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ABSTRACT

Anisa D. M. Parenchymal neuroinflammation in familial hemiplegic migraine
type 1 transgenic mouse model after cortical spreading depression. Hacettepe
University Graduate School Health Sciences, Ph.D. Thesis in Basic
Neuroscience, Ankara, 2019. Cortical spreading depression (CSD) is the likely
cause of the migraine aura. CSD causes a signaling pathway between stressed
neurons and trigeminal afferents via transient opening of neuronal Pannexin-1
(Panx1) mega-channels followed by high mobility group box 1 (HMGB1) release
from neurons and nuclear factor kappa B (NF-«kB) relocation in astrocytes. Familial
hemiplegic migraine type 1 (FHML1) is a rare monogenic subtype of migraine with
aura caused by mutations in the CACNALA gene. Transgenic knock-in mice that
carry human FHM1 missense mutations R192Q or S218L exhibit an increased
susceptibility to CSD and other features relevant to migraine. Here, we investigated
the basal and experimentally CSD-induced parenchymal neuroinflammation in
female mutant mice and wild-type (WT), and studied whether CSD-induced
inflammation shows a particular regional pattern, which may highlight areas that are
particularly relevant to disease pathology. Our data revealed a basal parenchymal
neuroinflammatory state in R192Q mutant mice as revealed by higher neuronal
HMGBL release and NF-«kB activation in astrocytes. There was a different regional
distribution pattern in the inflammatory signaling upon CSD in the frontal/parietal
cortices and striatum/thalamus of both R192Q and WT mice. In addition, in mutant
mice this inflammatory pattern was bilateral. There was a rise in HMGBL release in
subcortical areas of mutant mice compared to that in WT mice which was
particularly pronounced in thalamus compared to striatum. Immunohistochemical
data was supported by Western blotting in which cerebrospinal fluid (CSF) HMGB1
amount and brain nuclear translocation of NF-kB was studied. S218L mutant mice
showed more HMGB1 in CSF compared to WT and brain NF-«B translocation was
increased in mutant and WT CSD and mutant sham-operated groups compared to
WT sham. Electrophysiological analysis showed that CSD speed is higher in mutant
groups, however CSD half maximum amplitude duration and CSD frequency did not
change significantly between groups. Derivative of CSD depolarisation phase
demonstrated that both derivative of the first CSD and subsequent CSDs were
increased in FHM1 mutant groups compared to WT mice reflecting the
hyperexcitability of mutant ones. Here for the first time in the literature, we
presented that there is basal parenchymal neuroinflammation in R192Q mutant mice
brain both in cortical and subcortical levels. Our findings indicate that CSD triggers
parenchymal inflammatory processes in both WT and mutant mouse brains, which is
mostly ipsilateral to the side of CSD induction in WT mice, and bilateral in the
mutant mice. Future studies may indicate if basal neuroinflammation contributes to
cortical hyperexcitability seen in FHM1 mutants in addition to the increased
neuronal calcium influx or increased calcium and glutamate cause basal
neuroinflammation. These findings indicate that CSD-induced parenchymal
neuroinflammation spreads through cortex, striatum, and thalamus of both
hemispheres in genetically susceptible brains, which may explain the prolonged
hemiplegia, coma, and seizure phenotype in this variant of migraine with aura.

Key Words: Migraine, Aura, Cortical spreading depression, Familial hemiplegic

migraine type 1, Inflammation, HMGB1, NF-xB
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OZET

Anisa D. M. Familyal hemiplejik migren tip 1 transgenik fare modelinde
kortikal yayillan depresyona bagh parankimal néroinflamasyon. Hacettepe
Universitesi, Saghk Bilimler Enstitiisii, Temel Norolojik Bilimler Doktora Tezi,
Ankara, 2019. Kortikal yayilan depresyon (KYD) migren aurasinin nedeni olarak kabul
edilmektedir. KYD stres altindaki ndronlar ile trigeminal aferentler arasinda bir
sinyalizasyon yolagini baglatir, bu yolak ndéronal Panneksin-1 (Panx1) mega kanallarinin
gecici olarak agilmasi ile ‘high mobility group box 1 (HMGBI1)’in nérondan saliverilmesi
ve astrositlerde nukleer faktor kappa B (NF-kB)’nin niikleusa yer degistirmesinden olusur.
Ailevi hemiplejik migren tip 1 (AHM1) CACNA1A genindeki bir mutasyonun neden oldugu
migrenin nadir goriilen bir monogenik alt tipidir. insan AHM1 mutasyonu tastyan disi
transgenik knock-in fareler (R192Q veya S218L) KYD olusumuna yatkinlik ve migrenin
diger ozelliklerini sergiler. Bu ¢alismada, AHM1 mutasyonu olan ve yabanil farelerde bazal
ve KYD’nin tetikledigi parankimal noéroinflamasyon incelenmistir, ayrica KYD’nin
tetikledigi inflamasyonun hastaligin patofizyolojisi ile iliskili olabilecek bolgesel farkliligi
olup olmadigi ¢alisilmigtir. Sonuglara gére R192Q mutasyonu olan farelerde bazalde bir
parankimal ndroinflamatuvar durum oldugu néronal HMGB1 salinimi ve astrositik NF-xB
translokasyonu ile gosterilmistir. KYD hem R192Q mutasyonu olan hem de yabanil fare
gruplarinda frontal/pariyetal korteks ve striatum/talamusta farkli bolgelerde inflamatuvar
sinyal yolagim tetiklemektedir. Ayrica mutasyonu olan farelerde bu inflamatuvar paternin
bilateral sergilendigi saptanmistir. AHM1 mutasyonu olan farelerde subkortikal alanlarda
HMGBI salinmmu yabanil gruba gore artmustir ve bu artis talamusta striatuma gore daha
belirgindir. Western blotlama ile imminhistokimyasal tekniklerle saptanan bulgular
desteklenmigtir. S218L mutasyonu tasiyan farelerde beyin omurilik sivisinda HMGBI
protein miktarinda artis oldugu ve beyin parankiminden yapilan niikleer NF-xB
translokasyonu deneylerinde KYD tetiklenen yabanil grup ve mutant grupta NF-xB
translokasyonunun yabanil kontrole gore anlamli olarak arttigi  gosterilmistir.
Elektrofizyolojik analizlerde literatiirle benzer sekilde mutant fare gruplarinda KYD hizinin
yabanil gruba gore artmis oldugu, yar1 maksimum amplitiid siiresi ve KYD frekansinin iki
grup arasinda anlamli olarak degismedigi goriilmiistiir. Ilk ve diger KYD’lerin
depolarizasyon fazinin tiirevi alindiginda R192Q mutasyonu tasiyan farelerde yabanil gruba
gore anlamli artis oldugu saptanmustir, bu bulgu mutant gruptaki hipereksitabiliteyi
desteklemektedir. Bu caligmada literatiirde ilk kez R192Q mutasyonu tasiyan farelerde
bazalde bir parankimal ndroinflamatuvar durum oldugu, KYD’nin AHM1 mutant farelerde
bilateral kortikal ve subkortikal, yabanil farelerde unilateral parankimal inflamatuvar siireci
tetikledigi soylenebilir. KYD’ye yatkinligi artiran AHM1 mutasyonunda goriilen kortikal
hipereksitabiliteye, artmis ndronal kalsiyumun yanisira bazal inflamatuvar durumun katkida
bulunup bulunmadigi veya artmis kalsiyum ve glutamatin bazal inflamasyona yol agip
acmadig1 daha sonraki ¢aligmalarin konusu olabilir. Bulgularimiz genetik olarak yatkin
beyinde KYD’nin tetikledigi parankimal noroinflamasyonun her iki hemisferde korteks,
striatum ve talamusa yayildigini gostermis ve aurali migrenin bu alt grubunda uzamis
hemipleji, koma ve nobet fenotipinin nasil ortaya ¢iktigini1 anlamamiza katkida bulunmustur.

Anahtar Kelimeler: Migren, Aura, Kortikal yayilan depresyon, Ailevi hemiplejik migren
tip 1, Inflamasyon, HMGB1, NF-«kB.
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INTRODUCTION

Migraine, one of the most common human diseases (1), is a brain disorder that is
characterized by attacks of throbbing often unilateral headache that can be
accompanied by neurological symptoms such as nausea and vomiting, as well as
hypersensitivity to light and sound (2). There are two main types of migraines:
migraine with aura and migraine without aura (2). Migraine with aura affects one-
third of migraine patients. The aura is characterized by gradually developing
neurological symptoms such as sensory, motor, and visual or speech difficulties that

last 5-60 minutes before the onset of headache.

Despite much progress, the molecular pathophysiology of migraine is only partly
understood. Animal studies may help better understand how migraine is brought
about and how it affects the brains (3, 4). Cortical spreading depression (CSD)
underlies the migraine aura (5). CSD is a wave of depolarization of neuronal and
glial cells that starts slowly and spreads over the cortex with a speed of 2-6 mm/min.
CSD activates parenchymal neuroinflammatory cascade by opening neuronal
Pannexinl (Panxl) channels followed by the release of neuroinflammatory
molecules such as high mobility group box-1 (HMGB1) and activation of nuclear
factor-kB (NF-kB), which ultimately results in the stimulation of the
trigeminovascular system, as was demonstrated in experimental animals (6). CSD
can reach subcortical areas (7), and affect meninges and brainstem leading to the
activation of headache mechanisms (6, 8), although evidence in humans is essentially
lacking.

HMGBL1 acts as a nuclear and cellular danger signal (9). Endogenous danger
signals released from necrotic or stressed cells that trigger the inflammatory response
after trauma have been termed alarmins or danger-associated molecular patterns
(DAMPs). The subcellular localization of HMGB1 depends on the type and
activation state of the cell. The HMGBL1 is mainly localized in the cell nucleus.
HMGBL1 can exert different functions depending on its cellular localization. HMGB1
can be released from the nucleus to the extracellular space in response to different

stimuli in two ways: following cellular injury it is passively released during cellular



apoptosis or necrosis; or it is released actively following inflammatory signals from
activated immune cells or neuronal cells (10). Nuclear Factor kB (NF-kB) is a
ubiquitous transcription factor which can be found in almost all the cells of an
organism. NF-kB regulates the cytokines and chemokines expression, including
interleukins, interferons, lymphokines and tumor necrosis factors. Microglial cells
have membrane receptors such as toll-like receptors (TLRs), nucleotide-binding
oligomerization domain proteins (NLRs), and receptor for interferons and cytokines
(11). TLRs specifically recognize pro-inflammatory ligands including pathogen-

associated molecular patterns (PAMPs) and damage-associated molecular patterns

(DAMPS).

Migraine is considered a complex disorder, which implies that migraine is
brought about by an interplay of multiple genetic and environmental factors, except
for the few monogenic types in which one genetic mutation is sufficient to bring
about the disease (12). Various transgenic mouse models have been generated in
which human mutations causing monogenic types of migraine have been introduced
as an instrumental tool to study disease neurobiology in much detail exhibiting
features and symptoms relevant to those of migraine in humans (3). One of
transgenic mouse models, familial hemiplegic migraine type 1 (FHM1), a rare
monogenic subtype of migraine with aura characterized by motor weakness during
the aura (2), is caused by specific missense mutations in the CACNA1A gene that
codes for the pore-forming ouasubunit of neuronal voltage-gated Cav2.1
channels (13), and is considered a relevant model for the common forms of migraine
(3). Transgenic knock-in (KI) mice that express mutated Cayv2.1 channels containing
either the FHM1 R192Q or S218L mutation in the aia subunit exhibit an increased
susceptibility to CSD due to an increased neuronal calcium influx through Cav2.1
channels and increased cortical glutamatergic excitatory neurotransmission (14-16).
Investigations of an epilepsy rodent model have provided hints about the close
interplay between increased excitation and inflammation (17, 18) suggesting that
elevated glutamatergic activity in FHM1 mutant mice may initiate an enhanced
inflammatory response, especially in response to CSD events when neuronal activity

is increased.



Therefore, in the current study we aimed to provide an in-depth analysis of
parenchymal neuroinflammation in FHM1 mutant mice. Not only we investigated to
what extent the mutant mice exhibit a basal neuroinflammation phenotype but also
whether CSD can induce a specific parenchymal inflammatory pattern in the mutant
mice. Basal parenchymal inflammation was assessed by neuronal HMGBL1 release
and astrocytic NF-kB activation, both in naive mutant and wild-type (WT) mice.
Next, we tested the effect of different paradigmes of CSD induction on inflammation
and investigated whether CSD led to regional differences of HMGBL release in
mutant and WT mice. To this end, we investigated frontal/parietal cortices and
striatal/thalamic subcortical areas, both ipsilateral and contralateral to the side of
CSD induction in the various genotypes. We also studied whether drilling the skull
may be a confounding factor in triggering HMGBL1 release in mice and whether it
showed a genotypic difference. The basal parenchymal neuroinflammation in FHM1
mutant mice, and the regional differences in the neuroinflammatory response
revealed in this study may provide further insight into the routes and mechanisms
that are affected by CSD in mutant and WT mice, which help our understanding of
the exact role of CSD in migraine pathophysiology.



2. BACKGROUND: Migraine at a glance

2.1. Epidemiology

Migraine affects nearly 10 % of people in the world (19). In the United States
about 18 % of women and 6 % of men suffer from migraine yearly with a
corresponding lifetime prevalence of 43 % and 18 % respectively (20). According to
Europe declarement 12-28 % of people at some time in their lives suffer from
migraine (21) which rises during adolescence and falls in the early 50s (22).
According to studies, the range of one-year prevalence of migraine is 14-35 % in
adult women and 6-15 % in adult men (Figure 2.1.) (21). Beside specific differences
between genders, the life time prevalence also significantly differs with age; about 5
% of children under 12 suffer from migraine, with nearly no difference between girls
and boys (23).

30
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Figure 2.1. The percentage of migraine prevalence in different genders and age
groups (average of 10 studies)(21).

After puberty, a significant rapid raise in incidence, especially in girls, is
evident (Figure 2.1.) and goes on throughout early adult life. The disease picks to its

highest prevalence during the most productive years of working life, between 20 to



50 (21). As a result, the economic relevance of migraine should not be
underestimated; this will be discussed separately. After menopause, migraine attacks
decrease radically in women, reaching nearly equal numbers in women and men
(22).

Regarding geographic distribution, migraine was considered to be more
prevalent in the industrialized regions and countries through the past decades.
Studies in Asia and South America demonstrated lower prevalence rates compared to
Europe (24, 25). However, recently the current epidemiologic researches of headache
in Asia was reviewed using International Headache Society (IHS) classification
criteria (25). The differences specific to gender in migraine prevalence were
comparable in these studies (25). Although the economic situations, cultural
background and social features vary significantly, the mentioned research indicated
that migraine is as evidential in Asia and its prevalence rate is very much close to the
reported ones in Western countries (25).

Migraine subclasses also show epidemiologic variations. In this regard, two
thirds of migraineurs suffer from migraine without aura (MO), the most common
type of migraine. Incidence data collections show that the surfeit of migraine
headache in women in reproductive ages is mainly because of migraine without aura
(26).

It is important to mention that migraine occurence is related to the epilepsy
occurence in families. A study showed that the risk of migraine is significantly
higher in all sub-types of epileptics as well as in all unaffected and first-degree
relatives. The data indicates to a strong comorbidity of migraine and epilepsy, in an

independent manner to etiology, seizure type and age of onset (27).

2.2. History

Evidence from medical practices in the field of head pain and migraine can
be traced back to the Stone Age, the time in which even medical surgery on the skull
was well established. Evidence of trepanation, a method including drilling a hole on
the human skull, has been found from prehistoric human skulls. One study from the

1960s indicates that people believed trepanation can heal migraine, epileptic



seizures, and mental illnesses showed by cave paintings (Figure 2.2.)(28). The well-
known ancient Greek physician Hippocrates, introduced the aura as a potential
underlying cause of headache at 400 BC, and described it as vapors ascending from
the stomach to the head (29). However, it was Aretaios who first distinguish
migraine with other headaches and gave the name "heterocrania”, the parent of
today’s word migraine, to the first migraine characterization as a unilateral and
pulsating nature, associated with nausea and vomiting, in the 2nd century (30).

When searching for resources from modern history, the migraine
neurovascular characteristics were documented in 1684. Dr. Willis in his "Practice of
Physike" considered the headache to be a result of blood flow exceeding to the head,
which "distends the vessels"”, and "blows up the membranes”, and "pulls the nervous
corrugation or wrinkling" (31). In the 1940s an 1950s, Wolff, performed brain
surgery with local anesthesia on conscious patients; he also insisted on the cranial
blood vessels importance as the pain source (32).

Figure 2.2. "The Extraction of the Stone of Madness”, a painting by Hieronymus
Bosch expounding trepanation (1488-1516), Netherlands Institute for Art History.



The observation that mechanical stimulation of the skull, dura mater, and
brain not associated with blood vessels did not cause pain, but, large meningeal,
cerebral, and temporal arteries stimulation evoked a throbbing pain was so striking at
that time (33, 34). Although Wolff’s data have never been replicated, for about 60
years, the vascular headache theory has been well established (35). Currently,
vascular changes and headache relationship is strongly debated because of the lack of
evidence for greater vasodilation through headache attacks than during headache-free
intervals could not confirm the theory (32, 36). Contrary to Wolff description for
migraine as a result of vasodilation, Moskowitz showed that headache occurrence is
not in correlation with vessel diameter alterations. Vessel dilation may occur during
migraine headache, not as the pain source, but as a part of central activity and
neurogenic inflammation coupled to raise the brain metabolism. Headache is
suggested to be the consequence of trigeminovascular afferents activation which
causes neurogenic inflammation and stimulation of brainstem nuclei and trigeminal
nucleus caudalis which have been recognized to be important for pain perception
(37-40). The neurogenic inflammation in the meninges has been studied in animal
models after trigeminal nerve terminals experimental activation (41). Neurogenic
inflammation in the dura mater causes the release of vasodilating neuropeptides from
sensitive nerve fibers (41) which initiates a cascade of events including vasodilation,
edema, and the release of proinflammatory mediators such as bradykinin and
prostanoids (42). It is also shown that after CSD, the putative cause of aura,
parenchymal neuroinflammatory cascades are triggered, Panx1 channels in neurons
are opened and neuroinflammatory molecules such as high mobility group box-1
(HMGB1) are released and nuclear factor-«B (NF-xB) are translocated to the nucleus

of astrocytes, and in the end trigeminovascular system is activated (6).

2.3. Economic Impact

The economic importance of migraine is related to its great prevalence.
According to the World Health Organization (43), migraine is among the three
disorders with the highest prevalence (43). Prevalence rates of migraine, as

mentioned earlier, is different with age and gender, but irrespective of all these



variabilities, migraine is to be seen a common disease affecting much people at some
points in their lives. However, not each prevalent disease has such a great economic
influence, in reverse, very rare diseases put high costs on patients. Various categories
of costs have to be taken into consideration when considering the economic effect of
a disease:

» costs for the individual

» costs for medical care

» costs for the economy of the country

The costs to the individual mainly is because of spending on OTC drugs
(basically NSAIDs) and deductibles on prescribed drugs (44). For migrainers, these
costs should be bearable, because especially NSAIDs are mostly accessible as
generic drugs. Nevertheles, the considerable costs of migraine are because of the
medical care system and economy detraction. The smaller portion of these socio-
economic costs is the result of the hospitalization, health care provider visits,
medication. Researches evaluate the economic impact of migraine as an annual total
direct costs of 696 € per patient with episodic migraine (about 15 days of headache
per month) in Germany. Figures for other countries such as Italy, UK, Spain and
France is in a comparable range (45).

Migraine can impair patients’ ability to do their job properly, it can force
affected persons to go home earlier or even become absent from work. Absence from
workplace due to migraine may extend from few days to several weeks or even a
month in each year. A British research reports the average of 5.7 working days which
are lost per year for every student or working migraineur (22). In another study, the
indirect financial impact of migraine on US employers was evaluated to be nearly

$12 billion per year (mainly as a result of absenteeism) (46).

2.4. Migraine: A Noblesse and Challenge for Social Coexistence

There is a fact that there are very famous migraineurs in history icluding
Julius Caesar, Napoleon Bonaparte, Frédéric Chopin, Charles Darwin, Wilhelm
Busch, Claude Monet, Alfred Nobel, Friedrich Nietzsche, Vincent van Gogh, Marie

Curie and Sigmund Freud. Characteristically, migraine has been more often



associated with sentimental artists, prestigious individuals, and aristocratic ladies. As
migraine has the obligatory implication of vulnerability and weakness, people
suffering from migraine need to rest, retreat and recreate. In another word, migraine
may provide individuals with the chance to highlight the vulnerable and weak
features of their character (44)(Figure 2.6).

Definitely, this perception of migraine is considered for the diseased people
who experience the strong disabling nature of migraine attacks several days in each
month. Nobody disregards the disease of these patients, but the particular issue with
this sickness is that it is not provable. This is the reason, why migraine perfectly suits
as a fad of the aristocratic ladies and gentlemen (44). And this is also the reason, why
migraine became the prototype of excuses.

Indeed, it is hard to make a balance in the perception of migraine pain and its
impact, due to a broad spectrum of severity. WHO announces that in high-income
countries migraine ranges among the 10 leading causes of the sickness burden for
women between 15-44 vyears, causing close to 5 disability-adjusted life years

(DALYs35), that is a measure of general disease burden) in 2000 women (43).
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Figure 2.3. Migraine may be a promoter for artistry. These collages and photographs
from the artist and migraineur Deborah Leigh demonstrate her emotions related to
migraine. This artistry expresses an implication of noblesse, as it is usual for many
artworks dealing with migraine. Titles: (upper row, left to right) “Migraine mood
#10”, “Migraine Moods #11”, “Migraine Moods-Cloudy Day”, (middle row, left to
right) “Migraine Aura Club-What Do You See?”, “Coffee headache”, (bottom row,
left to right) “Butterflies of pain”, “Migraine Barbie has Snapped!”, “Migraines
Moods”.
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2.5. Migraine Classification

Classification and diagnosis criteria for migraine were established by the
International Headache Society (IHS). Its International Classification of Headache
Disorders, 3rd edition (ICHD-3), clarified a basis to make the nomenclature for
different types of headache and migraine standardized; it provides a well explanation
of symptoms for each type of migraine. The categorization distinguishes six
subclasses of migraine (47) .

The primary headaches
1. Migraine
1.1. Migraine without aura (MO)
1.2. Migraine with aura (MA)
1.2.1. Migraine with typical aura
1.2.1.1. Typical aura with headache
1.2.1.2. Typical aura without headache

1.2.2. Migraine with brainstem aura
1.2.3. Hemiplegic migraine
1.2.3.1.Familial hemiplegic migraine (FHM)
1.2.3.1.1. Familial hemiplegic migraine type 1 (FHM1)
1.2.3.1.2. Familial hemiplegic migraine type 2 (FHM2)
1.2.3.1.3. Familial hemiplegic migraine type 3 (FHM3)
1.2.3.1.4. Familial hemiplegic migraine, other loci
1.2.3.2. Sporadic hemiplegic migraine (48)

1.2.4. Retinal migraine

1.3. Chronic migraine

1.4. Complications of migraine

1.5. Probable migraine

1.6. Episodic syndromes that may be associated with migraine
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Migraine with and without aura, are the most common types that themselves are
divided into various subtypes. Their characteristics are described below.

2.6. Migraine without aura

Migraine without aura is a recurrent headache disorder manifesting in attacks
lasting 4-72 hours. Typical characteristics of this kind of headache are pulsating
quality, unilateral location, moderate or severe intensity, getting aggravated by
ordinary physical activity and association with nausea and/or phonophobia and
photophobia (47).

Diagnostic criteria:

A. At least five attacks, fulfilling criteria B-D

B. Headache attacks lasting 4—72 hours (when untreated or unsuccessfully treated)
C. Headache has at least two of the following four characteristics:

1. Unilateral location

2. Pulsating quality

3. Moderate or severe pain intensity

4. Aggravation by or causing avoidance of routine physical activity (e.g.
walking or climbing stairs)

D. During headache at least one of the following:

1. Nausea and/or vomiting

2. Photophobia and phonophobia
E. Not better accounted for by another ICHD-3 diagnosis.

Migraine attacks may also be associated with cranial autonomic symptoms
and cutaneous allodynia symptoms. In young children, phonophobia and
photophobia may be inferred from their behavior (47). A minority of women (<10%)
have migraine attacks in association with the majority of their menstrual cycles; most
of them are without aura. Attacks during menstruation are usually longer and

accompanied by more severe nausea than attacks outside the menstrual cycle (47).
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2.7. Migraine with Aura

Migraine with aura is described as recurrent attacks, which last minutes, of
unilateral reversible sensory, visual or other symptoms of central nervous system that
usually develop gradually and are followed by headache and associated migraine
symptoms(47).

Diagnostic criteria:
A. At least two attacks fulfilling criteria B and C
B. One or more of the following fully reversible aura symptoms:

1. Visual

2. Sensory

3. Speech and/or language

4. Motor

5. Brainstem

6. Retinal

C. At least three of the following six characteristics:

1. At least one aura symptom spreads gradually over > 5 minutes

2. Two or more aura symptoms occur in succession

3. Each individual aura symptom lasts 5-60 minutes

4. At least one aura symptom is unilateral

5. At least one aura symptom is positive

6. The aura is accompanied, or followed within 60 minutes, by headache
D. Not better accounted for by another ICHD-3 diagnosis (47).

2.8. Familial and Sporadic Hemiplegic Migraine

IHCD-3 classified the hemiplegic types of migraine as subtypes of migraine
with aura. The symptoms are similar to MA, but with preceding or associating
hemiplegic symptoms, such as sensory disturbances and motor weakness during the
aura. The IHS classifies cases of hemiplegic migraine without any affected relatives
as sporadic (48), whereas the cases with at least one affected person as a first or

second degree relative are called familial hemiplegic migraine (FHM)(47).



14

Therefore, familial hemiplegic migraine has a very strong genetic component; in
fact, it is the only type of migraine which inheritates in an autosomal dominant
mode. Because of its monogenic appearance, FHM is of special interest for migraine
studies. The affected neuronal ion channels give us a considerable knowledge of

mechanisms in migraine.

2.9. Familial Hemiplegic Migraine Mutations as a Model for Disease

Genes and pathways for migraine vulnerability have been revealed by
investigating the mutations influence in the rare monogenic forms of migraine.
Mutations leading to FHM type 1, 2, and 3 shaped the basis for the available
transgenic mouse models for monogenic disorders accompanied with migraine (13,
49, 50). CSD susceptibility enhancement has been reported in these transgenic
mouse models with different underlying mutations and mechanisms (51). This
increased CSD susceptibility may be due to the enhanced cortical glutamatergic
transmission, which has been shown for FHM1 mouse models (16). The importance
for the role of neuronal excitability in determining CSD susceptibility has been
revealed after the indirect evidence of experiments showing that antiepileptic drugs
suppressing neuronal excitability (52, 53) also decrease CSD susceptibility (54).
Clinical studies in patients with FHM1 (55) and common migraine (56, 57) and
genome-wide association studies (GWAS) in patients with common migraine (3)
confirm that cortical hyperexcitability may be an underlying base for migraine.

FHM is a rare subtype of monogenic MA with the characteristic of transient
hemiparesis during the aura phase of attacks (2). Most of FHM patients also
experience classic migraine attacks beside hemiplegia (58) so, FHM can be
considered part of the migraine spectrum and a valid model to study migraine. Three
FHM genes have been recognized: voltage-dependent, calcium channel, alpha 1A
subunit (CACNA1A)(FHM1); Na*/K* transporting ATPase, alpha 2 polypeptide
(ATP1A2)(FHMZ2); and voltage-gated sodium channel, type 1 alpha subunit
(SCN1A)(FHM3)(Figure 2.5).

FHM1 gene, CACNALA, is located on chromosome 19p13 and codes for a

subunit of voltage-gated Cay2.1 Ca?* channels in neurons (13). These channels
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regulate neurotransmitter release at central synapses in brain (59). FHM1 mutations
show gain-of-function of human Cay2.1 channels in heterologous cell systems (38)
and neuronal Cay2.1 channels in FHM1 KI mice (14) revealed by biophysical
analysis. This gain-of-function effect increases action-potential evoked Ca?" influx
and raises glutamate release in the synaptic cleft (16, 60). Upon this enhancement in
neuronal network activity, CSD can be facilitated (51) and this may explain
symptoms of migraine aura and headache in FHM1. In clinical practice, the
variability of FHM1 mutations ranges from pure hemiplegic episodes, as reported for
R192Q mutation carriers (13), to FHM with severe neurological deficits such as
cerebellar ataxia, epilepsy, or fatal coma, as observed in S218L mutation carriers
(61).

FHM2 gene, ATP1A2, is located on chromosome 1g23. The gene encodes a2
subunit of the Na*/K* pump ATPase (49) which binds Na*/K*, and ATP, and uses
ATP hydrolysis to force Na* ions out of the glial cell in exchange for K* ions. By
this mechanism, the ATPase regulate potassium and glutamate re-uptake from the
synaptic cleft into glial cells. FHM2 mutations cause a loss-of-function of Na*/K*
ATPase in glial cells at the cellular level, leading to increase in extracellular levels of
glutamate and K*, and could indirectly cause hyperexcitability in neuronal networks
(62, 63). However, the roles of the three types of cerebral Na'/K* ATPases in
potassium and glutamate clearance is not clear yet (64). From a clinical point of
view, FHM2 mutations have been associated with pure hemiplegic features in
association with FHM attacks (49, 65, 66) or a combination of FHM features with
other neurological disorders, including cerebellar ataxia, aphasia, recurrent coma,
and behavioral changes (67-69). New missense mutations in the ATP1A2 gene may
explain the co-occurrence of migraine with childhood epilepsy (70) in some patients.

FHM3 gene, SCN1A, is located on chromosome 2g24 and encodes a voltage-
gated Nav1.1 sodium channel subunit (50) that has an essential role in the action
potential generation and propagation. FHM3 mutations are sometimes associated
with more severe clinical symptoms including childhood epilepsy, transient
blindness and generalized tonic-clonic epilepsy (50, 71-73) apart from migraine and
hemiplegia. There is a shared molecular pathway between FHM and epilepsy

suggested by seizures which were observed independently from hemiplegic migraine
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attacks in FHM3 cases with epilepsy comorbidity (71). FHM3 could be associated
with Navl1.1 channels gain-of-function leading to hyperexcitability of inhibitory
interneurons. But, there are conflicting data on the influence of FHM3 mutations on
recombinant Nav1.1 channels, suggesting either gain- or loss-of-function effects
depending on the mutation and/or the study. These data suggest that FHM3 has a
complex spectrum of Nayv1.1 defects (74). More studies are needed both in vitro and
in vivo to clarify neuronal mechanisms by which FHM3 mutations, with their loss- or
gain-of-function effects, cause epilepsy and migraine comorbidity in some patients
(74, 75).
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The conceivable hypotheses of FHM subtypes are outlined in the following

schema (Figure 2.5.):
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Figure 2.4. A common pathway demonstrating the mutations influences in familial
hemiplegic migraine genes. The functional influences of FHM1, FHM2, and FHM3
gene mutations all result in rised levels of glutamate in the synaptic cleft. FHM1
gain-of-function mutations in the CACNALA gene encoding presynaptic Cayv2.1
calcium channels causes an increase in calcium influx and rise in glutamate release in
the synaptic cleft by action potentials. Normally glutamate is taken up from the
synaptic cleft into the glial cells by a glial cell Na*/K* ATPase pump-dependent
manner. FHM2 loss-of-function mutations in the ATP1A2 gene encoding Na*/K*-
ATPase in the glial cell causes a decreased reuptake of glutamate, and leads to an
increase in concentrations of glutamate in the synaptic cleft. Higher activity of
excitatory glutamatergic neurons in normal condition is compensated by increased
activity of inhibitory y-aminobutyric acid (GABA)-ergic interneurons. FHM3 loss-
of-function mutations in the SCN1A gene encoding Nayl.1 sodium channels on
inhibitory interneurons leads to decreased inhibitory activity, which eventually leads
to uncompensated increased excitatory neuronal activity and increased glutamate
release. FHM= familial hemiplegic migraine. EAAT1= excitatory amino acid
transporter 1. EAAT2= excitatory amino acid transporter 2 (3).
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2.10. Functional Consequences of FHM Mutations

Increase in CSD susceptibility has been reported in all of these transgenic
mouse models having multiple various underlying mutations and mechanisms. This
may be due to the enhanced cortical glutamatergic transmission shown for FHM1
mouse models (16). Antiepileptic drugs suppressed neuronal excitability showing the
importance of neuronal excitation in determining CSD susceptibility (52, 53). Beside
this, many clinical studies in patients with FHM1 (55) and common migraine (56,
57) and also GWAS in patients with common migraine (3) confirm the
hyperexcitability of cortex to be an underlying base for migraine.

There is a comprehensive characterization of clinical symptoms in migraine
but its precise molecular and neurobiological pathophysiology and its association
with comorbidities is not known well. Nevertheless, with the help of animal studies a
better understanding of migraine base has been achieved in order to have a better
therapeutic targeting (3, 4, 76, 77)

So far, two transgenic FHM1 mutant mouse models have been produced,
with the gain-of-function missense mutations R192Q or S218L in the CACNA1A
gene (14, 78). While mice with the milder R192Q mutation do not show a severe
phenotype (14), mice with the S218L mutation display an overt phenotype with
cerebellar ataxia and seizures (78), consistent with the clinical phenotype in FHM1
S218L patients. Functional studies of FHM1 mutant mice reveal that beside
enhancement in susceptibility to experimentally induced CSD (14, 15, 78-80), as
triggering mechanism underlying migraine aura, there are changes in
excitation/inhibition balance (16, 81, 82), synaptic plasticity (83) and calcitonin
gene-related peptide (CGRP)-mediated pain signaling in trigeminal nuclei (84-86) as

well.



19

2.11. Cav2.1 Gain of Function and CSD Susceptibility Enhancement in
FHM1 Mice

FHM1 mutations lead to a Cay2.1 gain of function, the potential cause of
cerebral hyperexcitability seen in FHM1 patients (55). FHM1 R192Q (16, 81) and
S218L (82) mutations revealed an enhancement in excitatory but not inhibitory
release of neurotransmitters in brain slices of cortex and neuronal cultures. The
enhanced glutamatergic synaptic transmission in cortex and increased CSD
susceptibility were shown for R192Q mutant mice in vitro in brain slices (16). By
reducing excitatory transmission to wild-type (WT) level in cortex by partially
inhibiting Ca?* channels, the CSD susceptibility facilitation was normalized (16).
This may provide a link between raised Ca?' influx, glutamatergic synaptic
transmission and enhanced susceptibility to CSD. FHM1 S218L mutant mice
revealed an increase in neuronal Ca®* levels at rest, together with a change in
synaptic morphology as shown in a recent in vivo Ca?* imaging study in the
somatosensory cortex of these mutants (87) which suggest increased synaptic
strength and a hyperexcitable phenotype. These findings indicate a facilitated state of
S218L mutant channels at rest. Increase in the miniature excitatory postsynaptic
currents (MEPSCs) frequency in cortical slices of S218L (82) but not R192Q mutant
mice (16) indicates that the rise in resting Ca®* levels may be characteristic for
S218L mutant mice, underlying the specific neurological symptoms including
epilepsy in S218L mice. CSD susceptibility was also increased (15, 78-80) more in
S218L compared to R192Q mutant mice in vivo under anesthesia, and further
modulated by hormones of stress and sex (79, 88). The stronger CSD susceptibility
of homozygous in comparison to heterozygous S218L mutant in vivo (15, 78) is
suggested to be due to a fraction of cortical Cay2.1 channels in S218L homozygous
mutant synapses already being opened at membrane potentials below the needed
threshold for generating action potential (82). The more severe neurological deficits
in patients with the S218L mutation compared to the R192Q mutation confirms these

experimental observations.
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2.12. Neuronal Network Dependent Synaptic Plasticity in FHM1 Mutant
Mice

Cortical synapse proteomes of FHM1 R192Q mutant mice and WT mice was
analyzed by iTRAQ reagent-based Liquid chromatography-mass approach to identify
the proteins and their different expression. Except few alterations in presynaptic
active zone or postsynaptic density proteins, rest of them were subtle (89). R192Q
mutation does not have a functional effect on synaptic molecular architecture which
is consistent with the earlier findings in the same mutant mice reporting no changes
in the abundance level of several kinds of Cayv channels (14) or any change in the
releasable pool of neurotransmitters at cortical synapses (16). However, there was a
significant difference in abundance levels of 19 proteins involved in vesicle turnover,
neurite outgrowth and actin molecule dynamics, and finally, glutamate transporters
between genotypes. These data imply the possibility of compensatory mechanisms to
counter-balance a dysregulated glutamatergic signaling and as an adaptation
mechanism at the level of synapse (89). An enhancement of synaptic depression for
R192Q (16) and S218L mutant mice (82) has been reported at the cortical level, inin
vitro studies, indicating a decline in synaptic transmission efficacy after repetitive
stimulation. Findings from in vitro and in vivo studies of the brainstem Calyx of Held
synapse in homozygous S218L mutant demonstrated a faster rate of recovery after
synaptic depression in comparison with WT (90); this finding also was shown in
vitro for R192Q mutant mutant (91). In the cerebellum of R192Q and S218L mutant
mice slices, a short-term synaptic facilitation reduction at the parallel fiber-to-
Purkinje cell synapses was observed which may be related to a facilitated state of
mutant presynaptic Cav2.1 channels (60) that impair the balance in Purkinje cell
firing tuning, and by this causing cerebellar ataxia associated with FHMI1. The
hippocampal function in R192Q and S218L mutant recently shown in an in vivo
study demonstrated that enhancement in long-term potentiation with no change in
long-term depression were associated to impaired learning and memory behavior,
and this could be as a result of imbalance between potentiation and depression at the

neuronal circuit level (83).
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How neuronal network modifications in the brainstem, hippocampus and
cerebellum lead to functional FHM1 features of migraine-relevant neuronal networks
remains to be investigated. The same mutation in the cortex has differrent effects
compared to the trigeminal ganglion (TG) (85) and brainstem (92), and this leads to
the idea that functional influences of FHM1 mutations can be neuron type dependent.
For instance, there is a strong FHM1 mutations gain-of-function effect seen for
excitatory pyramidal neurons in contrast to the absence of any influence of these
mutations on cortical fast-spiking interneurons and this may be due to the expression
of some interneuron-specific Cayv2.1 channels with gating properties that are not
altered by the FHM1 mutation (81). Functional differences between various types of
neurons in healthy networks in the cortex (93) could be the reason for distinct FHM1
mutations effects on different neuronal networks that may lead to dynamic
perturbations in the excitatory/inhibitory balance in specific neuronal networks in the

brain.

2.13. The Effect of FHM1 Mutations on Neuroinflammation

The first pro-inflammatory profile evidence of in vivo and in vitro studies in
R192Q mutant TG indicates that neuroinflammation may occur in this migraine
mouse model. In mutant or WT TG, most of neurons co-express P2X3 and tumor
necrosis factor alpha (TNFa) receptors making them potentially susceptible to
inflammation mediated by TNFa and the pain signaling related to it (94, 95). R192Q
mutant TG have been reported to be enriched in activated macrophages, showed by
both immunoreactivity to the CD11b (an adhesion molecule marker to mark active
macrophages and microglia), Ibal and macrophage antigen ED1, and also by
macrophage morphology, compared to WT mice (95). R192Q mutant TG expressed
increased levels of mRNA of IL6, IL1b, and IL10 and the MCP-1 chemokine and
TNFa cytokines (95). In accordance with the study investigating that TNFa is a
major factor in TG sensitization, following an inflammatory reaction induced by LPS
injection, expression of TNFa and macrophage occurrence were significantly higher
in ganglia of R192Q mutant compared to WT ganglia (95). The complex molecular

and cellular environment in mutant TG reveals a novel tissue phenotype consistent
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with a neuroinflammatory profile. In FHM patients, this can contribute to
pathophysiology of trigeminal pain by release of soluble mediators such as TNFa,
establishing a crosstalk between resident glia and sensory neurons, underlying the
process of neuronal sensitization (95).

In a recent study, gene expression profile analysis from isolated cortical
tissue of FHM1 R192Q mutant mice revealed the molecular pathways affected by
CSD (96). CSD-induced up-regulation of a group of genes specifically, in FHM1
R192Q mutant brains was striking data of the study. These genes show a strong
functional enrichment for inflammatory signaling genes (96) including several genes
in cluster 1 (Cd53, Anxa2, Ms4a6d, Ccl2, C3arl, Vim and Timpl) which are main
drivers of inflammatory reactions (97). Pathway analyses indicate that the
exacerbated inflammatory reaction is interferon related (96). However, the way that
this interaction between R192Q mutation and CSD result in a definite inflammatory
profile should be more studied. Epilepsy model investigations have some hints about
the close interplay between increased excitation and inflammation (17, 18), which
suggest that the elevated activity in glutamatergic pathways in R192Q KI mice (16)
being more severe during CSD episodes, may start an enhanced inflammatory
response specifically. On the other hand, it can be interpreted that the CSD-induced
elevation of inflammatory response can be due to a pro-inflammatory state in the
FHM1 R192Q brains which may already exist in naive animals (96). Therefore,
naive TG of R192Q KI mice could exhibit a pro-inflammatory phenotype with
increased activated macrophages and microglia and also elevated levels of cytokine
expression (86, 98-100). As reported in wild type mice, CSD caused a signaling
pathway between stressed neurons and trigeminal afferents via opening of neuronal
Panx1 megachannel and caspase-1 activation followed by HMGBL1 release from
neurons and nuclear factor-kB activation in astrocytes (6). Therefore, more studies
are needed to investigate the CSD-induced parenchymal neuroinflammation pathway

on FHM mutant mouse models.
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2.14. Cortical Spreading Depression

Neurons and their proximal dendrites are the major active players of CSD
(101). The brain is responsible for about 20 % of the body’s resting metabolism
(102), and beside this sodium pumps consume relatively half of that 20 % for
maintaining homeostasis of the ion gradients. The term CSD describes the
disturbance and breakdown of this homeostasis (103).

The characterization of CSD is near-complete breakdown of ion gradients
(104), near-complete sustained depolarization in individual neuron recordings (105),
loss of electrical activity (106), huge shunt of neuronal membrane resistance (105),
and neuronal swelling and dendritic spines distortion (107). Therefore, CSD
represents an electrical alteration with near-complete short circuit between neurons
and extracellular space (103), and a morphological and biochemical change observed
as neuronal cytotoxic edema (104, 107). Neurons cannot fire action potentials
because the sustained depolarization is above the threshold at which the membrane
channels which generate action potentials become inactivated (108). Consequently,
CSD leads to the brain electrical silence that was termed cortical spreading
depression of brain electrical activity by Aristides Le&o in 1944 (106).

In the extracellular space, CSD is observed prominently as a negative change
of the slow potential (109). This slow potential alteration may be the result of
longitudinal gradients of depolarization along neurons, most probably due to
dendritic opening of ion channels, which allows the large sustained influxes of small
cations including sodium and calcium into the neurons (105).

There is substantial experimental and clinical data indicating to the pivotal
role of CSD as a part of triggering headache initiation mechanism (6, 8, 110) mainly
in migraine with aura attacks. CSD is called the wave of neuronal and glial
depolarization with a spreading velocity of 3-6 mm/min through the cerebral cortex,
and is known as the electrophysiological correlate of migraine aura (5). CSD initiates
neuroinflammatory cascades associated with neuronal Panx1 mega channels opening
and inflammatory mediators release including HMGB1, and finally
trigeminovascular activation (7, (14). CSD in animal models, initiates a cascade of

events in cortex, subcortex (7), meninges and brainstem consistent with headache
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development (6, 8, 110). Beside cortical structures, subcortical areas including
diencephalic and brainstem nuclei are also affected by CSD (7), and might contribute
to migraine pathophysiology by modulating the perception of activity in

trigeminovascular system (TVS).

2.15. High Mobility Group Box 1 (HMGBL1) Protein

HMGBL, a highly conserved nonhistone nuclear DNA-binding protein, is
widely expressed in most eukaryotic cells including neural cells in several animal
species including humans (111). Nuclear HMGBL1 is able to bind to DNA to stabilize
nucleosome formation and maintains nuclear homeostasis. HMGBL1 enables bending
of DNA and facilitates transcription to regulate gene expression (112).

HMGBL acts as a nuclear and cellular danger signal (9). Endogenous danger
signals released from necrotic or stressed cells that trigger the inflammatory response
after trauma have been termed alarmins or danger-associated molecular patterns
(DAMPs). The subcellular localization of HMGB1 depends on the type and
activation state of the cell. The HMGB1 is mainly localized in the cell nucleus.
HMGBL1 can exert different functions depending on its cellular localization. HMGB1
can be released from the nucleus to the extracellular space in response to different
stimuli in two ways: following cellular injury it is passively released during cellular
apoptosis or necrosis; or it is released actively following inflammatory signals from
activated immune cells or neuronal cells (10). Upon release, extracellular HMGB1
binds to its putative receptors and induces a series of signaling pathways in response
to the original damage (9). Increasing evidence now suggests that HMGBL is a key
mediator in cerebral ischemic progression (10).

Released HMGBI1 has recently been characterized as a key inflammatory
mediator in response to infection, injury, and inflammation by binding to toll-like
receptor 4 (TLR4) and/or receptor for advanced glycation endproducts (RAGE)
(Figure 2.3.)(113); besides active secretion, HMGB1 can be released into
extracellular space from damaged cells or necrotic cells. In this case, the membranes

of necrotic or damaged cells become “leaky” and HMGBI1, which is normally bound
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loosely to chromatin, diffuses from nucleus to cytoplasm, then into the extracellular
matrix (114).

Extracellular HMGB1 acts as a trigger or modulator that affects
inflammation, proliferation, migration, and cell survival. High amounts of HMGB1
have been detected in the extracellular space in various inflammatory conditions

(115).
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MICROGLIA

Figure 2.5. Neuron—microglia communication signaling pathways. After recognition
of damage-associated molecular patterns (DAMPs), Toll-like receptors (TLR)
activate downstream signaling cascades, then activate nuclear factor-xB (NF-«xB)
which induces the transcription of neuroinflammatory mediators associated with the
microglia-like microglial cell phenotype, including the proinflammatory cytokines
tumor necrosis factor (TNF)-a, and interleukin (IL)-1p. High-mobility group box 1
(HMGBL1) is associated to all these signaling events. HMGBL1 released by stressed
neurons and activated microglia concur for a vicious cycle mediating progressive,
chronic neurodegeneration and neuroinflammation. HMGBI1 may interact with
receptors such as TLR-2, TLR-4, RAGE (receptor for advanced glycation end
products), Mac-1 also known as CD11b, and possibly others (10).
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2.16. The Role of Nuclear Factor kB in Neuroinflammation

Nuclear Factor kB (NF-kB) is a ubiquitous transcription factor which can be
found in almost all the cells of an organism. NF-kB regulates the cytokines and
chemokines expression, including interleukins, interferons, lymphokines and tumor
necrosis factors. Microglial cells have membrane receptors such as toll-like receptors
(TLRs), nucleotide-binding oligomerization domain proteins (NLRs), C-type lectin
receptors (CLRs), the receptor for advanced glycation endproducts, RAGE and
receptor for interferons and cytokines (11). TLRs specifically recognize pro-
inflammatory ligands including pathogen-associated molecular patterns (PAMPS)
and damage-associated molecular patterns (DAMPs)(Figure 2.4.). PAMPs include
bacterial, parasitic, fungal, and viral molecules such as viral RNA and DNA, chitin,
a- and B-glucans and microbial cell wall components (11). Examples of DAMPs can
be blood-clotting factors, DNA and RNA, and different intracellular proteins that are

released from damaged and dying cells (11).


https://www.frontiersin.org/articles/10.3389/fnmol.2015.00024/full#F1

28

TNF-g, IL6, IL-18,

Exocytosis

Vesicles containing
prateins

Pro-inflammatory cytokines such as

TNF-g, IL-1, IL-6, INOS and COX2
synthesized are stored in the ER / Golgi
and released as vesicles

I

Protein synthesis

IKB proteosomal
degradation

Transcription g E
ﬁ

Nucleus

NF4B binding to DNA

Figure 2.6. Schematic diagram of the NF-«B pathway. Cells have membrane
receptors such as toll-like receptors (TLRS), tumor necrosis factor receptors (TNFR),
interleukin-1p receptors (IL-1R), and receptor for advanced glycation end products
(RAGE). These receptors distinguish pro-inflammatory ligands such as cytokines,
pathogen-associated molecular patterns (PAMPs), damage-associated molecular
patterns (DAMPs. Ligand bounds activate downstream proteins such as tumor
necrosis factor associated factors (TRAF). TRAF activates specific protein kinases
including mitogen activated protein kinases (MAPK) such as interleukin-1 receptor-
associated kinase 1 (IRAK), and NF-kappa-B-inducing kinase (NIK). These kinases
activate I-kappa-B (IxkB) kinases which phosphorylate 1kB-o. During cell
stimulation, phosphorylation of kB causes its dissociation from the complex, and its
degradation, allowing NF-«xB to be activated and translocated to the nucleus, where it
attaches to specific DNA sequences that are present in the promoters of several target
genes, and finally leads to encoding the pro-inflammatory cytokines (IL-1, IL-6,
TNF-a), chemokines (IL-8, MCP1, eotaxin), adhesion molecules (E-selectin),
cyclooxygenase-2 (cox-2) and inducible nitric oxide synthase (iNOS) (11).
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In an unstimulated cell, NF-xB is located in the cytoplasm as an inactive
heterodimer which is composed of two subunits, p50 and p65. The heterodimer make
a complex together with the inhibitory proteins 1kB-a or IkB-, retaining it in the
cytoplasm. When a cell is stimulated by a PAMP, cytokine or DAMP, a cascade of
signaling events is triggered which is initiated by adapter proteins stimulation in the
cytoplasm. In the case of many TLRs, myeloid differentiation primary response
protein 88 (MYDB88) is such an adaptor protein (116). MYD88 activates specific
protein kinases downstream, such as IkB kinase and mitogen activated protein kinase
(MAPK) which phosphorylate IkB-o. IkB-a phosphorylation and its proteasomal
degradation eventually leads to its dissociation from the NF-kB complex. Then, NF-
kB translocates into the nucleus, where it binds to the promotor regions of specific
genes (117, 118), and recruits other proteins, which lead to the expression of many
proinflammatory cytokines (IL-1, IL-6 and TNF-a), chemokines (IL-8, MCP1,
eotaxin), adhesion molecules (VCAM, E-selectin) and inducible pro-inflammatory
enzymes (COX-2 and iNOS), that all lead to the exacerbation of the inflammatory

process (11, 119) including CSD a putative cause of migraine aura.
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The antibodies and serums used for in vitro experiments are listed in Table

3.1. For mounting sections Polyl-lizin (Sigma) lamms were used. For IHC

experiments following materials were used; Sucrose (Sigma), Hoechst 33258

(Thermofisher), Tris buffer powder (Thermofisher), PBS tampon powder (Biowest),

Bovine Serum Albumin (Biowest), PFA, Isoflurane (Abbott), Isotonic Sodium
Chloride (%0.9) (Polyfarma).

Table 3.1. Antibodies for Immunohistochemistry and Western Blotting

Primary antibodies Origin Aim Polyclonal/ Concentration Company
Monoclonal
HMGB1 Rabbit Mouse Polyclonal 1:200 Abcam
NeuN Mouse Mouse Monoclonal 1:200 Calbiochem
NF-kB p65 Mouse Mouse Monoclonal 1:200 Cell Signaling
S100 beta Mouse Mouse Monoclonal 1:100 Abcam
HMGB1 Mouse Mouse Monoclonal Abcam
Secondary antibodies
cy?2 affini pure goat anti Goat Rabbit 1:200 Jackson
rabbit iga (H+L) Immunoresearch
Cya3 affini pure goat anti Goat Mouse 1:200 Jackson
mouse iga (H+L) Immunoresearch
cy3 secondary anti rabbit Rabbit 1:100 Jackson
antibody (Fab) Immunoresearch
Serums
Normal Goat Serum %10 Jackson Immuno
Research

Normal Mouse Serum %10 Jackson Immuno

Research




Table 3.2. Experimental Facilities

Facility name Company
Precision Scales Shimadzu-AUX220
Vortex Nive-NM110

Distilled Water Machine

Mp Minipure Basic

Anesthesia and Oxygen Machine

AMS-Minor 612

Stereotaxic Frame

WPI

Homeothermic Blanket

Kent Scientific

pH Meter Thermo-Orion3Star
Cryostat Leica-CM1100
Fluorescent-Light Microscope Nikon- E600
Stereomicroscope Nikon SMZ 745T
Confocal Laser Scanning Microscope Leica TCS SP8

Power Lab

AD Instruments

Perfusion Pump

MasterFlex console drive, Cole-
Parmer Instrument Company, model
77800-60

High speed drill

World Precision Instruments

3.2. Methods

3.2.1. Ethics
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All experimental procedures were carried out in accordance with the Guide
for Care and Use of Laboratory Animals (NIH Publication No. 85-23, 1996), and
were approved by Hacettepe University Animal Experiments Ethics Committee

(2016/42 and 2018/57). All experimental procedures were held in the laboratories of

Institute of Neurological Sciences and Psychiatry.

3.2.2. Animals

For this study, we used 46, 2- to 4-month-old, female WT mice (“WT mice”-

C57BL/6J background) and transgenic FHM1 mice that carry either the human
CACNALA R192Q (homozygous) and S218L (heterozygous) missense mutation
(“FHM1 R192Q and S218L mutant mice”)(Figure 3.1.). The mutant mice were
generated by introducing the respective mutation in the endogenous Cacnala gene
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using a gene targeting approach (14, 78). Mice were obtained from Leiden
University, Medical Centre as part of a collaboration with Prof. Dr. Arn van den
Maagdenberg and Dr. Else Tolner. All mice were housed under a fixed 12-hours
light/12-hours dark cycle in 24-26°C and 50-60% moisture in a special room for
animal housing with fresh air and least stressful stimuli, and allowed free access to
food and water at Hacettepe University, Institute of Neurological Sciences and
Psychiatry animal facility. All animals were sacrificed immediately after completing

the experimental procedures.

Immunohistochemistry R192Q/R192Q  S218L/WT Western blotting
(N=34) (N=12)

——

HMGB1 + NFkB +— Naive N=4/group

Multiple CSDs N=3/group __, C3FHMGBI
T Parenchymal NFkB

HMGB1 +— Drilled N=4/group

Sham N:3/gr0up — CSF HMGB1
Parenchymal NFkB

HMGB1 + NFkB <— Pinprick N=5/group

Figure 3.1. Schematic showing the number and design of wild-type (WT) and
transgenic mutant mice with the R192Q or S218L missense mutation in each
experimental group. A total of 46 mice was used for the different experiments that
included pinprick-induced single CSD, KCI-induced multiple CSDs and CSF
collection, drilling experiment as a non-invasive stimulus, and naive control group.
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3.2.3. Surgical Procedure and Electrophysiological Recordings

CSD experiments were performed under urethane (1.25 g/kg, i.p.), and
xylazine (10 mg/kg, i.p) anesthesia. After deep anesthesia was achieved, mice were
placed into a stereotaxic frame and allowed to breathe spontaneously under nasal
oxygen support (2 L/min). The temperature was monitored by a rectal probe and
maintained at 37 = 0.1°C by a homeothermic blanket control unit. Surgery was
performed under an operating stereo-microscope. Cranial sutures and bregma were
exposed with a scalp incision. For pinprick and KCI-soaked cotton ball application a
burr hole was drilled by using a high-speed drill while cooling with saline without
removing dura mater above right frontal cortex (1.3 mm anterior; 1 mm mediolateral
to bregma). For the drilling experiment a burr hole was drilled at the same
coordinates without touching the dura. For some experiments a 1-mme-thick (Outer
Diameter) polyethylene cannula was inserted 2 mm deep into the right lateral
ventricle through a burr hole drilled over the right parietal bone (0.15 mm posterior,
0.65 mm lateral to bregma) under isoflurane anesthesia. CSF was collected one day
after, by a 26 gauge hamilton syringe slowly inserted through the i.c.v. cannula
during 1-hour topical application of a KCI-soaked cotton ball, in every 10 minutes
interval.

Direct-current (DC) potentials were recorded with two Ag-AgCl pellet
electrodes (1 mm diameter) placed over the thinned skull on either both the right and
left parietal bone simultaneously (2 mm mediolateral; 1.5 mm posterior to bregma)
for some experiments, or only the right parietal bone for others (Figure 3.2.). Good
electrical contact was obtained with electrode gel applied to the electrode tip. An Ag-
AgCl plated disk electrode placed under the neck muscles as the ground lead. Signals
were digitized, displayed, and stored on a computer by a data acquisition and

analysis system (Power Lab).
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Figure 3.2. A schematic showing the location of the position of drilling, pinprick and KCI-
induced CSDs, intracerebroventricular (i.c.v.) cannula and CSF collection, and non-invasive
DC recordings.

3.2.4. Experimental Design

Two paradigms were used to assess cortical spreading depression (CSD)-
induced parenchymal neuroinflammation (paradigms 1 and 2). Two further
paradigms (paradigms 3 and 4) were performed to assess basal and confounding-
factor induced neuroinflammation.

Paradigm 1: The pinprick method was used to induce single CSD to investigate
neuronal HMGB1 release and glial NF-xB activation (Figure 3.2.) for 30 minutes, as
this tme point has been reported to be the time of maximum amount of HMGB1
release in neurons after pinprick compared to 5 and 60 minutes which have been
studied (6) Experiments ended by transcardial perfusion and immunohistochemistry
for neuronal HMGB1 and NF-xB activation in astrocytes.

Paradigm 2: Continuous topical application of a cotton ball soaked in 1 M KCI
placed on the frontal cortex was used to induce multiple CSD-induced neuronal

HMGBL1 release in CSF and NF-xB translocation in astrocytes of both brain
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hemispheres (Figure 3.2). Experiments ended with euthanasia of the mouse by
cervical dislocation in order to obtain fresh brain tissue for nuclear fractionation to
assess NF-kB translocation from cytoplasm to nucleus and for CSF, both assessed by
Western blotting.

Paradigm 3: A burr hole was drilled over the right frontal cortex on the same
location as the pinprick induction site without touching the dura to assess the effect
of drilling the skull as a non-aversive stimulus on inflammation. Electrophysiological
activity was recorded by an Ag-AgCl pellet electrode simultaneously to study if
drilling also induced a CSD.

Paradigm 4: Naive mice were anesthetized with intraperitoneal injection of 1 mg/g
chloral hydrate to investigate basal neuroinflammation in the brain. After achieving
deep anesthesia a transcardial perfusion was performed and the brain was extracted

for further molecular experiments.

3.2.5. Immunohistochemistry

Mice were deeply anesthetized and transcardially perfused with heparinized
saline and 4% PFA. Brains were quickly removed, post-fixed in the same solution
overnight and cryoprotected in 30 % sucrose solution for two days. Twenty-pum-thick
coronal sections were cut on a cryostat. Sections were immunostained with rabbit
polyclonal HMGBL1 (1:200, Abcam) followed by secondary labeling with goat anti-
rabbit Cy2 antibody (1:200, Jackson Immunoresearch). Some sections were double-
labeled with mouse monoclonal NeuN antibody (1:200, Chemicon) to identify
neurons. Briefly, sections were rinsed after primary labeling with mouse monoclonal
anti-NeuN and secondary labeling with goat anti-mouse Cy3 antibody (1:200,
Jackson Immunoresearch) and, then incubated with rabbit polyclonal anti-HMGB1
overnight followed by goat anti-rabbit Cy2 secondary antibody. Omission of the
primary antibody from the blocking or PBS solution was performed to test the
specificity of immunoreactivity. Sections were mounted in glycerol/PBS (1:1)
medium containing 12.5 mg/mL sodium azide and 1 pL/mL Hoechst-33258 and
were examined under a wide-field fluorescence or laser-scanning confocal

microscope with appropriate filter sets.
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For astrocyte (S100-beta) and NF-kB double-staining the following protocol
was used: antigen retrieval for 10 minutes in 80°C in 10 mM Sodium citrate buffer in
0.05% Tween with pH 6, followed by washing the sections with PBS for 5 minutes
three times each, and then blocking with 10% normal goat serum (NGS) with 0.5%
TritonX100 in PBS with 0.3 M Glycine (to reduce background) for 90 minutes and
incubating the sections overnight at +4°C with primary monoclonal anti-NF-xB
(P65) antibody (Cell Signaling) in 1:200 in blocking solution. On day 2, first a
solution of 1 pL primary anti-S100-beta (Abcam) with 1.5 uL Cy3 secondary anti-
rabbit antibody (Fab) with 10 puL PBS was prepared in an aluminum folder and
shaken for 1 hour, then 188 pL of 10 % normal mouse serum (NMS) was added and
incubated for 1 hour at room temperature (RT). Next, sections were blocked in this
solution overnight at +4°C. On the third day, the sections were washed with PBS for
5 minutes three times each and mounted in glycerol/PBS (1:1) medium containing
12.5 mg/mL sodium azide and 1 pL/mL Hoechst-33258 and examined under a wide-

field fluorescence or laser-scanning confocal microscope with appropriate filter sets.

3.2.6. Western Blotting

3.2.6.1. Subcellular Fractionation and NF-kB Western Blotting

Mice were euthanized under deep anesthesia of urethane and cervical
translocation were done. Brains were quickly removed, dissected to several regions
of interest including cortices, sub-cortices, cerebellum, and trigeminal ganglia from
both CSD-induced hemisphere and contralateral hemisphere, then placed on ice, and
prepared for nuclear and cytoplasmic extraction according to NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo-Fisher Sci., USA) as indicated in the
instructions. Brains were dissected into smaller pieces and weighed. Appropriate
volume of CERI containing protease inhibitor cocktail was added to sample and
homogenized using tissue grinder. Mixture was vortexed for 15 seconds and
incubated on ice for 20 minutes. Ice cold CER Il buffer was added to the tube and
was vortexed for 5 seconds, incubated on ice for 5 minutes. Solution was centrifuged

at 16000 g for 5 minutes and supernatant (Cytoplasmic fraction) was transfered
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without touching the pellet immediately. Pellet was suspended in the appropriate
amount of ice cold NER buffer with protease inhibitor cocktail and sample was
incubated on ice for 40 minutes by vortexing 15 seconds every 10 minutes interval.
Sample was centrifuged at 16000 g for 10 minutes and supernatant (Nuclear fraction)
was transfered immediately to a clean pre-chilled tube. Protein extracts were stored
at 80°C until use.

Protein amounts were quantified by Pierce BCA Protein Assay Kit (Thermo-
Fisher Sci.). 30 ug protein was loaded to the gel for Western blotting. Primary
antibody incubation was performed at +4°C for overnight (a-NF-xB 1:1000, a-
Histone-3 1:2000, a-B3-Tubulin 1:2500) and secondary antibody (1:5000) incubation
was performed at room temperature for 1 hour. Histone-3 and B3-Tubulin proteins

were used as nuclear and cytoplasmic fractions’ loading controls.

The protein bands were detected by ECL based technique and were

quantified with ImageJ analysis program.

3.2.6.2. CSF Collection after CSD and HMGB1 Western Blotting

For the detection of HMGBL in CSF, this body fluid was collected through an
i.c.v. cannula placed into right lateral ventricle a day before the experiment. In the 1
hour duration of CSD induction, CSF was collected every 10 minutes and stored
immediately in -80°C. CSDs were induced by topical application of a 1 M KCI-
soaked cotton ball placed on the right frontal burr hole for 1 hour. During this period,
3-5 pL CSF was collected from cannula (n = 3 mice). Sham experiments (n = 3
mice) were performed with application of saline-soaked cotton ball instead. CSD
induction and CSF collection were performed as described above. A CSF sample
was discarded if it was not crystal clear in order to be sure that blood contamination
was not present. CSF was frozen immediately and stored at -80°C until use.
Individual CSF samples were used at equal amounts for Western blotting. The
blotted membrane was heated in boiling PBS for 5 minutes to enhance the signal.
The other steps were performed with primary (mouse monoclonal anti-HMGBL,
1:500, Abcam) and secondary (HRP-conjugated anti-rabbit 1gG, 1:3000, Cell
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Signaling) antibodies as described above. HMGB1 protein bands were detected by
ECL based technique and were quantified by ImageJ analysis program.

3.2.7. Electrophysiological Analysis

Total CSD duration was measured as the time from the beginning of the
depolarization phase of the CSD to the end of the repolarization phase. To measure
CSD half-maximum duration, the duration of CSD between half maximum
amplitude of both depolarization and repolarization phase were assessed using Power
Lab chart software. CSD derivative was measured for first component, the
depolarizing phase, of CSD in KCl-induced multiple CSD experiments, for both the
first CSD and all CSDs, using Power Lab software.

CSD velocity was calculated from the distance between the CSD induction
site to the recording electrode (3 mm for pinprick experiments, 3.5 mm for KCI
experiments), and the onset latency of the CSD, as mm/min. CSD frequency was
calculated as the number of CSD events during the time course of the experiments
(30 minutes in pinprick experiments and 1 hour in multiple CSD experiments).

3.2.8. Quantification of HMGB1 Release and NF-kB Activation

HMGB1-labeled cells were counted at 200x magnification on 8 images
obtained 2.5 mm apart from two frontal and two posterior coronal sections from each
mouse, the studied brain areas were: frontal cortex (primary motor area), parietal
cortex (primary somatosensory area), striatum, and thalamus, as these are the most
studied areas for CSD in FHM1 mutant mice, of both ipsilateral and contralateral
hemispheres to CSD induction site. Totally 13,062 neurons and 1,448 astrocytes
were quantified in WT mice, and 13,740 neurons and 1,540 astrocytes were
quantified in R192Q mutant mice. The NeuN-positive/HMGB1-negative signal was
counted as total HMGBL1 release. The HMGB1 immunoreactivity that extends the
nucleus in NeuN-positive cells was considered as HMGB1 cytoplasmic signal.
NeuN-positive/HMGB1-positive signal was regarded as no HMGBL1 release. The

quantification was done on different brain areas including ipsilateral and
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contralateral frontal cortices, ipsilateral and contralateral parietal cortices, ipsilateral
and contralateral striatum and ipsilateral and contralateral thalamus by two blinded
researchers and the data were averaged.

For NF-xB quantification the same method was performed at 400x
magnification on 4 images obtained from frontal coronal sections of each mouse.
S100-beta-positive cells (astrocytes) that were positive for nuclear NF-xB in the
nucleus that is confirmed with Hoechst-33258 staining, were counted out of the total

S100-beta cells and the ratio reflected NF-«B activated astrocytes.

3.2.9. Statistical Analysis

Data were expressed as mean and standard error of mean (mean £ SEM)
throughout the text. Non-parametric data was analyzed with Kruskal-Wallis test and
the significant data was further analyzed by Mann-Whitney U test. All calculated p-
values were two-tailed, and p<0.05 was considered as statistically significant.
Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, La
Jolla, CA) and IBM SPSS Statistics version 23 (IBM, Armonk, NY).
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4. RESULTS

4.1. Parenchymal Neuroinflammation in Naive Wild-type and
R192Q Mutant Mice

4.1.1. HMGBL1 Release in Naive Wild-type and R192Q Mutant
Mice

In order to investigate to what extent basal neuroinflammation is present in
the R192Q mutant brain compared to that of WT mice, the NeuN-positive/HMGB1-
negative cells were counted as a readout of total HMGBL1 release from neurons. The
results indicated that in right frontal cortex the amount of HMGBL1 release was 6.8 +
0.4 % (mean £ SEM) in R192Q mice whereas this amount in the same area in WT
mice is 4.1 = 0.4 %; in right striatum the amount of HMGB1 release was 8.7 + 0.1 %
in R192Q and 4.2 £ 0.1 % in WT mice; the amount in left frontal cortex was 6.9 +
0.5 % in R192Q and 3.3 £ 0.4 % in WT mice; and in left striatum it was 7.5 + 0.8 %
in mutant and 4.1 £ 0.4 % in WT mice. In all four brain areas, there was a
significantly higher amount of parenchymal neuroinflammation, as revealed by the
neuronal total HMGBL1 release, in R192Q mutant mice compared to WT (n=4/group;
p<0.05) (Figure 4.1.).



41

HMGB1 Total Neuronal Release in Naive
WT and R192Q mice
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Figure 4.1. HMGBI1 release in cortical and subcortical areas of naive WT and R192Q
mutant mouse brains. NeuN-positive/HMGB1-negative cells were counted as total
HMGB1 release. R: Right side.L: Left side. Bars show standard error of mean

(SEM). p=0.0005 in Kruskal Wallis test. *p=0.0286 mutant versus WT in the same
area; n=4/group.

In confocal images taken from 20-um thick sections from the right parietal
cortex, neuronal nuclei (NeuN) are shown in red and HMGBL1 in green (Figure 4.2.).
NeuN-positive/HMGB1-negative cells (triangles) were counted as total HMGB1
release. NeuN-positive/HMGB1-positive cells (arrows) were counted as no release.
Total HMGBL1 release was more prominent in the R192Q mutant mouse right

parietal cortex.
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Figure 4.2. Basal neuroinflammation in naive WT and R192Q mutant mice.
Confocal images of the right parietal cortex show colocalization of neuronal nuclei
(NeuN) (in red) with HMGB1 signal (in green). NeuN-positive/HMGB1-negative
cells (arrowheads) were counted as total HMGBL1 release (some are shown in the
image as examples). NeuN-positive/HMGB1-positive cells (arrows) were counted as
no release in HMGB1 (some are shown in the image as examples). Images were
taken on 20-pum-thick sections by laser scanning confocal microscope. Scale bars: 50

pm.
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4.1.2. NF-kB Cytoplasm-To-Nucleous Translocation In
Astrocytes of Naive Wild-type and R192Q Mutant Mice

In an unstimulated cell, NF-xB is located in the cytoplasm in an inactive
form. Only upon stimulation NF-xB translocates to the nucleus. Here we used
S100-beta as an astrocyte marker, an NF-xB antibody to show the immunoreactivity
of these proteins, and Hoechst-33258 as a nuclear marker. To investigate the extent
of basal neuroinflammation in R192Q mutant compared to WT mice, S100-beta
positive/nuclear NF-kB positive cells were counted as nuclear NF-kB, which has
been translocated from astrocytic cytoplasm as a parenchymal neuroinflammatory
response. Results indicated that in the right frontal cortex the amount of NF-
kB translocation was 12.9 + 3.3 % in R192Q mutant mice whereas the amount in the
same area in WT mice was 7.1 + 0.9 %; in right striatum the amount of NF-
kB translocation was 11.4 + 1.5 % in R192Q mutant mice and 4.9 £ 0.1 % in WT
mice; the amount in left frontal cortex was 10.6 + 1.8 % in R192Q mutants and 6.5 £
0.6 % in WT mice; and in left striatum it was 11.7 £ 2.1 % in mutant and 4.7 £ 0.2 %
in WT animals. In all four brain areas there was a significantly higher amount of
parenchymal neuroinflammation, as revealed by the astrocyte NF-kB activation, in
R192Q mutant mice compared to WT mice (n=4/group; p<0.05)(Figure 4.3. and
4.4)).
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Nuclear Nf-xB Translocation in Astrocytes
in Naive WT and R192Q mice
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Figure 4.3. NF-«xB translocation from cytoplasm to nucleus in astrocytes in naive
WT and R1920 mutant mice. S100-beta positive/nuclear NF-xB positive cells were
counted as nuclear NF-xB which had been translocated from astrocytic
cytoplasm. R: Right side. L: Left side. Bars show standard error of mean
(SEM). p=0.0007 in Kruskal Wallis test. *p=0.0286 mutant versus WT in the same
area; n=4/group.
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S100-beta NF-kB Hoechst-33258

S100-beta/NF-kB/Hoechst
S100-beta/NF-kB

Figure 4.4. NF-xB translocation. Confocal images show NF-kB translocation from
cytoplasm to nucleus in astrocytes of R192Q mutant mice as a demonstration
(arrowheads in all images). Inset shows two actrocytes (arrowheads, S100-beta
positive, in red) adjacent to two neurons (arrows, S100-beta negative, in red). NF-kB
immunoreactivity is shown in green, which is visible in the nuclei of astrocytes
(arrowheads in green and merged image), but in neurons (arrows in green) NF-«xB is
visible as a rim in cytoplasm and not in nuclei. Hoechst-33258 (blue) as a nuclear
marker shows the colocalization of NF-kB in nuclei of astrocytes (arrowheads,
merged image). Images were taken on 20 pum thick sections from right parietal cortex
by laser scanning confocal microscope. Scale bars: 20 pm.
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4.2.  Effect of a Non-invasive Confounding Stimulus, Drilling the
Skull, on Parenchymal Neuroinflammation and HMGB1
Release

To investigate whether drilling the skull has a confounding effect on HMGB1
release and simultaneously investigate whether the effect acts as a non-invasive
stimulus on the amount of parenchymal neuroinflammation in R192Q mutant mice
compared to WT, the NeuN-positive/HMGB1-negative cells were counted as total
HMGB1 release. Results of drilling the skull are represented as the amount of
HMGB1 release from neurons in both frontal cortical and striatal areas of the brain.
The right frontal cortex on which the drilling was performed, showed 14.6 £ 1.9 %
HMGBL release in R192Q mutant mice compared to 9.9 £ 0.8 % in the same area in
WT mice; the difference is at the border of significance (p=0.057; n=4/group)(Figure
4.5.). The other regions of the brain act more or less the same with respect to
HMGBL release in R192Q mutant and WT mice. Data also showed that comparing
naive HMGBL release to drilled groups, HMGBL1 release is increased in both WT
and R192Q mutant mice after drilling which was only significant in right cortex

(p=0.028) compared to naive mice.
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HMGB1 Total Neuronal Release after Drilling the
skull in WT and R192Q mice
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Figure 4.5. HMGBL1 release after drilling the skull in WT and R192Q mutant mice.
NeuN-positive/HMGB1-negative cells were counted as total HMGBL1 release. Right
frontal cortex was the site of drilling the skull. R: Right side. L: Left side. Bars
show standard error of mean (SEM). p=0.0386 in Kruskal Wallis test. p=0.057
mutant versus WT in the right frontal cortex ; n=4/group.
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4.3.  Pinprick-induced CSD Causes Parenchymal
Neuroinflammation in Wild-type and R192Q Mutant Mice:
Does CSD Cause a Regional Specific Distribution Pattern and
Increase in HMGB1 Release?

4.3.1. Laterality in HMGB1 Release in Wild-type and R192Q
Mutant Mouse Brains

To study the effect of a single CSD induced by pinprick on the amount of
HMGBL1 release indicating the parenchymal neuroinflammation in R192Q mutant
compared to WT mice, NeuN-positive/HMGB1-negative cells were counted as total
HMGBL release by immunohistochemistry. Here both frontal and posterior cortical
regions (primary motor and primary sensory cortices) and subcortical regions
(striatum and thalamus) are included in the statistical analysis. In R192Q mutant
mice, the amount of total neuronal HMGBL1 release in the ipsilateral side was 54.3 £
3.5 % compared to 55.0 + 3.4 % for the same hemisphere in WT mice. However,
HMGBL1 release in the hemisphere contralateral to that in which CSD was induced
was 59.4 = 3.5 % for R192Q mutant mice and 34.5 = 3.5 % for WT mice.
Contralateral HMGBL1 release was significantly higher in R192Q mutant mice than
in WT mice (p=0.0079; n=5/group)(Figure 4.6.). In WT mice, the amount of
HMGBL release in the hemisphere in which CSD was induced (ipsilateral side) was
55.0 + 3.4 % which was significantly higher than the amount of HMGBL1 release in
the contralateral hemisphere 34.5 + 3.5 %, in the same animals (P=0.0079;
n=5/group). Results show that there is no significant difference in HMGBL release in
CSD ipsilateral hemispheres between WT and R192Q mutant mice. However, in
R192Q mutant mouse brains, HMGBL1 release is bilateral and almost equally
distributed, whereas in WT brains, there is more HMGBL1 release ipsilateral to the

side of CSD induction compared to the contralateral hemisphere.
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Laterality in neuronal HMGB1 release in WT and R192Q mice brain
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Figure 4.6. HMGBL1 release after pinprick-induced single CSD in WT and R192Q
mutant brains. NeuN-positive/HMGB1-negative cells were counted as total HMGB1
release. CSD Ipsi: the hemisphere, including cortex and subcortex, ipsilateral to
CSD induction. CSD Contra: the hemisphere, including cortex and subcortex,
contralateral to CSD induction. Outliers in R192Q group belongs to one animal
which was monitored by 3 CSD after single pinprick. Bars show standard error of
mean (SEM). p=0.0097 in Kruskal Wallis test. *p<0.02 mutant versus WT in the
same area; #p<0.01 WT CSD ipsilateral versus WT CSD contralateral; n=5/group. In
one of the R192Q mutant mice after pinprick, 3 CSDs were monitored so, for
comparison of the effect of a single CSD, this mouse data was excluded from the
analysis.
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CSD-Contra

CSD-lpsi

Figure 4.7. HMGBL release after pinprick-induced single CSD in the WT mouse
brain. Confocal images show colocalization of neuronal nuclei (NeuN) (in red) with
HMGB1 signal (in green). NeuN-positive/HMGB1-negative cells (triangles) were
counted as total HMGB1 release. NeuN-positive/HMGB1-positive cells (arrows)
were counted as no release in HMGB1. CSD-Ipsi: brain cortex ipsilateral to CSD
induction. CSD-Contra: brain cortex contralateral to CSD induction. Images were
taken from 20-pm-thick sections by laser scanning confocal microscope. Scale bars:

50 pm.
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CSD-lpsi CSD-Contra

Figure 4.8. HMGBL release after pinprick-induced single CSD in a R192Q mutant
mouse brain. Confocal images show colocalization of neuronal nuclei (NeuN) (in
red) with HMGB1 signal (in green). NeuN-positive/HMGB1-negative cells
(triangles) were counted as total HMGB1 release. NeuN-positive/HMGB1-positive
cells (arrows) were counted as no release in HMGBI1. CSD-Ipsi: brain cortex
ipsilateral to CSD induction. CSD-Contra: brain cortex contralateral to CSD
induction. Images were taken from 20-pum-thick sections by laser scanning confocal
microscope. Scale bars: 50 um.
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4.3.2. Laterality in HMGB1 Release in Cortical Areas of Wild-
type and R192Q Mutant Mouse Brains

In order to study the effect of a single CSD, induced by pinprick, on the
amount of HMGBL1 release and parenchymal neuroinflammation in WT and R192Q
mutant mice, NeuN-positive/HMGB1-negative cells were counted as total HMGB1
release. Results showed that HMGBL1 release in ipsilateral frontal cortex was 43.2 +
7.6 % in mutant mice and 38.6 + 2.9 % in WT mice brain (p>0.05). However, there
was a significant increase in the amount of HMGBL1 release (42.6 £ 7.3 %) from
neurons in the R192Q contralateral frontal cortex compared to the same area in WT
mice (13.0 £ 2.4 %)(p=0.0079; n=5/group) (Figure 4.9). Moreover, WT ipsilateral
frontal cortex had more HMGBL release (38.6 + 2.9 %) than WT contralateral frontal
cortex (13.0 £ 2.4 %)(p=0.0079; n=5/group). Results indicated there was a clear
difference in ipsilateral and contralateral HMGBL1 release of WT mice brain, as
expected (6). However, in R192Q mutant mice this laterality was not seen as there
was a bilateral parenchymal neuroinflammation. Neurons in right frontal cortex
released more HMGBL1 (43.20 + 7.4 %) compared to right parietal cortex (35.80 *
11.6 %) in the R192Q mutant mouse brain, this trend was followed in the left
hemisphere as well (42.6 £ 7.1 %, 34.8 £ 10.3 % respectively) but the increases were
not significant (p= 0.5, and p= 0.3 respectively). However, in WT mice, the HMGB1
release in frontal cortex was less than parietal cortex in both right (38.6 £ 2.9 %, 40.4
* 9.2 %) and left hemisphere (13 = 2.4 %, 31.6 + 9.6 %) which was significant in the
left side (p<0.05; n=5/group)(Figure 4.9.).
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Laterality in HMGB1 release in CORTICAL areas of
WT and R192Q mice brain
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Figure 4.9. HMGBL release after pinprick-induced single CSD in cortical areas of
R192Q mutant mice compared to those WT mice. NeuN-positive/HMGB1-negative
cells were counted as total HMGBL release. R: Right side. L: Left side. Bars show
standard error of mean (SEM). p=0.0203 in Kruskal Wallis test. *p<0.01 mutant
versus WT in the same area; **p<0.01 versus WT L Frontal Cortex; #p<0.05 versus
WT L Parietal Cortex; n=5/group.
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Figure 4.10. HMGBL release after pinprick-induced single CSD in cortical areas of
the WT mouse brain. Confocal images show NeuN-positive/HMGB1-negative cells
that were counted as total HMGBL1 release. RFrCx: Frontal cortex ipsilateral to CSD
induction. RPrCx: Parietal cortex ipsilateral to CSD induction. LFrCx: Frontal
cortex contralateral to CSD induction. LPrCx: Parietal cortex contrateral to CSD
induction. Images were taken on 20-um-thick sections by laser scanning confocal
microscope. Scale bars: 50 pm.
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RFrCx RPrCx LFrCx LPrCx

Figure 4.11. HMGBL release after pinprick-induced single CSD in cortical areas of
the R192Q mutant mouse brain. Confocal images show NeuN-positive/HMGB1-
negative cells that were counted as total HMGBL1 release. RFrCx: Frontal cortex
ipsilateral to CSD induction. RPrCx: Parietal cortex ipsilateral to CSD induction.
LFrCx: Frontal cortex contralateral to CSD induction. LPrCx: Parietal cortex
contrateral to CSD induction. Images were taken on 20-pm-thick sections by laser
scanning confocal microscope. Scale bars: 50 pm.
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4.3.3. Laterality in HMGBL1 Release In Subcortical Areas of
Wild-type and R192Q Mutant Mouse Brains

The amount of HMGBL release and parenchymal neuroinflammation in WT
and R192Q mutant mice after a single CSD induced by pinprick was analyzed by the
ratio of NeuN-positive/HMGB1-negative cells. Data demonstrated a higher increase
in the amount of HMGB1 release from neurons in some subcortical areas of R192Q
mutant mice compared to that in WT mice (Figure 4.12); however, in WT ipsilateral
striatum the amount of HMGBL1 release was 75.8 + 7.1 % that was significantly more
than the release in the same area in R192Q mutant mice (53.6 = 5.7 %)(p=0.048;
n=5/group). However, in R192Q mutants there was an increased amount of neuronal
HMGBL release in contralateral striatum: 55.2 £ 5.9 % compared to 26.0 = 1.2 % in
the same area in WT mice (p=0.0079; n=5/group). Notably, the rise in HMGB1
release in R192Q mutant mice was significantly higher in ipsilateral (84.6 + 4.5 %)
and contralateral thalamic area (87.8 £ 3.5 %) than ipsilateral (53.6 = 5.7 %) and
contralateral striatal area (55.2 + 5.9 %)(p= 0.016; n=5/group for thalamic area and
p= 0.0079; n=5/group for striatal area)(Figure 4.12). Comparing WT ipsilateral
striatum to contralateral one revealed a significant increase in the release in
ipsilateral striatal area (75.8 + 7.1 %) compared to contralateral striatum (26.0 £ 1.2
%)(p=0.0079; n=5/group). Moreover, in the WT group, contralateral thalamic region
shows significantly more HMGBL release (59.6 + 11.7 %) than contralateral striatal
region (26.0 + 1.2 %)(p=0.024; n=5/group) (Figure 4.12.).
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Laterality in HMGB1 release in SUB-CORTICAL areas of
WT and R192Q mice brain
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Figure 4.12. HMGBL1 release after pinprick-induced single CSD in subcortical areas
of WT and R192Q mutant mouse brains. NeuN-positive/HMGB1-negative cells were
counted as total HMGBJ1 release. In R192Q mice neuronal HMGB1 release was
higher in right and left thalamus and left striatum compared to WT mice. However
right striatum of WT mice showed more HMGB1 release compared to R192Q
mutant. R: Right side. L: Left side. Bars show standard error of mean (SEM).
p=0.0006 in Kruskal Wallis test. *p<0.05 mutant versus WT in the same area;
**p<0.05 versus R192Q L Striatum; #p<0.01 versus WT L Striatum; %p<0.05
versus WT L Thalamus; ## p<0.05 versus R192Q R Striatum; n=5/group.
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Figure 4.13. HMGBL1 release after pinprick-induced single CSD in subcortical areas
of a WT mouse brain. Confocal images show NeuN-positive/HMGB1-negative cells
that were counted as total HMGBL1 release. R Striatum: Striatal area ipsilateral to
CSD induction. R Thalamus: Thalamic area ipsilateral to CSD induction. L
Striatum: Striatal area contralateral to CSD induction. L Thalamus: Thalamic area
contrateral to CSD induction. Images were taken on 20-pm-thick sections by laser
scanning confocal microscope. Scale bars: 50 pm.
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Figure 4.14. HMGBL1 release after pinprick-induced single CSD in subcortical areas
of an R192Q mouse brain. Confocal images show NeuN-positive/HMGB1-negative
cells that were counted as total HMGBL release. R Striatum: Striatal area ipsilateral
to CSD induction. R Thalamus: Thalamic area ipsilateral to CSD induction. L
Striatum: Striatal area contralateral to CSD induction. L Thalamus: Thalamic area
contrateral to CSD induction. Images were taken on 20-pm-thick sections by laser
scanning confocal microscope. Scale bars: 50 pm.
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4.3.4. Laterality in Cortical and Subcortical HMGB1 Release
of Wild-type and R192Q Mutant Mouse Brains

To study the effect of a single CSD induced by pinprick on the amount of
HMGBL1 release and parenchymal neuroinflammation in WT and R192Q mutant
mice, NeuN-positive/HMGB1-negative cells were counted as total HMGBL release.
Data demonstrated that in WT, ipsilateral frontal cortical and striatal HMGBL release
was more than on the contralateral side; for example, ipsilateral striatum had
significantly more HMGBL1 release (79.2 + 3.8 %) compared to contralateral striatum
(42.8 £5.8 %) in WT (p=0.0079; n=5/group)(Figure 4.15.).

Generally, striatal release was higher than cortical release in both the mutant
and the WT group. In WT mice, ipsilateral striatum showed significantly more
amount of HMGB1 release (79.2 £ 3.8 %) than ipsilateral frontal cortex (39.4 + 3.9
%)(p=0.0079; n=5/group). R192Q mutant mice followed the same trend with
significantly more release but in both ipsilateral (69.1 = 4.5 %) and contralateral
(71.5 £ 4.0 %) striatum compared to ipsilateral (39.5 = 6.9 %) and contralateral (38.7
+ 5.3 %) frontal cortices (p=0.0079; n=5/group for both). Notably, in R192Q mutant
mice there was no such side difference present in WT group (Figure 4.15.).
Comparing WT with R192Q mutant mice, data showed a significant rise in the
amount of HMGB1 release in mutant contralateral striatum (71.5 = 4.0 %) compared
to the same area in WT mice (42.8 £ 5.8 %)(p=0.0079; n=5/group)(Figure 4.15.).
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Laterality in Neuronal HMGB1 release when comparing
CORTEX with SUB-CORTEX of R192Q/WT mice
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Figure 4.15. HMGBL1 release after pinprick-induced single CSD in cortical and
subcortical areas of WT and R192Q mutant mouse brains. NeuN-positive/HMGB1-
negative cells were counted as total HMGBL1 release. R: Right side. L: Left side.
Bars show standard error of mean (SEM). p=0.0001 in Kruskal Wallis test. *p<0.01
mutant versus WT in the same area; **p<0.01 versus R192Q R Striatum; #p<0.01

versus WT R Striatum; %p<0.01 versus WT L Striatum; ## p<0.01 versus R192Q L
Striatum; n=5/group.
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RFrCx R Striatum LFrCx L Striatum

Figure 4.16. HMGBL release after pinprick-induced single CSD in cortical and
subcortical areas of a WT mouse brain. Confocal images show NeuN-
positive/HMGB1-negative cells that were counted as total HMGBL1 release. RFrCx:
Frontal cortex ipsilateral to CSD induction. R Striatum: Striatal area ipsilateral to
CSD induction. LFrCx: Frontal cortex contralateral to CSD induction. L Striatum:
Striatal area contralateral to CSD induction. Images were taken on 20-pm-thick
sections by laser scanning confocal microscope. Scale bars: 50 pm.



63

RFrCx R Striatum LFrCx L Striatum

HMGB1

Merged

Figure 4.17. HMGBL release after pinprick-induced single CSD in cortical and
subcortical areas of an R192Q mutant mouse brain. Confocal images show NeuN-
positive/HMGB1-negative cells that were counted as total HMGBL1 release. RFrCx:
Frontal cortex ipsilateral to CSD induction. R Striatum: Striatal area ipsilateral to
CSD induction. LFrCx: Frontal cortex contralateral to CSD induction. L Striatum:
Striatal area contralateral to CSD induction. Images were taken on 20-pm-thick
sections by laser scanning confocal microscope. Scale bars: 50 pm.
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4.4.  Pinprick-induced Parenchymal Neuroinflammation in Wild-
type and R192Q Mutant Mouse Brains: A Regional
Distribution Pattern and Increase in NF-xB Translocation in

Astrocytes

To study the effect of a single CSD induced by pinprick on the amount of
parenchymal neuroinflammation, NF-kB translocation from cytoplasm to nucleus in
astrocytes was investigated. In this set of experiments S100-beta was used as an
astrocyte marker, an NF-xB antibody to show the immunoreactivity of these
proteins, and Hoechst-33258 as a nuclear marker. To show the extent of basal
neuroinflammation in R192Q mutant compared to WT mice, S100-beta
positive/nuclear NF-kB positive cells were counted as nuclear NF-kB, which has
been translocated from astrocytic cytoplasm as a parenchymal neuroinflammatory
response. Results indicated an increase in NF-kB activation in all investigated brain
regions of R192Q mutant mice compared to activation in WT mice (Figure 4.18.).
The laterality in NF-xB activation was shown in the graph for WT mice with more
translocation in ipsilateral frontal cortex (89.1 + 1.4 %) and striatum (93.1 + 2.1 %)
compared to the respective contralateral areas (64.5 + 10.4 % and 61.8 + 11.4 %,
respectively)(p<0.05; n=4/group). However, in R192Q mutant mice the activation
was bilateral. The rise in NF-xB nuclear translocation was significantly higher in
R192Q mutant ipsilateral frontal cortex (97.5 = 1.0%) and contralateral striatum
(87.8 £ 5.1 %) compared to WT ipsilateral frontal cortex (89.1 + 1.4 %) and
contralateral ~ striatum  (61.8 £+ 114  %)(p<0.05;  n=4/group)(Figure
4.18.). Contralateral frontal cortex in R192Q mutant mice also showed more NF-xB
activation compared to the same area in WT mice, although the increase did not

reach statistical significance.
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Nuclear Nf-kxB Translocation in Astrocytes after
Pinprick-induced CSD in WT and R192Q mice
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Figure 4.18. NF-xB translocation from cytoplasm to nucleus in astrocytes after
pinprick-induced CSD in WT and R1920 mutant mice. S100-beta-positive/nuclear
NF-«xB-positive cells were counted as nuclear NF-kB that had been translocated from
astrocytic cytoplasm. R: The brain area ipsilateral to CSD induction. L: The brain
area contralateral to CSD induction. Bars show standard error of the mean (SEM).
p=0.0024 in Kruskal Wallis test. *p<0.05 mutant versus WT in the same area;
#p<0.05 versus WT L Frontal Cortex; p<0.05 versus WT L Striatum; n=4/group).
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4.5.  Neuroinflammation After Multiple CSD Events Induced by
KCI in Wild-type and S218L Mutant Mouse Brains

45.1. HMGBL1 Release in CSF in Wild-type and S218L
Mutant Mice After KCI-induced Multiple CSDs

During the course of multiple CSDs induced by a KCI-soaked (saline for the
sham group) cotton ball for 1 hour, CSF was collected through an i.c.v. cannula in
the right lateral ventricle of each brain, individual and pooled CSF samples were
studied in each group (2 pl/mouse, n=2/group). According to Western Blot bands, for
released HMGBL1 protein to CSF, there was almost 2-fold increase in WT CSD group
compared to WT sham; there was almost 2.5-fold increase in S218L CSD group
compared to S218L sham, and there was 0.66 fold increase in S218L CSD group
comapred to WT CSD group, however none of them was significant (Figure 4.19.).
For R192Q group the same procedure was performed but due to technical problems,
data was not regarded as reliable.
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Figure 4.19. HMGB1 release during 1 hour KCIl-induced multiple CSDs/saline
application for sham group, detected in CSF collected through i.c.v. cannula in
S218L mice compared to its WT, (n=2/group).
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4.5.2. Translocation of NF-xB from Cytoplasm to Nucleus
in Astrocytes of Wild-type and S218L Mutant Mice
Assessed by Western Blotting

Immediately after finishing the multiple CSDs induced by a KCI or saline
(for sham group) soaked cotton ball for 1 hour, fresh brains were extracted and sliced
to different cortical and subcortical areas, then nuclear and cytoplasmic parts were
seperated and NF-xB translocation from cytoplasm to nucleous was detected by
nuclear subtraction Western blotting in S218L and its wild-type mice in right frontal
cortical areas, and left subcortical areas (n=3/group, except S218L sham group which
was 2). We preferred left subcortical area as another area to show the NF-xB
activation, because in immunohistochemistry experiments of this area was the one
that had the most prominent difference between mutant and WT groups. Results
showed that CSD causes an increased NF-kB activation in WT CSD group (85.2 +
5.1 %) compared to WT sham group (60.7 + 6.5 %) in frontal cortex ipsilateral to
CSD (p=0.04) (Figure 4.20.). Interestingly, both in S218L CSD (90.9 = 2.1 %) and
S218L sham-operated (84.7 + 4.7 %) groups there was similar amount of NF-xB
activation in right frontal cortices (p=0.25). These results were similar to WT CSD
group (p=0.35) and more than WT sham group (p=0.07). In subcortex contralateral
to CSD there was significant increase of NF-kB activation in WT CSD group (63.1 £
0.9 %) compared to sham-operated ones (48.3 = 5.8 %)(p=0.06). In S218L mutant
mice groups, CSD (83.1 + 6.9 %) caused an increased NF-kB activation compared to
sham operated group (79.6 = 2.6 %)(p=0.72). NF-xB activation in both S218L
mutant mice groups (CSD and sham-operated) was more compared to WT CSD and
WT sham-operated ones in contralateral subcortical areas (p=0.04, p=0.02,
respectively)(Figure 4.21.).
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Figure 4.20. NF-xB translocation from cytoplasm to nucleous in astrocytes shown
by nuclear subtraction Western blotting. After KCI-induced multiple CSDs NF-xB is
translocated from cytoplasm to nucleous of the astrocytes shown in ipsilateral
cortical area of the brains of S218L mutant mice compared to WT mice and sham
groups of each (For sham group saline was applied); *p=0.04 versus WT sham;
(n=3/group, except S218L sham group which was 2).
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Figure 4.21. NF-xB translocation from cytoplasm to nucleous in astrocytes shown
by nuclear subtraction Western blotting. After KCl-induced multiple CSDs NF-«B is
translocated from cytoplasm to nucleous of the astrocytes shown in contralateral
subcortical area of the brains of S218L mutant mice compared to WT mice and sham
groups of each (For sham group saline was applied); *p=0.02 versus WT sham;

**p=0.04 versus WT CSD; #p:0.0Z versus WT sham (n=3/group, except S218L
sham group which was 2).
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Frontal brain neuronal HMGB1 release in wild-type and R192Q mutant mice
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Figure 4.22. Scheme showing neuronal HMGBL1 release distribution pattern and
amount in frontal section of the brain of WT and R192Q mutant mice.
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Posterior brain neuronal HMGBL1 release in wild-type and R192Q mutant mice
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Figure 4.23. Scheme showing neuronal HMGBL1 release distribution pattern and
amount in posterior section of the brain of WT and R192Q mutant mice.
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Figure 4.24. Scheme showing astrocytic NF-kB translocation distribution pattern
and amount in frontal section of the brain of WT and R192Q mutant mice.
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4.6. Electrophysiological Characterization of Cortical Spreading

Depression Events

Electrophysiological characterization of CSD events that were induced by
either pinprick which causes a single CSD event or topical application of a KClI-
soaked cotton ball which induces multiple CSD events, was investigated in WT,
R192Q or S218L mutant mice. For this purpose, frequency, amplitude, total duration,
half-maximum amplitude duration, derivative (rising rate) and speed of CSDs were
analyzed from DC-potentials of the electrophysiological recordings in in vivo
experiments. For two mice (numbers: 298 R192Q and 587 WT), CSD recordings
were monitored on both hemispheres simultaneously. In the left hemisphere, CSDs
had very low amplitude of 2-3 mV, with a very short (less than 1 minute) delay of
detection on the contralateral hemisphere. In one of the R192Q mice, there were
three CSDs after one pinprick (number 394, Figure 4.25.).
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Figure 4.25. CSD recordings monitored after CSD induction in R192Q mouse. In
this mouse there were 3 CSDs after one pinprick which were monitored on right
parietal bone of the brain.
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Table 4.1. Electrophysiological Characteristics of Pinprick-induced CSD in
R192Q strain HOM/HOM

Pinprick-induced Number CSD CSD Total | Derivative | CSD Half Speed
CSD of CSDs | Amplitude | Duration (mV/s) Maximum (mm/min)
in R192Q strain (mV) (s) Duration
HOM/HOM ()
Mouse last 3 digits
389 RQ 1 21 78 1.8 50 4.6
*394 RQ 3 10.2, 6, 61 0.6 38 4.2
11.9
298 RQ 1 19.1 102 0.1 60 4.7
181 RQ 1 19.3 70 2.2 50 4.9
296 RQ 1 16.1 61 11 58 5
287 WT 1 9.8 70.2 0.6 73 3.8
301 WT 1 14 81 0.4 54 2.8
297 WT 1 9.1 72 0.2 68 3.3
586 WT 1 8.1 55 0.3 51 3
**587 WT 1 12 72 0.1 65 2.8

Table shows the number, amplitude, total duration, half-maximum amplitude duration, derivative, and
speed of each CSD experimentally induced by inserting a pinprick in right frontal lobe of each
transgenic R192Q and its wild type. *The incidence of 3 CSDs after just 1 pinprick in mouse number
394 from the R192Q group. **CSDs were monitored on both hemispheres with 2 electrodes
simultaneously, with a very short delay the CSD wave was detected on the contralateral hemisphere to
CSD induction side, but with lower amplitude compared to ipsilateral CSD.
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Table 4.2. Electrophysiological Characteristics of 1 hr KCI-induced Multiple

CSDs in R192Q strain HOM/HOM

1 hr KCI- Number CSD CSD Derivative CSD Half | Speed
induced of Amplitude Total (First CSD- | Maximum | (mm/
multiple CSDs/hr (mV) Duration | Other CSDs) | Duration min)
CSDs (s) (mV/s) (s)
in R192Q
strain
HOM/HOM
Mouse last 3
digits
330 12 8.8 78.67 First: 0.8 325 5
RQ Other CSDs:
0.3
379 15 9.75 80 First: 0.5 325 51
RQ Others:0.1
378 16 4 65.87 First: 0.8 33 5.3
RQ Others: 0.2
623 11 11.2 71.32 First: 1.6 24.5 3.6
RQ Others: 0.3
404 6 1.78 56.87 - 495 1.9
WT
360 9 2.1 71 First: 0.1 28 2.8
WT Others:0.09
014 4 3.7 53 - 61.5 2.3
WT
625 8 6.5 56.88 First: 0.8 43 2
WT Others: 0.4

Table shows the number, amplitude, total duration, half-maximum amplitude duration, derivative, and
speed of CSDs experimentally induced by 1M KCI-cotton ball application on a bure hole on the right
frontal lobe of each homozygouse (HOM) and WT mice in R192Q strain.
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Table 4.3. Electrophysiological Characteristics of 1 hr KCI- induced Multiple
CSDs in S218L strain HET/WT

1 hr KCI- Number CsSD CsD Derivative CSD Half Speed
Induced of Amplitude Total (First CSD- | Maximum | (mm/min)
Multiple CSDs/hr (mV) Duration | QOther CSDs) | Duration
CSDs in (s) (MmV/s (s)
S218L strain
HET/WT
KCI - 822 - 18 10.6 80 First: 0.9 26.5 5.8
SL/IWT Other CSDs:0.3
KCl - 441 - 11 11.2 72.8 First: 2 30 6.4
SL/WT Others: 0.8
KCI —-435 - 20 5.8 83 First:0.8 53.5 6
SL/WT Others: 0.2
Sham - 386 - 1 2.8 140 - - -
SL/IWT
Sham — 815 - - - - - - -
SL/WT
KCI - 523 - 10 3.8 65 First: 0.2 45 1.7
WT/WT Others: 0.1
KCI -383 - 9 2.7 74 First: 0.1 40 3.9
WT/WT Others: 0.09
KCI - 816 - 11 4.8 55 First: 0.6 43 2.8
WT/WT Others: 0.08
Sham, 387, - - - - - -
WT/WT
Sham, 821, - - - - - -
WT/WT
Sham, 814, - - - - - -
WT/WT

Table shows the number, amplitude, total duration, half-maximum amplitude duration, derivative, and
speed of CSDs experimentally induced by 1M KCI-cotton ball application on a bure hole on the right
frontal lobe of each heterozygouse (HET) and WT mice in S218L strain.




77

4.6.1. CSD amplitude was not significantly different in
wild-type mice compared to that in R192Q or
S218L mutant mice

When comparing the amplitude of CSD in WT and R192Q mutant mice,
there was not a significant difference for the pinprick-induced CSD group (10.6 £
1.06 mV, 17.14 = 1.3 mV respectively) (p=0.1; n=9/group); the same trend was
followed for WT and S218L mutant mice (3.7 = 0.6 mV, 9.2 £ 1.7 mV respectively)
(p=0.1; n=3/group). There was also no genotypic difference with respect to CSD
amplitude for the KCl-induced multiple CSDs group (p=0.14).

4.6.2. Speed of CSD was higher in R192Q and S218L
mutant mice compared to that in wild-type mice

When comparing CSD velocity in mutant and WT groups there was a
significant difference with the speed being higher in R192Q mutant mice (4.7 £ 0.2
mm/min) compared to that in WT mice (2.7 £ 0.2 mm/min)(p<0.0001; n=9/group).
CSD speed in S218L mutant mice was also higher than in WT mice, but due to the
low number of heterozygous S218L mutant mice tested (n=3/group), no meaningful
statistical analysis was obtained for this parameter. However, CSD velocity showed
higher values for S218L mutant mice (6.0 = 0.2 mm/min) compared to that in R192Q
mutant mice (4.7 £ 0.2 mm/min)(p=0.0091) (Figure 4.26.).
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4.6.3. Total CSD duration was not significantly changed
in R192Q and S218L mutant mice compared to that

in wild-type mice

When comparing total CSD duration in mutant and WT groups, the results
showed that in both the pinprick-induced CSD and the KCI-induced multiple CSDs
experiments the total CSD duration in mutant mice was longer than in WT mice,
although this difference did not reach statistical significance. In both the pinprick-
induced CSD and the KCI-induced multiple CSDs experiments the total CSD
duration in WT mice was 70.0 + 4.2 seconds, and 59.4 + 3.9 seconds, respectively,
compared to 74.4 £ 7.5 seconds and 73.9 + 3.3 seconds respectively in R192Q
mutant mice, but this difference was not significant (p=0.9). A similar result was
obtained for the heterozygous S218L mutant group. In KCI-induced multiple CSDs
experiments the total CSD duration was 78.5 + 3.1 seconds in S218L mutant mice
and 64.6 £ 5.4 seconds in the respective WT group, and again the difference was not

statistically significant (p=0.2).

4.6.4. CSD half-maximum duration was not statistically
different in R192Q and S218L mutant mice
compared to wild-type mice

When comparing CSD half-maximum amplitude duration in mutant and WT
groups, results showed that in both the pinprick-induced CSD and the KCI-induced
multiple CSDs experiments the half-maximum duration was longer in WT mice
(62.2 = 4.1 seconds and 45.5 + 6.9 seconds, respectively) compared to that in R192Q
mutant mice (51.2 + 3.8 seconds and 30.6 £ 2.0 seconds, respectively) but these
differences were not significant (p=0.1). A similar result was obtained for the
heterozygous S218L group. In KCl-induced multiple CSDs experiments the half-
maximum duration was longer in WT mice (42.6 + 1.4 seconds) compared to that in
S218L mutant mice (36.7 = 8.5 seconds), and again the difference was not

statistically significant (p=0.7).
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4.6.5. Frequency of CSD events in R192Q and S218L
mutant mice compared to that in wild-type mice

When comparing CSD frequency during 1-hour of KCl-application, the
number of CSDs was increased in both the R192Q (13 + 2) and S218L (16 + 3)
mutant mouse groups compared to the respective WT groups (7 £ 1 and 9 % 1,
respectively), however, the differences were not statistically different (p=0.1), likely
to the small group sizes (n=4/group in R192Q experiments and n=3/group in S218L
experiments)(Figure 4.27.).

CSD frequency in R192Q and S218L mice

compared to WT
CJ wr of R192Q
K44 R192Q
EE s21s8L

D WT of S218L

20+
®
154 T
-
5
o
&
IT,) 104 [ ] %
(=] AR
@ T Vi
54 —I"
®
0 - T

WT R192Q WT S218L

Figure 4.27. CSD frequency in R192Q and S218L mutant mice compared to WT
mice. During 1-hour KCI-induced multiple CSDs, the DC recording shows an
increase in the number of CSDs in mutant mice for both the R192Q and the S218L
strain compared to WT mice, but this rise is not statistically significant. Bars show
standard error of the mean (SEM). n=4/group in R192Q mutant and n=3/group in
S218L mutant experiments.
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4.6.6. CSD rising rate was higher in the first CSD event
compared to subsequent events in R192Q and
S218L mutant mice compared to that in wild-type

mice

CSD rising rate, which is the first component (depolarizing phase) of the
derivative of CSDs, indicating the depolarization rise amount, for the average of the
first CSD in the R192Q mutant group was 1.13 = 0.21 mV/s, which was considerably
higher than that in the WT group (0.32 + 0.06 mV/s)(p=0.0002; n=9/group). The
average of the first CSD derivative was also higher in the S218L mutant group
compared to WT but probably due to the low number of animals in the mutant group
(n=3/group) the difference did not reach statistical significance (p=0.1). After taking
the average of the first component of derivative of other CSDs after the first one,
during 1-hour KCI application, results showed that the average derivative of other
CSDs in both the R192Q and S218L mutant mice was higher compared to that in
WT mice but this was not significant (p=0.08, and p=0.1 respectively). In R192Q
mutant mice, when we compared the average of the first CSD derivative (1.13 £ 0.21
mV/s) to the average derivative of other CSDs (0.22 + 0.04 mV/s), there was a huge
decrease of the subsequent CSDs derivative (p=0.0028; n=9/group for first CSD and
n=4/group for other CSDs). The first CSD derivate was also higher compared to the
average derivative of subsequent CSDs in the S218L mutant group, but this was not
significant likely due to the small number of mice tested (n=3/group). In WT mice,
the derivative of the first CSD (0.32 £ 0.06 mV/s) was significantly higher than the
average derivative of subsequent CSDs (0.09 £ 0.05)(p=0.025; n=7/group for first
CSD and n=3/group for other CSDs)(Figure 4.28.).
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Figure 4.28. CSD derivatives (depolarizing phase) difference between WT, R192Q
and S218L mutant mice. Bars show standard error of the mean (SEM). *p=0.0002
R192Q versus WT; 4p<0.05 versus derivative of all CSDs in WT; #p=0.002 versus
derivative of all CSDs in R192Q mutant mice; n=9/group in R192Q and n=3/group
in S218L mutant mice
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DISCUSSION

In WT mice, CSD has been shown to cause signaling between neurons, which
are under stress, and trigeminal afferents via opening of neuronal Panx1 channels
and subsequent activation of caspase-1 that is followed by the neuronal release of
HMGBL1 and NF-kB activation in astrocytes (6). Therefore, in this thesis, both the
basal parenchymal neuroinflammatory state, and CSD-induced parenchymal
neuroinflammation, revealed by HMGB1 neuronal release and NF-xB activation in
astrocytes, was investigated deeply in a transgenic mouse model of migraine, namely
in FHM1 mutant mice. We studied the female mice because migraine itself is more
prevalent in females, and moreover, these FHM1 female mice have been studied
vastly in the literature for electrophysiology and CSD threshold speed and also for
the effect of female hormones on CSD characterizations.

This thesis data revealed not only a basal ongoing parenchymal
neuroinflammatory signaling state in R192Q mutant mice but also a different
regional distribution pattern in the inflammatory signaling upon CSD in the primary
motor cortex and primary somatosensory cortex, and also striatum and thalamus of
both R192Q mutant and WT mice. This neuroinflammatory pattern has a signature in
FHM1 mutant mice in the sense that there is more HMGBL release contralateral to
the hemisphere in which CSD was induced. Such contralateral activation is not
present with such intensity in WT mice. Moreover, our data showed a significant
increase in HMGBL release in subcortical areas of mutant mice compared to WT
animals. The release was significantly higher in thalamus compared to striatum of
R192Q mutant mice. Our findings indicate that (i) CSD triggers parenchymal
inflammatory processes in both the WT and mutant mouse brains, (ii) this process is
mostly ipsilateral to the side of CSD induction in WT mice, and (iii) that in mutant
mice a bilateral inflammatory signature becomes expressed after CSD with a specific
regional distribution pattern.

HMGB1 belongs to alarmin family and provides communication between the
damaged and surrounding cells. There has been an increasing amount of evidence
related to the role of HMGBL1 in the CNS in recent years. Intracerebroventricular

administration of HMGBL increases Il-1 and TNF-a concentration in brain tissue
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(120). After the onset of ischemic stroke neurons release HMGBL in experimental
studies (121, 122) and it has biphasic actions in inflammation and recovery after
stroke (123). In humans during the course of several neurological diseases like
traumatic brain injury, subarachnoid hemorrhage, and meningitis, CSF HMGB1 level
Is increased at early time points (124). Cerebrospinal fluid levels of HMGB1 and
cytochrome C predict the outcome after pediatric traumatic brain injury (125).
Especially in experimental epilepsy models, HMGB1 contributes to disease
progression, and consistent with animal data, there is an early expression of HMGB1
in patients with newly diagnosed epilepsy, and its persistence was associated with
subsequent seizures (126). There are some hints about the close interplay between
increased excitation and inflammation from epilepsy models (17, 18), which suggest
that the elevated activity in glutamatergic pathways in R192Q mutant mice (16)
being more pronounced during CSD episodes, may initiate a specific inflammatory
response. On the other hand, it can be interpreted that the CSD-induced elevation of
the inflammatory response can be the consequence of an already present pro-
inflammatory state in the FHM1 mutant brain, which is present in naive animals
(96).

After CGRP receptor antagonists and monoclonal antibodies entering the
migraine treatment market and following the studies related to neuroinflammation in
migraine pathophysiology, the doubts over neuroinflammation hypothesis in
migraine have been removed. Recent evidence for a pro-inflammatory profile came
from studies of the same R192Q mutant strain namely from investigating trigeminal
ganglia (TG) that showed signs of neuroinflammation in naive animals (99). In TG,
most of neurons co-express purinergic P2X3 and TNFa receptors making them
susceptible to inflammation mediated by TNFa and related pain signaling (94, 95).
R192Q mutant TG have been reported to be enriched in activated macrophages, as
evidenced by both immunoreactivity to CD11b (an adhesion molecule marker that is
expressed in microglia and macrophages that are active), Ibal and macrophage
antigen ED1, and by macrophage morphology, when compared to TG of WT mice
(95). Besides, R192Q mutant TG expressed increased mRNA levels of IL6, IL1b,
IL10 and TNFa cytokines. Intact TG of R192Q mutant mice appeared to be enriched
in activated macrophages both in the absence and presence of a standard
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inflammatory stimulus, LPS (95), however there are similar levels of inflammatory
cytokines in TG extracts from WT and R192Q mutant mice (95). Similar to this
study, in this thesis the amount of neuronal HMGBL1 release is almost the same in
both mutant and WT mice after CSD induction in the whole brain. In a study, a
larger fraction of TG neurons has been shown to be immunoreactive for active
phosphorylated CaMKI1 in intact ganglia and cultured TG neurons of R192Q mutant
compared to WT mice (98). Blockage of P/Q channels in cultured TG neurons
eliminated this difference in amount of phosphoprotein between the two genotypes,
suggesting facilitation of basal Ca.2.1-dependent Ca?* signaling (98). This may
suggest that basal neuroinflammation accompanies facilitation of calcium signaling
in TG of R192Q mutant mice. Here for the first time in the literature, we presented
that there is a basal ongoing parenchymal neuroinflammatory signaling in R192Q
mutant mice brain both in cortical and subcortical levels. In 2013, Karatas et al.
suggested that CSD causes activation of parenchymal neuroinflammatory pathway
which leads to trigeminovascular activation and head pain. In this thesis, this
parenchymal neuroinflammatory signaling was seen in naive FHM1 mutant mice at
basal conditions. We showed that in the absence of any stimulus or CSD induction,
both the basal HMGBL1 release from neurons and NF-«xB activation in astrocytes are
significantly higher in R192Q mutant compared to WT. These are the actual
biomarkers of neuroinflammation that we investigated in the brain, in contrast to the
above mentioned literature which indirectly studied and defined it as "pro-
inflammatory state™ by showing gene expression levels in caudal cortex and
activated macrophages, microglia and increased cytokine expression levels in FHM1
mutant mice TG. We also checked if there has already been any HMGBL1 release as a
result of perfusion-hypoxia stress. Number of dysmorphic neurons in parietal cortex
which indicates to the stressed neurons with HMGBL1 release (127) was 1.65 % and
1.85 % for WT and FHM1 mutant mice groups respectively which both were below
the 6 % threshold and indicated that cardiac perfusion was done well withouth any
hypoxic effect on neurons and HMGB release. So, the release which we measured in
this thesis belonged merely to the basal neuroinflammation or CSD-induced
neuroinflammation in the mice (127). What we have shown in this thesis regarding

the basal parenchymal neuroinflammatory state in the brain of R192Q mutant mice,
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may further explain the facilitated CSD induction and propagation in these FHM1
mutant mice model, beside the evidence of basal Cay2.1-channel gain of function.

The non-invasive stimulus of drilling the skull experiments, as a confounding
factor, indicated that in the right frontal cortex on which the drilling was
performed, HMGB1 release in R192Q mutant mice was more prominent than WT.
However, this difference was not significant (p=0.0571) and the other regions of the
brain act more or less the same in respect to HMGB1 release in mutant and WT
mice. Therefore, drilling may not be a confounding factor in FHM1 mutant and WT
mice experiments regarding to gene effect, but data showed that comparing naive
HMGBL1 release to drilled groups, HMGBL1 release was increased in both WT and
R192Q mutant mice after drilling which was only significant in right cortex
(p=0.028) compared to naive mice.

Following pinprick-induced CSD and investigation of parenchymal
neuroinflammation, our results showed that in R192Q mutant mouse brains, HMGB1
release was present in both hemispheres, so bilateral, whereas, in WT brains there
was more HMGBL1 release ipsilateral to the side of CSD induction compared to the
contralateral side, in accordance with previous studies (6). Moreover,
results demonstrated an increase in NF-xB activation, which is downstream of
neuroinlammatory signaling coming after HMGBL, in all investigated brain regions
of R192Q mutant compared to WT mice. NF-xB nuclear translocation
was significantly higher in R192Q mutant ipsilateral frontal cortex compared to same
area of WT mice. This result was obtained in R192Q mutant mice contralateral
sitriatum compared to WT homolog region. It could reflect the activation of a
signaling response in astrocytes that alarms the organism about the danger that is
proceeding inside the brain. When we compared cortical areas in mutant and WT
mice, our data demonstrated a significant increase in the amount of HMGBL1 release
from neurons in R192Q mutant contralateral frontal cortex compared to the same
area in WT mice. In R192Q mutant mice neurons in frontal primary motor cortex
released more HMGB1 compared to parietal cortex, the primary somatosensory area.
This cortical parenchymal inflammatory pattern is in line with the motor symptoms
of FHM1 mutants such as motor weakness during aura and headache. The bilateral

HMGBL release in FHM1 mutant mice has been reported for the first time in this



87

study. More studies are needed in the future to explain the reason of this bilaterality,
to see if it can be related to the hyperexcitability of the whole brain in the FHM1
mutant mice, or to special mechanisms underlying the spread of parenchymal
neuroinflammatory molecules such as HMGBL1 as an alarmin molecule, independent
of CSD. Another explanation may be the result of the CSD event, since the spreading
of CSD to the contralateral hemisphere has not been reported with enough evidence,
it also should be investigated if the CSD wave can reach to the contralateral
hemisphere of the brain.

Comparing subcortical areas between R192Q mutant and WT mice revealed
more pronounced increase in the amount of HMGBL release from neurons in nearly
all areas of R192Q mutant mice compared to that of WT mice except for right
striatum. The fact that subcortical areas are affected in R192Q mutant mice is in
accordance with earlier data showing that these areas are more easily affected as
evidenced by the fact that CSD propagates readily into subcortical structures in the
mutant mice (7). In R192Q mutant mice the amount of neuronal HMGBL1 release was
significantly more pronounced in the contralateral striatum compared to the homolog
region of WT mice. This indicates again that parenchymal neuroinflammation in
mutant mice is bilateral, also in subcortical structures. It has been reported that the
facilitated spreading of subcortical CSD would not extent until thalamus in
R192Q mutant mice (7), however, notably, our data revealed that the increase in
HMGBL release was significantly higher in thalamus, both at the ipsilateral and the
contralateral side. This may be due to isoflurane anesthesia effect in the reported
study which is a well-known anesthetic agent preventing CSD spreading; in our
study we used urethane which is the most usable anesthetic in electrophysiological
studies of the brain in vivo and has the least effect of anesthetic agent on
neurophysiology of the brain. In WT mice, ipsilateral striatum had a higher amount
of HMGBL release than contralateral striatum which again confirms the unilateral
parenchymal neuroinflammation shown for cortical areas of WT animals earlier
(6). Altogether, our data revealed the increased susceptibility of FHM1 mutant mice
to subcortical CSD and reverberating CSD waves as an increased parenchymal
neuroinflammation in thalamus and striatum, in line with raised parenchymal

neuroinflammation in cortical regions. This indicates that CSD-induced parenchymal
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neuroinflammation spreads through cortex, striatum, and thalamus of both
hemispheres in genetically susceptible brains, which may explain the prolonged
hemiplegia, coma, and seizure phenotype in this variant of migraine with aura.

When we compared neuroinflammation in cortical and subcortical regions,
data showed that in WT, ipsilateral frontal cortical and striatal HMGB1 release was
higher than that in contralateral side; this indicates to the unilateral parenchymal
neuroinflammation in CSD-side of WT mice. However, in R192Q mutant mice, the
HMGBL1 release was bilateral and more pronounced compared to WT for the
contralateral side to CSD induction. R192Q mutant mice showed significantly more
HMGBL release in ipsilateral and contralateral striatum compared to ipsilateral and
contralateral frontal cortices which may suggest that subcortical areas are more
susceptible to CSD propagation in FHM1 mutant mice as discussed above.

NF-kB activation in astrocytes after CSD events demonstrated a near to
complete response in all astrocytes to parenchymal neuroinflamation compared to the
CSD-induced neuronal HMGB1-release response in both WT and R192Q mutant
mice. The lower number of astrocytes compared to neurons in mouse brain could be
a possible explanation for this phenomenon.

In multiple CSD experiments during 1 hour, data indicated that there was
higher HMGB1 amount compared to sham-operated mutant group in Western
blotting of CSF of individual S218L mutant mice in CSD group. This was not
significant possibly because of the insufficient number of mice used in these
experiments (n=2/group). Because collecting CSF from intracerebroventricular
cannula is a quite complicated and difficult method, and the amount of CSF obtained
is too low for being adequately detected in Western blot, more sensitive methods
such as ELISA may be used in future for HMGB1 amount detection in the CSF of
these mice. So, our goal is to repeat this set of experiments with more mice in near
future. Notably, Western blotting of brains to check the amount of NF-xB
translocation from cytoplasm to the nucleus indicated that nuclear NF-kB was higher
in S218L sham-operated animals compared to those of the WT strain and in CSD
groups compared to WT sham-operated mice. We might also take in to consideration
the difference between immunohistochemistry and Western blotting techniques. For

example in NF-kB activation comparison, in immunohistochemistry experiments
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astrocytes were marked specifically with S100-beta and nuclear NF-
kB translocation in asctrocytes was determined accordingly, meaning that
denominator was the number of astrocytes and this gives a more precise result;
however, in Western blotting experiments in which a brain region such as frontal
cortex was homogenized and processed according to the protocol, the denominator
was the number of all the brain cells. Therefore, obtained band may reflect not only
astrocytic NF-kB but also the possible recruitment of other cells. This may dilute the
result of Western blotting to show the actual NF-xB relocation in astrocytes.
However, even the current data of this thesis may suggest an increased
neuroinflammation in the brain of FHM1 mutant mice as CSF is an indicator of the
‘whole brain state’ and not a specific brain area. If we consider all these together
with more parenchymal neuroinflammation in naive R192Q mutant mice compared
to naive WT animals revealed by more HMGBL1 release from neurons and more NF-
kB activation in astrocytes in the mutants, two possible mechanisms may be
important to speculate: (i) there is a possibility of spontaneous CSDs in naive R192Q
mutant mice, and (ii) HMGB1 may leak from neurons to the parenchyma in a more
excitable brain in naive mutant mice to alarm the organism of the possible dangers.
In both scenarios neuronal HMGB1 pools may become depleted due to spontaneous
release in naive mutant mice, so no, or less HMGBL1 can be released any more after a
trigger like CSD. Moreover comparing immunohistochemistry of R192Q naive mice
with S218L sham-operated group in multiple CSD experiments may not be an option
to check the basal level of neuroinflammation in these mutant mice, since firstly, we
are talking about two different mutations which are S218L form, much more severe
compared to R192Q, and secondly, for R192Q mice the un-touched naive animal
was sacrificed and studied for parenchymal neuroinflammatory signals but in S218L,
the animal was under anesthesia and sham operation condition, drilled and opened
skull for saline application, in any conditions the results of these two paradigms
cannot be compared to each other, and we may expect to have more inflammatory
signal by more HMGB1 release and NF-xB relocation in sham S218L group
compared to naive R192Q group, that happened in this study too. Putting all these

together, for detecting the real inflammatory signal in the basal state of these mice,



90

the naive animal should be considered without the above-mentioned confounding
factors.

Electrophysiological analysis of this thesis also showed interesting results.
Comparing CSD velocity in R192Q and S218L mutant mice with the speed in WT
groups showed a significant increase in R192Q mutants which was reported
previously (14, 15). CSD velocity was significantly higher in S218L mutant mice
compared to R192Q mutant animals showing more susceptible and hyperexcitable
brain in S218L mutant compared to R192Q which is in accordance with their more
severe phenotype. Total CSD duration in FHM1 mutants was longer than WT mice,
but it was not significant. In this thesis for the first time, the first component of the
derivative of CSDs was measured. This measure implies the depolarization rising
rate; the higher the derivative, more neurons are recruited to the depolarization and
more glutamate is released from neurons (108, 128). The rising rate of the first CSD
in R192Q mutant mice was considerably higher than that in WT mice. The rising rate
of the first CSD was also higher in S218L mutant mice compared to that in WT mice
but probably due to the low number of mice in S218L/WT experiments (n=3/group),
it was not significant. The average of derivatives of all subsequent CSDs, so after the
first one, in both R192Q and S218L mutant mice, was higher compared to that in
WT mice, but this was not significant. In R192Q mutant mice, when we compare the
derivative of the first CSD to the average of derivatives of subsequent CSDs, a
significant increase was shown for the first CSD derivative. The first CSD derivate
was also increased compared to the average derivative of other CSDs in the S218L
mutant mice. These data showed that the amount of depolarization, and the
maximum amount of depolarized neurons and released glutamate at the beginning of
a CSD wave could be increased in FHM1 mutant mice compared to WT, and also in
the first CSD compared to all subsequent CSDs, so after the first one.

There are some limitations of this thesis study mainly related to the mouse
numbers used in the experiments. It was because of our dependency to an abroad
university for providing mice. Another one is performing immunohistochemistry
experiments with R192Q mutant mice, however in Western blotting experiments
S218L mutant mice were used. The reason was the breeding problem of R192Q

mice. Although this limits the number of R192Q mutant mice, however, notabley
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working on different types of FHM1 mutants may display the results of two different
genotypes and enrich our perspective on these mutant mice models. Besides,
collaboration with a world-leading high-profile migraine group was a fruitful,
productive and joyful experience. We believe that this and future collaborations will
increase the visibility of our Institute around the World in migraine area.

Here, for the first time in the literature, we presented that there is a basal
ongoing parenchymal neuroinflammatory signaling in R192Q mutant mice brain
both in cortical and subcortical levels. Our findings indicate that CSD triggers
parenchymal inflammatory processes in both WT and mutant mouse brains, this
process is mostly ipsilateral to the side of CSD induction in WT, and bilateral in
mutant mice. Future studies may indicate whether basal neuroinflammation
contributes to cortical hyperexcitability seen in FHM1 mutants in addition to the
increased neuronal calcium influx, or increased calcium and glutamate cause basal
neuroinflammation. These findings indicate that CSD-induced parenchymal
neuroinflammatory signaling spreads through cortex, striatum, and thalamus of both
hemispheres in genetically susceptible brains, which may explain the prolonged
hemiplegia, coma, and seizure phenotype in this variant of migraine with aura, and
may highlight these areas as more particularly relevant to the disease pathology. This
thesis study brings more questions about the pathophysiology of migriane. 1) More
studies are needed to investigate the ways by which we can demonstrate more clearly
the basal neuroinflammatory state with other inflammatory markers. 2) Future
studies may reveal some insights regarding the basal parenchymal
neuroinflammatory signaling which we observed both in R192Q and S218L mutant
mice; it should be clearified if the anti-inflammatory mechanisms are also activated
in these mice. This anti-inflammatory response may prevent further
neuroinflammatory signaling like a ceiling effect. 3) More studies are needed to
investigate more precisely the regional difference observed for parenchymal
neuroinflammatory signaling in this study by other methods such as proteomic
analysis. 4) The reason for significant bilateral neuronal HMGBL1 release and
astrocytic NF-xB translocation in R192Q mutant should further be clarified; studies
are needed to understand mechanism underlying the spreading of parenchymal

proinflammatory signals to the other hemisphere in these FHM1 mutant mouse
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model and to investigate if these mechanisms are induced and intensified in a CSD-
independent manner or not. 5) If CSD can spread easily to the contralateral
hemisphere to side of induction, and to understand the relation of this bilateral
activation and stimulation to the specific mutation in FHM1 mice should be clarified.
6) Regarding the regional pattern of neuroinflammation observed here, future studies
would be helpful why the thalamus was more stimulated and showed more HMGB1
release response in mutant mice, if it can be related to the pain perception role of the
thalamus, or being a relaying site for projections of trigeminovascular second-order
neurons to somatosensory and motor cortices. To our knowledge, there is no report
till now about the HMGBL distribution pattern in parenchymal neuroinflammation in
the brain in other neurological diseases. 7) Moreover, studies needed to be done to
see why some neurons have released HMGBL1 after CSD and some not, we speculate
this might be due to different type of neurons, principle neurons may be more
sensitive to inflammatory signaling and may release HMGB1 more than
interneurons, this could be in accordance with the fact that in FHM1 mutant mice
pyramidal excitatory neurons are affected by the Cay2.1-mutation and show
increased Ca?* current and glutamate release but inhibitory interneurons are un-
affected and no GABA is released more as a result of this mutation.

In this study we investigated the time points of 30 minutes after CSD and 1
hour multiple CSDs effect on neuroinflammation, since HMGBL is a low turn-over
protein it is not replenished quickly in the tissue. So, after-CSD longer time points
such as 6 hours or 24 hours should be studied to have a better understanding of this
alarmin molecule action and behavior especially after proinflammatory signaling in
the brain. Moreover, the effect of multiple CSDs is needed to be studied on HMGB1
release detected by immunohistochemistry and also the same procedure is needed to
be performed to study these patterns in different areas of S218L mice. It is important
to know in the absence of any invasive confounding stimulus such as drilling the
skull, opening a bure hole, and anesthesia, in a condition of non-invasively induced
CSD such as optogenetically-induced CSD in a freely moving mouse what will be
the difference of the results regarding basal and CSD-induced neuroinflammatory

signaling in these mutant and WT mice.
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Here, we have studied the HMGB1 release from neurons and NF-
kB translocation in astrocytes which are considered in a "para inflammatory state” as
can be explained as a transitory stage between basal normal brain state and
pathologic inflammation. More studies should be done to make it clear what will
happen after the activation of this para-inflammatory state in these FHM1 mutant
mice and how can they be related to the pathological symptoms of the patients.

If HMGBL is an alarmin proinflammatory molecule which may be released
and spread independent of CSD event, the blocking of this pathway and molecule
may have more implications for migraine comorbid diseases such as depression and
epilepsy. As in depressive patients the incidence of migraine and epilepsy is
common, more studies are needed to be done to see if common pathophysiology of
these diseases is a neuroinflammatory-related mechanism as a key factor to all of
them, and if by targeting HMGB1 molecule and its blockade we may find a common
medication target for both migraine and its comorbid diseases. Besides, here we
showed that neuroinflammatory signaling is bilaterally activated and it is highly
significant in the R192Q mutant mice, if this pattern is not due to CSD spreading to
the contralateral hemisphere of the brain, instead a neuroinflammatory signaling may
spread to the contralateral side, the implications may also be useful in other diseases
without CSD event, including migraine without aura, Alzheimer’s disease,

depression, and epilepsy.
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CONCLUSION

There is a basal parenchymal neuroinflammatory state in R192Q mutant mice
compared to WT as revealed by higher HMGBL1 release from neurons and NF-xB
relocation in astrocytes.

There is a unique regional distribution pattern in the inflammatory signaling upon
CSD in the frontal/parietal cortices and striatum/thalamus of both R192Q and wild-
type mice.

This inflammatory pattern has its own signature in mutant mice based on more
HMGBL release contralateral to CSD induction side compared to WT.

This inflammatory process is mostly ipsilateral to the side of CSD induction in WT
mice.

There is an increase in HMGBL release in subcortical areas of FHM1 mutant
animals compared to WT, which is significantly higher in the thalamus compared to
striatum.

The amount of NF-kB activation and translocation is higher in S218L sham-operated
mice compared to WT sham-operated ones, and in S218L CSD group compared to
WT CSD ones.

The derivative of the first CSD is significantly higher than the derivative of
subsequent CSDs after the first one, in FHM1 mutant and WT mice, in a model of
multiple CSDs.

The derivative of the first CSD is significantly higher in FHM1 mutant mice
compared to that in WT. The same trend is followed for the derivatives of all other
CSDs, subsequent to the first one.

Electrophysiological analysis showed that CSD speed is more in mutant groups,
however CSD half maximum amplitude duration and CSD frequency did not change
significantly between groups.

Future studies may indicate if basal neuroinflammation contributes to cortical
hyperexcitability seen in FHM1 mutants in addition to the increased neuronal
calcium influx or increased calcium and glutamate cause basal neuroinflammation.
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be submitted)
Mice pain behavior with artificial intelligence (Ready to be submitted)
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e Familial Hemiplegic Migraine mouse models for studying migraine
pathophysiology, A Reviw (Ready to be submitted)

Publications and conference presentations

Dehghani A, Karatas H, Can A, Erdemli E, Yemisci M, Eren-Kocak E, Dalkara T.
Nuclear expansion and pore opening are instant signs of neuronal hypoxia and can
identify poorly fixed brains. Scientific Reports. 2018 Oct 3; 8 (1):14770.doi:
10.1038/s41598-018-32878-1. PMID: 30282977

A. Dehghani, E. Isaacs, A.l. Della Rocchetta, G. Pitts, C.E. Polkey, M. Mishkin, F.
Vargha-Khadem. Memory and Learning after Temporal Lobe Surgery: Effects of
Hemispheric sides and extent of surgical removal. 31" International Epilepsy
Congress, 2015 September. Epilepsia, Volume 56, p3-263, IssueS1, 2015.
DOI:10.1111/epi.13241

Anisa Dehghani, Hiilya Karatag-Kursun, Alp Can, Miige Yemisci-Ozkan, Emine
Eren-Kocak, Turgay Dalkara. Investigation of a Marker for the Quality of
Transcardial Perfusion in Frozen Brain Section in Mice. Oral presentation at:
National Neuroscience Congress, May 7-10; 2017; Sakarya, Turkey.

Anisa Dehghani, Hiilya Karatag-Kursun, Alp Can, Miige Yemisci-Ozkan, Emine
Eren-Kocak, Turgay Dalkara. Fluorescent biomarkers as reporters of poor quality
transcardial perfusion-fixation in frozen brain sections: A much needed tool for
experimental neuroscience. Staining and Imaging Techniques, poster#436.03. 2017
Neuroscience Meeting Planner. Washington, DC: Society for Neuroscience (SFN),
2017. Online.
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