was transiently applied

(1s) directly to the cell surface.

5.3.5 iPSC-derived neurons express TRESK and NCC

The rational behind establishing the described cellular system is to have a physiological
model in which to study the functional effects of migraine-associated KCNK18 and
SLC12A3 variants. Hence, it was imperative to assess whether iPSC-derived neurons
express TRESK and NCC. By day 50, mRNA transcripts for both genes could be detected,
with TRESK amplification generating high, and NCC low, levels of product (Figure 5.9 A).

I wished to document the temporal pattern of TRESK expression to define a time at
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which the channel would likely have a significant role in neuronal behaviour. Transcript
levels peaked at day 5, before returning to baseline and then steadily increasing until
maturity (Figure 5.9 B). The finding of a spike in TRESK expression during early stages
of differentiation is of interest, as Kzp channels are postulated to play a role in neuronal
development (Ramadoss, Lunde et al. 2008, Kim, Cho et al. 2012). Cells at day 50 stained
positive for TRESK (Figure 5.9 C), but did not support NCC protein expression (data not
shown). a-NCC recognizes human NCC (Figure 4.2 D) and so these results would suggest
that either: protein levels are too low to detect, or that there is a disconnect between

presence of mRNA and protein.
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Figure 5.9 TRESK and NCC expression in 50-day old iPSC nociceptors. (A) RT-PCR detection
of TRESK and NCC mRNA. GAPDH serves as an internal control. (B) Quantitative analysis (qQPCR)
of TRESK expression during differentiation. (C) Cells stained positive for TRESK (a-human

TRESK, Santa Cruz Biotechnology 51238). (D) No signal was detected when TRESK antibody was
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pre-incubated with a blocking peptide (Santa Cruz Biotechnology 51238 P). Results represent

meant s.e.m of a single experiment with technical triplicates

In whole-cell voltage clamp mode, and in response to membrane depolarization,
neurons exhibited an outward current of similar magnitude to mouse primary neurons
(Figure 3.9 A and 5.10 A). Application of 500nM TPA reduced the amplitude of this
current by 17.31%, although challenges with maintaining a viable patch precluded the
testing of many neurons. These results illustrate the presence of functional TRESK
channels by day 50 of differentiation, and along with the maturity data- suggest that this

may be a profitable time-point at which to assess neuron physiology.
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Figure 5.10 Functional TRESK currents in iPSC-neurons. (A) Representative trace of current
induced by prolonged depolarization to -25mV; followed by ramping to -135mV at 0.2mV/ms.
Current was inhibited by perfusion for 20 minutes of 500nM TPA. (B) Quantification of the
reduction in outward current, as measured at the end of the depolarizing step, following TPA

treatment. Results represent mean# s.e.m of four cells
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5.3.6 Relevance to other migraine-associated proteins

The system described should be of great use for interrogating the peripheral aspect of
migraine pathophysiology. Multiple GWAS-discovered and FHM-associated genetic
variants have been shown to have a role in peripheral sensory neurons. I wished to
define whether key migraine-associated proteins were present in mature iPSC-
nociceptors, to assess the broader applicability of this system to model migraine biology.
TRPMS8 is a cold-sensitive ion channel (McKemy 2005) and variants have shown a
protective effect in migraine (Chasman, Schurks et al. 2011). iPSC-derived neurons
uniformly express this channel (Figure 5.11 A). Triptans are the gold standard
medication for migraine treatment and are thought to confer their efficacy partially
through binding to 5-HT1p receptors of primary afferents (Tepper, Rapoport et al. 2002).
5-HT1p was found expressed by a majority of neurons (Figure 5.11 B). Cay2.1 is a high
voltage-activated Ca2* channel and gain of function mutations lead to FHM1 and
enhanced excitability of TG neurons (Hullugundi, Ansuini et al. 2014). Significant
staining of neuronal cell bodies was seen by day 50 (Figure 5.11 C). Consistent with
what is observed in native tissue, Ca,2.1 was highly localized to discreet puncta
(Wheeler, Groth et al. 2012). One role of Ca,2.1 is to couple depolarization with
neurotransmitter release and so it is interesting to observe enriched staining at neurite
endings in addition to the cell body (Figure 5.11 D). All FHM-associated and multiple
GWAS-discovered genes have a proposed function at the glutamatergic synapse (Figure
1.3). iPSC-derived neurons express the glutamate transporter VGLUT-1 (Figure 5.11 E),
suggesting that they may be a suitable model for investigating glutamate transmission.
Hence, I have shown that the neurons generated have an expression profile that would

allow investigation of other migraine-associated proteins.
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VGLUT1

Figure 5.11 Expression of migraine relevant proteins. Immunocytochemistry was performed
on day 50 neurons to assess their relevance to migraine-associated genes. (A) Expression of the
cold-sensitive ion channel TRPM8. (B) Neurons express the serotonin receptor 5-HTip
predominantly on the cell body. (C) High levels of Cay2.1. (D) Higher magnification image

revealed punctate localization of Cay2.1 protein, predominantly localized to the cell body and
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neurite endings (white arrow). Scale bar represents 10uM. (E) Expression of the glutamate
transporter V-Glut 1 is seen in the majority of neurites. Unless otherwise stated, scale bar

represents 50uM.

5.3.7 iPSC-derived neurons offer advantages over traditional models

A significant advantage of iPSC technology over traditional cell models is that terminal
cell types are of human origin. This is particularly pertinent when investigating the
function of genes that have substantial genomic sequence differences between species.
TRESK presents as a likely candidate for regulation by estrogen due to the higher
incidence of migraine in females, but also due to previously documented effects of
estrogen on expression of other Kzp channels (Alvarez-Baron, Jonsson et al. 2011). Using
Dragon ERE (Estrogen Response Element) 3.0 software, I identified a region 5767-
5783bp upstream of exon 1 of human KCNK18 that had a sequence likely to act as an
ERE. The sequence differed to the classical ERE motif by 2bp. The motif was present in
the same region of mouse DNA but differed by 3bp (Figure 5.12 A). 17- estradiol failed
to modulate TRESK expression when applied for 24hrs onto mouse DRG cultures
(Figure 5.12 B). In vitro and in vivo, sensory neurons express both estrogen receptor
alpha (ER-a) and beta (ER-B) (Patrone, Andersson et al. 1999) and activation of these
receptors results in a variety of pain-related expression changes (Chaban and Micevych
2005, Hu, Wang et al. 2012). By day 50 of differentiation, mRNA was detectable for both
receptors in iPSC-neuron cultures (Figure 5.12 C), illustrating their utility for estrogen-
associated expression studies. Due to the higher stringency to which the human
sequence matches the ERE motif, I investigated whether estrogen affected TRESK
expression in these cells. 5uM 17-f3 estradiol caused a 3-fold reduction in TRESK levels
(Figure 5.12 C). These results illustrate that estrogen treatment modulates human, but
not mouse, TRESK transcription. As such, these data serve as an example of the

advantage of iPSC-derived sensory neurons over traditional primary culture models.
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Figure 5.12 17-8 estradiol regulates human, but not mouse TRESK transcription. (A)
Estrogen Response Element (ERE) motif and likely ERE sequences in region upstream of human
and mouse KCNK18 exon 1. Mouse sequence harbours more (3- red bases) base pair miss-
matches to motif sequence than human sequence. (B) Dissociated neuron cultures taken from
adult mouse DRG tissue were cultured with vehicle or 5uM 17-f estradiol for 24hrs before mRNA
was extracted and relative TRESK levels quantified by qPCR. Rpl19 served as an internal control.
(C) RT-PCR for the detection of ER-o/3 receptor mRNA in day 50 iPSC-nociceptor cultures. (D)
Day 50 neurons were exposed to vehicle or 5uM 17-f estradiol for 24hrs before mRNA was
extracted and relative TRESK levels quantified by qPCR. GAPDH served as an internal control.

*P<0.05, Unpaired Student’s t-test, results represent mean # s.e.m of four independent experiments
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5.4 Discussion

Polygenic disorders like migraine are arguably over simplified when modeled by single
genetic variants studied in isolation and within traditional cell models. Key components
of an optimal cell model are to have the relevant human cell type, incorporating all
disease modifying genetic factors. iPSCs derived from migraine patients and re-
differentiated to mature and migraine-relevant cell types, offer the potential to fulfill
these criteria. In this chapter, I have detailed the generation of sensory neurons from a
control iPSC clone, as proof of concept for creating such a disease model. Neurons were
produced quickly and matured to perform functions expected of endogenous
nociceptors. Furthermore, cells were shown to have direct applicability for the study of
a variety of migraine-associated proteins. Optimized protocols can be applied to patient
clones in order to compare and define differences between migraine-derived and
control iPSC- neurons. These differences should be illuminating for understanding the
cellular basis of migraine.

A cocktail of small molecules efficiently induce neuronal differentiation. Cells
pass though intermediary developmental stages (Figure 5.3) before committing to the
sensory neuron lineage. Brn3a+*/Islet-1+ neurons appear within 13 days of culture, and
even at this early time-point express specialized proteins that define terminal
nociceptors (Figure 5.4). We can be confident in the sensory identity as while both
transcription factors have been found in other cell types (Nadal-Nicolas, Jimenez-Lopez
et al. 2009, Kobayashi, Nakano et al. 2011), their co-expression appears specific for
sensory neurons (Dykes, Tempest et al. 2011). However, these neurons are not fully
mature at this time-point- as evident by a markedly depolarized membrane potential
and a low density of voltage-gated ionic currents (Figure 5.4). The interplay between
RUNX1 and c-Met expression would also seem to suggest that neurons are still yet to

fully commit to their terminal lineage. It could be approximated that day 15 in culture
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resembles the post-migratory population observed at E10.5-11.5 during mouse
development (Marmigere and Ernfors 2007). It takes several weeks of further culture to
produce neurons with mature electrical properties that also respond appropriately to
nociceptive stimuli (Figure 5.6). Hence the differentiation process in vitro seems to
proceed at a similar rate to in vivo estimates (Kitao, Robertson et al. 1996).
Nevertheless, this differentiation scheme is much accelerated in comparison to other
iPSC-derived neuronal protocols (Valensi-Kurtz, Lefler et al. 2010, Shi, Kirwan et al.
2012).

For the study of migraine, it is an acknowledged drawback that this protocol
produces sensory neurons akin to DRG, rather than TG neurons. While the two are often
used as surrogates, there have been subtle differences documented (Ambalavanar,
Moritani et al. 2005, Blentic, Chambers et al. 2011). We can be confident that the
described protocol produce DRG neurons due to the developmental pathways followed
through differentiation (Figure 5.3). While a proportion of TG neurons arise from the
neural crest, the majority have their origins in the cranial placode (D'Amico-Martel and
Noden 1983), a specialized region of the ectoderm. While not available at the time of
work in this chapter was being under-taken, a newly published protocol has for the first
time demonstrated the differentiation of sensory neurons from the cranial-placode
(Dincer, Piao et al. 2013). Extensive functional analysis was not performed, but it would
be informative to study differences between the physiology of the two resultant
terminal cell types. If differentiation schemes were comparable in terms of efficiency
and consistency, it would be hard to argue that the latter protocol would not be the
more relevant for migraine study.

Neurons were found to express a multitude of migraine-relevant proteins
(Figure 5.11) and as such, the system should have broad applicability to migraine
research. Predominantly, iPSC technology is used to compare patient and control

derived cells and look for disease relevant phenotypes. This can be extremely useful and
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should be done for cells derived from a raft of migraine cohorts (e.g. FHM, MA, MO etc.).
Outwith of these studies, cells can be thought of as analogous to rodent primary
neurons, without the concern of translating results from rodent to human. This concern
is particularly pertinent when considering TRESK, a protein with significant disparity
between rodent and human homologues (Keshavaprasad, Liu et al. 2005). In this
chapter, I have shown one example of the dangers of relying solely on studies in mouse
neurons (Figure 5.12).

Perhaps the most exciting avenue for this system is in drug screening efforts.
iPSC-neurons have successfully been used for this purpose for a range of neurological
disorders (Egawa, Kitaoka et al. 2012, Tiscornia, Vivas et al. 2013, Yu, Swaroop et al.
2014). The approach is attractive because iPSC-derived neurons represent a humanized
model, which more readily recapitulates somatic cell types than immortalized lines.
High throughput screening can be performed to narrow in on candidate compounds,
before assessing efficacy in vivo. This may improve the success rate of drug development
and reduce reliance on animal models.

In this chapter [ have detailed the successful generation of an iPSC-based system
to interrogate migraine relevant cellular phenotypes. Cells accurately recapitulate what
we know about nociceptors in vivo and can be cultured long-term, as a highly pure and
homogenous population. This represents the first stem cell model of migraine and opens
up exciting possibilities to improve our understanding of disease pathobiology at the

cellular level.
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6.  Migraine-iPSC disease modelling

6.1 Introduction

iPSC technology has opened the door for many experimental studies that were
previously not possible. Research into the pathological mechanisms of human disease
and the development of therapeutics to counter such, has been hindered by a lack of
predictive disease models that faithfully recapitulate humanized cells in vitro. Ideally,
models would incorporate disease-modifying genetic variants and so it is not trivial that
the genetic architecture of many neurological disorders is poorly understood (Keller,
Saad et al. 2012, Eising, de Vries et al. 2013, Ridge, Mukherjee et al. 2013). Disease
modeling using iPSC technology offers an approach to tackle some of these challenges.
Somatic cells ultimately generated from patient tissue, can be compared to that derived
from healthy subjects. Identifying disease relevant cellular phenotypes can advance our
understanding of pathological mechanisms, but then can also serve as an excellent
platform to screen phenotype-modifying compounds. This logic has been applied to
define cellular traits for multiple disorders of the nervous system (Mitne-Neto,
Machado-Costa et al. 2011, Chung, Khurana et al. 2013, Donnelly, Zhang et al. 2013,
Ryan, Dolatabadi et al. 2013). We are now beginning to see these traits act as phenotypic
outcomes in the screening of novel therapeutics (Egawa, Kitaoka et al. 2012, Yu,
Swaroop et al. 2014).

Migraine presents as an attractive disease to perform similar studies. At present,
the majority of in vitro systems are confounded by the use of rodent tissue, which may
not accurately replicate human analogues. Furthermore, while genetic association
studies are providing some candidate genes, there still exists a large proportion of
missing heritability (Eising, de Vries et al. 2013). This heritability may never be fully

defined. The question then is: How do you manipulate the function of a gene in a cellular
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or animal model, if you do not know the gene to target in the first instance? iPSC disease
modeling overcomes this issue by incorporating the genetic background of patients,
with all the disease modifying variants (identified or not), into a malleable model.
Proper patient selection is crucial for successful iPSC experiments. Monogenic
forms of disease are likely to exhibit more tractable phenotypes, however many
neurological disorders are predominantly polygenic in nature. This is true in the case of
migraine, wherein FHM is the standard molecular model, but clinically FHM patients
account for less than 0.1% of migraine sufferers (Thomsen, Eriksen et al. 2002,
Smitherman, Burch et al. 2013). The MA pedigree described earlier in this thesis
(harboring KCNK18 and SLC12A3 mutations) offers an opportunity to study factors
relevant for typical migraine, but also exemplifies a situation where we have identified
disease-modifying variants. Additionally, given the dominant negative inheritance of
deleterious KCNK18, we can be optimistic that loss of TRESK function has a large effect
size, which may translate into an observable cellular phenotype. For this reason, and as
NCC protein/function could not be verified in iPSC-derived nociceptors, work in this
chapter will revolve around interrogating likely TRESK-mediated phenotypes.
Heterogeneity is inherent with iPSC work and is caused by variation between patients,
clones from the same patient and even between different differentiation batches. This
means care must be taken when prescribing differences between cell populations as
disease relevant and not simply noise from the experimental setup. For this reason it is
beneficial to have prior hypotheses about specific cellular phenotypes that may be
affected in disease clones. Previous work (Chapter 3) aids in this regard as it highlights
electrical excitability as a hallmark of TRESK dysfunction that marries well with a priori
knowledge of migraine. For these reasons, I believe that iPSC derived from our MA
pedigree, represent an excellent starting point to investigate differences at the cellular
level between migraineur sensory neurons and those that recapitulate the cells of a

healthy individual.
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6.2  Aims of Chapter 6

Work presented in this chapter is concerned with the characterization of a set of healthy

and migraine patient-derived iPSC lines. To this end, two principle goals were

established:
1) To define the utility of a set of iPSC lines to be used in future
comparative studies.
2) To perform a pilot comparison between healthy patient iPSC-derived
sensory neurons and their disease counterparts.
6.3 Results

6.3.1 Characterization of a set of migraine and control iPSC lines

Proper patient selection is a vital step in iPSC studies. Variation in reprogramming
efficiencies have been noted when working with somatic cells from old and young
donors (Li, Collado et al. 2009, Cheng, Ito et al. 2011), cells with different genetic
backgrounds (Schnabel, Abratte et al. 2012) and from different donor cell types (Kim,
Doi et al. 2010, Bar-Nur, Russ et al. 2011). For this reason we wished to standardize iPSC
generation as far as possible and use donors matched closely for age and gender.
Fibroblasts were taken from three sisters of the original MA pedigree and
reprogrammed to iPSC. As part of a collaboration, Dr. Sally Cowley (University of
Oxford) undertook all reprogramming. Migraine-derived iPSC were named 838, 839 and
840 (Ages: 65, 64 and 62 years old respectively). As controls, we selected the lines
AH017-7, AH017-3 and NHDF-1. These lines were generated from female healthy
patients of a similar age to the disease lines. Disease lines and AH017 clones were
reprogrammed using the Nakanishi SeVdp vector Sendai system (Nishimura, Sano et al.

2011, Nishimura, Kaneko et al. 2013), while NHDF-1 is a previously generated and
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described line reprogrammed by retroviral delivery of pluripotency genes (Hartfield,
Yamasaki-Mann et al. 2014). Details of all lines and their reprogramming are listed in
Chapter 2, Materials and Methods: Table 2.5.

The process of reprogramming somatic cells to the iPSC fate can induce
instability in the genome (Luo, Kawakatsu et al. 2014). Alterations can affect gene
function and therefore can lead to artificial cellular phenotypes. To assess genome
integrity all lines were karyotyped using a CytoSNP (Illumina) array. Lines passed

quality control by meeting criteria set out in Chapter 5 (Figure 6.1 A and B).

A Healthy control-iPSC
iPSC-NHDF-1 iPSC-AH017-3 iPSC-AH017-7
Age: 44 67 67

Aberrations: 0 4 2
B Migraine-iPSC
iPSC-838 iPSC-839 iPSC-840
Age: 65yrs 64yrs 62yrs
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Figure 6.1 Karyotype analysis of iPSC derived from healthy control and migraine patient

dermal fibroblasts. (A) Control data set includes NHDF-1 and two clones from the AH017
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donor: AH017-7 and AH017-3. (B) Migraine lines derive from three MA patients from the original
F139fsWx24 KCNK18 pedigree. A green band to the left of the affected chromosome denotes
increased, and orange denotes decreased, detection of SNPs. Any line possessing less than five

genetic aberrations was deemed acceptable for future studies.

Lines were assessed for pluripotency by the expression of the transcription
factors OCT-4 and NANOG (Figure 6.2). Robust expression of these factors in >95% of
the population, in addition to a normal morphology were prerequisites for initiating
differentiation. It was very uncommon to observe lines with loss of pluripotency
markers, but when this did occur it presented in cultures that had been passaged
multiple times. For this reason, efforts were made to retain lines in the iPSC state pre-

differentiation for only a short duration of time (<5 passages).

AHO017-3 AHO017-7 NHDF-1

NANOG OCT-4 DAPI

MERGE

Figure 6.2 Pluripotency of control and migraine iPSC lines. Before differentiation each line
was assessed for pluripotency by immunoreactivity for the prototypical pluripotency markers:

OCT-4 (green) and NANOG (red). Scale bars represent 100uM.
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To ensure that disease lines carried the F139fsWx24 KCNK18 variant, iPSC DNA was
genotyped. As expected, 838, 839 and 840-iPSC were heterozygous for a CT deletion at position
c.414-415 of KCNK18 (F139fsWx24), while AH017 clones and NHDF-1 were homozygous for the
wild-type KCNK18 sequence of this region (Figure 6.3). These results represent the quality
control of both sets of iPSC and confirmed that the disease-associated genetic variant segregates

in the correct groups.

AHO17 NHDF-1
atrectctfct|rte ATecTCcT[cT|TTG

838 839 840
ATQCTCTCTGEGG6GC ATACTCTCTGGGC ATGCTCTCT GGG (

I

Figure 6.3 Patient lines possess F139fsWx24 allele. A fragment of KCNK18 was PCR amplified

from template DNA derived from control (AH017-7 and NHDF-1) and migraine (838, 839 and
840) iPSC lines. Sequencing of KCNK18-amplified products demonstrated the expected wild-type
sequence for control lines, but a CT deletion at position c.414-415 in one allele of disease-lines.
This represents the previously documented F139fsWx24 variant. Black box labels CT at position
c.414-415 in wild-type sequence, while arrows point to additional sequencing peaks consistent

with CT deletion in one allele.
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6.3.2 Ability of lines to generate functional sensory neurons

It is common for iPSC clones to vary in their propensity to differentiate into certain cell
types. I wished to assess the ability of each clone to produce sensory neurons. iPSC were
differentiated to an early neuronal stage (day 13) as per the protocol described in
Chapter 5, before counting for the proportion of TUJI*/BRN3A+ cells. There was no
difference in differentiation efficiency between lines (16.7%-41%), although there was a
trend for AH017-3 to produce a lower proportion of sensory neurons (Figure 6.4 A and
B). The moderately reduced efficiency of this clone to produce the desired cell type was
mirrored by an increase in proliferating cells of unknown lineage. Proliferating cells
maintained to mature stages of culture (day 50+), despite several treatments with anti-
mitotic agents (Figure 6.4 C). The presence of proliferating cells has been documented to
dramatically affect neuron maturation and gene expression (personal communications
Dr. James Bilsland, Pfizer). For these reasons AH017-3 was deemed unacceptable for

comparisons and was not used in future studies.
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Figure 6.4 Clone efficiency of sensory neuron induction. Lines were assessed for sensory
neuron induction by counting the proportion of TUJI/BRN3A co-expressing cells at day 13. (A)
Representative images illustrating presence of neuronal (TUJI) and sensory (BRN3A) markers.
(B) Quantification of differentiation efficiency across all cell lines. (C) Brightfield image of day 50
AH017-3 sensory neuron culture illustrating the presence of cells with a non-neuronal
morphology. Contaminating cells form a continuous layer on top of which the neurons grow.

Isolated cells are marked with a white arrow to illustrate morphology. One-way ANNOVA,
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Bonferroni’s multiple comparison test; results represent mean * s.e.m of three independent

experiments.

In addition to expression studies, I wanted to investigate if all clones could
produce functioning neurons by day 50 of culture. Neurons derived from all clones
exhibited substantial currents in response to potential steps (Figure 6.5 A), including
voltage-gated inward currents that are critical for action potential generation.
Additionally, all cells identified to have a neuronal morphology, were capable of
generating a singular action potential in response to depolarizing current. This was true

for all healthy and migraine patient derived lines (Figure 6.5 B).
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Figure 6.5 Generated sensory neurons are functional (A) Illustration of voltage-clamp
protocol used to assess membrane currents. Cells were stepped from -80mV to +50mV in 10mV
steps of 500ms duration. (B) Representative voltage-clamp traces from all line sensory neurons
(SNs) at day 50 of maturation. (C) Illustration of current clamp protocol used to initiate an action
potential. Neurons were held at -60mV before being depolarized by increasing current injection.

(D) Action potentials could be induced in all line-SNs with a neuronal morphology.
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6.3.3 Spontaneous activity in 840-SNs

Spontaneous firing of neurons has been documented for multiple iPSC-derived neuronal
lineages (Zhang, Pak et al. 2013, Naujock, Stanslowsky et al. 2014, Stanslowsky, Haase et
al. 2014) and is often used as a proxy of maturation (Shi, Kirwan et al. 2012). A small
percentage (<5%) of sensory neurons in culture will exhibit spontaneous activity (SA)
(Ma and LaMotte 2005). The proportion of cells with SA is dramatically increased when
taken from animal models of nerve injury (Hu, Song et al. 2001, Ma and LaMotte 2005).
No evidence for the presence of SA was seen in recordings for AH017-7, NHDF-1, 838 or
839-SNs (total of 69 recordings). Preliminary assessment of 840-SNs indicated that cells
from this line exhibited spontaneous firing (3/7- 42.9%) (Figure 6.6 B). While enhanced
spontaneous activity is associated with hyper-excitability, it is not believed that this
phenotype is disease relevant, however it serves as an example as to the difficulties

faced when investigating a heterogeneous set of cell lines.
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Figure 6.6 SA in the migraine line, 840-SNs. All cells analyzed in whole-cell current clamp
mode were assessed for SA. Potential deflections were monitored for 60 seconds while holding
current was OpA. No cells from AH017-7-SNs, NHDF-1-SNs, 838-SNs or 839-SNs groups displayed

any signs of spontaneous firing activity. (A) Representative trace of a day 50 AH017-7-SN
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membrane potential over a 60 second period. (B) Trace from a day 50 840-SN exhibiting

spontaneous firing.

6.3.4 838-SNs have reduced TRESK currents compared to AH017-7-SNs

Due to the labour intensive approach of patch clamp recordings and in an attempt to
define a finite list of cellular phenotypes of which to assess for all lines, I performed a
pilot comparison of one healthy and one migraine-derived iPSC line. AH017-7 and 838
were chosen for their ease of handling and assessed for biophysical properties. I/V
relationships were plotted for both groups to investigate if the crude membrane
currents were equivalent. Outward and inward current showed marked similarity
between the two groups, with no significant difference seen in either component (Figure
6.7 A). It is presently unknown to what extent F139fsWx24 KCNK18 negatively impact
upon wild-type TRESK subunit current. Using the voltage clamp protocol previously
described to isolate TRESK current, day 50 neurons exhibit an outward current roughly
equitable to dissociated rodent cultures (Chapter 3: Figure 3.9). Total current was
significantly smaller in 838-SNs vs. AH017-7-SNs (Figure 6.7 B). 500nM TPA reduced the
outward current by 17.3% in AH017-7-SNs but by only 4.66% in 838-SNs. It is however
acknowledged that data is derived from a low number of neurons. Nevertheless, it
supports the notion that 838-SNs have a reduced TRESK current, but appear similar to

AHO017-7-SNs with regards to overall conductance.
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Figure 6.7 Active and passive membrane currents of AH017-7-SNs and 838-SNs. Voltage-
clamp recordings of day 50 SNs illustrating voltage-activated and background currents. (A)
Membrane potential was ramped from -80mV to +50mV in 10mV increments. Outward current
was measured at the end of each 500ms voltage step, while inward current was measured as the
maximum negative current inflection during the step. (B) Protocols were used to limit the
interference of voltage-gated currents to outward current measurements. Cells were stepped
from -80mV to -25mV and outward current recorded. *P<0.05; un-paired Student’s t-test; results
represent mean # s.e.m of three independent experiments (838-SNs n=28, AH017-7 n=27). (C) A
small number of neurons from each group (838-SNs n=5, AH017-7 n=4) were assessed for
outward current before and after 15 minute application of 500nM TPA. Results represent

percentage inhibition caused by TPA application.
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6.3.5 838-SNs exhibit features of hyper-excitability compared to AH017-7-SNs

Many genetic variants associated with migraine have been linked with increased
neuronal activation (Weir and Cader 2011). Indeed, in Chapters 3 and 4, I have showed
that loss of TRESK and NCC activity contributes to greater excitability of rodent sensory
neurons. As a way of identifying disease relevant cellular phenotypes, I tested the
hypothesis that migraine derived nociceptors are more excitable than control.
Capacitance was equal among groups (Figure 6.8 A) indicating that there was no gross
difference in cell size. The Rinpur of a cell is determined by the permeability of the cell
membrane to current. It is an important parameter in controlling neuronal excitability
as it determines the degree of polarization in response to a given stimulus. 838-SNs had
a mean Rinpucsignificantly higher than AH017-7-SNs (Figure 6.8 B). Additionally, 838-SNs
had a depolarized membrane at rest compared to AH017-7-SNs (Figure 6.8 C). Such
passive properties would intimate that 838-SNs could be hypersensitive to activation

and are consistent with previous findings of a reduced background K+ current.
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Figure 6.8 Passive membrane properties of 838 and AH017-7-SNs. (A) Capacitance is similar
between lines. (B) Rinpus was calculated by measuring the membrane potential change induced by
a 20pA hyperpolarizing pulse, while cells were held at -60mV in current clamp mode. AH017-7-

SNs had a reduced resistance at this potential. (C) RMP values were determined in bridge mode
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and showed a modest depolarization of 838-SNs compared with AH017-7-SNs. *P<0.05, **P<0.01;

un-paired Student’s t-test; results represent mean # s.e.m (838-SNs n=26, AH017-7 n=24).

The most robust function found in previous studies of TRESK activity has been
in determining the rheobase of neurons (Chapter 3). 838-SNs had a lower rheobase than
AH017-SNs (Figures 6.9 A and B). This assessment was made after pooling data together
from three independent experiments. When data is presented for each experiment it is
clear that this trend is consistent, but absolute values do vary noticeably (Figure 6.9 C).
This is shown to illustrate the challenge posed by intra-experimental variation and the
need for large data sets to conclude robust cellular phenotypes. Loss of TRESK and NCC
leads to an increase in firing frequency following supra-threshold current injection
(Figures 3.9 D and 4.8 F). The average number of APs following such a stimulus was not
different between the two lines, although a larger proportion of 838-SNs (9/27- 33.33%)
fired multiple APs compared to AH017-SNs (4/26- 15.38%) (Figure 6.9 D). These data

are consistent with the notion that 838-SNs are more excitable than A017-7-SNs.
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Figure 6.9 Migraine line has a reduced rheobase current compared to control. (A) Action
potential firing by day 50 SNs. Cells were held at -60mV in current clamp mode and depolarized
with incremental current. Traces illustrate representative neurons from the two groups and the
minimum current required to induce firing. (B) Quantification of rheobase values comparing the
two groups. (C) Average rheobase values derived from sequential differentiations of AH017-7
and 838 in parallel. (D) Dot plot graph showing the number of action potentials generated in
response to a 500ms supra-threshold current injection. *P<0.05; un-paired Student’s t-test; results

represent mean * s.e.m (838 n=27, AH017-7 n=26).

6.4 Discussion

iPSC comparison studies are providing insights into the molecular underpinnings of
neurological disorders, but to date this technique has not been applied to migraine. The

MA pedigree described represents an excellent source of patient tissue, as although
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family members clinically exhibit typical migraine, rare variants with high effect size
have been associated with disease. This is a unique situation in the field. In this chapter,
[ have performed the basic characterization necessary for iPSC lines from three family
members of the MA pedigree and control lines matched for age and gender. All lines
were deemed to have passed quality control at the pluripotent stage, but not all were
able to generate sensory neurons equally (Figure 6.4). Before large-scale comparative
studies (between multiple lines from each group), hypotheses must be formed as to
which cellular phenotypes to assay. To this end, | have performed a robust comparison
of the biophysical properties of mature sensory neurons derived from one disease and
one control line. The migraine-derived line was shown hyper-excitable relative to
control. Genetic variants implicated in these cells have been extensively studied in other
systems, in previous chapters. The cellular phenotypes described in those systems upon
altering protein activity, are consistent with data presented in this chapter.
Heterogeneity of iPSC preparations represents a significant challenge.
Reprogramming efficiency of patient lines was not assessed, but a deficiency to
differentiate solely down the sensory lineage was noted for one clone (AHO17-3). iPSC
for this clone appeared normal, although karyotype analysis showed the greatest
number of genetic abnormalities out of all lines (Figure 6.1). It is difficult to interpret
why differentiation potential is different, especially when comparing two clones form
the same donor. It would be of interest to search regions over/under represented in the
CytoSNP array for genes with known roles in sensory neurogenesis. Variation was also
noted for the 840 line, despite the fact that it passed both the iPSC stage quality control
and demonstrated equivalent differentiation capacity to other lines. The existence of SA
in a proportion of 840-SNs (Figure 6.6 B), when none was observed during any other
recording is potentially problematic. It may be the case that future studies need to
carefully choose only a subset of lines from large pools that conform to strict

parameters. The final form of variation noted was between different differentiation
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runs. Features such as rheobase, varied markedly intra-clonally despite best effort to
keep conditions consistent. The list of variables that could contribute to this is
numerous, however the challenge of regulating the phenomena is of vital importance.
One resolution may be to genetically integrate reporter markers that signal the
maturation state of individual cells. This would allow for the targeting of only those cells
that were at a specific developmental time-point, e.g. expression of TTX-resistant Na+*
channels, for assay. This could, reduce intra-clonal differences but may also go someway
to account for variation in differentiation rates between lines.

It is hoped that cellular phenotypes observed in iPSC disease modelling are
reminiscent of processes occurring in patients. Once matured to SNs, the migraine-
derived line demonstrated features of hyper-excitability Passive properties such as Rinput
and RMP were altered (Figure 6.8) as expected of a neuron that is more susceptible to
firing. Indeed, direct assessments of firing properties support this notion (Figure 6.9).
Patient-derived SNs fired an action potential in response to a depolarizing current that
was less than that required for control SNs. Our hypothesis is that the reduced rheobase
level is primarily due to diminished TRESK channel activity as caused by the frame shift
mutation. Outward current (of which TRESK represents a significant fraction) was
reduced in hyper-excitable cells that harbour the loss of function allele (Figure 6.7). The
association of increased excitability and reduced outward current is supportive of
prescribing the observed excitability phenotype with loss of TRESK activity; however
further studies are required to fully establish the link. In the first instance, compounds
that enhance TRESK current (Figure 3.6) could be used to see if they can rescue the
excitability phenotype. Isogenic control lines are increasingly being utilized to link
cellular phenotypes with specific genetic variants (Ananiev, Williams et al. 2011, Fong,
Wang et al. 2013, Ryan, Dolatabadi et al. 2013). Precise control of DNA sequence can be

achieved by technologies such as CRISPR (Hou, Zhang et al. 2013). It would be
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rewarding to correct the F139fsWx24 mutation in patient lines to see whether
phenotypes disappear, fully or partially.

The phenotypic data presented in this chapter must be confirmed in a large set
of disease and control clones. The lines characterized herein will serve as a good
foundation for such future work. If confirmed by future studies, the cellular phenotype
described would be of importance to our understanding of migraine. It serves to
underline the hypothesis that hyper-excitable neurons do play a part in pathogenesis
and reveals a critical role for TRESK irrespective of any genetic association (Eising, de
Vries et al. 2013). In future, cellular phenotypes like the ones described, could act as

robust assay outputs in therapeutic compound screening.
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7. Conclusions and future directions

During my DPhil studies I have investigated the functional implications of migraine-
associated genetic variants to neuronal physiology. Work focusing on two proteins,
TRESK and NCC, has been centered on their involvement in the excitability of sensory
neurons. As such, a large effort has been made to develop new and improved models to
study sensory neurons in vitro. The specific variants investigated in this thesis are not
likely to contribute substantially to the incidence of migraine and so I will now reflect on
the significance of my results and discuss how they can be built upon to improve our

understanding of disease pathogenesis.

7.1 Altered excitability is a hallmark of migraine

My work identified that both TRESK and NCC have modulatory roles in neuronal
activity, which can be generalized to say that loss of either leads to hyper-excitable
neurons. These data fit well with previous hypotheses prescribing neuronal
hyperactivity as a causative agent during a migraine attack.

It is clear that the migraine brain differs in its state of excitability compared to
those of healthy subjects. Despite this, the previous dogma of a purely hyper-excitable
phenotype (Aurora and Wilkinson 2007) is no longer fully supported (Coppola, Pierelli
etal. 2007). Migraineurs are more sensitive to uncomfortable visual stimuli (Marcus and
Soso 1989) and exhibit a range of abnormal responses at the level of cortical evoked
potentials (Diener, Scholz et al. 1989, Schoenen 1996, Shibata, Osawa et al. 1998), which
can be normalized by medication (Nyrke, Kangasniemi et al. 1984, Diener, Scholz et al.
1989). Transcranial Magnetic Stimulation (TMS) studies have shown decreased
threshold for observing phosphenes (the experience of light, in the absence of luminous

stimulation) in both MA and MO patients (Mulleners, Chronicle et al. 2001). However,

165



other studies have demonstrated lower visually evoked-potential amplitudes- data that
would seem counter to the notion of hyper-excitability (Wang, Schoenen et al. 1995,
Ozkul and Uckardes 2002). Instead, current opinion is now based upon the idea that
there is cortical impairment in the maintenance of proper excitatory/inhibitory balance
(Vecchia and Pietrobon 2012). Reduced evoked-potential habituation to a range of
repetitive sensory stimuli has consistently been reported (Wang, Schoenen et al. 1995,
Ozkul and Uckardes 2002, Ambrosini, Rossi et al. 2003) implicating both excitatory and
inhibitory mechanisms (Coppola, Pierelli et al. 2007). Whilst the excitability changes of
the cortex may be complex, and dependent on the final net effect on excitatory-
inhibitory balance, hyper-excitability of trigeminal neurons should have a simpler
relationship to migraine since TGVS activation is considered a central feature of
migraine headache (Olesen, Burstein et al. 2009).

At the genetic level, many associations have supported the concept of aberrant
hyper-responsiveness. All three FHM-associated genes have a hypothetical role at the
central glutamate synapse (Figure 1.2). Indeed, variants have been shown to augment
cortical spreading depression in animal models (van den Maagdenberg, Pietrobon et al.
2004, Leo, Gherardini et al. 2011). Outside of FHM, many rare and GWAS-discovered
variants fit functionally into the common pathway of glutamatergic neurotransmission
(Figure 1.3). Thus, the finding that TRESK and NCC control neuronal excitability has two
implications: (I) It provides functional evidence to support the genetic data, illustrating
an association between deleterious variants in these two genes and MA and (II), adds
weight to the above notion that migraine is indeed linked to aberrant excitability of the
nervous system.

It is imperative to translate the cellular studies detailed in Chapter 3 and 4 into
the in vivo setting. Dissociated cell cultures only allow for the investigation of one type of
cell, un-modulated by the inhibitory/excitatory systems that are in place in vivo. This

has been clearly demonstrated as a critical factor in FHM sub-types, where the effect of a
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variant is highly dependent on cellular context (Benarroch 2005, Vecchia, Tottene et al.
2014). Future studies should consider more complex culture systems and ex vivo
preparations to bridge between dissociated cultures and in vivo pathophysiology. It will
also be important to utilize rodent models of migraine. For example, it could be studied
whether TRESK or NCC inhibition increases TGVS transmission following GTN
administration, or alternatively, whether TRESK/NCC knockout animals have

heightened susceptibility to CSD triggering.

7.2 Brain regions implicated in migraine

Clinical presentation would strongly argue for central dysfunction as the initiator of a
migraine attack. A proposed cascade then links this dysfunction, possibly via a CSD-like
event, to activation of peripheral afferents. These in turn convey a now nociceptive
signal, to higher brain regions to generate the perception of pain (Figure 1.1).

How do TRESK and NCC fit in with this model? Does their prominent role in
sensory neuron physiology suggest that dysfunction in trigeminal afferents can initiate
an attack, rather than simply convey the headache phase? It is also conceivable that
under normal circumstances, peripheral nociceptor thresholds are a check against
frequent central or environmental migraine initiators, but that only in the context of
genetic defects reducing TGVS thresholds, does this gate keeping capacity fail. The high
expression and described modulatory function of both, lends support to the notion that
peripheral input is an important aspect of migraine. In this regard, they join the list of
FHM/GWAS variants for which peripheral function is considered likely to be of
importance to their disease-modifying effect (McKemy 2005, Nair, Simonetti et al.
2010). Despite this, both TRESK and NCC show restrictive but intriguing CNS
expression. The high expression of TRESK across hypothalamic nuclei and the co-
presence of NCC in some discreet nuclei highlight this structure as a region of particular

interest.
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Body homeostasis is largely orchestrated by the hypothalamus, which releases
the effector hormones responsible for food/water intake, temperature regulation,
sexual behaviour, circadian cycles and emotional responses (Alstadhaug 2009). The
structure is also intimately involved in the central processing of a painful experience.
Hypothalamic nuclei have efferent and afferent connections with other brain regions
more classically associated with pain processing (Murphy, Rizvi et al. 1999, Jiang and
Behbehani 2001). Many hypothalamic neurons contain analgesic agents, such that
hypothalamic stimulation alleviates pain in animal models (Carstens 1986). Activation
of several nuclei has been observed in animal models of the headache phase. The
Paraventricular nucleus (PVN) has shown activation upon dura mater stimulation
(Malick, Jakubowski et al. 2001) while the Supraoptic nucleus (SON) is similarly
activated following stimulation of the superior sagittal sinus (SSS) (Benjamin, Levy et al.
2004). More recently, PVN projection neurons were found to modulate the activity of
Sp5C neurons in the rat (Robert, Bourgeais et al. 2013). In this context it is clear to see
how NCC function could contribute to the headache phase, in addition to activation of
primary afferents.

Beyond a modulatory role in pain processing, the hypothalamus has also been
linked with earlier events in an attack. Premonitory symptoms in migraine include sleep
disturbances and changes in arousal, mood, food craving and thirst (Blau 1980, Dalkvist,
Ekbom et al. 1984, Goder, Fritzer et al. 2001, Giffin, Ruggiero et al. 2003). With its
extensive role in the limbic system, such symptoms could nicely be explained by a
dysfunction in the hypothalamus. In support, a recent PET study showed activation of
posterolateral hypothalamus during the premonitory phase of induced migraine attacks
(Maniyar, Sprenger et al. 2014)

Many migraine triggers converge on the hypothalamus, most notably bright
lights, sleep disturbance and stress. The seemingly high expression of TRESK in the

optic nerve and hypothalamic regions involved in processing incoming visual signals is
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therefore of great interest, as are centers regulating sleep and circadian entrainment. It
is also noteworthy that members of the MA pedigree with the deleterious KCNK18 allele
list bright light as a strong migraine trigger. Parasomnias are more prevalent in the
migraine population (Dahmen, Kasten et al. 2003, Calhoun, Ford et al. 2006) and sleep is
a common abortive strategy (Wilkinson 1994). Furthermore, disturbed sleep is reported
to trigger migraine attacks in most sufferers (Kelman 2007). The superchiasmatic
nucleus (SCN) is the master regulator of circadian rhythms and is well placed at the
interface between sleep disturbance and migraine. While qualitative assessments of
expression level is not possible with the 3-galactosidase staining reported; qualitatively,
the SCN appeared to possess the highest density of LacZ+ (and therefore TRESK+)
neurons of all hypothalamic nuclei. TRESK is not the first migraine-associated factor
linked with the SCN. Mutations in the gene encoding casein kinase [§ (CKI§) have been
found to co-segregate in families with migraine and advance sleep phase (Brennan,
Bates et al. 2013). This core clock gene has a well-documented role in circadian rhythm
control in the SCN. Therefore it would be of great interest to assess the circadian
phenotype of TRESK-/-mice. This work would also go some way to help explain how a
deleterious variant in KCNK18, with its sole role described in the periphery, could
segregate with a whole-brain disorder like migraine.

The work detailed in this thesis does not investigate the function of either
TRESK or NCC in CNS regions. The restrictive nature of the patterns, do however suggest
that these proteins may have important CNS physiological roles. It is plausible that
TRESK would play a largely similar role in most neuronal systems i.e. membrane
hyperpolarization and setting of the rheobase current. The K+*reversal potential is far
enough removed from physiological membrane potentials as to assume that current
would always represent a hyperpolarizing force. This does not necessitate a net hyper-
or hypo-excitability effect at the systems level, as that would be dependent on whether

function was predominant in excitatory or inhibitory populations. Less clear is the role
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NCC would have in CNS neurons. Data provided in this thesis does not implicate a
specific mechanism of how protein activity influences neuronal excitability. If for
example, the effect was mediated by Cl, the consequence of NCC activity may be
completely reversed considering the stark differences in Cl-handling between sensory
neurons and adult CNS neurons. These questions can only be assessed by performing
patch clamp recordings from CNS regions with specific pharmacological manipulation or
in the context of knockout animal models.

In sum, the specific expression of TRESK and NCC in rodent CNS provides an
exciting avenue to pursue future work with these proteins. Defining where, and in what
context they influence systems level function could be highly illuminating for broader

migraine understanding.

7.3 Molecular models for the study of migraine
Migraine represents a challenging disorder to replicate experimentally. The proposed
cascade of an attack involves several critical structures, both in the periphery and brain,
integrating a wide range of cell types. Furthermore, one of the defining features of
migraine is the clinical heterogeneity of patient presentations. Severity is hugely
disparate between those that suffer infrequent and mild attacks, and those that
experience chronic, recurrent and debilitating episodes. Symptoms outwith the
headache also vary hugely- the presence or absence of the aura is a classical example of
this. Finally, there are a range of triggers, encompassing most forms of environmental
stimuli, which appear relatively specific to different patient populations. How then is it
best to model such a diverse condition?

Most likely as a consequence of the “whole brain” nature of the disorder, current
models of migraine are predominantly focused at the systems level. These typically
consist of either human brain imaging, or in vivo animal models that try and recapitulate

different aspects of the disease. The development of high-resolution neuroimaging has
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been an immense resource for migraine research. PET scanning was the first
experimental paradigm to illustrate a clear role for central mechanisms during attack
initiation (Weiller, May et al. 1995). Further, BOLD imaging provides some of the best
evidence linking a CSD-like event in patients to the aura (Olesen, Friberg et al. 1990).
Functional imaging will likely remain at the forefront of defining brain regions involved
in attack pathogenesis. Despite this, imaging in migraine has its drawbacks and
limitations. Methodologically, it is very hard to coordinate scanning time with phase of
attack. This has meant that most imaging studies have been performed during the
transition from ictal to interictal state, but data relating to the premonitory or headache
phase is scant (May 2013). Furthermore, the functional resolution, while excellent for
defining target structures, gives no insight into specific cellular or molecular targets for
clinical applications.

With respect to drug discovery, animal models currently represent the most
promising avenue. In vivo setups, such as TGVS stimulation or CSD studies have
importantly shown many of the downstream effects, primarily in terms of activation of
specific brain regions, as expected from human imaging studies (Akerman, Holland et al.
2013). Critically, animal models offer the opportunity to more expansively modulate
systems pharmacologically and therefore represent a primary assay in drug
development. Stimulation of the TG was a key assay in the development of triptans
(Akerman, Holland et al. 2013) and TGVS activation, as well as CSD propensity, continue
to act as valid screens to test new compounds (Levy, Zhang et al. 2008, Hoffmann,
Supronsinchai et al. 2012, Holland, Akerman et al. 2012). However, such studies are
technically challenging and both time and resource intensive, such that they will never
be able to act as high throughput drug screening tools.

iPSC models will not provide a solution to all the needs of migraine research
however, they could redefine the current in vitro toolkit and complement work carried

out in vivo. iPSC work is placed at the boundary between genetics and functional studies
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and so can be used to translate genetic findings into cellular outcomes, but also presents
as an attractive drug-screening platform. There is a huge diversity of cellular
phenotypes that one could study using this approach. In this thesis, I have focused
primarily on basal biophysical properties of iPSC-derived neurons. However, other
migraine surrogates could be investigated: neurotransmitter release, synaptic strength,
expression analysis etc. Further, assessing phenotypes under conditions thought to be
relevant to pathogenesis may also be fruitful e.g. nociceptors in the presence of
sensitizing inflammatory factors or prophylactics.

Key to success will be the proper harnessing of differentiation protocols to
generate exactly the cell type required. Sensory neurons in general and nociceptors
specifically, are heterogeneous. They can be sub-classified on the basis of size, degree of
myelination and repertoire of expressed receptors, channels and neuropeptides.
Ablation studies have shown that distinct subsets have discrete functions in transducing
pain. One classification relies upon the presence or absence of neuropeptides such as
CGRP and Substance P. Ablation of non-peptidergic (devoid of neuropeptides) neurons
by targeting MrgprD+ expressing cells with Diphtheria toxin, results in reduced
mechanical sensitivity (Cavanaugh, Lee et al. 2009). In contrast, selective ablation of
TRPV1+ peptidergic fibers leads to a loss of responsiveness to noxious heat (Cavanaugh,
Lee et al. 2009). Little is known about which subgroup of nociceptors is more relevant
for migraine headache; however CGRP has a clear role in migraine, with CGRP receptor
antagonism at the forefront of developing therapeutics (Villalon and Olesen 2009).
iPSC-derived nociceptors develop (Figure 5.7), express relevant proteins (Figure 5.7)
and respond functionally (Figure 5.8) in accordance with a non-peptidergic phenotype.
Specifically, an acknowledged drawback of the described system is that no CGRP
expression was seen. It may be that the cocktail of small molecules used very precisely
restrict neurons to the non-peptidergic lineage. Alternatively, marginal changes in

timings, inhibitor withdrawal, or growth factor treatment may be sufficient to alter
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differentiation and generate peptidergic neurons. Key to future experiments exploring
this issue is the successful extinction of the master regulator of nociceptor
differentiation, RUNX1. In vivo, extinction of RUNX1 is pivotal for peptidergic
differentiation, but in vitro, | documented sustained RUNX1 expression (Figure 5.7).
With respect to this, siRNA or available antagonists to RUNX1 (Cunningham,
Finckbeiner et al. 2012) may be profitable avenues of investigation.

With the described utility of iPSC, one outstanding question would be- what cell
type(s) should be generated and investigated? I have chosen primary afferents but with
respect to migraine, there is a vast array of cell types that it could be profitable to
produce. These include: glial, vascular and a whole host of CNS neurons. While it would
be counterproductive to try and recapitulate whole systems at this level, discreet system
units consisting of multiple cell types could be extremely useful. For example, a model
could be envisaged composed of cortical neurons, astrocytes and endothelial cells
cultured and organized to function as an in vitro blood brain barrier surrogate. An
alternative approach could consist of co-cultures of iPSC-derived primary and secondary
nociceptive neurons for the exploration of peripheral and central sensitization. These
types of co-cultures will help answer questions that are beyond the scope of single cell

type cultures.

In conclusion, this thesis has been directed towards using rare genetic variants to gain
insight into generalities of migraine pathobiology. The molecular and cellular
mechanisms underlying migraine are relatively under-studied and subsequently less is
known about pathogenesis than for many other neurological disorders. However, the
field is at the forefront of new discoveries, largely thanks to powerful genetic studies. It
is hoped that my work will help to provide context when trying to understand how and
where variants have their disease-modifying effect. Furthermore, effort should be made
to follow up initial studies targeting the proteins pharmacologically. New genetic

associations, in combination with the newly available iPSC models generated in this
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thesis, may together lead to successful drug screening programmes. Triptans were
approved for clinical use over 20 years ago, however the knowledge base of migraine
research has expanded hugely since then. Our attention should be focused on
developing the next “Gold-standard” therapeutic to help those migraine sufferers still

blighted by the condition.

174



References

Aasen, T., A. Raya, M. ]. Barrero, E. Garreta, A. Consiglio, F. Gonzalez, R. Vassena, ].
Bilic, V. Pekarik, G. Tiscornia, M. Edel, S. Boue and ]. C. Izpisua Belmonte (2008).
"Efficient and rapid generation of induced pluripotent stem cells from human
keratinocytes." Nat Biotechnol 26(11): 1276-1284.

Abdallah, K., A. Artola, L. Monconduit, R. Dallel and P. Luccarini (2013). "Bilateral
descending hypothalamic projections to the spinal trigeminal nucleus caudalis in
rats." PLoS One 8(8): e73022.

Abdul Kadir, S. H.,, N. N. Ali, M. Mioulane, M. Brito-Martins, S. Abu-Hayyeh, G.
Foldes, A. V. Moshkov, C. Williamson, S. E. Harding and J. Gorelik (2009).
"Embryonic stem cell-derived cardiomyocytes as a model to study fetal
arrhythmia related to maternal disease." | Cell Mol Med 13(9B): 3730-3741.
Afridi, S. K., N. ]. Giffin, H. Kaube, K. ]. Friston, N. S. Ward, R. S. Frackowiak and P. |.
Goadsby (2005). "A positron emission tomographic study in spontaneous
migraine." Arch Neurol 62(8): 1270-1275.

Ahn, A. H. (2010). "On the temporal relationship between throbbing migraine
pain and arterial pulse.”" Headache 50(9): 1507-1510.

Akerman, S., P. R. Holland and P. ]. Goadsby (2011). "Diencephalic and brainstem
mechanisms in migraine." Nat Rev Neurosci 12(10): 570-584.

Akerman, S., P. R. Holland and J. Hoffmann (2013). "Pearls and pitfalls in
experimental in vivo models of migraine: dural trigeminovascular nociception.”
Cephalalgia 33(8): 577-592.

Alloui, A, K. Zimmermann, ]. Mamet, F. Duprat, J. Noel, ]. Chemin, N. Guy, N.
Blondeau, N. Voilley, C. Rubat-Coudert, M. Borsotto, G. Romey, C. Heurteaux, P.
Reeh, A. Eschalier and M. Lazdunski (2006). "TREK-1, a K+ channel involved in
polymodal pain perception." EMBO ] 25(11): 2368-2376.

Almeida, S., Z. Zhang, G. Coppola, W. Mao, K. Futai, A. Karydas, M. D. Geschwind,
M. C. Tartaglia, F. Gao, D. Gianni, M. Sena-Esteves, D. H. Geschwind, B. L. Miller, R.
V. Farese, Jr. and F. B. Gao (2012). "Induced pluripotent stem cell models of
progranulin-deficient frontotemporal dementia uncover specific reversible
neuronal defects." Cell Rep 2(4): 789-798.

Alstadhaug, K. B. (2009). "Migraine and the hypothalamus." Cephalalgia 29(8):
809-817.

Alvarez-Baron, C. P, P. Jonsson, C. Thomas, S. E. Dryer and C. Williams (2011).
"The two-pore domain potassium channel KCNK5: induction by estrogen
receptor alpha and role in proliferation of breast cancer cells." Mol Endocrinol
25(8):1326-1336.

Ambalavanar, R., M. Moritani and D. Dessem (2005). "Trigeminal P2X3 receptor
expression differs from dorsal root ganglion and is modulated by deep tissue
inflammation." Pain 117(3): 280-291.

Ambrosini, A., P. Rossi, V. De Pasqua, F. Pierelli and J. Schoenen (2003). "Lack of
habituation causes high intensity dependence of auditory evoked cortical
potentials in migraine." Brain 126(Pt 9): 2009-2015.

Amin, F. M., M. S. Asghar, A. Hougaard, A. E. Hansen, V. A. Larsen, P.]. de Koning,
H. B. Larsson, J. Olesen and M. Ashina (2013). "Magnetic resonance angiography

175



of intracranial and extracranial arteries in patients with spontaneous migraine
without aura: a cross-sectional study." Lancet Neurol 12(5): 454-461.

Ananiev, G, E. C. Williams, H. Li and Q. Chang (2011). "Isogenic pairs of wild type
and mutant induced pluripotent stem cell (iPSC) lines from Rett syndrome
patients as in vitro disease model." PLoS One 6(9): e25255.

Anderson, D. . (1999). "Lineages and transcription factors in the specification of
vertebrate primary sensory neurons.” Curr Opin Neurobiol 9(5): 517-524.
Andlin-Sobocki, P., B. Jonsson, H. U. Wittchen and ]. Olesen (2005). "Cost of
disorders of the brain in Europe.” Eur | Neurol 12 Suppl 1: 1-27.

Andres, K. H.,, M. von During, K. Muszynski and R. F. Schmidt (1987). "Nerve
fibres and their terminals of the dura mater encephali of the rat." Anat Embryol
(Berl) 175(3): 289-301.

Andres-Enguix, 1., L. Shang, P. ]. Stansfeld, ]. M. Morahan, M. S. Sansom, R. G.
Lafreniere, B. Roy, L. R. Griffiths, G. A. Rouleau, G. C. Ebers, Z. M. Cader and S. J.
Tucker (2012). "Functional analysis of missense variants in the TRESK (KCNK18)
K channel." Sci Rep 2: 237.

Anttila, V., H. Stefansson, M. Kallela, U. Todt, G. M. Terwindt, M. S. Calafato, D. R.
Nyholt, A. S. Dimas, T. Freilinger, B. Muller-Myhsok, V. Artto, M. Inouye, K.
Alakurtti, M. A. Kaunisto, E. Hamalainen, B. de Vries, A. H. Stam, C. M. Weller, A.
Heinze, K. Heinze-Kuhn, I. Goebel, G. Borck, H. Gobel, S. Steinberg, C. Wolf, A.
Bjornsson, G. Gudmundsson, M. Kirchmann, A. Hauge, T. Werge, J. Schoenen, . G.
Eriksson, K. Hagen, L. Stovner, H. E. Wichmann, T. Meitinger, M. Alexander, S.
Moebus, S. Schreiber, Y. S. Aulchenko, M. M. Breteler, A. G. Uitterlinden, A.
Hofman, C. M. van Duijn, P. Tikka-Kleemola, S. Vepsalainen, S. Lucae, F. Tozzi, P.
Muglia, ]. Barrett, J. Kaprio, M. Farkkila, L. Peltonen, K. Stefansson, J. A. Zwart, M.
D. Ferrari, J. Olesen, M. Daly, M. Wessman, A. M. van den Maagdenberg, M.
Dichgans, C. Kubisch, E. T. Dermitzakis, R. R. Frants and A. Palotie (2010).
"Genome-wide association study of migraine implicates a common susceptibility
variant on 8q22.1." Nat Genet 42(10): 869-873.

Aurora, S. K. and F. Wilkinson (2007). "The brain is hyperexcitable in migraine."
Cephalalgia 27(12): 1442-1453.

Austin, T. M. and E. Delpire (2011). "Inhibition of KCC2 in mouse spinal cord
neurons leads to hypersensitivity to thermal stimulation." Anesth Analg 113(6):
1509-1515.

Ayata, C., H. Jin, C. Kudo, T. Dalkara and M. A. Moskowitz (2006). "Suppression of
cortical spreading depression in migraine prophylaxis." Ann Neurol 59(4): 652-
661.

Bar-Nur, O., H. A. Russ, S. Efrat and N. Benvenisty (2011). "Epigenetic memory
and preferential lineage-specific differentiation in induced pluripotent stem cells
derived from human pancreatic islet beta cells." Cell Stem Cell 9(1): 17-23.
Bautista, D. M,, Y. M. Sigal, A. D. Milstein, J. L. Garrison, ]. A. Zorn, P. R. Tsuruda, R.
A. Nicoll and D. Julius (2008). "Pungent agents from Szechuan peppers excite
sensory neurons by inhibiting two-pore potassium channels." Nat Neurosci
11(7): 772-779.

Bazzini, C., V. Vezzolj, C. Sironi, S. Dossena, A. Ravasio, S. De Biasi, M. Garavaglia,
S. Rodighiero, G. Meyer, U. Fascio, . Furst, M. Ritter, G. Botta and M. Paulmichl
(2005). "Thiazide-sensitive NaCl-cotransporter in the intestine: possible role of
hydrochlorothiazide in the intestinal Ca2+ uptake." ] Biol Chem 280(20): 19902-
19910.

176



Benarroch, E. E. (2005). "Neuron-astrocyte interactions: partnership for normal
function and disease in the central nervous system." Mayo Clin Proc 80(10):
1326-1338.

Benjamin, L., M. ]. Levy, M. P. Lasalandra, Y. E. Knight, S. Akerman, J. D. Classey
and P. ]. Goadsby (2004). "Hypothalamic activation after stimulation of the
superior sagittal sinus in the cat: a Fos study." Neurobiol Dis 16(3): 500-505.
Bergerot, A, P. R. Holland, S. Akerman, T. Bartsch, A. H. Ahn, A.
MaassenVanDenBrink, U. Reuter, C. Tassorelli, ]. Schoenen, D. D. Mitsikostas, A.
M. van den Maagdenberg and P. ]. Goadsby (2006). "Animal models of migraine:
looking at the component parts of a complex disorder." Eur ] Neurosci 24(6):
1517-1534.

Blair, N. T. and B. P. Bean (2002). "Roles of tetrodotoxin (TTX)-sensitive Na+
current, TTX-resistant Na+ current, and CaZ2+ current in the action potentials of
nociceptive sensory neurons." ] Neurosci 22(23): 10277-10290.

Blay, J. N. (1980). "Migraine prodromes separated from the aura: complete
migraine." Br Med ] 281(6241): 658-660.

Blentic, A., D. Chambers, A. Skinner, ]. Begbie and A. Graham (2011). "The
formation of the cranial ganglia by placodally-derived sensory neuronal
precursors.” Mol Cell Neurosci 46(2): 452-459.

Bolay, H., U. Reuter, A. K. Dunn, Z. Huang, D. A. Boas and M. A. Moskowitz (2002).
"Intrinsic brain activity triggers trigeminal meningeal afferents in a migraine
model." Nat Med 8(2): 136-142.

Bowyer, S. M., K. S. Aurora, J. E. Moran, N. Tepley and K. M. Welch (2001).
"Magnetoencephalographic fields from patients with spontaneous and induced
migraine aura." Ann Neurol 50(5): 582-587.

Braun, G., B. Nemcsics, P. Enyedi and G. Czirjak (2011). "TRESK background K(+)
channel is inhibited by PAR-1/MARK microtubule affinity-regulating kinases in
Xenopus oocytes." PLoS One 6(12): e28119.

Brennan, K. C,, E. A. Bates, R. E. Shapiro, J. Zyuzin, W. C. Hallows, Y. Huang, H. Y.
Lee, C. R.Jones, Y. H. Fu, A. C. Charles and L. J. Ptacek (2013). "Casein kinase
idelta mutations in familial migraine and advanced sleep phase." Sci Transl Med
5(183): 183ral56,181-111.

Brennan, K. C,, L. Beltran-Parrazal, H. E. Lopez-Valdes, ]. Theriot, A. W. Toga and
A. C. Charles (2007). "Distinct vascular conduction with cortical spreading
depression." | Neurophysiol 97(6): 4143-4151.

Bu, G., E. A. Maksymovitch, ]. M. Nerbonne and A. L. Schwartz (1994). "Expression
and function of the low density lipoprotein receptor-related protein (LRP) in
mammalian central neurons." ] Biol Chem 269(28): 18521-18528.

Burkhardt, M. F,, F. ]. Martinez, S. Wright, C. Ramos, D. Volfson, M. Mason, ].
Garnes, V. Dang, |. Lievers, U. Shoukat-Mumtaz, R. Martinez, H. Gai, R. Blake, E.
Vaisberg, M. Grskovic, C. Johnson, S. Irion, J. Bright, B. Cooper, L. Nguyen, .
Griswold-Prenner and A. Javaherian (2013). "A cellular model for sporadic ALS
using patient-derived induced pluripotent stem cells." Mol Cell Neurosci 56C:
355-364.

Burnstock, G. (2000). "P2X receptors in sensory neurones." Br | Anaesth 84(4):
476-488.

Burstein, R., A. Strassman and M. Moskowitz (2012). "Can cortical spreading
depression activate central trigeminovascular neurons without peripheral input?
Pitfalls of a new concept." Cephalalgia 32(6): 509-511.

177



Buxton, I. L., C. A. Singer and ]. N. Tichenor (2010). "Expression of stretch-
activated two-pore potassium channels in human myometrium in pregnancy and
labor." PLoS One 5(8): e12372.

Cabanes, C., M. Lopez de Armentia, F. Viana and C. Belmonte (2002). "Postnatal
changes in membrane properties of mice trigeminal ganglion neurons." |
Neurophysiol 87(5): 2398-2407.

Cadaveira-Mosquera, A., M. Perez, A. Reboreda, P. Rivas-Ramirez, D. Fernandez-
Fernandez and J. A. Lamas (2012). "Expression of K2P channels in sensory and
motor neurons of the autonomic nervous system." ] Mol Neurosci 48(1): 86-96.
Calhoun, A. H,, S. Ford, A. G. Finkel, K. A. Kahn and ]. D. Mann (2006). "The
prevalence and spectrum of sleep problems in women with transformed
migraine." Headache 46(4): 604-610.

Carstens, E. (1986). "Hypothalamic inhibition of rat dorsal horn neuronal
responses to noxious skin heating." Pain 25(1): 95-107.

Cavanaugh, D. ., A. T. Chesler, ]. M. Braz, N. M. Shah, D. Julius and A. I. Basbaum
(2011). "Restriction of transient receptor potential vanilloid-1 to the peptidergic
subset of primary afferent neurons follows its developmental downregulation in
nonpeptidergic neurons." | Neurosci 31(28): 10119-10127.

Cavanaugh, D. ], H. Lee, L. Lo, S. D. Shields, M. |. Zylka, A. I. Basbaum and D. ].
Anderson (2009). "Distinct subsets of unmyelinated primary sensory fibers
mediate behavioral responses to noxious thermal and mechanical stimuli." Proc
Natl Acad Sci U S A 106(22): 9075-9080.

Ceroni, M., T. E. Poloni, S. Tonietti, D. Fabozzi, C. Uggetti, F. Frediani, F. Simonetti,
A. Malaspina, D. Alimonti, M. Celano, M. Ferrari and P. Carrera (2000). "Migraine
with aura and white matter abnormalities: Notch3 mutation." Neurology 54(9):
1869-1871.

Cestele, S., E. Schiavon, R. Rusconi, S. Franceschetti and M. Mantegazza (2013).
"Nonfunctional NaV1.1 familial hemiplegic migraine mutant transformed into
gain of function by partial rescue of folding defects." Proc Natl Acad Sci US A
110(43): 17546-17551.

Chaban, V. V. and P. E. Micevych (2005). "Estrogen receptor-alpha mediates
estradiol attenuation of ATP-induced CaZ2+ signaling in mouse dorsal root
ganglion neurons." ] Neurosci Res 81(1): 31-37.

Chae, Y.]., J. Zhang, P. Au, M. Sabbadini, G. X. Xie and C. S. Yost (2010). "Discrete
change in volatile anesthetic sensitivity in mice with inactivated tandem pore
potassium ion channel TRESK." Anesthesiology 113(6): 1326-1337.

Chambers, S. M,, Y. Qi, Y. Mica, G. Lee, X. ]. Zhang, L. Niu, ]. Bilsland, L. Cao, E.
Stevens, P. Whiting, S. H. Shi and L. Studer (2012). "Combined small-molecule
inhibition accelerates developmental timing and converts human pluripotent
stem cells into nociceptors." Nat Biotechnol 30(7): 715-720.

Chang, T., W. Zheng, W. Tsark, S. Bates, H. Huang, R. . Lin and J. K. Yee (2011).
"Brief report: phenotypic rescue of induced pluripotent stem cell-derived
motoneurons of a spinal muscular atrophy patient." Stem Cells 29(12): 2090-
2093.

Chasman, D. I.,, M. Schurks, V. Anttila, B. de Vries, U. SchminKke, L. ]. Launer, G. M.
Terwindt, A. M. van den Maagdenberg, K. Fendrich, H. Volzke, F. Ernst, L. R.
Griffiths, ]. E. Buring, M. Kallela, T. Freilinger, C. Kubisch, P. M. Ridker, A. Palotie,
M. D. Ferrari, W. Hoffmann, R. Y. Zee and T. Kurth (2011). "Genome-wide

178



association study reveals three susceptibility loci for common migraine in the
general population.”" Nat Genet 43(7): 695-698.

Chen, C. L., D. C. Broom, Y. Liu, ]. C. de Nooij, Z. Li, C. Cen, O. A. Samad, T. M. Jessell,
C.]. Woolf and Q. Ma (2006). "Runx1 determines nociceptive sensory neuron
phenotype and is required for thermal and neuropathic pain." Neuron 49(3):
365-377.

Cheng, Z., S. Ito, N. Nishio, H. Xiao, R. Zhang, H. Suzuki, Y. Okawa, T. Murohara and
K. Isobe (2011). "Establishment of induced pluripotent stem cells from aged mice
using bone marrow-derived myeloid cells." ] Mol Cell Biol 3(2): 91-98.

Chesler, M. (2003). "Regulation and modulation of pH in the brain." Physiol Rev
83(4): 1183-1221.

Cheung, M. and J. Briscoe (2003). "Neural crest development is regulated by the
transcription factor S0x9." Development 130(23): 5681-5693.

Cho, H.]., ]. B. Furness and E. A. Jennings (2011). "Postnatal maturation of the
hyperpolarization-activated cation current, I(h), in trigeminal sensory neurons."
] Neurophysiol 106(4): 2045-2056.

Chung, C. Y., V. Khurana, P. K. Auluck, D. F. Tardiff, ]. R. Mazzulli, F. Soldner, V.
Baru, Y. Loy, Y. Freyzon, S. Cho, A. E. Mungenast, J. Muffat, M. Mitalipova, M. D.
Pluth, N. T. Jui, B. Schule, S. J. Lippard, L. H. Tsai, D. Krainc, S. L. Buchwald, R.
Jaenisch and S. Lindquist (2013). "Identification and rescue of alpha-synuclein
toxicity in Parkinson patient-derived neurons." Science 342(6161): 983-987.
Colonna, D. M., W. Meng, D. D. Deal and D. W. Busija (1994). "Calcitonin gene-
related peptide promotes cerebrovascular dilation during cortical spreading
depression in rabbits." Am ] Physiol 266(3 Pt 2): H1095-1102.

Cooper, D. S, N. C. Saxena, H. S. Yang, H. ]. Lee, A. G. Moring, A. Lee and I. Choi
(2005). "Molecular and functional characterization of the electroneutral
Na/HCO3 cotransporter NBCn1 in rat hippocampal neurons." | Biol Chem
280(18): 17823-17830.

Coppola, G., F. Pierelli and ]. Schoenen (2007). "Is the cerebral cortex
hyperexcitable or hyperresponsive in migraine?" Cephalalgia 27(12): 1427-
1439.

Cramer, S. W., C. Baggott, ]. Cain, ]. Tilghman, B. Allcock, G. Miranpuri, S. Rajpal, D.
Sun and D. Resnick (2008). "The role of cation-dependent chloride transporters
in neuropathic pain following spinal cord injury." Mol Pain 4: 36.

Cui, Y, Q. Huang, J. T. Auman, B. Knight, X. Jin, K. T. Blanchard, ]. Chou, S. Jayadev
and R. S. Paules (2011). "Genomic-derived markers for early detection of
calcineurin inhibitor immunosuppressant-mediated nephrotoxicity." Toxicol Sci
124(1): 23-34.

Cunningham, L., S. Finckbeiner, R. K. Hyde, N. Southall, ]. Marugan, V. R. Yedavallj,
S.]. Dehdashti, W. C. Reinhold, L. Alemu, L. Zhao, ]. R. Yeh, R. Sood, Y. Pommier, C.
P. Austin, K. T. Jeang, W. Zheng and P. Liu (2012). "Identification of
benzodiazepine Ro5-3335 as an inhibitor of CBF leukemia through quantitative
high throughput screen against RUNX1-CBFbeta interaction." Proc Natl Acad Sci
USA109(36): 14592-14597.

Czirjak, G. and P. Enyedi (2006). "Targeting of calcineurin to an NFAT-like
docking site is required for the calcium-dependent activation of the background
K+ channel, TRESK." ] Biol Chem 281(21): 14677-14682.

179



Czirjak, G., Z. E. Toth and P. Enyedi (2004). "The two-pore domain K+ channel,
TRESK, is activated by the cytoplasmic calcium signal through calcineurin." ] Biol
Chem 279(18): 18550-18558.

D'Amico-Martel, A. and D. M. Noden (1983). "Contributions of placodal and
neural crest cells to avian cranial peripheral ganglia." Am | Anat 166(4): 445-
468.

Dahmen, N., M. Kasten, S. Wieczorek, M. Gencik, . T. Epplen and B. Ullrich (2003).
"Increased frequency of migraine in narcoleptic patients: a confirmatory study."
Cephalalgia 23(1): 14-19.

Dalkvist, J., K. Ekbom and E. Waldenlind (1984). "Headache and mood: a time-
series analysis of self-ratings." Cephalalgia 4(1): 45-52.

De Fusco, M., R. Marconi, L. Silvestri, L. Atorino, L. Rampoldi, L. Morgante, A.
Ballabio, P. Aridon and G. Casari (2003). "Haploinsufficiency of ATP1A2 encoding
the Na+/K+ pump alpha2 subunit associated with familial hemiplegic migraine
type 2." Nat Genet 33(2): 192-196.

De Groat, W. C,, P. M. Lalley and W. R. Saum (1972). "Depolarization of dorsal
root ganglia in the cat by GABA and related amino acids: antagonism by
picrotoxin and bicuculline." Brain Res 44(1): 273-277.

de Jong, J. C., P. H. Willems, L. P. van den Heuvel, N. V. Knoers and R. J. Bindels
(2003). "Functional expression of the human thiazide-sensitive NaCl
cotransporter in Madin-Darby canine kidney cells." ] Am Soc Nephrol 14(10):
2428-2435.

dela Cruz, I. P, ]. Z. Levin, C. Cummins, P. Anderson and H. R. Horvitz (2003).
"sup-9, sup-10, and unc-93 may encode components of a two-pore K+ channel
that coordinates muscle contraction in Caenorhabditis elegans." ] Neurosci
23(27):9133-9145.

Delepine, L. and P. Aubineau (1997). "Plasma protein extravasation induced in
the rat dura mater by stimulation of the parasympathetic sphenopalatine
ganglion." Exp Neurol 147(2): 389-400.

Deng, P.Y,, S. K. Poudel, L. Rojanathammanee, |. E. Porter and S. Lei (2007).
"Serotonin inhibits neuronal excitability by activating two-pore domain k+
channels in the entorhinal cortex." Mol Pharmacol 72(1): 208-218.

Denuelle, M., N. Fabre, P. Payoux, F. Chollet and G. Geraud (2007). "Hypothalamic
activation in spontaneous migraine attacks." Headache 47(10): 1418-1426.
Derbyshire, S. W,, A. K. Jones, F. Creed, T. Starz, C. C. Meltzer, D. W. Townsend, A.
M. Peterson and L. Firestone (2002). "Cerebral responses to noxious thermal
stimulation in chronic low back pain patients and normal controls." Neuroimage
16(1): 158-168.

Dib-Hajj, S. D., L. Tyrrell, T. R. Cummins, J. A. Black, P. M. Wood and S. G. Waxman
(1999). "Two tetrodotoxin-resistant sodium channels in human dorsal root
ganglion neurons." FEBS Lett 462(1-2): 117-120.

Dichgans, M., T. Freilinger, G. Eckstein, E. Babini, B. Lorenz-Depiereux, S. Biskup,
M. D. Ferrari, J. Herzog, A. M. van den Maagdenberg, M. Pusch and T. M. Strom
(2005). "Mutation in the neuronal voltage-gated sodium channel SCN1A in
familial hemiplegic migraine." Lancet 366(9483): 371-377.

Diener, H. C,, E. Scholz, ]. Dichgans, W. D. Gerber, A. Jack, A. Bille and U.
Niederberger (1989). "Central effects of drugs used in migraine prophylaxis
evaluated by visual evoked potentials." Ann Neurol 25(2): 125-130.

180



Dincer, Z., ]. Piao, L. Niu, Y. Ganat, S. Kriks, B. Zimmer, S. H. Shi, V. Tabar and L.
Studer (2013). "Specification of functional cranial placode derivatives from
human pluripotent stem cells." Cell Rep 5(5): 1387-1402.

Ding, Q., Y. K. Lee, E. A. Schaefer, D. T. Peters, A. Veres, K. Kim, N. Kuperwasser, D.
L. Motola, T. B. Meissner, W. T. Hendriks, M. Trevisan, R. M. Gupta, A. Moisan, E.
Banks, M. Friesen, R. T. Schinzel, F. Xia, A. Tang, Y. Xia, E. Figueroa, A. Wann, T.
Ahfeldt, L. Daheron, F. Zhang, L. L. Rubin, L. F. Peng, R. T. Chung, K. Musunuru and
C. A. Cowan (2013). "A TALEN genome-editing system for generating human
stem cell-based disease models." Cell Stem Cell 12(2): 238-251.

Dobler, T., A. Springauf, S. Tovornik, M. Weber, A. Schmitt, R. Sedlmeier, E.
Wischmeyer and F. Doring (2007). "TRESK two-pore-domain K+ channels
constitute a significant component of background potassium currents in murine
dorsal root ganglion neurones." ] Physiol 585(Pt 3): 867-879.

Donnelly, C. ], P. W. Zhang, ]. T. Pham, A. R. Haeusler, N. A. Mistry, S. Vidensky, E.
L. Daley, E. M. Poth, B. Hoover, D. M. Fines, N. Maragakis, P. |. Tienari, L.
Petrucellj, B. ]. Traynor, ]. Wang, F. Rigo, C. F. Bennett, S. Blackshaw, R. Sattler and
J. D. Rothstein (2013). "RNA toxicity from the ALS/FTD C90RF72 expansion is
mitigated by antisense intervention.”" Neuron 80(2): 415-428.

Dreier, ]. P, S. Major, A. Manning, ]. Woitzik, C. Drenckhahn, J. Steinbrink, C.
Tolias, A. L. Oliveira-Ferreira, M. Fabricius, J. A. Hartings, P. Vajkoczy, M.
Lauritzen, U. Dirnagl, G. Bohner, A. ]. Strong and C. s. group (2009). "Cortical
spreading ischaemia is a novel process involved in ischaemic damage in patients
with aneurysmal subarachnoid haemorrhage." Brain 132(Pt 7): 1866-1881.
Droste, C. and H. Roskamm (1990). "Pain perception and endogenous pain
modulation in angina pectoris." Adv Cardiol 37: 142-164.

Dussaillant, C., V. Serrano, A. Maiz, S. Eyheramendy, L. R. Cataldo, M. Chavez, S. V.
Smalley, M. Fuentes, A. Rigotti, L. Rubio, C. F. Lagos, ]. A. Martinez and ]. L. Santos
(2012). "APOAS5 Q97X mutation identified through homozygosity mapping
causes severe hypertriglyceridemia in a Chilean consanguineous family." BMC
Med Genet 13: 106.

Dvorak, M. M,, C. De Joussineau, D. H. Carter, T. Pisitkun, M. A. Knepper, G. Gamba,
P.]. Kemp and D. Riccardi (2007). "Thiazide diuretics directly induce osteoblast
differentiation and mineralized nodule formation by interacting with a sodium
chloride co-transporter in bone." ] Am Soc Nephrol 18(9): 2509-2516.

Dykes, I. M., L. Tempest, S. I. Lee and E. E. Turner (2011). "Brn3a and Islet1 act
epistatically to regulate the gene expression program of sensory differentiation."
| Neurosci 31(27): 9789-9799.

Dzhala, V. I, D. M. Talos, D. A. Sdrulla, A. C. Brumback, G. C. Mathews, T. A. Benke,
E. Delpire, F. E. Jensen and K. |. Staley (2005). "NKCC1 transporter facilitates
seizures in the developing brain." Nat Med 11(11): 1205-1213.

Edelmayer, R. M., T. W. Vanderah, L. Majuta, E. T. Zhang, B. Fioravanti, M. De
Felice, J. G. Chichorro, M. H. Ossipov, T. King, |. Lai, S. H. Kori, A. C. Nelsen, K. E.
Cannon, M. M. Heinricher and F. Porreca (2009). "Medullary pain facilitating
neurons mediate allodynia in headache-related pain." Ann Neurol 65(2): 184-
193.

Edvinsson, L. and P. Tfelt-Hansen (2008). "The blood-brain barrier in migraine
treatment." Cephalalgia 28(12): 1245-1258.

Egawa, N,, S. Kitaoka, K. Tsukita, M. Naitoh, K. Takahashi, T. Yamamoto, F. Adachi,
T. Kondo, K. OKita, I. Asaka, T. Aoi, A. Watanabe, Y. Yamada, A. Morizane, J.

181



Takahashi, T. Ayaki, H. Ito, K. Yoshikawa, S. Yamawaki, S. Suzuki, D. Watanabe, H.
Hioki, T. Kaneko, K. Makioka, K. Okamoto, H. Takuma, A. Tamaoka, K. Hasegawa,
T. Nonaka, M. Hasegawa, A. Kawata, M. Yoshida, T. Nakahata, R. Takahashi, M. C.
Marchetto, F. H. Gage, S. Yamanaka and H. Inoue (2012). "Drug screening for ALS
using patient-specific induced pluripotent stem cells." Sci Transl Med 4(145):
145ra104.

Eikermann-Haerter, K., E. Dilekoz, C. Kudo, S. I. Savitz, C. Waeber, M. ]. Baum, M.
D. Ferrari, A. M. van den Maagdenberg, M. A. Moskowitz and C. Ayata (2009).
"Genetic and hormonal factors modulate spreading depression and transient
hemiparesis in mouse models of familial hemiplegic migraine type 1." ] Clin
Invest 119(1): 99-109.

Eising, E., B. de Vries, M. D. Ferrari, G. M. Terwindt and A. M. van den
Maagdenberg (2013). "Pearls and pitfalls in genetic studies of migraine."
Cephalalgia 33(8): 614-625.

Eising, E., A. D. N, A. M. van den Maagdenberg and M. D. Ferrari (2013).
"Epigenetic mechanisms in migraine: a promising avenue?" BMC Med 11: 26.
Emdad, L., S. L. D'Souza, H. P. Kothari, Z. A. Qadeer and I. M. Germano (2012).
"Efficient differentiation of human embryonic and induced pluripotent stem cells
into functional astrocytes." Stem Cells Dev 21(3): 404-410.

Enyedi, P. and G. Czirjak (2010). "Molecular background of leak K+ currents:
two-pore domain potassium channels." Physiol Rev 90(2): 559-605.

Fang, X., L. Djouhri, S. McMullan, C. Berry, K. Okuse, S. G. Waxman and S. N.
Lawson (2005). "trkA is expressed in nociceptive neurons and influences
electrophysiological properties via Nav1.8 expression in rapidly conducting
nociceptors." ] Neurosci 25(19): 4868-4878.

Fedtsova, N., R. Perris and E. E. Turner (2003). "Sonic hedgehog regulates the
position of the trigeminal ganglia." Dev Biol 261(2): 456-469.

Ferrari, M. D., P. ]. Goadsby, K. I. Roon and R. B. Lipton (2002). "Triptans
(serotonin, 5-HT1B/1D agonists) in migraine: detailed results and methods of a
meta-analysis of 53 trials." Cephalalgia 22(8): 633-658.

Ferrari MD, G. P. (2006). "Migraine as a cerebral ionopathy with abnormal
central sensory processing." Neurobiology of Disease: 333-348.

Fink, M., F. Duprat, F. Lesage, R. Reyes, G. Romey, C. Heurteaux and M. Lazdunski
(1996). "Cloning, functional expression and brain localization of a novel
unconventional outward rectifier K+ channel." EMBO ] 15(24): 6854-6862.
Fioravanti, B., A. Kasasbeh, R. Edelmayer, D. P. Skinner, Jr., ]. A. Hartings, R. D.
Burklund, M. De Felice, E. D. French, G. O. Dussor, D. W. Dodick, F. Porreca and T.
W. Vanderah (2011). "Evaluation of cutaneous allodynia following induction of
cortical spreading depression in freely moving rats.” Cephalalgia 31(10): 1090-
1100.

Flavell, S. W., C. W. Cowan, T. K. Kim, P. L. Greer, Y. Lin, S. Paradis, E. C. Griffith, L.
S. Hu, C. Chen and M. E. Greenberg (2006). "Activity-dependent regulation of
MEF?2 transcription factors suppresses excitatory synapse number." Science
311(5763): 1008-1012.

Fong, H., C. Wang, ]. Knoferle, D. Walker, M. E. Balestra, L. M. Tong, L. Leung, K. L.
Ring, W. W. Seeley, A. Karydas, M. A. Kshirsagar, A. L. Boxer, K. S. Kosik, B. L.
Miller and Y. Huang (2013). "Genetic correction of tauopathy phenotypes in
neurons derived from human induced pluripotent stem cells.” Stem Cell Reports
1(3): 226-234.

182



Franck, M. C,, A. Stenqvist, L. Li, ]. Hao, D. Usoskin, X. Xu, Z. Wiesenfeld-Hallin and
P. Ernfors (2011). "Essential role of Ret for defining non-peptidergic nociceptor
phenotypes and functions in the adult mouse." Eur ] Neurosci 33(8): 1385-1400.
Freilinger, T., V. Anttila, B. de Vries, R. Malik, M. Kallela, G. M. Terwindt, P. Pozo-
Rosich, B. Winsvold, D. R. Nyholt, W. P. van Oosterhout, V. Artto, U. Todt, E.
Hamalainen, J. Fernandez-Morales, M. A. Louter, M. A. Kaunisto, ]. Schoenen, O.
Raitakari, T. Lehtimaki, M. Vila-Pueyo, H. Gobel, E. Wichmann, C. Sintas, A. G.
Uitterlinden, A. Hofman, F. Rivadeneira, A. Heinze, E. Tronvik, C. M. van Duijn, J.
Kaprio, B. Cormand, M. Wessman, R. R. Frants, T. Meitinger, B. Muller-Myhsok, J.
A. Zwart, M. Farkkila, A. Macaya, M. D. Ferrari, C. Kubisch, A. Palotie, M. Dichgans,
A. M. van den Maagdenberg and C. International Headache Genetics (2012).
"Genome-wide association analysis identifies susceptibility loci for migraine
without aura." Nat Genet 44(7): 777-782.

Gagnon, M., M. |. Bergeron, G. Lavertu, A. Castonguay, S. Tripathy, R. P. Bonin, J.
Perez-Sanchez, D. Boudreau, B. Wang, L. Dumas, . Valade, K. Bachand, M. Jacob-
Wagner, C. Tardif, I. Kianicka, P. Isenring, G. Attardo, J. A. Coull and Y. De Koninck
(2013). "Chloride extrusion enhancers as novel therapeutics for neurological
diseases." Nat Med 19(11): 1524-1528.

Gamba, G. (2009). "The thiazide-sensitive Na+-Cl- cotransporter: molecular
biology, functional properties, and regulation by WNKs." Am | Physiol Renal
Physiol 297(4): F838-848.

Garcia-Castro, M. I, C. Marcelle and M. Bronner-Fraser (2002). "Ectodermal Wnt
function as a neural crest inducer." Science 297(5582): 848-851.

Gascon, E,, S. Gaillard, P. Malapert, Y. Liu, L. Rodat-Despoix, I. M. Samokhvalov, P.
Delmas, F. Helmbacher, F. Maina and A. Moqrich (2010). "Hepatocyte growth
factor-Met signaling is required for Runx1 extinction and peptidergic
differentiation in primary nociceptive neurons." ]| Neurosci 30(37): 12414-
12423.

Giffin, N. ]., L. Ruggiero, R. B. Lipton, S. D. Silberstein, |. F. Tvedskov, ]. Olesen, ].
Altman, P.]. Goadsby and A. Macrae (2003). "Premonitory symptoms in
migraine: an electronic diary study." Neurology 60(6): 935-940.

Glover, M., A. M. Zuber and K. M. O'Shaughnessy (2009). "Renal and brain
isoforms of WNK3 have opposite effects on NCCT expression." ] Am Soc Nephrol
20(6): 1314-1322.

Goadsby, P.]. (2012). "Pathophysiology of migraine." Ann Indian Acad Neurol
15(Suppl 1): S15-22.

Goder, R,, G. Fritzer, A. Kapsokalyvas, P. Kropp, U. Niederberger, H. Strenge, W. D.
Gerber and |. B. Aldenhoff (2001). "Polysomnographic findings in nights
preceding a migraine attack." Cephalalgia 21(1): 31-37.

Goldman, D. E. (1943). "Potential, Impedance, and Rectification in Membranes." |
Gen Physiol 27(1): 37-60.

Goldstein, S. A, D. A. Bayliss, D. Kim, F. Lesage, L. D. Plant and S. Rajan (2005).
"International Union of Pharmacology. LV. Nomenclature and molecular
relationships of two-P potassium channels." Pharmacol Rev 57(4): 527-540.
Goldstein, S. A, D. Bockenhauer, I. O'Kelly and N. Zilberberg (2001). "Potassium
leak channels and the KCNK family of two-P-domain subunits." Nat Rev Neurosci
2(3):175-184.

Goldstein, S. A, L. A. Price, D. N. Rosenthal and M. H. Pausch (1996). "ORK1, a
potassium-selective leak channel with two pore domains cloned from Drosophila

183



melanogaster by expression in Saccharomyces cerevisiae." Proc Natl Acad Sci U S
A 93(23): 13256-13261.

Gonzalez, F., S. Boue and ]. C. Izpisua Belmonte (2011). "Methods for making
induced pluripotent stem cells: reprogramming a la carte." Nat Rev Genet 12(4):
231-242.

Greco, R., A. S. Mangione, G. Sandrini, M. Maccarrone, G. Nappi and C. Tassorelli
(2011). "Effects of anandamide in migraine: data from an animal model." |
Headache Pain 12(2): 177-183.

Greengard, P., P. B. Allen and A. C. Nairn (1999). "Beyond the dopamine receptor:
the DARPP-32/protein phosphatase-1 cascade." Neuron 23(3): 435-447.
Greenspan, J. D., R. M. Craft, L. LeResche, L. Arendt-Nielsen, K. ]. Berkley, R. B.
Fillingim, M. S. Gold, A. Holdcroft, S. Lautenbacher, E. A. Mayer, ]. S. Mogil, A. Z.
Murphy, R. ]. Traub, G. Consensus Working Group of the Sex and S. I. G. o. t. . Pain
(2007). "Studying sex and gender differences in pain and analgesia: a consensus
report.”" Pain 132 Suppl 1: S26-45.

Guo, Z.and Y. Q. Cao (2014). "Over-expression of TRESK K(+) channels reduces
the excitability of trigeminal ganglion nociceptors." PLoS One 9(1): e87029.

Guo, Z., P. Liy, F. Ren and Y. Q. Cao (2014). "Non-migraine associated TRESK K+
channel variant C110R does not increase the excitability of trigeminal ganglion
neurons." ] Neurophysiol.

Hackam, D. G. and D. A. Redelmeier (2006). "Translation of research evidence
from animals to humans." JAMA 296(14): 1731-1732.

Hadjikhani, N., M. Sanchez Del Rio, 0. Wu, D. Schwartz, D. Bakker, B. Fischl, K. K.
Kwong, F. M. Cutrer, B. R. Rosen, R. B. Tootell, A. G. Sorensen and M. A. Moskowitz
(2001). "Mechanisms of migraine aura revealed by functional MRI in human
visual cortex." Proc Natl Acad Sci U S A 98(8): 4687-4692.

Hansen, A.]. and T. Zeuthen (1981). "Extracellular ion concentrations during
spreading depression and ischemia in the rat brain cortex." Acta Physiol Scand
113(4): 437-445.

Hansen, J. M,, L. L. Thomsen, ]. Olesen and M. Ashina (2008). "Calcitonin gene-
related peptide does not cause the familial hemiplegic migraine phenotype."
Neurology 71(11): 841-847.

Hartfield, E. M., M. Yamasaki-Mann, H. J. Ribeiro Fernandes, ]. Vowles, W. S.
James, S. A. Cowley and R. Wade-Martins (2014). "Physiological characterisation
of human iPS-derived dopaminergic neurons." PLoS One 9(2): e87388.
Hasbargen, T., M. M. Ahmed, G. Miranpuri, L. Li, K. T. Kahle, D. Resnick and D. Sun
(2010). "Role of NKCC1 and KCC2 in the development of chronic neuropathic
pain following spinal cord injury.” Ann N Y Acad Sci 1198: 168-172.

Hattori, S., F. Murakami and W. J. Song (2003). "Rundown of a transient
potassium current is attributable to changes in channel voltage dependence.”
Synapse 48(2): 57-65.

Headache Classification Committee of the International Headache, S. (2013).
"The International Classification of Headache Disorders, 3rd edition (beta
version)." Cephalalgia 33(9): 629-808.

Headache Classification Subcommittee of the International Headache, S. (2004).
"The International Classification of Headache Disorders: 2nd edition."
Cephalalgia 24 Suppl 1: 9-160.

Hebert, S. C., D. B. Mount and G. Gamba (2004). "Molecular physiology of cation-
coupled Cl- cotransport: the SLC12 family." Pflugers Arch 447(5): 580-593.

184



Hervieu, G. ], J. E. Cluderay, C. W. Gray, P.]. Green, |. L. Ranson, A. D. Randall and
H.]. Meadows (2001). "Distribution and expression of TREK-1, a two-pore-
domain potassium channel, in the adult rat CNS." Neuroscience 103(4): 899-919.
Higurashi, N., T. Uchida, C. Lossin, Y. Misumi, Y. Okada, W. Akamatsu, Y. Imaizumi,
B. Zhang, K. Nabeshima, M. X. Mori, S. Katsurabayashi, Y. Shirasaka, H. Okano and
S. Hirose (2013). "A human Dravet syndrome model from patient induced
pluripotent stem cells." Mol Brain 6: 19.

Hoffmann, J., W. Supronsinchai, A. P. Andreou, O. Summ, S. Akerman and P. .
Goadsby (2012). "Olvanil acts on transient receptor potential vanilloid channel 1
and cannabinoid receptors to modulate neuronal transmission in the
trigeminovascular system." Pain 153(11): 2226-2232.

Holland, P. R,, S. Akerman, A. P. Andreou, N. Karsan, J]. A. Wemmie and P. J.
Goadsby (2012). "Acid-sensing ion channel 1: a novel therapeutic target for
migraine with aura." Ann Neurol 72(4): 559-563.

Holstege, G. and H. G. Kuypers (1982). "The anatomy of brain stem pathways to
the spinal cord in cat. A labeled amino acid tracing study." Prog Brain Res 57:
145-175.

Holt, A. G., M. Asako, R. K. Duncan, C. A. Lomax, ]J. M. Juiz and R. A. Altschuler
(2006). "Deafness associated changes in expression of two-pore domain
potassium channels in the rat cochlear nucleus." Hear Res 216-217: 146-153.
Hoorn, E. ., S. B. Walsh, . A. McCormick, A. Furstenberg, C. L. Yang, T. Roeschel, A.
Paliege, A. ]. Howie, ]. Conley, S. Bachmann, R. J. Unwin and D. H. Ellison (2011).
"The calcineurin inhibitor tacrolimus activates the renal sodium chloride
cotransporter to cause hypertension.”" Nat Med 17(10): 1304-1309.

Horai, S., S. Nakagawa, K. Tanaka, Y. Morofuji, P. 0. Couraud, M. A. Deli, M. Ozawa
and M. Niwa (2013). "Cilostazol strengthens barrier integrity in brain endothelial
cells." Cell Mol Neurobiol 33(2): 291-307.

Hou, Z., Y. Zhang, N. E. Propson, S. E. Howden, L. F. Chu, E. ]. Sontheimer and J. A.
Thomson (2013). "Efficient genome engineering in human pluripotent stem cells
using Cas9 from Neisseria meningitidis." Proc Natl Acad Sci U S A 110(39):
15644-15649.

Hsieh, ]. C., M. Stahle-Backdahl, O. Hagermark, S. Stone-Elander, G. Rosenquist
and M. Ingvar (1996). "Traumatic nociceptive pain activates the hypothalamus
and the periaqueductal gray: a positron emission tomography study." Pain
64(2): 303-314.

Hu, B.Y,, J. P. Weick, ]. Yu, L. X. Ma, X. Q. Zhang, J. A. Thomson and S. C. Zhang
(2010). "Neural differentiation of human induced pluripotent stem cells follows
developmental principles but with variable potency." Proc Natl Acad SciU S A
107(9): 4335-4340.

Huy, F.,, Q. Wang, P. Wang, W. Wang, W. Qian, H. Xiao and L. Wang (2012). "17beta-
Estradiol regulates the gene expression of voltage-gated sodium channels: role of
estrogen receptor alpha and estrogen receptor beta." Endocrine 41(2): 274-280.
Huy, S.]., X. ]. Song, K. W. Greenquist, J. M. Zhang and R. H. LaMotte (2001).
"Protein kinase A modulates spontaneous activity in chronically compressed
dorsal root ganglion neurons in the rat." Pain 94(1): 39-46.

Huang, X., ]. McMahon, |. Yang, D. Shin and Y. Huang (2012). "Rapamycin down-
regulates KCC2 expression and increases seizure susceptibility to convulsants in
immature rats." Neuroscience 219: 33-47.

185



Hullugundi, S. K., A. Ansuini, M. D. Ferrari, A. M. van den Maagdenberg and A.
Nistri (2014). "A hyperexcitability phenotype in mouse trigeminal sensory
neurons expressing the R192Q Cacnala missense mutation of familial
hemiplegic migraine type-1." Neuroscience 266: 244-254.

Humphrey, P. P, W. Feniuk, M. ]. Perren, . ]. Beresford, M. Skingle and E. T.
Whalley (1990). "Serotonin and migraine." Ann N Y Acad Sci 600: 587-598;
discussion 598-600.

Hunter, R. W,, E. Craigie, N. Z. Homer, ]. ]. Mullins and M. A. Bailey (2014). "Acute
inhibition of NCC does not activate distal electrogenic Na+ reabsorption or
kaliuresis." Am ] Physiol Renal Physiol 306(4): F457-467.

Hur, C. G, C. Choe, G. T. Kim, S. K. Cho, ]. Y. Park, S. G. Hong, ]. Han and D. Kang
(2009). "Expression and localization of two-pore domain K(+) channels in bovine
germ cells." Reproduction 137(2): 237-244.

Ingvardsen, B. K., H. Laursen, U. B. Olsen and A. ]. Hansen (1997). "Possible
mechanism of c-fos expression in trigeminal nucleus caudalis following cortical
spreading depression.” Pain 72(3): 407-415.

Jaenisch, N., 0. W. Witte and C. Frahm (2010). "Downregulation of potassium
chloride cotransporter KCC2 after transient focal cerebral ischemia." Stroke
41(3): e151-159.

Jansen, L., L. Edvinsson, A. Mortensen and J. Olesen (1992). "Sumatriptan is a
potent vasoconstrictor of human dural arteries via a 5-HT1-like receptor.”
Cephalalgia 12(4): 202-205.

Jen,]. C., J. Wan, T. P. Palos, B. D. Howard and R. W. Baloh (2005). "Mutation in the
glutamate transporter EAAT1 causes episodic ataxia, hemiplegia, and seizures."
Neurology 65(4): 529-534.

Jiang, H., Y. Ren, E. Y. Yuen, P. Zhong, M. Ghaedi, Z. Hu, G. Azabdaftari, K. Nakaso,
Z.Yan and |. Feng (2012). "Parkin controls dopamine utilization in human
midbrain dopaminergic neurons derived from induced pluripotent stem cells."
Nat Commun 3: 668.

Jiang, M. and M. M. Behbehani (2001). "Physiological characteristics of the
projection pathway from the medial preoptic to the nucleus raphe magnus of the
rat and its modulation by the periaqueductal gray." Pain 94(2): 139-147.

Joon Kim, S. and Y. E. Earm (2006). "Dual conductance mode of the TREK-1
channel: a hidden track to mechanoelectric regulation in the heart?" Cardiovasc
Res 69(1): 13-14.

Kahlig, K. M., T. H. Rhodes, M. Pusch, T. Freilinger, ]. M. Pereira-Monteiro, M. D.
Ferrari, A. M. van den Maagdenberg, M. Dichgans and A. L. George, Jr. (2008).
"Divergent sodium channel defects in familial hemiplegic migraine." Proc Natl
Acad Sci U S A 105(28): 9799-9804.

Kang, D., C. Choe and D. Kim (2005). "Thermosensitivity of the two-pore domain
K+ channels TREK-2 and TRAAK." ] Physiol 564(Pt 1): 103-116.

Kang, D., ]J. Han, E. M. Talley, D. A. Bayliss and D. Kim (2004). "Functional
expression of TASK-1/TASK-3 heteromers in cerebellar granule cells." ] Physiol
554 (Pt 1): 64-77.

Kang, D. and D. Kim (2006). "TREK-2 (K2P10.1) and TRESK (K2P18.1) are major
background K+ channels in dorsal root ganglion neurons.”" Am ] Physiol Cell
Physiol 291(1): C138-146.

186



Kang, D, G. T. Kim, E.]. Kim, J. H. La, ]. S. Lee, E. S. Lee, ]. Y. Park, S. G. Hong and |.
Han (2008). "Lamotrigine inhibits TRESK regulated by G-protein coupled
receptor agonists." Biochem Biophys Res Commun 367(3): 609-615.

Kang, D., E. Mariash and D. Kim (2004). "Functional expression of TRESK-2, a
new member of the tandem-pore K+ channel family." | Biol Chem 279(27):
28063-28070.

Karatas, H., S. E. Erdener, Y. Gursoy-Ozdemir, S. Lule, E. Eren-Kocak, Z. D. Sen and
T. Dalkara (2013). "Spreading depression triggers headache by activating
neuronal Panx1 channels." Science 339(6123): 1092-1095.

Karumbayaram, S., B. G. Novitch, M. Patterson, ]. A. Umbach, L. Richter, A.
Lindgren, A. E. Conway, A. T. Clark, S. A. Goldman, K. Plath, M. Wiedau-Pazos, H. I.
Kornblum and W. E. Lowry (2009). "Directed differentiation of human-induced
pluripotent stem cells generates active motor neurons." Stem Cells 27(4): 806-
811.

Kaube, H., K. L. Hoskin and P. ]. Goadsby (1993). "Inhibition by sumatriptan of
central trigeminal neurones only after blood-brain barrier disruption.” Br |
Pharmacol 109(3): 788-792.

Keller, M. F,, M. Saad, ]. Bras, F. Bettella, N. Nicolaou, J. Simon-Sanchez, F. Mittag,
F. Buchel, M. Sharma, ]. R. Gibbs, C. Schulte, V. Moskvina, A. Durr, P. Holmans, L. L.
Kilarski, R. Guerreiro, D. G. Hernandez, A. Brice, P. Ylikotila, H. Stefansson, K.
Majamaa, H. R. Morris, N. Williams, T. Gasser, P. Heutink, N. W. Wood, ]. Hardy, M.
Martinez, A. B. Singleton, M. A. Nalls, C. International Parkinson's Disease
Genomics and C. Wellcome Trust Case Control (2012). "Using genome-wide
complex trait analysis to quantify 'missing heritability' in Parkinson's disease."
Hum Mol Genet 21(22): 4996-50009.

Kelman, L. (2007). "The triggers or precipitants of the acute migraine attack."
Cephalalgia 27(5): 394-402.

Kelsh, R. N. (2006). "Sorting out Sox10 functions in neural crest development.”
Bioessays 28(8): 788-798.

Keshavaprasad, B., C. Liu, ]. D. Au, C. H. Kindler, J. F. Cotten and C. S. Yost (2005).
"Species-specific differences in response to anesthetics and other modulators by
the K2P channel TRESK." Anesth Analg 101(4): 1042-1049, table of contents.
Kim, G. T., Y. W. Cho, H. M. Tak, ]. S. Lee, E. ]. Kim, J. Han and D. Kang (2012). "Age-
related changes in two-pore domain acid-sensitive K(+) channel expression in
rat dorsal root ganglion neurons." Clin Exp Pharmacol Physiol 39(1): 43-48.
Kim, J., L. Lo, E. Dormand and D. J. Anderson (2003). "SOX10 maintains
multipotency and inhibits neuronal differentiation of neural crest stem cells.”
Neuron 38(1): 17-31.

Kim, K., A. Doi, B. Wen, K. Ng, R. Zhao, P. Cahan, J. Kim, M. |. Aryee, H. Ji, L. L.
Ehrlich, A. Yabuuchi, A. Takeuchi, K. C. Cunniff, H. Hongguang, S. McKinney-
Freeman, O. Naveiras, T.]. Yoon, R. A. Irizarry, N. Jung, ]. Seita, ]. Hanna, P.
Murakami, R. Jaenisch, R. Weissleder, S. H. Orkin, I. L. Weissman, A. P. Feinberg
and G. Q. Daley (2010). "Epigenetic memory in induced pluripotent stem cells."
Nature 467(7313): 285-290.

Kitao, Y., B. Robertson, M. Kudo and G. Grant (1996). "Neurogenesis of
subpopulations of rat lumbar dorsal root ganglion neurons including neurons
projecting to the dorsal column nuclei." ] Comp Neurol 371(2): 249-257.

187



Kleber, M., H. Y. Lee, H. Wurdak, ]. Buchstaller, M. M. Riccomagno, L. M. Ittner, U.
Suter, D. J. Epstein and L. Sommer (2005). "Neural crest stem cell maintenance
by combinatorial Wnt and BMP signaling." ] Cell Biol 169(2): 309-320.

Knight, Y. E. and P. ]. Goadsby (2001). "The periaqueductal grey matter
modulates trigeminovascular input: a role in migraine?" Neuroscience 106(4):
793-800.

Kobayashi, M., M. Nakano, Y. Atobe, T. Kadota and K. Funakoshi (2011). "Islet-1
expression in thoracic spinal motor neurons in prenatal mouse." Int ] Dev
Neurosci 29(7): 749-756.

Kondo, T., M. Asai, K. Tsukita, Y. Kutoku, Y. Ohsawa, Y. Sunada, K. Imamura, N.
Egawa, N. Yahata, K. Okita, K. Takahashi, I. Asaka, T. Aoi, A. Watanabe, K.
Watanabe, C. Kadoya, R. Nakano, D. Watanabe, K. Maruyama, O. Hori, S. Hibino, T.
Choshi, T. Nakahata, H. Hioki, T. Kaneko, M. Naitoh, K. Yoshikawa, S. Yamawaki, S.
Suzuki, R. Hata, S. Ueno, T. Seki, K. Kobayashi, T. Toda, K. Murakami, K. Irie, W. L.
Klein, H. Mori, T. Asada, R. Takahashi, N. Iwata, S. Yamanaka and H. Inoue (2013).
"Modeling Alzheimer's disease with iPSCs reveals stress phenotypes associated
with intracellular Abeta and differential drug responsiveness." Cell Stem Cell
12(4): 487-496.

Kovalevich, ]. and D. Langford (2013). "Considerations for the use of SH-SY5Y
neuroblastoma cells in neurobiology." Methods Mol Biol 1078: 9-21.

Kreitzer, F. R., N. Salomonis, A. Sheehan, M. Huang, J. S. Park, M. |. Spindler, P.
Lizarraga, W. A. Weiss, P. L. So and B. R. Conklin (2013). "A robust method to
derive functional neural crest cells from human pluripotent stem cells." Am ]
Stem Cells 2(2): 119-131.

Lafreniere, R. G., M. Z. Cader, |. F. Poulin, I. Andres-Enguix, M. Simoneau, N. Gupta,
K. Boisvert, F. Lafreniere, S. McLaughlan, M. P. Dube, M. M. Marcinkiewicz, S.
Ramagopalan, O. Ansorge, B. Brais, . Sequeiros, J. M. Pereira-Monteiro, L. R.
Griffiths, S. ]. Tucker, G. Ebers and G. A. Rouleau (2010). "A dominant-negative
mutation in the TRESK potassium channel is linked to familial migraine with
aura." Nat Med 16(10): 1157-1160.

Lafreniere, R. G. and G. A. Rouleau (2011). "Migraine: Role of the TRESK two-pore
potassium channel." Int | Biochem Cell Biol 43(11): 1533-1536.

Lambert, G. A, L. Truong and A. S. Zagami (2011). "Effect of cortical spreading
depression on basal and evoked traffic in the trigeminovascular sensory system."
Cephalalgia 31(14): 1439-1451.

Lancaster, M. A,, M. Renner, C. A. Martin, D. Wenzel, L. S. Bicknell, M. E. Hurles, T.
Homfray, ]. M. Penninger, A. P. Jackson and ]. A. Knoblich (2013). "Cerebral
organoids model human brain development and microcephaly." Nature
501(7467): 373-379.

Lanfranconi, S. and H. S. Markus (2010). "COL4A1 mutations as a monogenic
cause of cerebral small vessel disease: a systematic review." Stroke 41(8): e513-
518.

Lashley, K. S. (1941). "Patterns of cerebral integration indicated by the scotomas
of migraine." Arch NeurPsych 46(2): 331-339.

Lassen, L. H., P. A. Haderslev, V. B. Jacobsen, H. K. Iversen, B. Sperling and ].
Olesen (2002). "CGRP may play a causative role in migraine." Cephalalgia 22(1):
54-61.

188



Lassen, L. H,, L. L. Thomsen and ]. Olesen (1995). "Histamine induces migraine
via the H1-receptor. Support for the NO hypothesis of migraine." Neuroreport
6(11): 1475-1479.

Lauf, P. K, A. A. Chimote and N. C. Adragna (2008). "Lithium fluxes indicate
presence of Na-Cl cotransport (NCC) in human lens epithelial cells." Cell Physiol
Biochem 21(5-6): 335-346.

Law, C.,, D. Bunyan, B. Castle, L. Day, I. Simpson, G. Westwood and B. Keeton
(2006). "Clinical features in a family with an R460H mutation in transforming
growth factor beta receptor 2 gene." ] Med Genet 43(12): 908-916.

Leao, A. A. (1944). "Pial circulation and spreading depression of activity in the
cerebral cortex." ]. Neurophysiol 7: 391-396.

Leao, A. A. (1944). "Spreading depression of activity in the cerebral cortex." ].
Neurophysiol 7: 359-390.

Leao, A. A. (1945). "Propagation of spreading cortical depression." ].
Neurophysiol 8: 33-45.

Leao, A. A. (1947). "Further observations on the spreading depression of activity
in the cerebral cortex." | Neurophysiol 10(6): 409-414.

Ledeganck, K. ], G. A. Boulet, C. A. Horvath, M. Vincky, |. ]. Bogers, R. Van Den
Bossche, G. A. Verpooten and B. Y. De Winter (2011). "Expression of renal distal
tubule transporters TRPM6 and NCC in a rat model of cyclosporine
nephrotoxicity and effect of EGF treatment." Am ] Physiol Renal Physiol 301(3):
F486-493.

Lee, G., H. Kim, Y. Elkabetz, G. Al Shamy, G. Panagiotakos, T. Barberi, V. Tabar and
L. Studer (2007). "Isolation and directed differentiation of neural crest stem cells
derived from human embryonic stem cells." Nat Biotechnol 25(12): 1468-1475.
Lee, Y. H, Y. Aoki, C. S. Hong, N. Saint-Germain, C. Credidio and ]. P. Saint-Jeannet
(2004). "Early requirement of the transcriptional activator Sox9 for neural crest
specification in Xenopus." Dev Biol 275(1): 93-103.

Lennertz, R. C., M. Tsunozaki, D. M. Bautista and C. L. Stucky (2010).
"Physiological basis of tingling paresthesia evoked by hydroxy-alpha-sanshool." |
Neurosci 30(12): 4353-4361.

Leo, L., L. Gherardini, V. Barone, M. De Fusco, D. Pietrobon, T. Pizzorusso and G.
Casari (2011). "Increased susceptibility to cortical spreading depression in the
mouse model of familial hemiplegic migraine type 2." PLoS Genet 7(6):
e1002129.

Lesage, F., E. Guillemare, M. Fink, F. Duprat, M. Lazdunski, G. Romey and J.
Barhanin (1996). "TWIK-1, a ubiquitous human weakly inward rectifying K+
channel with a novel structure." EMBO ] 15(5): 1004-1011.

Levy, D. (2012). "Endogenous mechanisms underlying the activation and
sensitization of meningeal nociceptors: the role of immuno-vascular interactions
and cortical spreading depression." Curr Pain Headache Rep 16(3): 270-277.
Levy, D., X. C. Zhang, M. Jakubowski and R. Burstein (2008). "Sensitization of
meningeal nociceptors: inhibition by naproxen." Eur | Neurosci 27(4): 917-922.
Levy, R. A. (1977). "The role of GABA in primary afferent depolarization." Prog
Neurobiol 9(4): 211-267.

Li, H.,, M. Collado, A. Villasante, K. Strati, S. Ortega, M. Canamero, M. A. Blasco and
M. Serrano (2009). "The Ink4/Arf locus is a barrier for iPS cell reprogramming.”
Nature 460(7259): 1136-1139.

189



Liapis, H., M. Nag and D. M. Kaji (1998). "K-Cl cotransporter expression in the
human kidney." Am ] Physiol 275(6 Pt 1): C1432-1437.

Ligthart, L., B. de Vries, A. V. Smith, M. A. Ikram, N. Amin, ]. ]. Hottenga, S. C.
Koelewijn, V. M. Kattenberg, M. H. de Moor, A. C. Janssens, Y. S. Aulchenko, B. A.
Oostra, E. J. de Geus, J. H. Smit, F. G. Zitman, A. G. Uitterlinden, A. Hofman, G.
Willemsen, D. R. Nyholt, G. W. Montgomery, G. M. Terwindt, V. Gudnason, B. W.
Penninx, M. Breteler, M. D. Ferrari, L. . Launer, C. M. van Duijn, A. M. van den
Maagdenberg and D. I. Boomsma (2011). "Meta-analysis of genome-wide
association for migraine in six population-based European cohorts." Eur ] Hum
Genet 19(8): 901-907.

Lin, H. Y, X. F. Wang, E. Ng-Eaton, R. A. Weinberg and H. F. Lodish (1992).
"Expression cloning of the TGF-beta type Il receptor, a functional
transmembrane serine/threonine kinase." Cell 68(4): 775-785.

Lippmann, E. S, S. M. Azarin, ]. E. Kay, R. A. Nessler, H. K. Wilson, A. Al-Ahmad, S.
P. Palecek and E. V. Shusta (2012). "Derivation of blood-brain barrier endothelial
cells from human pluripotent stem cells." Nat Biotechnol 30(8): 783-791.
Lipton, R. B., M. E. Bigal, K. Kolodner, W. F. Stewart, ]. N. Liberman and T. J.
Steiner (2003). "The family impact of migraine: population-based studies in the
USA and UK." Cephalalgia 23(6): 429-440.

Lipton, R. B. and W. F. Stewart (1997). "Prevalence and impact of migraine."
Neurol Clin 15(1): 1-13.

Lipton, R. B., W. F. Stewart and D. Simon (1998). "Medical consultation for
migraine: results from the American Migraine Study." Headache 38(2): 87-96.
Lipton, R. B., W. F. Stewart and M. Von Korff (1995). "Migraine impact and
functional disability." Cephalalgia 15 Suppl 15: 4-9.

Liu, C., ]J. D. Au, H. L. Zou, ]. F. Cotten and C. S. Yost (2004). "Potent activation of
the human tandem pore domain K channel TRESK with clinical concentrations of
volatile anesthetics." Anesth Analg 99(6): 1715-1722, table of contents.

Liu, M. G. and J. Chen (2009). "Roles of the hippocampal formation in pain
information processing." Neurosci Bull 25(5): 237-266.

Liu, P,, Z. Xiao, F. Ren, Z. Guo, Z. Chen, H. Zhao and Y. Q. Cao (2013). "Functional
Analysis of a Migraine-Associated TRESK K+ Channel Mutation." ] Neurosci
33(31): 12810-12824.

Liu, Q., S. C. Spusta, R. Mj, R. N. Lassiter, M. R. Stark, A. Hoke, M. S. Rao and X. Zeng
(2012). "Human neural crest stem cells derived from human ESCs and induced
pluripotent stem cells: induction, maintenance, and differentiation into
functional schwann cells." Stem Cells Transl Med 1(4): 266-278.

Liu, Q., J. Trotter, ]. Zhang, M. M. Peters, H. Cheng, ]. Bao, X. Han, E. ]. Weeber and
G. Bu (2010). "Neuronal LRP1 knockout in adult mice leads to impaired brain
lipid metabolism and progressive, age-dependent synapse loss and
neurodegeneration.” | Neurosci 30(50): 17068-17078.

Liu, Z., ]. Xie, T. Wu, T. Truong, R. ]. Auchus and C. L. Huang (2011).
"Downregulation of NCC and NKCC2 cotransporters by kidney-specific WNK1
revealed by gene disruption and transgenic mouse models." Hum Mol Genet
20(5): 855-866.

Loffing, ], V. Vallon, D. Loffing-Cueni, F. Aregger, K. Richter, L. Pietri, M. Bloch-
Faure, ]. G. Hoenderop, G. E. Shull, P. Meneton and B. Kaissling (2004). "Altered
renal distal tubule structure and renal Na(+) and Ca(2+) handling in a mouse
model for Gitelman's syndrome." ] Am Soc Nephrol 15(9): 2276-2288.

190



Lopez de Armentia, M., C. Cabanes and C. Belmonte (2000). "Electrophysiological
properties of identified trigeminal ganglion neurons innervating the cornea of
the mouse." Neuroscience 101(4): 1109-1115.

Lorincz, M. T. (2005). "Embryonic stem cell models of CAG repeat disease."
Cerebellum 4(1): 25-30.

Luo, L., M. Kawakatsu, C. W. Guo, Y. Urata, W. ]. Huang, H. Alj, H. Doj, Y. Kitajima,
T. Tanaka, S. Goto, Y. Ono, H. B. Xin, K. Hamano and T. S. Li (2014). "Effects of
antioxidants on the quality and genomic stability of induced pluripotent stem
cells." Sci Rep 4: 3779.

Luo, T., M. Matsuo-Takasaki, M. L. Thomas, D. L. Weeks and T. D. Sargent (2002).
"Transcription factor AP-2 is an essential and direct regulator of epidermal
development in Xenopus." Dev Biol 245(1): 136-144.

Ma, C., K. W. Greenquist and R. H. Lamotte (2006). "Inflammatory mediators
enhance the excitability of chronically compressed dorsal root ganglion
neurons.” | Neurophysiol 95(4): 2098-2107.

Ma, C. and R. H. LaMotte (2005). "Enhanced excitability of dissociated primary
sensory neurons after chronic compression of the dorsal root ganglion in the
rat." Pain 113(1-2): 106-112.

Maier, H. (1926). "L'ergotamine, inhibiteur du sympathique etudie en clique,
comme moyen d'exploration e comme agent therapeutique.” Rev Neurol 33: 66-
68.

Maingret, F., I. Lauritzen, A. ]. Patel, C. Heurteaux, R. Reyes, F. Lesage, M.
Lazdunski and E. Honore (2000). "TREK-1 is a heat-activated background K(+)
channel." EMBO ] 19(11): 2483-2491.

Maingret, F., A. ]. Patel, F. Lesage, M. Lazdunski and E. Honore (2000).
"Lysophospholipids open the two-pore domain mechano-gated K(+) channels
TREK-1 and TRAAK." ] Biol Chem 275(14): 10128-10133.

Malick, A., M. Jakubowski, . K. EImquist, C. B. Saper and R. Burstein (2001). "A
neurohistochemical blueprint for pain-induced loss of appetite." Proc Natl Acad
SciUS A98(17): 9930-9935.

Malin, S. A., B. M. Davis and D. C. Molliver (2007). "Production of dissociated
sensory neuron cultures and considerations for their use in studying neuronal
function and plasticity." Nat Protoc 2(1): 152-160.

Maniyar, F. H., T. Sprenger, T. Monteith, C. Schankin and P. ]J. Goadsby (2014).
"Brain activations in the premonitory phase of nitroglycerin-triggered migraine
attacks." Brain 137(Pt 1): 232-241.

Marcus, D. A. and M. ]. Soso (1989). "Migraine and stripe-induced visual
discomfort." Arch Neurol 46(10): 1129-1132.

Marmigere, F. and P. Ernfors (2007). "Specification and connectivity of neuronal
subtypes in the sensory lineage." Nat Rev Neurosci 8(2): 114-127.

Marmigere, F., A. Montelius, M. Wegner, Y. Groner, L. F. Reichardt and P. Ernfors
(2006). "The Runx1/AML1 transcription factor selectively regulates
development and survival of TrkA nociceptive sensory neurons." Nat Neurosci
9(2): 180-187.

Marsh, B., C. Acosta, L. Djouhri and S. N. Lawson (2012). "Leak K(+) channel
mRNAs in dorsal root ganglia: relation to inflammation and spontaneous pain
behaviour." Mol Cell Neurosci 49(3): 375-386.

Mastroianni, N., M. De Fusco, M. Zollo, G. Arrigo, O. Zuffardi, A. Bettinelli, A.
Ballabio and G. Casari (1996). "Molecular cloning, expression pattern, and

191



chromosomal localization of the human Na-Cl thiazide-sensitive cotransporter
(SLC12A3)." Genomics 35(3): 486-493.

May, A. (2013). "Pearls and pitfalls: neuroimaging in headache." Cephalalgia
33(8): 554-565.

McKemy, D. D. (2005). "How cold is it? TRPM8 and TRPA1 in the molecular logic
of cold sensation." Mol Pain 1: 16.

Melo, Z., S. Cruz-Rangel, R. Bautista, N. Vazquez, M. Castaneda-Bueno, D. B.
Mount, H. Pasantes-Morales, A. Mercado and G. Gamba (2013). "Molecular
evidence for a role for K(+)-Cl(-) cotransporters in the kidney." Am ] Physiol
Renal Physiol 305(10): F1402-1411.

Mercado, A., D. B. Mount and G. Gamba (2004). "Electroneutral cation-chloride
cotransporters in the central nervous system.”" Neurochem Res 29(1): 17-25.
Milet, C., F. Maczkowiak, D. D. Roche and A. H. Monsoro-Burq (2013). "Pax3 and
Zic1 drive induction and differentiation of multipotent, migratory, and functional
neural crest in Xenopus embryos." Proc Natl Acad Sci U S A 110(14): 5528-5533.
Miletic, G. and V. Miletic (2008). "Loose ligation of the sciatic nerve is associated
with TrkB receptor-dependent decreases in KCC2 protein levels in the ipsilateral
spinal dorsal horn." Pain 137(3): 532-539.

Mitne-Neto, M., M. Machado-Costa, M. C. Marchetto, M. H. Bengtson, C. A. Joazeiro,
H. Tsuda, H. ]. Bellen, H. C. Silva, A. S. Oliveira, M. Lazar, A. R. Muotri and M. Zatz
(2011). "Downregulation of VAPB expression in motor neurons derived from
induced pluripotent stem cells of ALS8 patients." Hum Mol Genet 20(18): 3642-
3652.

Mo, J., M. Maizels, M. Ding and A. H. Ahn (2013). "Does throbbing pain have a
brain signature?" Pain 154(7): 1150-1155.

Monaghan, K., S. A. Baker, L. Dwyer, W. C. Hatton, K. Sik Park, K. M. Sanders and S.
D. Koh (2011). "The stretch-dependent potassium channel TREK-1 and its
function in murine myometrium." | Physiol 589(Pt 5): 1221-1233.

Moreno, E., C. Tovar-Palacio, P. de los Heros, B. Guzman, N. A. Bobadilla, N.
Vazquez, D. Riccardji, E. Poch and G. Gamba (2004). "A single nucleotide
polymorphism alters the activity of the renal Na+:Cl- cotransporter and reveals a
role for transmembrane segment 4 in chloride and thiazide affinity." ] Biol Chem
279(16): 16553-16560.

Motohashi, T., H. Aoki, K. Chiba, N. Yoshimura and T. Kunisada (2007).
"Multipotent cell fate of neural crest-like cells derived from embryonic stem
cells." Stem Cells 25(2): 402-410.

Moulton, E. A,, L. Becerra, N. Maleki, G. Pendse, S. Tully, R. Hargreaves, R. Burstein
and D. Borsook (2011). "Painful heat reveals hyperexcitability of the temporal
pole in interictal and ictal migraine States." Cereb Cortex 21(2): 435-448.
Mulder, E. ], C. Van Baal, D. Gaist, M. Kallela, ]J. Kaprio, D. A. Svensson, D. R.
Nyholt, N. G. Martin, A. J. MacGregor, L. F. Cherkas, D. I. Boomsma and A. Palotie
(2003). "Genetic and environmental influences on migraine: a twin study across
six countries." Twin Res 6(5): 422-431.

Mulleners, W. M., E. P. Chronicle, ]. E. Palmer, P. ]. Koehler and J. W. Vredeveld
(2001). "Visual cortex excitability in migraine with and without aura." Headache
41(6): 565-572.

Murphy, A. Z., T. A. Rizvi, M. Ennis and M. T. Shipley (1999). "The organization of
preoptic-medullary circuits in the male rat: evidence for interconnectivity of

192



neural structures involved in reproductive behavior, antinociception and
cardiovascular regulation." Neuroscience 91(3): 1103-1116.

Murphy, M,, K. Reid, M. Ford, |. B. Furness and P. F. Bartlett (1994). "FGF2
regulates proliferation of neural crest cells, with subsequent neuronal
differentiation regulated by LIF or related factors." Development 120(12): 3519-
3528.

Nadal-Nicolas, F. M., M. Jimenez-Lopez, P. Sobrado-Calvo, L. Nieto-Lopez, 1.
Canovas-Martinez, M. Salinas-Navarro, M. Vidal-Sanz and M. Agudo (2009).
"Brn3a as a marker of retinal ganglion cells: qualitative and quantitative time
course studies in naive and optic nerve-injured retinas." Invest Ophthalmol Vis
Sci 50(8): 3860-3868.

Nair, A., M. Simonetti, N. Birsa, M. D. Ferrari, A. M. van den Maagdenberg, R.
Giniatullin, A. Nistri and E. Fabbretti (2010). "Familial hemiplegic migraine
Ca(v)2.1 channel mutation R192Q enhances ATP-gated P2X3 receptor activity of
mouse sensory ganglion neurons mediating trigeminal pain." Mol Pain 6: 48.
Nakajima, C., A. Kulik, M. Frotscher, ]. Herz, M. Schafer, H. H. Bock and P. May
(2013). "Low density lipoprotein receptor-related protein 1 (LRP1) modulates
N-methyl-D-aspartate (NMDA) receptor-dependent intracellular signaling and
NMDA-induced regulation of postsynaptic protein complexes." ] Biol Chem
288(30): 21909-21923.

Naujock, M., N. Stanslowsky, P. Reinhardt, . Sterneckert, A. Haase, U. Martin, K. S.
Kim, R. Dengler, F. Wegner and S. Petri (2014). "Molecular and functional
analyses of motor neurons generated from human cord blood derived induced
pluripotent stem cells." Stem Cells Dev.

Nichols, F. T., 3rd, M. Mawad, ]. P. Mohr, B. Stein, S. Hilal and W. ]. Michelsen
(1990). "Focal headache during balloon inflation in the internal carotid and
middle cerebral arteries." Stroke 21(4): 555-559.

Niclis, . C., A. Pinar, ]. M. Haynes, W. Alsanie, R. Jenny, M. Dottori and D. S. Cram
(2013). "Characterization of forebrain neurons derived from late-onset
Huntington's disease human embryonic stem cell lines." Front Cell Neurosci 7:
37.

Niemann, C. U, C. Stabernack, N. Serkova, W. Jacobsen, U. Christians and E. I.
Eger, 2nd (2002). "Cyclosporine can increase isoflurane MAC." Anesth Analg
95(4): 930-934, table of contents.

Nishimura, K., M. Sano, M. Ohtaka, B. Furuta, Y. Umemura, Y. Nakajima, Y.
Ikehara, T. Kobayashi, H. Segawa, S. Takayasu, H. Sato, K. Motomura, E. Uchida, T.
Kanayasu-Toyoda, M. Asashima, H. Nakauchi, T. Yamaguchi and M. Nakanishi
(2011). "Development of defective and persistent Sendai virus vector: a unique
gene delivery/expression system ideal for cell reprogramming.” ] Biol Chem
286(6): 4760-4771.

Nishimura, T., S. Kaneko, A. Kawana-Tachikawa, Y. Tajima, H. Goto, D. Zhu, K.
Nakayama-Hosoya, S. Iriguchi, Y. Uemura, T. Shimizu, N. Takayama, D. Yamada, K.
Nishimura, M. Ohtaka, N. Watanabe, S. Takahashi, A. Iwamoto, H. Koseki, M.
Nakanishi, K. Eto and H. Nakauchi (2013). "Generation of rejuvenated antigen-
specific T cells by reprogramming to pluripotency and redifferentiation." Cell
Stem Cell 12(1): 114-126.

Nyrke, T., P. Kangasniemi, A. H. Lang and E. Petersen (1984). "Steady-state visual
evoked potentials during migraine prophylaxis by propranolol and femoxetine."
Acta Neurol Scand 69(1): 9-14.

193



Obrenovitch, T. P., J. Urenjak and M. Wang (2002). "Nitric oxide formation during
cortical spreading depression is critical for rapid subsequent recovery of ionic
homeostasis." | Cereb Blood Flow Metab 22(6): 680-688.

Ogiwara, 1., H. Miyamoto, N. Morita, N. Atapour, E. Mazaki, I. Inoue, T. Takeuchi, S.
Itohara, Y. Yanagawa, K. Obata, T. Furuichi, T. K. Hensch and K. Yamakawa
(2007). "Nav1.1 localizes to axons of parvalbumin-positive inhibitory
interneurons: a circuit basis for epileptic seizures in mice carrying an Scnla gene
mutation." ] Neurosci 27(22): 5903-5914.

Olesen, ]., R. Burstein, M. Ashina and P. Tfelt-Hansen (2009). "Origin of pain in
migraine: evidence for peripheral sensitisation." Lancet Neurol 8(7): 679-690.
Olesen, ]., L. Friberg, T. S. Olsen, H. K. Iversen, N. A. Lassen, A. R. Andersen and A.
Karle (1990). "Timing and topography of cerebral blood flow, aura, and
headache during migraine attacks." Ann Neurol 28(6): 791-798.

Olesen, ]. and I. Jansen-Olesen (2012). "Towards a reliable animal model of
migraine." Cephalalgia 32(7): 578-580.

Olesen, ]., I. Lekander, P. Andlin-Sobocki and B. Jonsson (2007). "Funding of
headache research in Europe." Cephalalgia 27(9): 995-999.

Ophoff, R. A, G. M. Terwindt, M. N. Vergouwe, R. van Eijk, P. ]J. Oefner, S. M.
Hoffman, . E. Lamerdin, H. W. Mohrenweiser, D. E. Bulman, M. Ferrari, ]. Haan, D.
Lindhout, G. ]. van Ommen, M. H. Hofker, M. D. Ferrari and R. R. Frants (1996).
"Familial hemiplegic migraine and episodic ataxia type-2 are caused by
mutations in the Ca2+ channel gene CACNL1A4." Cell 87(3): 543-552.

Ozkul, Y. and A. Uckardes (2002). "Median nerve somatosensory evoked
potentials in migraine." Eur | Neurol 9(3): 227-232.

Parameswaran, S, S. Balasubramanian, N. Babai, F. Qiu, J. D. Eudy, W. B. Thoreson
and . Ahmad (2010). "Induced pluripotent stem cells generate both retinal
ganglion cells and photoreceptors: therapeutic implications in degenerative
changes in glaucoma and age-related macular degeneration." Stem Cells 28(4):
695-703.

Patel, A. ], E. Honore, F. Lesage, M. Fink, G. Romey and M. Lazdunski (1999).
"Inhalational anesthetics activate two-pore-domain background K+ channels."
Nat Neurosci 2(5): 422-426.

Patnala, R,, J. Clements and ]. Batra (2013). "Candidate gene association studies: a
comprehensive guide to useful in silico tools." BMC Genet 14: 39.

Patrone, C,, S. Andersson, L. Korhonen and D. Lindholm (1999). "Estrogen
receptor-dependent regulation of sensory neuron survival in developing dorsal
root ganglion." Proc Natl Acad Sci U S A 96(19): 10905-10910.

Paul D. Wright, G. W,, Jamie Cartland, David Tickle, Catherine Kettleborough, M.
Zameel Cader, Jeff Jerman (2013). "Cloxyquin (5-chloroquinolin-8-ol) is an
activator of the two-pore domain potassium channel TRESK." Biochemical and
Biophysical Research Communications 441(2): 463-468.

Pedersen, N. B., M. V. Hofmeister, L. L. Rosenbaek, . Nielsen and R. A. Fenton
(2010). "Vasopressin induces phosphorylation of the thiazide-sensitive sodium
chloride cotransporter in the distal convoluted tubule." Kidney Int 78(2): 160-
169.

Perel, P, I. Roberts, E. Sena, P. Wheble, C. Briscoe, P. Sandercock, M. Macleod, L. E.
Mignini, P. Jayaram and K. S. Khan (2007). "Comparison of treatment effects
between animal experiments and clinical trials: systematic review." BM]
334(7586): 197.

194



Petersen, K. A, L. H. Lassen, S. Birk, L. Lesko and J. Olesen (2005). "BIBN4096BS
antagonizes human alpha-calcitonin gene related peptide-induced headache and
extracerebral artery dilatation." Clin Pharmacol Ther 77(3): 202-213.

Petrovic, P., M. Ingvar, S. Stone-Elander, K. M. Petersson and P. Hansson (1999).
"A PET activation study of dynamic mechanical allodynia in patients with
mononeuropathy.” Pain 83(3): 459-470.

Pfeffer, C. K., V. Stein, D. ]. Keating, H. Maier, 1. Rinke, Y. Rudhard, M. Hentschke, G.
M. Rune, T. J. Jentsch and C. A. Hubner (2009). "NKCC1-dependent GABAergic
excitation drives synaptic network maturation during early hippocampal
development." ] Neurosci 29(11): 3419-3430.

Piechotta, P. L., M. Rapedius, P. ]. Stansfeld, M. K. Bollepalli, G. Ehrlich, I. Andres-
Enguix, H. Fritzenschaft, N. Decher, M. S. Sansom, S. ]. Tucker and T. Baukrowitz
(2011). "The pore structure and gating mechanism of K2P channels." EMBO ]
30(17):3607-36109.

Pieraut, S., V. Laurent-Matha, C. Sar, T. Hubert, I. Mechaly, C. Hilaire, M. Mersel, E.
Delpire, ]. Valmier and F. Scamps (2007). "NKCC1 phosphorylation stimulates
neurite growth of injured adult sensory neurons." ] Neurosci 27(25): 6751-6759.
Pietrobon, D. and M. A. Moskowitz (2013). "Pathophysiology of migraine." Annu
Rev Physiol 75: 365-391.

Pietrobon, D. and . Striessnig (2003). "Neurobiology of migraine." Nat Rev
Neurosci 4(5): 386-398.

Pomp, 0., I. Brokhman, L. Ziegler, M. Almog, A. Korngreen, M. Tavian and R. S.
Goldstein (2008). "PA6-induced human embryonic stem cell-derived
neurospheres: a new source of human peripheral sensory neurons and neural
crest cells." Brain Res 1230: 50-60.

Porreca, F,, ]. Lai, D. Bian, S. Wegert, M. H. Ossipov, R. M. Eglen, L. Kassotakis, S.
Novakovic, D. K. Rabert, L. Sangameswaran and J. C. Hunter (1999). "A
comparison of the potential role of the tetrodotoxin-insensitive sodium channels,
PN3/SNS and NaN/SNS2, in rat models of chronic pain." Proc Natl Acad SciU S A
96(14): 7640-7644.

Putzke, C., P. ]. Hanley, G. Schlichthorl, R. Preisig-Muller, S. Rinne, M. Anetseder, R.
Eckenhoff, C. Berkowitz, T. Vassiliou, H. Wulf and L. Eberhart (2007).
"Differential effects of volatile and intravenous anesthetics on the activity of
human TASK-1." Am | Physiol Cell Physiol 293(4): C1319-1326.

Queiroz, L. P., A. M. Rapoport, R. E. Weeks, F. D. Sheftell, S. E. Siegel and S. M.
Baskin (1997). "Characteristics of migraine visual aura." Headache 37(3): 137-
141.

Rahm, A. K,, J. Gierten, J. Kisselbach, I. Staudacher, K. Staudacher, P. A. Schweizer,
R. Becker, H. A. Katus and D. Thomas (2012). "PKC-dependent activation of
human K(2P) 18.1 K(+) channels." Br | Pharmacol 166(2): 764-773.

Rahmann, A., T. Wienecke, ]. M. Hansen, ]. Fahrenkrug, ]. Olesen and M. Ashina
(2008). "Vasoactive intestinal peptide causes marked cephalic vasodilation, but
does not induce migraine." Cephalalgia 28(3): 226-236.

Ramadoss, |, E. R. Lunde, N. Ouyang, W.]. Chen and T. A. Cudd (2008). "Acid-
sensitive channel inhibition prevents fetal alcohol spectrum disorders cerebellar
Purkinje cell loss." Am ] Physiol Regul Integr Comp Physiol 295(2): R596-603.
Raskin, N. H., Y. Hosobuchi and S. Lamb (1987). "Headache may arise from
perturbation of brain." Headache 27(8): 416-420.

195



Ratte, S. and S. A. Prescott (2011). "CIC-2 channels regulate neuronal excitability,
not intracellular chloride levels." | Neurosci 31(44): 15838-15843.

Ray BS, W. H. (1940). "Experimental studies on headache. Pain sensitive
structures of the head and their significance in headache." Arch Surg 41: 813-
856.

Reyes, R, F. Duprat, F. Lesage, M. Fink, M. Salinas, N. Farman and M. Lazdunski
(1998). "Cloning and expression of a novel pH-sensitive two pore domain K+
channel from human kidney." ] Biol Chem 273(47): 30863-30869.

Riant, F., E. Roze, C. Barbance, A. Meneret, L. Guyant-Marechal, C. Lucas, P.
Sabouraud, A. Trebuchon, C. Depienne and E. Tournier-Lasserve (2012). "PRRT2
mutations cause hemiplegic migraine." Neurology 79(21): 2122-2124.
Richardson, C., F. H. Rafiqi, H. K. Karlsson, N. Moleleki, A. Vandewalle, D. G.
Campbell, N. A. Morrice and D. R. Alessi (2008). "Activation of the thiazide-
sensitive Na+-Cl- cotransporter by the WNK-regulated kinases SPAK and OSR1." ]
Cell Sci 121(Pt 5): 675-684.

Ridge, P. G., S. Mukherjee, P. K. Crane, ]. S. Kauwe and C. Alzheimer's Disease
Genetics (2013). "Alzheimer's disease: analyzing the missing heritability." PLoS
One 8(11): e79771.

Rivera, C., H. Li, ]. Thomas-Crusells, H. Lahtinen, T. Viitanen, A. Nanobashvili, Z.
Kokaia, M. S. Airaksinen, ]. Voipio, K. Kaila and M. Saarma (2002). "BDNF-induced
TrkB activation down-regulates the K+-Cl- cotransporter KCC2 and impairs
neuronal Cl- extrusion." ] Cell Biol 159(5): 747-752.

Robert, C,, L. Bourgeais, C. D. Arreto, M. Condes-Lara, R. Noseda, T. Jay and L.
Villanueva (2013). "Paraventricular hypothalamic regulation of
trigeminovascular mechanisms involved in headaches." ] Neurosci 33(20): 8827-
8840.

Rocha-Gonzalez, H. 1., S. Mao and F. |. Alvarez-Leefmans (2008). "Na+,K+,2Cl-
cotransport and intracellular chloride regulation in rat primary sensory neurons:
thermodynamic and kinetic aspects." ] Neurophysiol 100(1): 169-184.

Rose, K. E., N. Lunardi, A. Boscolo, X. Dong, A. Erisir, V. Jevtovic-Todorovic and S.
M. Todorovic (2013). "Immunohistological demonstration of CaV3.2 T-type
voltage-gated calcium channel expression in soma of dorsal root ganglion
neurons and peripheral axons of rat and mouse." Neuroscience 250: 263-274.
Rosen, A. S. and R. D. Andrew (1990). "Osmotic effects upon excitability in rat
neocortical slices." Neuroscience 38(3): 579-590.

Roybon, L., N. J. Lamas, A. Garcia-Diaz, E. ]. Yang, R. Sattler, V. Jackson-Lewis, Y. A.
Kim, C. A. Kachel, J. D. Rothstein, S. Przedborski, H. Wichterle and C. E. Henderson
(2013). "Human stem cell-derived spinal cord astrocytes with defined mature or
reactive phenotypes." Cell Rep 4(5): 1035-1048.

Russell, M. B,, L. Iselius and J. Olesen (1995). "Inheritance of migraine
investigated by complex segregation analysis." Hum Genet 96(6): 726-730.
Russell, M. B. and J. Olesen (1995). "Increased familial risk and evidence of
genetic factor in migraine." BM] 311(7004): 541-544.

Russell, M. B. and J. Olesen (1996). "A nosographic analysis of the migraine aura
in a general population.” Brain 119 ( Pt 2): 355-361.

Russell, M. B,, B. K. Rasmussen, P. Thorvaldsen and J. Olesen (1995). "Prevalence
and sex-ratio of the subtypes of migraine." Int ] Epidemiol 24(3): 612-618.

Ryan, S. D., N. Dolatabadj, S. F. Chan, X. Zhang, M. W. Akhtar, ]. Parker, F. Soldner,
C. R. Sunico, S. Nagar, M. Talantova, B. Lee, K. Lopez, A. Nutter, B. Shan, E.

196



Molokanova, Y. Zhang, X. Han, T. Nakamura, E. Masliah, J. R. Yates, 3rd, N.
Nakanishi, A. Y. Andreyev, S. Okamoto, R. Jaenisch, R. Ambasudhan and S. A.
Lipton (2013). "Isogenic human iPSC Parkinson's model shows nitrosative
stress-induced dysfunction in MEF2-PGC1alpha transcription.” Cell 155(6):
1351-1364.

Sano, Y., K. Inamura, A. Miyake, S. Mochizuki, C. Kitada, H. Yokoi, K. Nozawa, H.
Okada, H. Matsushime and K. Furuichi (2003). "A novel two-pore domain K+
channel, TRESK, is localized in the spinal cord." ] Biol Chem 278(30): 27406-
27412.

Schnabel, L. V., C. M. Abratte, . C. Schimenti, T. L. Southard and L. A. Fortier
(2012). "Genetic background affects induced pluripotent stem cell generation.”
Stem Cell Res Ther 3(4): 30.

Schobel, N., D. Radtke, M. Lubbert, G. Gisselmann, R. Lehmann, A. Cichy, B. S.
Schreiner, J. Altmuller, A. C. Spector, J. Spehr, H. Hatt and C. H. Wetzel (2012).
"Trigeminal ganglion neurons of mice show intracellular chloride accumulation
and chloride-dependent amplification of capsaicin-induced responses." PLoS One
7(11): e48005.

Schock, S. C., N. Munyao, Y. Yakubchyk, L. A. Sabourin, A. M. Hakim, E. C.
Ventureyra and C. S. Thompson (2007). "Cortical spreading depression releases
ATP into the extracellular space and purinergic receptor activation contributes
to the induction of ischemic tolerance." Brain Res 1168: 129-138.

Schoenen, J. (1996). "Deficient habituation of evoked cortical potentials in
migraine: a link between brain biology, behavior and trigeminovascular
activation?" Biomed Pharmacother 50(2): 71-78.

Schoonman, G. G., D. ]. Evers, G. M. Terwindt, . G. van Dijk and M. D. Ferrari
(2006). "The prevalence of premonitory symptoms in migraine: a questionnaire
study in 461 patients." Cephalalgia 26(10): 1209-1213.

Schoonman, G. G., ]. van der Grond, C. Kortmann, R. J. van der Geest, G. M.
Terwindt and M. D. Ferrari (2008). "Migraine headache is not associated with
cerebral or meningeal vasodilatation--a 3T magnetic resonance angiography
study." Brain 131 (Pt 8): 2192-2200.

Schorle, H., P. Meier, M. Buchert, R. Jaenisch and P. ]. Mitchell (1996).
"Transcription factor AP-2 essential for cranial closure and craniofacial
development." Nature 381(6579): 235-238.

Schultheis, P.]., J. N. Lorenz, P. Meneton, M. L. Nieman, T. M. Riddle, M. Flagella, ].
J. Dufty, T. Doetschman, M. L. Miller and G. E. Shull (1998). "Phenotype
resembling Gitelman's syndrome in mice lacking the apical Na+-CI-
cotransporter of the distal convoluted tubule." | Biol Chem 273(44): 29150-
29155.

Schytz, H. W, S. Birk, T. Wienecke, C. Kruuse, ]. Olesen and M. Ashina (2009).
"PACAP38 induces migraine-like attacks in patients with migraine without aura."
Brain 132(Pt 1): 16-25.

Segall, L., A. Mezzetti, R. Scanzano, |. ]. Gargus, E. Purisima and R. Blostein (2005).
"Alterations in the alphaZ2 isoform of Na,K-ATPase associated with familial
hemiplegic migraine type 2." Proc Natl Acad Sci US A 102(31): 11106-11111.
Seja, P., M. Schonewille, G. Spitzmaul, A. Badura, 1. Klein, Y. Rudhard, W. Wisden,
C. A. Hubner, C. . De Zeeuw and T. |. Jentsch (2012). "Raising cytosolic CI- in
cerebellar granule cells affects their excitability and vestibulo-ocular learning."
EMBO ] 31(5): 1217-1230.

197



Semenenko, F. M. and B. M. Lumb (1992). "Projections of anterior hypothalamic
neurones to the dorsal and ventral periaqueductal grey in the rat." Brain Res
582(2): 237-245.

Shaffer, L. G. and B. A. Bejjani (2004). "A cytogeneticist's perspective on genomic
microarrays.” Hum Reprod Update 10(3): 221-226.

Shepheard, S. L., D. J. Williamson, ]. Williams, R. G. Hill and R. ]. Hargreaves
(1995). "Comparison of the effects of sumatriptan and the NK1 antagonist CP-
99,994 on plasma extravasation in Dura mater and c-fos mRNA expression in
trigeminal nucleus caudalis of rats." Neuropharmacology 34(3): 255-261.

Shi, Y., P. Kirwan and F. ]. Livesey (2012). "Directed differentiation of human
pluripotent stem cells to cerebral cortex neurons and neural networks." Nat
Protoc 7(10): 1836-1846.

Shi, Y., P. Kirwan, J. Smith, H. P. Robinson and F. ]. Livesey (2012). "Human
cerebral cortex development from pluripotent stem cells to functional excitatory
synapses." Nat Neurosci 15(3): 477-486, S471.

Shibata, K., M. Osawa and M. Iwata (1998). "Pattern reversal visual evoked
potentials in migraine with aura and migraine aura without headache."
Cephalalgia 18(6): 319-323.

Silberstein, S. D. and D. W. Dodick (2013). "Migraine genetics: Part IL." Headache
53(8): 1218-1229.

Simon, D. B,, C. Nelson-Williams, M. J. Bia, D. Ellison, F. E. Karet, A. M. Molina, I.
Vaara, F. Iwata, H. M. Cushner, M. Koolen, F. ]. Gainza, H. J. Gitleman and R. P.
Lifton (1996). "Gitelman's variant of Bartter's syndrome, inherited hypokalaemic
alkalosis, is caused by mutations in the thiazide-sensitive Na-Cl cotransporter.”
Nat Genet 12(1): 24-30.

Sipila, S. T, K. Hutty, ]. Yamada, R. Afzalov, ]. Voipio, P. Blaesse and K. Kaila
(2009). "Compensatory enhancement of intrinsic spiking upon NKCC1 disruption
in neonatal hippocampus." ] Neurosci 29(21): 6982-6988.

Smitherman, T. A., R. Burch, H. Sheikh and E. Loder (2013). "The prevalence,
impact, and treatment of migraine and severe headaches in the United States: a
review of statistics from national surveillance studies." Headache 53(3): 427-
436.

Soldner, F., D. Hockemeyer, C. Beard, Q. Gao, G. W. Bell, E. G. Cook, G. Hargus, A.
Blak, O. Cooper, M. Mitalipova, O. Isacson and R. Jaenisch (2009). "Parkinson's
disease patient-derived induced pluripotent stem cells free of viral
reprogramming factors." Cell 136(5): 964-977.

Soleimani, M., S. Barone, J. Xu, G. E. Shull, F. Siddiqui, K. Zahedi and H. Amlal
(2012). "Double knockout of pendrin and Na-Cl cotransporter (NCC) causes
severe salt wasting, volume depletion, and renal failure." Proc Natl Acad SciU S A
109(33): 13368-13373.

Staerk, J., M. M. Dawlaty, Q. Gao, D. Maetzel], ]. Hanna, C. A. Sommer, G.
Mostoslavsky and R. Jaenisch (2010). "Reprogramming of human peripheral
blood cells to induced pluripotent stem cells." Cell Stem Cell 7(1): 20-24.

Stam, A. H,, A. M. van den Maagdenberg, ]. Haan, G. M. Terwindt and M. D. Ferrari
(2008). "Genetics of migraine: an update with special attention to genetic
comorbidity." Curr Opin Neurol 21(3): 288-293.

Stankewitz, A., D. Aderjan, F. Eippert and A. May (2011). "Trigeminal nociceptive
transmission in migraineurs predicts migraine attacks." ] Neurosci 31(6): 1937-
1943.

198



Stanslowsky, N., A. Haase, U. Martin, M. Naujock, A. Leffler, R. Dengler and F.
Wegner (2014). "Functional differentiation of midbrain neurons from human
cord blood-derived induced pluripotent stem cells." Stem Cell Res Ther 5(2): 35.
Steiner, T.]., A. L. Scher, W. F. Stewart, K. Kolodner, ]. Liberman and R. B. Lipton
(2003). "The prevalence and disability burden of adult migraine in England and
their relationships to age, gender and ethnicity." Cephalalgia 23(7): 519-527.
Stewart, W. F., R. B. Lipton, D. D. Celentano and M. L. Reed (1992). "Prevalence of
migraine headache in the United States. Relation to age, income, race, and other
sociodemographic factors." JAMA 267(1): 64-69.

Stewart, W. F., C. Wood, M. L. Reed, ]. Roy, R. B. Lipton and A. A. Group (2008).
"Cumulative lifetime migraine incidence in women and men." Cephalalgia
28(11):1170-1178.

Storer, R.]. and P. ]. Goadsby (1997). "Microiontophoretic application of
serotonin (5HT)1B/1D agonists inhibits trigeminal cell firing in the cat." Brain
120 (Pt 12): 2171-2177.

Stucky, C. L. and G. R. Lewin (1999). "Isolectin B(4)-positive and -negative
nociceptors are functionally distinct." ] Neurosci 19(15): 6497-6505.

Sun, L., N. Tran, C. Liang, F. Tang, A. Rice, R. Schreck, K. Waltz, L. K. Shawver, G.
McMahon and C. Tang (1999). "Design, synthesis, and evaluations of substituted
3-[(3- or 4-carboxyethylpyrrol-2-yl)methylidenyl]indolin-2-ones as inhibitors of
VEGF, FGF, and PDGF receptor tyrosine kinases." ] Med Chem 42(25): 5120-
5130.

Suzuki, M., W. Van Paesschen, L. Stalmans, S. Horita, H. Yamada, B. A. Bergmans, E.
Legius, F. Riant, P. De Jonghe, Y. Li, T. Sekine, T. Igarashi, I. Fujimoto, K.
Mikoshiba, M. Shimadzu, M. Shiohara, N. Braverman, L. Al-Gazali, T. Fujita and G.
Seki (2010). "Defective membrane expression of the Na(+)-HCO(3)(-)
cotransporter NBCe1l is associated with familial migraine." Proc Natl Acad Sci U S
A107(36): 15963-15968.

Swistowski, A, J. Peng, Q. Liu, P. Malij, M. S. Rao, L. Cheng and X. Zeng (2010).
"Efficient generation of functional dopaminergic neurons from human induced
pluripotent stem cells under defined conditions." Stem Cells 28(10): 1893-1904.
Takahashi, K., K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda and S.
Yamanaka (2007). "Induction of pluripotent stem cells from adult human
fibroblasts by defined factors." Cell 131(5): 861-872.

Takahashi, K. and S. Yamanaka (2006). "Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors." Cell 126(4):
663-676.

Tepper, S.]., A. M. Rapoport and F. D. Sheftell (2002). "Mechanisms of action of
the 5-HT1B/1D receptor agonists." Arch Neurol 59(7): 1084-1088.

Thomsen, L. L., M. K. Eriksen, S. F. Roemer, I. Andersen, J. Olesen and M. B. Russell
(2002). "A population-based study of familial hemiplegic migraine suggests
revised diagnostic criteria." Brain 125(Pt 6): 1379-1391.

Thomsen, L. L., ]. Olesen and M. B. Russell (2003). "Increased risk of migraine
with typical aura in probands with familial hemiplegic migraine and their
relatives." Eur ] Neurol 10(4): 421-427.

Thomson, |. A, ]. Itskovitz-Eldor, S. S. Shapiro, M. A. Waknitz, J. ]. Swiergiel, V. S.
Marshall and J. M. Jones (1998). "Embryonic stem cell lines derived from human
blastocysts." Science 282(5391): 1145-1147.

199



Tiscornia, G., E. L. Vivas, L. Matalonga, I. Berniakovich, M. Barragan Monasterio, C.
Eguizabal, L. Gort, F. Gonzalez, C. Ortiz Mellet, ]. M. Garcia Fernandez, A. Ribes, A.
Veiga and ]. C. Izpisua Belmonte (2013). "Neuronopathic Gaucher's disease:
induced pluripotent stem cells for disease modelling and testing chaperone
activity of small compounds." Hum Mol Genet 22(4): 633-645.

Tosetti, P., V. Taglietti and M. Toselli (1998). "Functional changes in potassium
conductances of the human neuroblastoma cell line SH-SY5Y during in vitro
differentiation." ] Neurophysiol 79(2): 648-658.

Tottene, A., R. Conti, A. Fabbro, D. Vecchia, M. Shapovalova, M. Santello, A. M. van
den Maagdenberg, M. D. Ferrari and D. Pietrobon (2009). "Enhanced excitatory
transmission at cortical synapses as the basis for facilitated spreading
depression in Ca(v)2.1 knockin migraine mice." Neuron 61(5): 762-773.
Tottene, A., T. Fellin, S. Pagnutti, S. Luvisetto, ]. Striessnig, C. Fletcher and D.
Pietrobon (2002). "Familial hemiplegic migraine mutations increase Ca(2+)
influx through single human CaV2.1 channels and decrease maximal CaV2.1
current density in neurons." Proc Natl Acad Sci U S A 99(20): 13284-13289.
Toyoda, H., J. Yamada, S. Ueno, A. Okabe, H. Kato, K. Sato, K. Hashimoto and A.
Fukuda (2005). "Differential functional expression of cation-Cl- cotransporter
mRNAs (KCC1, KCC2, and NKCC1) in rat trigeminal nervous system." Brain Res
Mol Brain Res 133(1): 12-18.

Trust, M. (2004).

Tulleuda, A., B. Cokic, G. Callejo, B. Saiani, J. Serra and X. Gasull (2011). "TRESK
channel contribution to nociceptive sensory neurons excitability: modulation by
nerve injury." Mol Pain 7: 30.

Ulrich, V., M. Gervil, K. Fenger, ]. Olesen and M. B. Russell (1999). "The prevalence
and characteristics of migraine in twins from the general population." Headache
39(3): 173-180.

Valensi-Kurtz, M., S. Lefler, M. A. Cohen, M. Aharonowiz, R. Cohen-Kupiec, A.
Sheinin, U. Ashery, B. Reubinoff and M. Weil (2010). "Enriched population of PNS
neurons derived from human embryonic stem cells as a platform for studying
peripheral neuropathies." PLoS One 5(2): €9290.

Valenzuela, D. M,, A. ]. Murphy, D. Frendewey, N. W. Gale, A. N. Economides, W.
Auerbach, W. T. Poueymirou, N. C. Adams, ]. Rojas, J. Yasenchak, R.
Chernomorsky, M. Boucher, A. L. Elsasser, L. Esau, ]. Zheng, ]. A. Griffiths, X. Wang,
H. Su, Y. Xue, M. G. Dominguez, . Noguera, R. Torres, L. E. Macdonald, A. F.
Stewart, T. M. DeChiara and G. D. Yancopoulos (2003). "High-throughput
engineering of the mouse genome coupled with high-resolution expression
analysis." Nat Biotechnol 21(6): 652-659.

van de Stolpe, A, S. van den Brink, M. van Rooijen, D. Ward-van Oostwaard, W.
van Inzen, L. Slaper-Cortenbach, B. Fauser, N. van den Hout, S. Weima, R. Passier,
N. Smith, C. Denning and C. Mummery (2005). "Human embryonic stem cells:
towards therapies for cardiac disease. Derivation of a Dutch human embryonic
stem cell line." Reprod Biomed Online 11(4): 476-485.

van den Maagdenberg, A. M., D. Pietrobon, T. Pizzorusso, S. Kaja, L. A. Broos, T.
Cesetti, R. C. van de Ven, A. Tottene, ]. van der Kaa, ]. ]. Plomp, R. R. Frants and M.
D. Ferrari (2004). "A Cacnala knockin migraine mouse model with increased
susceptibility to cortical spreading depression." Neuron 41(5): 701-710.
Vecchia, D. and D. Pietrobon (2012). "Migraine: a disorder of brain excitatory-
inhibitory balance?" Trends Neurosci 35(8): 507-520.

200



Vecchia, D., A. Tottene, A. M. van den Maagdenberg and D. Pietrobon (2014).
"Mechanism underlying unaltered cortical inhibitory synaptic transmission in
contrast with enhanced excitatory transmission in CaV2.1 knockin migraine
mice." Neurobiol Dis 69: 225-234.

Villalon, C. M. and J. Olesen (2009). "The role of CGRP in the pathophysiology of
migraine and efficacy of CGRP receptor antagonists as acute antimigraine drugs."
Pharmacol Ther 124(3): 309-323.

Wall, S. M., M. P. Fischer, P. Mehta, K. A. Hassell and S. J. Park (2001).
"Contribution of the Na+-K+-2Cl- cotransporter NKCC1 to Cl- secretion in rat
OMCD." Am ] Physiol Renal Physiol 280(5): F913-921.

Wang, A, Z. Tang, X. Li, Y. Jiang, D. A. Tsou and S. Li (2012). "Derivation of smooth
muscle cells with neural crest origin from human induced pluripotent stem
cells." Cells Tissues Organs 195(1-2): 5-14.

Wang, S., . Bates, X. Li, S. Schanz, D. Chandler-Militello, C. Levine, N. Maherali, L.
Studer, K. Hochedlinger, M. Windrem and S. A. Goldman (2013). "Human iPSC-
derived oligodendrocyte progenitor cells can myelinate and rescue a mouse
model of congenital hypomyelination." Cell Stem Cell 12(2): 252-264.

Wang, W., ]. Schoenen and M. Timsit-Berthier (1995). "Cognitive functions in
migraine without aura between attacks: a psychophysiological approach using
the "oddball" paradigm." Neurophysiol Clin 25(1): 3-11.

Ward, L. D. and M. Kellis (2012). "Interpreting noncoding genetic variation in
complex traits and human disease." Nat Biotechnol 30(11): 1095-1106.

Weiller, C., A. May, V. Limmroth, M. Juptner, H. Kaube, R. V. Schayck, H. H. Coenen
and H. C. Diener (1995). "Brain stem activation in spontaneous human migraine
attacks." Nat Med 1(7): 658-660.

Weir, D. ], ]. F. Stein and R. C. Miall (1989). "Cues and control strategies in
visually guided tracking." ] Mot Behav 21(3): 185-204.

Weir, G. A. and M. Z. Cader (2011). "New directions in migraine." BMC Med 9:
116.

Weir, M. K. and A. P. Wale (2011). "Revealing non-analytic kinematic shifts in
smooth goal-directed behaviour." Biol Cybern 105(2): 89-119.

Wheeler, D. G., R. D. Groth, H. Ma, C. F. Barrett, S. F. Owen, P. Safa and R. W. Tsien
(2012)."Ca(V)1 and Ca(V)2 channels engage distinct modes of Ca(2+) signaling
to control CREB-dependent gene expression.” Cell 149(5): 1112-1124.

WHO (2004). Factsheet 277.

Wilkinson, F. (2004). "Auras and other hallucinations: windows on the visual
brain." Prog Brain Res 144: 305-320.

Wilkinson, M. (1994). "Migraine treatment: the British perspective.”" Headache
34(8): S13-16.

Williams, J. R., J. W. Sharp, V. G. Kumari, M. Wilson and J. A. Payne (1999). "The
neuron-specific K-Cl cotransporter, KCC2. Antibody development and initial
characterization of the protein." ] Biol Chem 274(18): 12656-12664.

Woitzik, J., N. Hecht, A. Pinczolits, N. Sandow, S. Major, M. K. Winkler, S. Weber-
Carstens, C. Dohmen, R. Graf, A.]. Strong, |. P. Dreier, P. Vajkoczy and C. s. group
(2013). "Propagation of cortical spreading depolarization in the human cortex
after malignant stroke." Neurology 80(12): 1095-1102.

Wolff, H. (1948). "Headache and other head pain." New York: Oxford University
Press.

201



Wu, L. G, R. E. Westenbroek, J. G. Borst, W. A. Catterall and B. Sakmann (1999).
"Calcium channel types with distinct presynaptic localization couple
differentially to transmitter release in single calyx-type synapses." ]| Neurosci
19(2): 726-736.

Yamada, |, A. Okabe, H. Toyoda, W. Kilb, H. J. Luhmann and A. Fukuda (2004).
"Cl- uptake promoting depolarizing GABA actions in immature rat neocortical
neurones is mediated by NKCC1." ] Physiol 557 (Pt 3): 829-841.

Yamamoto, Y., W. Kummer, Y. Atoji and Y. Suzuki (2002). "TASK-1, TASK-2,
TASK-3 and TRAAK immunoreactivities in the rat carotid body." Brain Res
950(1-2): 304-307.

Yang, J.,J. M. Chen, Y. Yang, W. Y. Liu, C. Y. Song and B. C. Lin (2008).
"Investigating the role of hypothalamic paraventricular nucleus in nociception of
the rat." Int ] Neurosci 118(4): 473-485.

Yang, ]., Y. Yang, . M. Chen, W. Y. Liu and B. C. Lin (2008). "Effect of hypothalamic
supraoptic nucleus on acupuncture analgesia in the rat." Brain Res Bull 75(5):
681-686.

Yang, Z., D. Bertram and J. H. Coote (2001). "The role of glutamate and
vasopressin in the excitation of RVL neurones by paraventricular neurones."
Brain Res 908(1): 99-103.

Yoo, S., ]. Liu, M. Sabbadini, P. Au, G. X. Xie and C. S. Yost (2009). "Regional
expression of the anesthetic-activated potassium channel TRESK in the rat
nervous system." Neurosci Lett 465(1): 79-84.

Yu, D., M. Swaroop, M. Wang, U. Baxa, R. Yang, Y. Yan, T. Coksaygan, L. DeTolla, ].].
Marugan, C. P. Austin, ]. C. McKew, D. W. Gong and W. Zheng (2014). "Niemann-
Pick Disease Type C: Induced Pluripotent Stem Cell-Derived Neuronal Cells for
Modeling Neural Disease and Evaluating Drug Efficacy." ] Biomol Screen.

Zhang, Q., M. Rho, H. Tang, T. G. Doak and Y. Ye (2013). "CRISPR-Cas systems
target a diverse collection of invasive mobile genetic elements in human
microbiomes." Genome Biol 14(4): R40.

Zhang, X,, D. Levy, R. Noseda, V. Kainz, M. Jakubowski and R. Burstein (2010).
"Activation of meningeal nociceptors by cortical spreading depression:
implications for migraine with aura." ] Neurosci 30(26): 8807-8814.

Zhang, Y., C. Pak, Y. Han, H. Ahlenius, Z. Zhang, S. Chanda, S. Marro, C. Patzke, C.
Acuna, J. Covy, W. Xu, N. Yang, T. Danko, L. Chen, M. Wernig and T. C. Sudhof
(2013). "Rapid single-step induction of functional neurons from human
pluripotent stem cells." Neuron 78(5): 785-798.

Zhou, ], C. X. Yang, ]. Y. Zhong and H. B. Wang (2013). "Intrathecal TRESK gene
recombinant adenovirus attenuates spared nerve injury-induced neuropathic
pain in rats." Neuroreport 24(3): 131-136.

Zhou, ], S. L. Yao, C. X. Yang, ]. Y. Zhong, H. B. Wang and Y. Zhang (2012). "TRESK
gene recombinant adenovirus vector inhibits capsaicin-mediated substance P
release from cultured rat dorsal root ganglion neurons.”" Mol Med Rep 5(4):
1049-1052.

Zhou, T., C. Benda, S. Dunzinger, Y. Huang, |J. C. Ho, ]. Yang, Y. Wang, Y. Zhang, Q.
Zhuang, Y. Li, X. Bao, H. F. Tse, ]. Grillari, R. Grillari-Voglauer, D. Pei and M. A.
Esteban (2012). "Generation of human induced pluripotent stem cells from urine
samples." Nat Protoc 7(12): 2080-2089.

Zhu, L., N. Polley, G. C. Mathews and E. Delpire (2008). "NKCC1 and KCC2 prevent
hyperexcitability in the mouse hippocampus.” Epilepsy Res 79(2-3): 201-212.

202



Zylka, M.]. (2005). "Nonpeptidergic circuits feel your pain." Neuron 47(6): 771-
772.

Zylka, M. ], F. L. Rice and D. J. Anderson (2005). "Topographically distinct
epidermal nociceptive circuits revealed by axonal tracers targeted to Mrgprd."
Neuron 45(1): 17-25.

203



