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ABSTRACT

Multiple sclerosis (MS) is ahronic, inflammatory, demyelinating, and
neurodegenerative disordarthe central nervous system (CNS) with the highest
worldwide prevalence existing in Canada and affecting over 3000 Nova Scotians. MS is
characterized by th@utoimmunemediated destruction of myelin and axons in the CNS
andhas been linked to inflammatory processes that activate the immune system. The
most recent understanding of the mechanisms associated with the development of MS
suggests that the inflamneay processes in the early stages of the disease trigger a
cascade of events including microglial activation, the release of reactive mediators, and
mitochondria damage, which subsequently leads to axonal dafam®l degeneratign
one of the hallmarksfahe disease and a noaversible process, leads to several
neurological disabilities including visual impairment and vision loss. However, the
mechanisms underlying axonal degeneration remain unclearth&sissought to
characterize the impact of tvkey regulatory moleculeshevoltagegated sodium

channel Nav1.6 antthe Toll-like receptor 2, @omponenbdf the innate immune system,

in the pathogenesis of EAEO this end] usedexperimental autoimmune
encephalomyelitis (EAEp rodent model that capitulates key aspects of the human
diseasel investigatedthe role of voltageyated sodium channels (especially Nav1.6),
which havepreviouslybeen linked to axonal degeneration and (@&apter 2) by gene
targeting in the retina and optic nerVée exended these studiesdetermine the impact

of the reduction of Nav1.6 imice heterozygous fa nullallele ofScn8a(Chapter 3).
Thisin vivostudy is the first to link a reduction of Nav1.6 in EAE to immune profile
changes, such as a reduction dlammation marked by decreased8 in the plasma

and myeloid cell infiltration in the optic nervAnalysis ofmurine bonemarrowderived
mast cell (BMMC$ culturedin vitro, suggest a potential role of Nav1.6 in regulating the
inflammatory process during EAE and LBisallenge Additionally, | investigated the
impact of TLR2 in brain inflammation and optic nerve axonal danf@gapter 4). |

found that the absence of TLR2 wassociated with reduced inflammation in the
periphery andvithin theCNS, includingn blood, spleen, and brain, which is marked by
decreased myeloid cells, such aslGCD11b cells chemokinesn the plasma, and pro
inflammatory cytokines in the braiiithe present study provides novel information by
highlighting the role of TLR2 and Navl.6 EAE. This knowledgesxpands our
understanding and ultimately promotes further investigation to target these molecules and
unmask the mystery of their roles in MS.
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Chapter 1 Introduction

1.1 overview of Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory demyelinating disease that affects the
central nervous system (CNS). It impattts lives of over 2.5 million people worldwide
with high prevalence in Canada, and paticly in Nova Scotia(Marrie et al., 2013)
Over 75% of MS patients are women, and fingjectedthat the risk for MS will increase
from 4051 in 2011 to 4794 per 1,000 people by 203(Amankwah et al., 2017;
Cotsapas and Mitrovic, 2018; Mohr, 201This poses a significant financial burden to
those individualand societyas 80% of MS patients remain unemployed, which
highlights the necessity forfiilner investigation of the causes of NFSmankwah et al.,
2017; Piwko et al., 2007MS patients can exhibit a wide range and different symptoms
including difficulty in walking, poor coordination of voluntary muscle movement,
fatigue, tremor, abmmal skin sensations, loss of sight, cognitive deficits, depression, and
bladder dysfunctiofColes, 2009Noseworthy et al., 2000Moreover, MS patients could
suffer from positive (gain of sensation) symptoms and negative (loss of function)
symptoms during the progression of the dis¢8s&urai and Kanazawa, 1999 ositive
symptomsare causebly ectopic impulses generated at sites of demyelination, whereas

the negative symptoms occur due to loss of condu¢Bakurai and Kanazawa, 1999)

The etiology of MS is still unknown; however, environmental gexdetic factors
are believed to be the main trigger for developing (M&cherio, 2013; Constantinescu et
al., 2011; Mohr, 2011)The studies of genomeide association have identified over 230
loci relatal to MS susceptibility withspecific HLA allelesthat is located in polygenic

regions on chromosome iicludeDRB1*1501, DRB5*010haplotypes representing the



most significant association with MBeecham et al., 2013; Hafler et al., 200M¥ is
common in Ewpe, North America, Australia, and New Zealaaad the distribution is
altered by where aisk individuals live early in life. Several studies show that people
who move in early childhood from higisk to lowrisk regions have less risk for
developinghe diseas€Beck et al., 2005; Dean and Elian, 1997; Wade, 2@eNeral
repors have proposetthatenvironmental factors such as vitamin D deficiency, cigarette
smoking, increased body mass index, and exposure to EBstainirus (EBV) are risk
factors for MS(Amato et al., 2017; Ascherio, 2013)herefore, understanding the link
between neuroinflammation progression and neurodegeneration might be critical in the

development of effective therapeutic strategies for MS

1.1.1 Pathology of MS

It is believed that the niratrigger of the disease is an inflammatory autoimmune
response within the CNS that causes tissue darradedingdemyelination and axonal
loss(Burda and Sofroniew, 2014; Constantinescu et al., 20hE) axon is the projection
of the neuronhat carries the information from the cell body to the nerve terminals and
acts as a transmitter of the action poterfilebanne, 2004 Axonsexist in two types
myelinated and unmyelinated. Myelinated axons are encapsulated within a layer of fatty
substance, called myelin, that arises from gl@k, oligodendrocytesand helps to
insulate the axon and increase the conducting speed of the action p@Batiatiori
and DiCarlo, 2004; Trapp and Kidd, 2008)igodendrocytes are specialized glial cells
that are highly involved not only in the deposition of myelin but also in the clustering of
Nav chamels in the nodes of Ranvier, which are the unmyelinated gaps between the

myelinated segments of the ax@ireeman et al., 2016)he nodes of Ranvier are



flanked by the paranodal and the juxtaparanodal regions, and these regions are defined by
myelin-producing glial cells such as oligodendrocytes in the CNS ai&thwann cells

in the peripheral nervous system (PNMarcus et al., 2002; Zawadzka et al., 2010;

Zonta et al., 2008 Another type of glia, astrocytgespond to CNS inflammation

through the process of reactive astrogli¢gBisrda and Sofraew, 2014) However, in

the condition of severe inflammation, the gliosis can lead to the formation of a glial scar,
which can result in the attenuation of neuronal regeneration in damage(Banessand
Sofroniew, 2014; Frohman et al., 2008; Trapplgt1998a) The main pathological

features of MSnclude inflammationdemyelination, gliosis, perivascular infiltration by
inflammatory cells, and, ultimately axonal and neuronal (Bgsse et al., 2014;

Frohman et al., 2008; Trapp et al., 1998a}he early stages of the disease, axonal
demyelination, with the axon renmag viable, is associated with variable degrees of
inflammation and astroglios{$1ancardi et al., 2001 However, permanent neurological
deficits becora increasingly prominent as the neuroaxonal degeneration progresses

(Friese et al., 2014)

Axonal damage occurs during the acute phase of inflammation and before
demyelination, as confirmed by histopakogical studiegde Leeuw et al.,@L4; Trapp et
al., 1998a) The progression of the disease correlates with the level of axonal damage,
which can be latent in the beginning before progressingétpsingremittingMS
(RRMS) (Bjartmar et al., 2003)Nevertheless, irreversible neurological disability
develops at advanced stages of the disease whamdhalloss exceeds a threshold and
upon exhaustion of the CNS compensatory mechar(Bfagmar et al., 2003; Friese et

al., 2014) Lesions, also known as plaques, which form in the brain, spirdlad optic



nerve, combined witinflammation, producénhe primary symptoms of M@Noseworthy

et al., 2000)

MS is a complex disease thavolvesinteractions between immune cells, glial
cells, and neurons, which togetlentributeto the progresion of the disease
(Goldenberg, 2012 Autoimmuneresponses within the nervous system cause tissue
damageincludingdemyelination and axondbmageandgiverise to the activationral
infiltration of myelinautoreactivel' cells andmacrophage@~rohman et al., 2006; Stys et
al., 2012) As yet,there is no precise test for diagnosis; magnesomance imaging
(MRI) is the primarydiagnostic test, whichas the capacity tdetect changes such as
atrophy and lesiain the brain. Cerebrospinal fluid che analyzed foindicatorsof
brainrelatedatrophylinked to MS(Romme Christensen et al., 2013; Tumani et al.,

2009)

Several studies includinguffy et al., (2014) and Kuhlmann et al., (20have
reported that T cells may playpatentialrole in the imnune pathogenesis of MS by
crossing thévlood-brainbarrier (BBB) and subsequently triggering autoimmune
inflammation resulting in the destruction of myelin autoreactive T CHflen T cells
differentiateandproduce cytokines such as TNE;6, andIL-1b which activate other
immune cells and attract inflammatory cells into the CIN8udingB cells, natural killer
(NK) cells,andmonocyteghacrophagefRaddassi et al., 20LI)hese cells cacross the
BBB andincrease the degree of inflammation, which is the primary attribute of MS.
Inflammation, in turn, leads wisruptionof the BBB, which is associated with increased
infiltration of various immune cells, such as CDH4cells and macrophages, into the CNS

and activation ofintigenpresentingells (APCs), such as microglia. Finally, activated



macrophages phagocytose the myelin shaatlaretoxic to oligodendrocyte@Barnett et

al., 2006; Kigerl et al., 2009)

1.1.2 Clinical subtypes of MS

There are four different types of MS, related to the clinical presentation and
course of the disease: relapsiegnitting MS (RRMS), secondaiyrogressive MS
(SPMS), primanyprogressive MS (PPMS), and progressiglapsing MS (PRMB
Around 85% of patients initially present with RRMS, which is the most common form
for MS. RRMS involves periods of attacaBectingdifferent regionsof CNS,and
increaseddisease severity, which is known as relafsiggwed byremission
characterize by the absence of symptoifWeiner, 2008)Approximately80% of
patients with RRMS will ultimately develop into SPMS, which is characterized by a
continuousworseningof symptoms and the absence of remisg¢iealfari et al., 2014)
About 10% of patientare diagnosedith PPMS whichis characterized bg steady
increase in disability without attacks and is resistant to diigseas, 2001)Theleast
commonform of MS, PRMS, affects around 5% of patients and is characterized by a
steady increase in functional disability wi#horadiaelapsesandabsence of remission
Currently,Health Canada has approvetidtug treatments that commonly reduce disease
progression or anesedasdiseasanodifying therapies (DMTs). These drugs are only
successful in decreasing the frequeangnumber of nevattacks but theyhavelimited
value in reducing completely haltingor slowingdisease progressig¢@ohen et al.,
2010; Walker et al., 2011furthermore, these drugs are not effective in enhancing

remyelination in M§Ransohoff, 2012)

1.2 Animal models of MS



Animal models enable researchers to study the pathology of MS and overcome
the various economic and ethical issues regarding human stithiesgh the models are
not fully identical tothehuman disease, they share similar aspects such as the immune
response, demyelination, and inflammatfod t Har t; Lassmarmland Brad?, 0 1 1
2017) There are several animal models used in MS research, including experimental
aut oi mmune encephalomyelitis (EAE), which
murine encephalomyelitis virus, Cuprizone and LysolecitRimocaccini et al., 201%nd

T cell receptor TCR) transgenic micéBell et al., 2013; Bettelli et al., 2008)able 1)

1.2.1 Experimental autoimmune encephalomyelitis (EAE)

EAE was first discovered bRivers et al(1933)when the team was exploring a
rabies vaccinebds neurol ogical c o mprigitoc at i on
the postvaccinal perivascular e | at ed paral ysis, included ma
pathological characteristicshedevelopmenbf EAE by Rivers et al. not only helped to
better understand the pathogenesis of this-yastinal encephalomyelit{Rivers et al.,
1933)but also of demyelinating diseas®@ghile limitations certainly exist as far as
representing the full clinical course of MS in humd®&E mimics the interaction
between complex neuropathological and immunopathological features and has greatly
helped to studS immunology and brain inflammatiamecessaryo developdrugsto
reducedisease progressid@Bettelli, 2007a; Constantinescu et al., 2011; Friese et al.,

2006; Lassmann and Bradl, 201/h) mice, EAE was initially generated using active
immunization in spinal cord homogenaf{€d.ITSKY and YAGER, 1949; Robinsort e

al., 2014)



The EAE model is considered a CDWediated disease characterized by immune
cells, such as T cells and monocytes, that infiltrate the CNS and, combined with local
inflammation, produce a highly stereotyped symptom progre¢Brese et al., 2014;

Owens and Sriram, 1995; Sriram et al., 198A3E shaes many features of MS,

including optic neuritis and CNS histopathological sympt@gettelli, 2007b; Mix et al.,

2010) EAE can be induced in many mammalian speaetuding mice, guinea pigs,

rabbits, sheep, pigs, and primates. To date, mice are considered by researchers to be the
most attractive species for lab research involving encephalitogenic peptides, due in large
part to the ease of genetically manipulatingse animals for use in targeted mechanistic
studies. C56BL/6 is the most commonly used strain and multiple antigens can be used for
the induction of EAE such amsyelin oligodendrocytéMOG) amino acids 35 to 55

(MOGsss5), myelin basic proteiiMBP)on, and proteolipid proteinLPL)

(Constantinescu et al., 2011; Linnington et al., 1984; Marcus et al., 2002; Stromnes and

Goverman, 2006a)

In more than hélof the MS patients studied, MOG peptides showed autoimmune
reactivity (Kerlero De Rosbo et al., 1997; Zhong et al., 2082sed on this observation
Mendel and colleages generated the mouse MOG EAE model during experiments on the
immunization of female C57BL/6 mice using synthetic peptides corresponding to amino
acids 121, 3555, and 104117 of MOG(Mendel et al., 1995)The researchers observed
that a Fcell response was initiated il ®IOG peptideimmunized mice, whereas
extreme neurological impairment occurred in M§@és-immunizedanimals MOGgs; 55
displayed CNS inflammation, gliosis, axonal loss, persistent neuropathy, and increasing

degrees of paralys{®lendel et al.1995; Stromnes and Goverman, 200&ajch



pathological and clinical traits are not unlike the ones exhibited by MS patients, which

led to the wide adoption of MQ#gss EAE as a model for MS studiéslangiardi et al.,

2011; Rangachari arifuchroo, 2013)Indeed, the MOGsis5 EAE model recapitulate

aspects of the three MS subtypes that have a relapsimtting or progressive and

secondary progressive phgsassmann et al., 200M10Ggsis5 EAE can be applied as a

model for early relapses as well as for monitoring poterffiet®rs of MS disease

progression. The model is used for testing interventions that may prevent varying degrees

of CNS damagéBarthelmes et al., 2016; Procaccini et al., 20fbaddition to the
6actived met hod of ssismwithecanpletefr EABdYst AdMOGan
(CFA) and with pertussis toxi(PTX), i nducti on can al so be pas
(Stromnes and Goverman, 2006 In)the active modesymptoms appear approximately

9 days posinduction and typicallypeak at day 13, followed by a short remission pliase

which is often marginal and the chronic phase established by day 24. M&G

facilitates the invasion of immune cells into the CNS leading to the development of

lesiorsin the spinal cord and brairs avell as optic neuriti€Rangachari and Kuchroo,

2013) The passive model also causes CNS inflammation and demyelination in naive

mice which is achieved through the transfer of myspiecific CD4 T cells from EAE

mi ce, whereas t he fAh umodeleipessasbumanrTERrecgptorsi ¢ m
that interact with major histocompatibility complex (MHC) class Il molecules presenting

myelin epitopegBell et al., 2013; Bettelli, 2007a; Madsen et al., 1999)

1.2.2 EAE diseasephases
The clinical signs for EAE develop across three distinct phases, namely the

induction, effector and recovery phageassmannetal.,2007) I n t he di seaseb



induction phase, there filse priming of myelin-specific CD4 T cells as a result of active
immunization using myelin antigen8T X, andCFA. In the effector (second) phase, the
myelin-specific CD4 T cells migrate to the CNS througfre disrupted BBB. This

process causes peripheral immune cells to enter the CNS paren@amhalmes et al.,
2016; Lassmann et al., 200®)has been reported that monocytes become elevated with
tissue damage in EAE mi¢djami et al., 2011)In MS, many immune cells, especially
CD4* T cells, damage healthy tissleading to widespread demyelination, axon damage,

and neurological deficittMurray et al., 1998; Noseworthy et &000)

The EAE model has many advantages for studying the interactions between the
immune system and the nervous system and the chronic phase of the(diéeise Ha r t
al., 2011) However, it is important to note that despite many similarities, the EAE
disease progression is unlike that of M8ch as thé&acilitated development of MS in
mice through injection of antigewhereas the antigen is unknown in humans and
spontaneously develops. Additionally, in the EAE model, CD4ells are responsible
for the development of the disease, while CD&ells ocapy this role in humans
(Brown and Sawchenko, 2007; Friese and Fugger, 2009; Hafler et al., 1985; Lassmann
and Bradl, 2017; Marta, 200BAE is by far notheonly applied animal model for MS
butit is themodel that most closgkepresents the pathogenesis of (B&xter, 2007,
Mangiardi et al., 2011)herefore despitecertainlimitations, the EAE model is an
appropriate choice for studying tbkronic phase of M&ndto develop therapeutic

regimens to slow disease progression.
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Table 1 Rodent models for MS

Animal Model Induction and Pathology Advantage References
Experimental EAE is a CD4* mediated This model reflects the (Mix et al.,
autoimmune disease characterized by autoimmune pathogenesis | 2010;
encephalomyeli | immune cells, suchas T of MS. It is useful for Procaccini et
tis (EAE) cells and monocytes, that studying the chronic al., 2015;
infiltrate the CNS phase of MS and for Ransohoff,
developing treatments to 2012)
slow disease progression.
Theiler's This model is valuable for | (McCarthy et
murine Viruses directly injected into | the presence of al., 2012;
encephalomyeli | the CNS to induce demyelination. The Murray et al.,
tis virus demyelination in the brain. disease only manifests if 1998)
the virus is injected
directly into the CNS.
Cuprizone Chemically induce This model is suitable to (Gudi et al.,
demyelination. study demyelination and 2014;
remyelination. Matsushima
and Morell,
2006; Praet et
al., 2014)
Lysolecithin This chemical is toxic to This model is suitable for | (Ousman and
oligodendrocytes and studying demyelination David, 2000)
induces demyelination in the | and remyelination during
corpus callosum, brain, and | disease progression
spinal cord. Involves
injection with 1% lysolecithin
directly into the white
matter, lumbar region of the
spinal cord, and corpus
callosum of mice.
TCR transgenic | 2D2 transgenic mice or This model was designed | (Bell et al.,
MOG-specific TCR to study spontaneous 2013; Bettelli
transgenic mice immunize autoimmunity in mice et al., 2003)

ed with a sub-optimal
immunization regimen (only
MOGss.s5 with CFA without
PTX) leads to infiltration of
myelin-specific T cells
mainly to the optic nerves
compared to the rest of the
CNS.

following immunization
with myelin protein or PTX
alone.

Non-obese
diabetic.

Type 1 diabetes is an
autoimmune disease
characterized by immune
cell infiltration, mainly T
cells, into the pancreas
leading to the destruction of
b insulin cel

Induction of EAE in the
NOD mouse strain with
MOGss.s5 leads to a
relapsing-remitting
disease that advances to
secondary

progressive disease

( Jacobsen et
al., 2018;
Mayo and
Quinn, 2007)
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1.3 Immunology of MS

The immune system can be considered in two parts, the innate and adaptive
immune systems. The innate immune response is the first line of dafgisst
infections in healthy organisnf8kira, 2003; Kennedy, 2010The process of protection
involves thecomplexuse of a network of cells, tissues, dacdtors that work together to
form a line of defense against disea@@smar et al., 2011)in MS, immune cellsuchas
macrophages, neutrophibd dendritic cellsarerecruitedduring the early inflammation
to the site of thénjured area and produce piriflammatory cytokines and reactive
oxygen species that destroy the myelin sheath in the (®M§ et al., 2009)Indeed, the
involvement of the innate immune system is becormnogeasinglyappreciated in MS,
which is thought to be the main trigger of the disease through its effect on APC that
modulates the “Eell reponse(Hossain et al., 2017However, uncertainty exists
regardingthe link between the innate and adaptive immune resputts¢he
pathogenesis of MS. In this section, tbie of macrophages, neutrophils, T and B cells

in the pathophysiology of MS and EAE wile described.

1.3.1 The role of innateand adaptiveimmune systensin MS and EAE
1.3.1.1 Pattern recognition receptors cytokines and innate immune cells

Pattern recognition receptors (PRRS) are a set of proteins that are part of the
innate immune system and abled@gognize molecules thatetypically derived from
microorganisms or endogenous sour@¥slsh et al., 2013)T'he ligands of these
receptorcanbe categorized intogbhogerassociatednolecularpatterns (PAMPS) or
damageassociatednolecularpatterns (DAMPs)Kawai and Akira, 2009)Signaling

through PRRs can indutlee production of immune mediators that can impact the

11



adaptive immune respongiang et al., 2015p5everal PRRs have been recognized,
including oll-like receptors (TLRshucleotidebinding oligomerization domain (NOD)
like receptorsretinoic acidinducible gene -ike recepors, and Gype lectin receptors
(Amarane-Mendes et al., 2018; Walsh et al., 2013)ese receptors can be expressed

extracellularly, intracellularly, or in soluble forms within body fluids.

TLRs are a family oPRRs(Prinz et al., 2006thatplay a crucial role in the
innate immune system through thescognition ofseveral ligands, such as endogenous
DAMPs or exogenous PAMR3aneway and Medzhitov, 2002; Kawai arkira, 2011,
Qureshi and Medzhitov, 2003 leven types of TLRBave been identified in humans
(TLR1 to TLR11) andwelve inmice (TLR1 to TLR 9 and TLR 11 to TLR 18Akira et

al., 2M6; Kawai and Akira, 2010Y LRstypically consist ofoneectodomaintype-1

Ce

transmembrane gl yc édgix ant aninmacetlutaroll/istarleukinflg a n
receptor domaiBrennan and Anderson, 2004; Jin and Lee, 2008; Li et al., 20p2n
recognition ofa correspondintigand, TLRs dimerize to form heter@r homodimers

which leads to downstream signaling and inductiomohune mediator@Botos et al.,

2011) The elicited immune response occurs through activation of transcription factors,
suchag ranscription f actedBr)s nucalnesdro cfaactoonr odB
the nucleus, and the productioneitherpro- or anttinflammatory cytokineg¢Botos et

al., 2011; Sasai and Yamamoto, 2QI)esecretion of such cytokines campact the
severaimmunecellssuch asAPCs andr-cells therefore, establish a link between the

innate and the adaptive immune resporid&sa and Takeda, 2004l is known that
myeloiddifferentiation primary response gene 88 (MyD88) is a crucial adaptor for the

major TLR singling pathwagWerling and Jungi, 2003MyD88 adaptor is necessary for
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the induction phase of EAfBrough activatiorof peripheral myeloid dendritic cells
(mDCs) and differentiation of autoimmune Th17 célarta, 2009)The TLRs that are
most studied in the context of EAE areR2, TLR4, andTLR9 (Marta, 2009; Miranda

Hernandez and Baxter, 2013; Prinz et al., 2006)

TLR2 recognizes microbial ligands including lipoteichoic acid, zymosan,
lipoproteins and peptidoglycatMedzhitov, 2001)as well as endogenous ligands such
as hyaluronan, heat shock protein, and High Mobility Group BBxotein (HMGB1)
thatcan be found in the CN8san and Gao, 2004).ctivation of TLR2 impactthe
development o$everaheurological conditionsncludingMS (Bsibsi et al., 2002)More
specifically, TLR2 triggers the inflammatory process by activating glial cells, which can
ultimately lead to tissue injury and neuronal de&ilgure 11) (Tang et al., 2007)
Furthermore, the activation of TLR2Ippresses the differentiationaifgodendrocytes
progenitor cells (OPC) andhibit remyelination(Sloane et al., 2010However, the
mechanisms that regulate TLR2 signaling have not nefirdefined in the context of

MS and EAE

TLR4 recognizes a broad g of exogenous ligands, suchipspolysaccharides
(LPS) from gramnegative bacterid@ TX, andMycobacterium tuberculostexin. In
addition,endogenouproteins can be recognized by TLR4ludingheat shock proteins
(HSP70), HMGBL1, fibrinogen, heparasulfate, and hyaluronic acidthich have been
shown to induce inflammation to the CNS and EAE progregsiarris and Raucci,
2006; Uzawa et al., 2013)LR4 is present in a variety of immune cells, including
monocytes, macrophages, microglia in the CNS, myeloid DC, T and B lymphocytes, and

tissues such as the intestinal and cerebral epithéBsibsi et al., 2002; Reynolds et al.,
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2012) The mechanisms that regulate TLR4 signaling in EAE have not been studied in
depth n the context of MS. One study demonstrated that TLR4 knockout mice exhibited
a decreased disease sevenitlile another study showed a worsened disease state of
EAE in the mice lacking TLR4. These results highlightgbeentialrole of TLR4 in

EAE. Moreover, the presence of TLR4 in microglial cells enhances brain injury in
cerebral ischemia models and CD4cell transgenic models following the

administration ofLPS enhanced EABReynolds et al., 2012)

Endosomes in plasmogoid DCsand lysosomes in myeloldCsexpress TLR9,
which has the ability to induce EAE through recognizing unmethylated CpG DNA motifs
present in mycobacterial DN@Trieg, 2002) Upon activation of TLR9, proinflammatory
cytokines such aypel IFN, which leads to the inhibition of Th17 activity, and@lLor
IL-23, are produced plasmaytoid DCsor macrophages and myeldixCs
respectivelyHarrington et al., 2005)he studies published so far regarding the role of
TLR9 in the regulation or progression of EAE are inconsistent. A study by Maatta et
(2008) identified a regulatory role in inducing EAE rather than enhancing IBAE,
showngthat TLR9 knockout mice exhil@tla worsened clinical score compared to WT
mice that were immunized with MOG protein.contrast(Prinz et al., 20063howed a
delay in the severity of the disease after immunizing TLR9 knockout and WT mice with
MOGssss peptide The explanation for these conflicting results may be due to the
pathogenic Bcell responsand production of antibodies to MOG protein rather than

MOG peptidg(Iglesias et al., 2001; Lyons et al., 1999)

Cytokines are another aspect of the innate immune inflammatory response

involved in many inflammatory diseases, including MS, such as TNE, fL, abnd | L
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(Centonze et al., 2010y hese cytokines contribute to damage of oligodendrocytes,
axons, ad neurons to promote the progression of the disease, and inhibition of these
cytokines may be a potential target to protect oligodendrocytes and prevent neuronal
death(Centonze et al., 2010; Imitola et al., 200&3tivated mononuclear phagocytic

cells, macrophages, T cells, microglia, and astrocytes express TNF, which promotes the
inflammatory process through controlling cellular differentiation and apoptosis as well as
cell recruitment processes. In EAE, Thl activation linked to the production of TNF
enhances the release of other cytokines, chemokines, adhesion molecules, and may be
involved in remyelinatiorfArnett et al., 2001)Inhibition of TNF by neutralizing

artibodies reduceBAE disease severity in mice by decreasing infiltration and
demyelinationWilliams et al., 2014)In contrast, humaklS patients treated with TNF
neutralizing antibodies exhibited a wened disease progression, which suggests that
TNF has important roles in the early stages of the dis@Risbert et al., 1995)

IL-1 Bnediates an innate immune response involving adhesion molecules to
enhance inflammatory cell recruitment and stimulates astrocytes to release vascular
endothelial growth facteA (VEGF-A) that together disrupt the integrity of the BBB,
which allows T ceB to enter the CNS and subsequently degrade the myelin sheath and
causes CNS damag@®arui et al., 1993)Furthermore, it has been obsetvthat IL-1 b | s
elevated in the CSF of MS patients andllknockout micetesultingin reduced severity
of EAE, suggesting that this cytokineaysa crucial role in the early phase of the disease

(Matsuki et al., 2006)

Another cytokine, IE6, expressed in mononuclear phagocytes, T cells, microglia,

astrocytes, and vascular endothelial cells is elevated in MS patients and is crucial for the
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activation of autoimmunity by promoting CD7 cell activation and the acute phade

the inflammatory respongémitola et al., 2005)IL-6 is also required for the

development bantibodyproducing plasma cells. 46 knockout mice failed to develop

EAE, suggesting that this cytokine is required for the initiation of the disease progression
(Samoilova et al., 1998Furthermore, IL6 may be implicated in the remission phase of
EAE through the clearance of myeliebris that hinders remyelinati@einrich et al.,

2003)

Neutrophils aregranulocytes that represent the first line of defense in the innate
immune system and have a vital role in the inflammatory process by responding to
infection or injuryand can be marked as-E"/CD11b in mice(Kennedy, 2010;
Mayadas et al., 2014; Nathan, 2006nsson et al., 2011 eutrophils migrate to the site
of injury and have the ability to neutralize pathogens and kill the bacteria by
phagocytosing, degranulating, releasing a neutrophil extracellular trap, and releasing
ROS(Kolaczkowska and Kubes, 2013; Mayaéasil., 2014; Nauseef and Borregaard,
2014) Neutrophils express LPS receptors, such as TLR4, which can induce systemic
inflammation through activation of the TLR4 signaling pathway through, CD14 e2MD
(Gomi et al., 2002; Pillay et al., 2010; Zanoni et al., 20M&utrophils can Kkill
patlogenic organisms after recruitment to the site of injury and have the capacity to
damage tissue. Upon exposure to LPS, peritoneal neutrophils become elevated and
produce ROS contributing to persistent inflammation. Adhesion and migration of
neutrophils aftr LPS exposure is facilitated by-ILb  p r o @dFerminho ebah, 2011)

It has been reported that tepletionof neutrophils by amtiLy6G or antiGr-1 antibody
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hinders the onset of EAE hich is associated with antibodigpendent phagocytosis of

neutrophils by macrophages and not the lack of Ly6G fun¢aiey et al., 2008)

Macrophagesare derived from hematopoietic stem cells originating in the bone
marrow and are expressed in all tissues of the body, and their designation is based on
their location(Ahmadbeigi et al., 2013; Crocker and Gordon, 1985; King et al., 2009)
Forexample, macrophages exist as microglia in the CNS, Kupffer cells in the liver,
alveolar macrophages in the lungadperitoneal macrophages in the peritoneum, among
others(Sawada et al., 2008Ylacrophages are necessary for the effective functioning of
the innate and adaptive immune responses, have a vital role in phagocytosis, and produce
pro-inflammatory cytokines that coniite to inflammatiorfKorn et al., 2010Q)

In normal conditions, microglia in the CNS contrilaitie synaptic plasticity and
are responsible for tissue repair, clearance of injury, and regulation of n€oeomsi
and De Koninck, 2013; Ginhoux et al., 2010he activity of microglia is regulated by
neurons, astrocytes;dells, and the BBB andavk collectively with peripheral
macrophages. In the early stages of inflammation, levels of cellular markers such as
CD45, CCR1, CCR5 are expressed in high levels in macrophages and low levels in
microglia while TGFb is expressed at high or low levelsnracrophages or microglia,
respectively. Macrophages and microglia fall into two categories, M1 diMMI3 et al.,

2000) Macrophages or microglia in the resting state become activated through TLRs
interacting with IFNo i mmunogl obi n, a n d -indlacnmatdryegMihe nt t o
(Dong, 2008; Hanke and Kielian, 201 RActivated M1 will elease pronflammatory

cytokines and chemokines such as TNF1Ib , -6, IL-.2, IL-23, CCL4, CCL5, CCLS,

CXCL9, CXCL10, CXCL2, and CXCL4 that contribute to tissue dantageyelination,
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and neuronal death in the CNil§m and De Vellis, 2005; Liu et al., 2013; Norden et al.,
2015; Saijo and Glass, 2011y contrast, IE4, IL-10, IL-13,and TGFb t hat ar e r el
by M2 microglia induce tissue repair, remodeling, and promoterdtmmatay
activities(Almolda et al., 2015; Franco and Fernan&e#érez, 2015; Miron et al., 2013;
Shin et al., 2012 urthermore, the differentiation of Th2 cells aedulatory T cells,

which are regulated by M2, could suppress inflammation through reduced activity of NF
kB and enhanced phagocytic activity compared to(@Hosh et al., 2016; Zhang et al.,
2018) The imbalance between M1 and M2 correlates to the development of EAE, and it
has beemeported that treatment with M2 monocytes attenuated EAE symptoms and
promoted the differentiation of oligodendrocytes to enhance the recovery phase of EAE
(Jiang et al., 2014; Miron et al., 201B)oreover, in the cuprizone model of EAE,

microglia are present in the lesions of the CNS and are associated with the inflammatory
process of MS. Though there is some uncertainty with the mechanisms linking microglia
to MS pathogenesis, it is proposed that microglia cie@tsSthat damage
oligodendrocyteand astrocytes. Furthermore, microglia have been found to participate
in the remyelination of the CNS through phagocytasisl the remglination processs
insufficientin MS due to a blockage of OPC differentiatidrang et al., 2014; Miron et

al., 2013) Additionally, microglia produce TNF, IGE, and FGF2, which are necessary

for the differentiation of OPCs. In the EAE model, it has been found thairtreases

the proliferation of oligodendrocytes suggesting the potential involvement of
macrophages and microglia in the remyelination profi¢eating et al., 2009)An

additional role of microglia is to modulate the adaptive immune response by acting as

APCs to recruit T cells in the CNS. It has been observed that monocytes have a strong
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influence on therogression of EAEand the deletion of monocytes cells in preclinical
EAE was delayed symptom on@gami et al., 2011; lismaa et al., 200®)dditionally,

the sevety of clinical scoring is proportional to the number of infiltrating peripheral
monocytes and the absence of monocytes contributes to reduced disease severity
(Chrobok et al., 2017Microglia play a prominent role in the early stages of EAE before
the clinical onset and recruit monocytes during the chronic gMikga et al., 2011;

Zhu et al., 2007)
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FigaiModel fioarf lprromat ory signaling through

Simplified schematic representation of the-prilammatory signaling through TLR2
implicates the recruitment of the adaptors MyD88 to induce inflammatory cytokines
through ERK, JNK, and N B .

Adapted fronLi et al., (2013b)
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1.3.1.2 T cells and B cells

The role of the adaptive immune response in MS and EAE has been extensively
studied, particularly theavolvement of T cells and B cells in the pathogenesis of the
disease. The modulation of CD# cell responses is the primary goal of therapeutic
agents for EAE and MS; however, many other lymphocytes, such asTCizfls and B
cells, are implicated in thdisease and may be suitable tar{Rislekova et al., 2000;

Rangachari et al., 2017)

It is well characterized that T cells, both CChd CD8 subtypes, are implicated
in the pathology of M$Legroux and Arbour, 2015; Rangachari et al., 20CD4" T
cells, also known as helper T cells, are involved in the coordination of the immune
system while CD8T cells, also known as cytotoxic T cell®vgrn responses to
intracellular pathogens and neoplastic cells. The T cell receptor (TCR) expressed on
CD4" and CD8 T cells recognize antigens presented by major histocompatibility
complex (MHC) class Il and I, respectively. Naive T cells must haveigmals from
APCs for activation: recognition of the peptilHC complex via TCR and
communication with a coactivating receptor (CD28) along with a ligand (CD80, CD86).
This process ultimately stimulates an intracellular signaling pathway leading to the
matration, proliferation, and secretion of cytokines by T d&ksng, 2008; Legroux and
Arbour, 2015) It is believed that CD4T-cells mediate the disease pathogenesis of MS,
especially Thl and Th17 cells. The secretion 66|0TGFb , a-A3dcandithe
transcription fandSTATS mdud @R difterentididd Rflhaive CD4+

to Th1l7, which exacerbates the disease development by produelid\| IL-17F, IL-
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21, IL-22, IL-26 secretionDong, 2008) It has been reported that in the EAE model,
CD4* T cells secrete IFM and IL-17 by Th1 and Thilgells, which coincided wh
increasegroductionof pro-inflammatory cytokines It1 b , -6 and.TNF by microglia
(Hemmer et al., 2015; Murphy et al., 201BJocking CD4 T cells in MS patients bgn
ant-CD4 depleting antibody had no impact on disease seyeritje norrspecific
immunosuppressive therapy reduced the disease severity by prewstoikigerelease

and hindering disease progressfdanes et al., 2010; Van Oosten et al., 1997)

B cells have negative regulatory functions on inflammation during the course of
EAE and MS through their production aftiinflammatory cytokines, such as-0.
Multiple subtypes of B cells exighcluding B10 cells, which produce410 (Shen and
Fillatreau, 2015and high levels of Th17 cells are present in MS and are related to
disease severitfAxtell et al., 2010)B cellsareAPCs thatoriginate in the bone marrow
andare specialized irthe secreibn of antibodieghathave a vital role in M$Claes et al.,
2015; Lebien and Tedder, 2008; Matsushita et al., 2006; Pierson et al.,2@&43
have been rapted to play an important role in modulatinglTand Th2 cytokines

productionin EAE (Matsushita et al., 2006)

1.4 Voltage-gated sodium channels

Several underlying mechanisms that involve the interaction between immune cells
and neurons are believed to impact the developmeviSofNav channels may play a
central role in this interaction due to the expression in both typesls{Eijkelkamp et

al., 2012; Stys et al., 2006)

Nav channels are transmembrane proteiasd¢bnduct sodium across the cellular

membrandCatterall et al., 2005a; Chen et al., 20184y are found in both excitable
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cells, such as neurons amyocytesand norexcitable cells, such as immune cells
(SavioGalimberti et al., 2012)n neuronal cells, the distribution of Nav channels along
the axon is essential for the generation and propagation of action potentials, whereas in
nonexcitable cel such as glial cells, they are believed to regulate energy supply and cell

motility (Brackenbury et al., 2010)

Each Navchannééc o mposed of o nmsebunitdisoformsianckoneo wn U
or two r-segbbluat bsy (b Brackenburyamddsbono, 20115 Gajterall,
2000) T dsubuniticonsists of four homologous domain/{l each of which
comprises six transmembrane segments3&)1LTheS4 in each domain acts as a voltage
sensor that contains a high concentration of positively charged amino acids, functioning
as the core of the voltage sensor responsible for activattithe voltagedependent
channel (Figure 1.2Kwong and Carr, 2015; Patino andns02010) Furthermore, the
Usubunit is sufficient to conduc4subsitsdi um a|
are required for cell adhesion and channel localization and regulate the rate of activation

and inact i-subuni(dic Eovfe nt mendU | som, 2004.; 06 Mal

Nav channels have three states in terms of conductivity: a resting state in which
t he channel 6s g¢gat thatdcars gpbnadepelarizatioa,mndapen st at
deactivating statthatoccurs gradually after depolarization in a single §fdygern, 2013;

Eijkelkarmp et al., 2012; McCusker et al., 2012)
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Figa2Rtructuregatftedod ddigem channel s

A) Schematic representation of the voltagged sodium channeld-subunitshavefour
domainsstarting with the first domain at the-tdrminus on the left tdhe fourth domain
at the Gterminus on the rightD | -D IV) andb-subunit The fourthU-helical
transmembrane segment of each donsaimainspositively charged amino acids as
represented in this schematictbyn €0&ymbol. Prepresents phosphorylatiortes,and
green circlesepresenRXR, a motifthatmediateghelocalizationof proteins in the ER
(ER retention motif).

B) Schematic 3D representation of Nav channels.

Adapted fronFraser et al. (2014)
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1.4.1 Nav channel heterogeneity

There are ten ¢ esubstprothirs NaveNael® dnel Navzlv(Nak)
(Catterall, 2000; Catter alNavl.gd tNavh2 Nayl.32 005 a;
and Navl.6, encoded by the geS€3N1A SCN2A SCN3A andSCN8A respectively, are

mainly expressed in the CNS, however, with variable spatial (cell type and subcellular)

and temporal (developmental) distributi@atterall et al., 2005b; De Lera Ruiz and

Kraus, 2015)Nav1l.1 isprominentlyexpressed in inhibitory gamr@aninobutyric

acidergic neuronfCatterall et al., 2005a; Payandeh et al., 208lay1.2 igorominently

expressed in unmyelinated axons and dendrites in the cortex and the hippo@uwiius

et al., 2001; Lossin et al., 2012yhile Nav1.3 has a wide expressiortiehuman bain

(Estacion et al., 2010; Holland et al., 2008)

Navl.6 is epressed in several different types of cells across the CNS, such as Purkinje

cells, pyramidal cells, and glialcesBoi ko et al ., 2001; Bur ges:
and Meisler, 2013)lt is also expressed in the PNS and in mygéd neurons in which

this channel is highly concentrated at the nodes of RafK&arney, 2002; Wagnon and

Meisler, 2015)

Navl.4, encoded b$CN4A is mainly expressed in striated muscle tigsuekat
Rott et al., 201Q)whereas Nav1l.5, encoded B¢N5A is the dominant channel in the
cardiac musd (Black et al., 2009a; Estacion et al., 2010av1.7, Nav1.8, and Nav1.9,
encoded bYsCN9A SCN10AandSCN11Arespectively, are expressed predominantly in

the PNSEijkelkamp et al., 2012; Gong et al., 1999; Zakon, 2012)

Finally, based on sensitivity to tetrodoboXTTX), a potent norspecific Nav

channel blockemMNav channels are divided in(€hen et al., 2002; Hains et al., 2003;
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Koopmann et al., 2004)TX-sensitive (TTXS) channelsyhich can be blocked by
nanomolar concentrations of TTiKcludesNavl1.1, Navl.2, Nav1.3, Navl.4, Navl.6, and
Navl.7 subypes TTX-resistant (TTXR) channelswhich requirea higher amount of

TTX (micromolar)to be blocked anohclude Nav1.5, Nav1.8, and Nav1.9 subtypes
(Bagal et al., 2015; Catterall et al., 200Blkack et al., 2004; SaviGalimberti et al.,

2012)

1.4.2 Nav channels in disease

Nav channels have been linked to a broad range of diseases in the nervous system,
such as multiple sclerosis (MS), neuropathic pain, epilepsy, and brain (Blacdérand
Waxman, 2013; Eijkelkamp et al., 2013ientists have used animal models to better
understand the relof Nav channels in the pathogenesis of neuronal disorders by
manipulating the encoding genes of these channels. In demyelination diseases, Nav1.2,
Navl.5, Navl.6, and Navl.8, have been linked to the axonal degeneratiossand

(Table 2)
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Table 2 Channelopathies that have been associated with Nav channel expression

The
Nav Encoding pnmary TTX Diseases
channel gene Sl 5 Sensitivity /Phenotypes RETEENEES
express
ion
U-subunits
Navl.1 SCN1A CNS, sensitive Epilepsy, (Claes et al., 2003;
PNS neurodegeneration | Meisler and
Panayiotopoulos Kearney, 2005)
syndrome
Navl.2 SCN2A CNS, sensitive MS, early infantile (Berkovic et al.,
PNS epileptic 2004; Schattling et
encephalopathy, al., 2016;
and familial autism. | Sugawara et al.,
2001)
Nav1.3 SCN3A CNS, sensitive focal epilepsy in (Bartolomei et al.,
PNS children 1997; Hains et al.,
2003; Vanoye et
al., 2014)
Navl.4 SCN4A Skeletal | sensitive Hyperkalemic (Kuzmenkin et al.,
muscle periodic paralysis 2002; Raja Rayan
and Hanna, 2010)
Navl.5 SCN5A Cardiac | resistant Brugada syndrome | (Black et al., 2009b;
muscle (idiopathic Detta et al., 2015;
ventricular Pappalardo et al.,
fibrillation), MS and | 2014)
arrhythmias
Nav1.6 SCN8A CNS, sensitive Mental retardation, | (Alrashdi et al.,
PNS ataxia, tremors, MS | 2019; Meisler et al.,
and other 2004; Veeramah et
movement al., 2012)
disorders

Navl.7 SCN9A PNS sensitive familial rectal pain, | (Cummins et al.,
and small fiber 2004; Dib-Hajj et
neuropathy al., 2005; Yang et

al., 2004)

Nav1.8 SCN10A PNS resistant peripheral pain (Lai et al., 2002;
syndromes Pain Shields et al., 2015)
sensation,
inflammatory pain,

MS

Navl.9 SCN11A PNS resistant Loss of pain (Priest et al., 2005;
perception and pain | Zhang et al., 2013)
sensitization

Nax SCNG6A Brain unknown Temporal lobe (Gorter et al., 2010;

and epilepsy Noda and Hiyama,
SCN7A 2015)
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The

Nav Encoding | primary site Diseases R
eferences
channel gene of /Phenotypes
expression
b-subunits
Nav b .l SCN1B CNS, PNS, Brugada syndrome, and (O6Mall ey
glia, cardiac | epileptic syndromes 2009; Pertin et al.,
muscles 2005)
Nav b .l SCN2B CNS, PNS inflammatory pain, MS (O6Mall ey
cardiac 2009)
tissue
Nav b .l SCN3B CNS, PNS Temporal epilepsy (Casula et al.,
2004; Van Gassen
et al., 2009)
Nav b .l SCN4B CNS, PNS Huntington's disease (Medeiros-

Domingo et al.,
2007; Oyama et
al., 2006)
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1.4.3 Inflammation, demyelination and ion channelredistribution

Immune cells secrete several molecuilesluding cytokines, chemokines,
glutamateROS, reactive nitrogen species (RNS) including nitric oxide (NO), some of
which are neurotoxic and can disrupt the normal metabolism within reeamdrpromdee
inflammation(Bagasra et al., 1995; Bitsch, 2000; Van Horssen et al., 2801has been
shown to act as a double edge sword in MS as it might induce disruption of the BBB,
demyelination, and axonal degeneratiavhile also haing potentially beneficial
immunomodulatory effectéEngelhardt and Ransohoff, 2012; Smith and Lassmann,
2002) The beneficial or harmful effect of NO relies on its level within the tissue and the
existence of other moleculasthe sie of inflammation, such as superoxide anions. In
normal conditions, NO is involved in neurotransmissaodregulation of gene
expressionwhich control thegperception of pain, aggression, and depressfomar et
al., 2017) In the context oMS, it has been reported that NO plays a protective raflean
suppression of T cellsy inhibiting their proliferation in EAEVan Der Veen edl.,
2004) However, the adverse effect of NO appears when it is released in high amounts by
macrophages and microglia in MS and EAE at the site of inflammation concurrently with
superoxide anions, leading to the production of highly toxic compoutisasu
peroxynitrite(Kumar et al., 2017)The production of peroxynitrite leads to the
impairment of oligodendrocytes via damage to the mitochondrial DNA and membrane
leading to the accumulation of mitochondrial DNA mutations and misfolded proteins

(Friese et al., 2014, Lan et al., 2017)

Mitochondria ar&key regulators of axonal survival as they regulate the production

of energy that is essential for ion channel function and distribution along th¢Faiese
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et al ., 2014 :; AbNormalimitocteondriagunction, whi€hinluyn results in
reduced ATP production, causes increaseél$eof intercellular sodium by disabling the
Na'/K* ATPase(Friese et al., 2014; Kann and Kovacs, 200heenergy imbalance and
loss of myelin in chronic CNS inflammation result in the maldistribution ofraéian
channels, including Nav channels’, ghannels and G4 channels and impairs their
function(Craner et al., 2004a; Howarth et al., 2012)e impairment of function and
distribution of these ion channels along the axon causes disturbances in ion
concentrations, mainly of NaK*, and C&', across the neuronal membrane, which have
a neurotoxic effect that impairs axonal conduc{iGraner et al., 2Mb). Increased
intracellular C&" is eventually fatal to the cell as degradative enzymes ansgyNthase

is activated, which leads to apoptosis of the ne(Foiese et al., 2014Jurthermore,
intracellular accumulation of awithin the axons can cause oncotic cell swelling that
leads to neuronal deafBchattling et al., 2012Neurons have a buffering mechanism to
prevent the adverse effects of the intracellular accumulation'camnbaC3a* by

increasing activation of prsurvival genes and inhibition of Walleridegeneration
(Howarth et al., 2012However, persistent inflammatipwhich is exacerbated by
neuronal and oligodendrocytes necrosis, might inhibit these buffering mechanisms and

thus provoke axonal damaffeendrou et al., 2015; Saxena and Caroni, 2007)

1.4.4 Nav channels and axonal degeneration in MS

Nav channels have been proposed to play a significant role in the pathogenesis of
demyelinating diseases. As mentioned before, expression afidawels (Navl.1,
Navl.2, Navl.3, Navl1.6, Navl.7, Nav1.8, and Nav1.9) across the CNS and the PNS is

regulated in a spatial (by cell type and subcellular localization) and a temporal (by
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developmental time point) mann@atterall et al., 2005b; Israel et al., 20TBe most

studied Nav channels in MS and EAE are the Nav1.2 and Nav1l.6 isoforms because they
have been linked to the demyelination process and are found to be abnormally distributed

in the lesiongBouafia et al., 2014; Craner et al., 2004a; Waxman, R00éreover,

Nav1.5, which is best known as the cardiac muscle isoform, has been shown to be
expressed in the astrocytes in acute and chronic MS Ig$lappalardo et al., 2014;

Yang et al., 2004)Finally, Nav1.8, which is mainly expressed in the PNS, is proposed to

be involved in cerebellar dysfunction in MS and E@Ean et al., 2016; Schaecher et al.,

2001) I n addition to the isnhuvbou nvietimdunitthdoef bt2h e
been reported to play a key role in the progressionofMSh en et al ., 200 2;

al., 2009)

1.4.4.1 Navl.2 and Nav1.6 in EAEand MS

In normal conditions, Navl.2 is predominantly expressed in the CNS-in pre
myelinated axons, immature nodes of Ranvier during development, andysdinated
axons in adults. In immature axons, the main function of Nav1.2 is to support action
potental generation before the deposition of myelin (Gong et al., 1999; Kaplan et al.,
2001). Nav1.6 gradually replaces Nav1.2 during axonal myelination and dominates in
mature nodes of Ranvier, possibly because Nav1.6 produces a higher persistent current
than Nav1.2(Craner et al., 2004a; Waxman, 2006})erestingly, Nav1.6 is expressed in
nontneuronal cells, such as microgiiad macrophageas well as in invasive cancer cell
lines. Nav channels in these nexcitable cells are believed to contribute to their motility

by having their activity linked to the actin cytoskeleton dynamics and enabling the
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formation of podosomes dnnvadopodia in macrophag@3arrithers et al., 2009a)

although the mechanism by which Navs influence the actin network remains unclear
Nav1l.2 is ceexpressed with the NiCa* exchanger (NCX) in demyelinated

axons hat have no signs of injury, whereas Navl.8amalizes with NCX in

demyelinated axons duriranaxonal injury in MS and EAEBouafia et al., 2014; Craner

et al., 2004c; Waxman, 2008 a study by CrandCraner et al., 2004bit was shown

that colocalization of Nav1.6 and NCX was found only in damaged axons. These were

identified using antibodies againstbatany | oi d pr e c-APPsanindigatorot ei n

of imminent dgeneration of the demyelinated axons (Craner et al., 2004a). In contrast,

Navl. 2 expression with NCX d-ARP(Qraoeretal.prr el a

2004d; Waxman, 2008The persistent influx of Nahrough Nav1.6 channel has been

suggested to reverse the function of N®&ading to the ecumulation of intracellular

C&" ions in the axon that results in axonal degradamuafia et al., 2014; Craner,

2003) It is important to note that this hypothesis is based otocalization experiments.

Reduced expression of Nav1.6 should theoretically result in improved axonal health in

the contat of MS, but this has not been shown directly. Crai@naner et al., 2005)

showed that in EAE anllS, the expression of Nav1.6 is upregulated in activated

microglia and macrophages. Increased activation of microglia and macrophages in MS

has been linked to the axonal degeneration via induction of phagod@osier et al.,

2005; Jacobsen et al., 20pantigen presentatidiho et al., 2012)cell migration(Black

et al., 2009a; Hernandd2ata et al., 2012; Persson et al., 201dtnulation of CD4 T

cell proliferation, and production of pinflammatory cytokines and chemoki(®mor et

al., 2014a; Black et al., 2009a)
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Research has shown thdddking of Nav1.6 by TTX in rats and the lack of
Nav1.6 in mice results in a significant reduction in phagocytic function of activated
microglia by 40% and reduced infiltration of inflammatory cells by {&¥aner et al.,
2005) The reduced microglial phagocytic adiywvas associated with the decrease in
proinflammatory cytokines production, includinglLU ,-1 ® Land t umor necr o

(TNF) (Black et al., 2009a)

The expression of Nav1.2 along injured demyelinated axons in EAE resembles
the distribution of this channel on pneyelinated and nemyelinated axons (Boiko et
al., 2001; Kaplan et al., 2001). Like in normal unmyelinated sxibiis speculated that
Navl.2 is important for conducting action potentials in-damaged axons in MS,
although with lower spike frequencies than NayCfaner et al., 2W4c; Waxman,
2006) Nav1.2 has less influence on™Naflux compared to Nav1.6, which might reduce
the damage of axons and enhances their survival in MS andfifdh et al., 2005)
Studies have shin that Nav1.2 plays a compensatory role for partial loss of Nav1.6 and
may be able to conduct signals in the demyelinated éXm@mer et al., 2004b; ViawWart
and Matthews, 2006)n contrast, recent work by Schattling et al. (2016) has examined
the impact in EAE mice of increased Nav1l.2 activity on neuronal degeneration by
inserting a human gaiof-function mutation irscn2a Although this increase dfavl1.2
activity was not associated with alteration of the immune response in EAE, it increased
the intracellular Naconcentration, which was associated with increased
neurodegeneration. Such evidence suggests that the development of a selectivefblocker o
Nav16 might be of potential benefit for neuroprotection without a major impact on the

immune system. However, researchers have not shown an impact of Nav1.2 gain of
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function mutation on the expression of other Nav channels. In contrast, the generation of
humanNav1.6 gairof-function mutation in mice was found not to be suitable to study

the role of Nav1.6 in EAE due to the spontaneous motor seizure phenotypes that could
interfere with the EAE clinical symptoms (Wagnon et al., 200biy. work implicateshe
Nav1l6 isoform as a primary contributtor axonal degeneration following demyelination

in EAE (Alrashdi et al., 2019(Chapter).
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F i g -8 Model of functional effects of expression of Navl.2 and Nav1.6 channels
along demyelinated axons

Schematic shows thatavl.2 distributes along tledemyelinated axon to restore the
conduction of nerve impulse. The persistent current produced by Nav1.6 causes a reversal
of the functioning of the NaC&* exchanger that leads to the accumulation of
intracellular toxic calcium that triggers axonal injulbjitochondrial dysfunction induced

by NO, alterations of mitochondrial gene expression, and hypoxia/ischemia results from
perivascular inflammation that promotes axonal energy failure to subsequently
compromise the function of the NK* ATPase that redes the ability of the axon to
sustain resting potential and export'NAesulting from the accumulation of £inside

the axon, calciuanduced calcium release (CICR) from internal storesaamigationof

NO synthase, proteases and lipases occur. Nawnelacontribute to the activation of
microglia and macrophages that release NO and participate in phagocytosis.

Adapted from(Waxman, 2006)
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1.4.4.2 Nav1.5in EAE and MS

Nav1l.5 wadongrecognized as thexclusivecardiac muscle Nav isoform and was
generally not believed to be expressedtimer tissue¢Black et al., 1995; Pappalardo et
al., 2014) However,Fraser et al2004)have shown thaheNav1.5 channel is also
expressed in normal humanyimphog/tes and modulates their motility. Furthermore, in
MS and EAE it has been shown thtte expression of Nav1.5 is upregulated in reactive
astrocytes within acute and chronic lesi¢@ganer et al., 2005)These observations
implicate Nav1.5 in immune regulation. NabExpression was correlated with the
severity of the disease in the EAE model, as it increased during relapses and decreased
during remissiorfPappalardo et al., 2014 strocytes are glial cells that represent the
most abundant cetypein the CNS. These cells assist in maintaining homeostasis at
synaptic conections, are an essential component oBfBB, and may regulate blood
flow in response to synaptic activigglackburn et al., 2009)The selective upregulation
of Nav1.5 on regtive astrocytes in MS patients compared to the minimal change of other
Nav channels suggests a potential role of Nav1.5 in the pathogenesis of the disease
(Black et al., 201Q)ut more direct functional data would be important to define this
channel 6s rol e. However, the nor mal role o
understood. Nav channels translocate to the plasma membrane and help togroduce
persistent Nacurrent(Blackburn et al., 20098uch N4 influx in the astrocytes is
critical for the function of NEK* ATPase activity that, in turn, regulates the ionic
homeostasis in the CNBarker and Ullian, 2010; De Pitta et al., 20I&)e correlation
between the elevation of Neoncentration in MS lesions and upregulation of Nav1.5 on

astrocytes suggests tisatch upregulation could be a compensation mechanism to
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maintain the ionic homeostasis in areas of CNS injBlgck etal., 2010) but again does
not provide direct evidence of a specific role for the of Nav1.5. Conclusive results on
Nav1l.5 function would require gene deletion or similar studies.
1.4.4.3 Nav1.8 in EAE and MS

Nav1.8 is mainly expressed in the PNS in nociceptigeminal and dorsal root
ganglia neurons. However, in MS and EAR&V1.8 is ectopically expressed in Purkinje
cells of the cerebellupsuggesting an important role of this channel in the pathogenesis
of MS (Han et al., 2016)Craner et al(2003)showed that the increase of Nav1l.8 mRNA
(Scnal0) and protein leels in Purkinje cells are positively correlated with the severity
and duration of EAECraner, 2003) Consistent with this observatiqighields et al.,
2012)reported that the cerebellar ectopic expression of Navlirkked to the disruption
of the normal function of Purkinje cells and to the coordination of motor behavior that is
responsible for aspects of symptom development in ESkields et al., 2012)
Overexpression of Nav1.8 Purkinje cells in vitro causes an increase of action potential
firing in these cell§Renganathan et al., 2003; Shields et al., 2012¢ severity of EAE
progression was significantly reduced in Nav1.8 knockout mice and irtypiédmice

that were treated with Nav1.8 selective blocKk&tisields et al., 2015)

1444 Nav channel b2 sMSbunit in EAE and
The b2 subunit of <S@GN2Bisanemmmaed gbcopraemc od e d
that plays a critical role in the expression and localization of Nav channels on the
neuronal cell membrane and in regulating thé &arent in CNS and PN&hen et al.,
2002; LopezSantiago et al., 2006) Mor eov er , b2 subunits func!

molecules that mediate interaction with theraseéllular matrix and may play a role in
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cell migration(McEwen and Isom, 2004) Expressi on of the b2 sut
system changes during development in mice and rats as it starts before birth but reaches

its maximum 21 days after birth and persists in adulthood, with its highest expression in

cortex, hippocampus, and eeellum(Sashihara et al., 1995)he known importance of

Nav channels in dengyination diseases suggeitec or r espondi ng i mport a
subunit due to its role in Nav channel expresdiompezSant i ago et al . (20
etal. (2009 s howed that the absence of the b2 sub
symptoms and axonal degeneration in EAE. This protective effect is independent of the
immune responsand it is attributed to the dowmegulation of Nav1.6, thus reducing the

harmful effect of Naaccumulation inaxons O6 Ma | | ey .Mdreovarlthe, 200 9)
expression o65cn2bmRNA decreases in the late stages of EAE, which is suggested to be

a compensatory mechanism in the neurorgotenregulate the harmful Nav1.6

overexpressiofNicot et al., 2003)

In summary, understanding the individual roleeath Nav channel subunit is
highly important in the development of a precise therapy that targets the harmful Nav
isoforms and activates the beneficial ones. The neuronal, glial and immune effector cell
expression of these molecules need to be consideget & proper understanding of

their impacts on the disease.

1.5 Rationale and Objectives

Axonal degeneration is a n@aversible process in MS that leads to several
neurological disabilities. However, the mechanisms underlying axonal degeneration
remain unctar. Several studies have suggested that Nav chanamdsthe isoform

Navl.6, in particular are associated with axonal loss following demyelination. As such,
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it has been hypothesized that damage to the axon might be caused by the persistent influx
of sodium through Nav1.6. This increase in axonal sodium load is postulated to result in
the N&/C&* exchanger to operate in reverse as it works to remove this sodium and
therefore produces an influx of damagingQans. However, this hypothesis has not

been tested directly. For this reason, | investigated the ralleedfiavl.6 channel as a

primary contributor to axonal dysfunction following the demyelination process in chronic
EAE while hypothesizing, that in mice subjected to EAE, axons selectively elejolet

Nav1.6 will show significantly less axonal death than control (Chapter 2).

As such, thd=IRST OBJECTIVE of this study was to examine the effects of

targeted deletion of Nav1.6 on axonal loss in optic neuropathy.

To this end, | have use8cn8d>/™°* andScn8a’* (control) mice that are
intravitreally injected witredenoeassociated virus serotype(AAV2) harboring the Cre
recombinase and GFP under the control of the CMV promoter in the left eye and either
nortinjected or injected with AAV2/GFP in the right efAE was induced in these mice
and | was able to examine the role of Nav1.6 on retinal gancgite(RGCs) death and
optic nerve axonal degeneration in the chronic phase of the diedse clear, tissue
specific targeting in the retina and optic nerve was used by usiAlgXFeystem for two
reasons: FirstScn8anull mice (devoid of Navl.6 ithe whole body) die around 21 days
postpartum. That makes them unsuitable for EAE. Second, there is nohagdicterized
drug appropriate for lonterm blocking of Nav1.6 and inflammatory statGsir results
have shown depletion of Nav1.6 from the retivess associated with a decrease in the
demyelination and axolytic fibers in the optic nerve and consistent with Nav1.6

promoting inflammation and being a primary enabler of axonal degeneration following
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demyelination. Having seen the impact of individueadrss of selective Nav1.6 deletion
led me to extend my study further to investigate the imgidtiis channel in disease

progression and immumaodulation

The SECOND OBJECTIVE was to determine if Nav1.6 regulates mediators of
autoimmune inflammation artd investigate the immune cell response in peripheral
blood and CNS in the presence of normal and low expression of Nawnegfore,
Scn84™Y*heterozygous mice for a ndllele of Scn8athat have reduceexpressiorof
Nav1.6in comparison to their Wiittermates were used in this studijypothesized that
Scn8d™*will show a decrease in inflammation in chronic EAE antesponse tthe
LPS challenge (Chapter 3)induced EAE irScn84™* mice, with reduced Nav1.6
levels,and inScn84'* littermate controls. Behavioral observation$Scn84™* mice
revealed improved motor capacity during the early chronic phase when compared to
+EAE/Scn8&'” littermate controls. Inflammation was also found to be reduced in
Scn8d™* mice. Significantlylower levels of 11-6 were found in +EABcn84™/*vs
+EAE/Scn8&’” littermate controls, in the remission and chronic phases. Furthermore,

Scn8d™*mice displayed reduced inflammation in response to LPS challenge

Toll-like receptors (TLRs) are a famibf extracellular, intracellular, or soluble
patternrecognition receptors (PRRs). Thalay a crucial role in the innate immune
system and have recently been implicated in the etiology of MS by modulating adaptive
immunity. TLR2 is activatedy abroad rage of ligands and its activation has been

implicated in disease in MS and EAE.

TLR2 is an extracellular receptor that is well known to recognize a wide range of

microbial ligands, including lipoteichoic acid, zymosan, lipoproteins, and peptidoglycan
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(Chen et al., 2009)n both MS and EAE, the expression of TLR2 has been showe
implicated in disease in MS aftAE andbe upregulated in the CNS on oligodendrocytes
and peripheral blood monocyt@Reynolds etl., 2010; Zekki et al., 2006 iowever, the
exact role of TLR2 in the inflammatory response has been controversial and not
completely defined in the context of EAEherefore, the THIRD OBJECTIVE of my
research was to determine the impact of TLRZheakxonal loss in the optic nerve and
inflammatory response during EAE and its role in the axonal damage in the CNS. |
hypothesized that mice with knocked out TLR2 will display attenuated EAE progression
and reduced inflammation in EAEChapter 4). EAE was induced in TLR2 and WT
strains.Our results showed that the clinical score in T{:R&ice was significantly lower
during the chronic phase compared to the control. The frequencieslofiGE¥11b" cells
of the spleen and the brain were significaitlyer in TLR2" mice at day 40 po€EAE

induction compared to the control
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Chapter 2  Navl.6 promotes inflammation and neuronal degeneration in a mouse
model of multiple sclerosis.

This chapteappeared in the following publication:

https://ijneuroinflammation.biomedcentral.com/articles/10.1186/s12984 6221

Barakat Alrashdi, Bassel Dawod, Andrea Schampel, Sabine Tacke, Stefanie Kuerten,

Jean S. Marshall & Patrice D. C6té

Nav1.6 promotes inflammation and neuronal degeneration in a mouse model of multiple
sclerosisJournal of Neuroinflammatiof6,215 (2019) doi:10.1186/s129149-1622

1).

This article is distributed under the termglod Creative Commons Attribution 4.0
International Licensehftp://creativecommons.org/licenses/by/4.@Mjch permits

unrestricted use, distribution, and reproduction in any mediNorchanges were made
other than reformatting for inclusion in this thesis.
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2.1 Abstract

Background: In multiple sclerosis (MS) anid the experimental autoimmune
encephalomyelitis (EAE) model of MS, the Navidtagegatedsodium (Nav) channel
isoform haseen implicateés a primary contributor to axonal degeneration. Following
demyelination Nav1.6, whicis normallyco-localized withthe N&/C&* exchanger
(NCX) at the nodes of Ranvier, associates WHhPP, a marker of neuratjury. The
persistent influx of sodium through Nav1.6 is believed to reverse the function of NCX,
resultingin increasednflux of damaging C& ions. However, direct evidence for the role

of Nav1.6 in axonal degeneration is lacking.

Methods: In mice floxed forScn8athe gene that encodes tsubunit of
Nav1l.6, subjected to EAE we examined the effect of eliminating Nav1.6 from retinal
ganglion cells (RGC) in one eye using an AAV vedttarbouringCre andGFP, while
using the contralateral either injected WitAV vector harboringGFP alone or non

targeted eye asontrol

Results:In retinas, the expression Bbpmsa marker for retinal ganglion cells,
was found to be inversely correlated to éx@ressiorof Scn8a Furthermore, the gene
expression of the prmflammatory cytokine$l6 (IL-6) andifng (IFN-2 ,)andof the
reactive gliosis markdbfap (GFAP) were found tbe reducedh targeted retinas. Optic
nerves from targeted eyes were shown to have reduced macrophage infiltration and

improved axonal health.

Conclusion: Taken togetherour results are consistent with Nav1.6 promoting

inflammation and contributing to axonal degeneration following demyelination.
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Keywords
Multiple sclerosis, inflammation, experimental autoimmune encephalitis, optic
neuritis, sodium channebcn8a Nav1l.6, retinal ganglion cells, optic neragene

associated virus, conditional knockout.

Highlights
1 Retinas from eyes subjected to selective Nav1.6 targeting have increased retinal
ganglion cell survival and reduced inflaation and reactive gliosis.
1 Optic nerves from eyes subjected to selective Nav1.6 targeting have reduced
demyelination and axonal loss.
1 Findings support the hypothesis that Nav1.6 in the EAE model of MS promotes

inflammation and neuronal death.
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2.2 Introduction

Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative disorder
of the central nervous system (CN&ffectingmore than 2.5 million people worldwide
(Milo and Kahana, 2010; Mohr, 2011l is believedhat the main trigger of the disease
might be an inflammatory autoimmune response within the nervous system that causes
tissue damagéencludingdemyelination and axondamaggConstantinescu et al., 2011,
de Leeuw et al., 2014; Trapp et al., 1998M)e neuroinflammation may be latent in the
beginningbut eventually progresses irdeelapsingremitting phase, at which point it is
possible to lose and regain myegBjartmar et al., 2003)n the early stages of the
disease, axonal demyedition, with the axon remaining viable, is associated with variable
degrees of inflammation and astroglio@#ancardi et al., 2001 However, permanent
neurological deficits become increasingly prominent as the neuroaxonal degeneration

progressegFriese et al., 2014)

Voltagegated sodium (Nav) channels have been implicated in etiology of MS and
EAE as a key factor in causing axonal degeneration. The Navl.x channel family consists
of nine different pordorming alphasubunitg(Navl.1i Nav1.9), which assemble with
two of five nonporeforming betasubunits 1, b1B, b2, b3, b4). These channels are
present in motor and sensory axons in pleeipherahervous system (PNS) and cluster at
nodes of Ranvier in CNS axoftsrzemien et al., 2000)rheNav1.6 isoformjn
particular, has been associated with axonal loss following demyelination in both EAE
(Craner, 2003; Craner et al., 2004nd MS(Craner et al., 2004c)n axons, Navl.6 has

been showro colocalize with the N¥Ca&* exchanger (NCX) and-APP, an indicator

48



of imminent degeneration addition the celocalization between Navl.hd NCX was
found only in axons that exprelssAPP,an indicator of defective transport which is
commonly used as a marker of axonal dar{ffagguson et al., 199 However, in axons
with damaged myelin expressing diffused Nav channels, axons expressing only the
Navl.2 isoform did not ctocalize withb-APP while virtually allb-APP-expressing

axons were expressing Navlaongor without Navl.ACraner et al., 2004b)

In this study, we examinkehow deleting Nav1.6 from a population of retinal
ganglion cells in EAEnice, acommonanimal model of M§Bettelli, 2007b;
Constantinescu et al., 2014ffects disease progression. Irtni@imal comparisons
revealed enhanced RGC survivaduced inflammatiorandimproved axonal health in
the Navl.étargeted eye versus the control ejaken togetherour data support the
hypothesis that Nav1.6 contributes to the pathophysiology of EAE, and by extension of

MS and possibly other neurodegeative disorders.

2.3 Materials and methods

2.3.1 Mice
A total of 36 micewere usedn this study: C57BL/6 (Charles River, Saint

Constant, QC) (n = 16), arf8tn84/"* homozygous for alleles &cn8aharbouring

loxP sequences flanking the first exon (n = 20; a generous gift of Dr. Miriam Meisler,
University of Michigan U.S.A(Levin and Meisler, 2004) Mice were houseth groups

of 3 to 5 under a XRour lightdark cycle with free accessfimod and water in HEPA
ventilated cages at the Carleton Animal Care Facility (CACF) facility at Dalhousie
University. All animal procedures were completed in accordance with animal care

guidelines established by the Canadian Council on Animal Care andardance to the

49



ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Protocols
were reviewed and approved by the Dalhousie University Committee on Laboratory

Animals (Protocol Nos. 2012 and 1950).

2.3.2 Intravitreal injection of AAV

Adero-associated virus serotype 2 (AAV2) has been shovpreferentially
target ganglion cells in the retifde Leeuw et al., 2014)sing a 31 gauge needle and 10
ul syringe (Hamilton Company, Reno, NV, USM&e have intravitreally injected the left
eye of 7 week ol®&cn8&>/1°x (n = 11; Fig2.1A Day 0; 1.5 of 5 x 10 viral genome
copy number per mLharbouring the Creecombinase and enhanced GFP (eGFP, Cat no.
SL100814, Signagen Laboratories, Rockville, MD) under the control of the
cytomegalovirus (CMV) promoter in the lefye and the fellow eye was injected with
AAV2-GFP alonerf = 4; Cat no. SL100812, Signagen Laboratories) onlaftinjected
(n=7).The injection site was located posterior to the super temporal liaruibe
injectionwas performeat a depth of appramately 1 mm. This procedureas
performedn a biocontainment room under ketamine/xylazine anesthesia (ketamine, 100
mg/kg body weight; xylazine, 10 mg/kg body weigl@FPproduction was used as a
marker of AAV2 transduction of RGCs and was visualizedivo by confocal scanning
laser ophthalmoscopy (CSLO) before and after EAE induction (measured at days 15, 30,

68, and 78 after AAV2 injection; Fig.1A).

2.3.3 EAE induction and clinical score assessments
EAE was induceth 18-24 g female mice aged 10 to W2eks (totah = 22).
C57BL/6 (1= 10) and inrScn84”/™ mice (= 12) were immunized for EAE induction,

while C57BL/6 = 6) andScn8d°/™ (n = 3) were left untreated as controls. EAE mice
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were injected subcut asgsgpeptide bojutiowsudpénded 0 0 ¢ L
CFA with a concentration of 2 mg/mL (kit ERK110, Hooke Laboratories, Lawrence,

MA) (Kuerten et al., 2007PTX (200 ng per mouse dissolved in PBS) was injected
intraperitoneally on the day of immunization and after two dslyse were monitored

daily for weight changes and for clinical signs of EAE and all scorirggdeae after

removing cage cards by persons unaware of the animal groups as described by Miller et
al. (Miller et al., 2010) Scoring was performed according to the following criteria: 1.
flaccid tail; 2. hindlimb weakness and poor righting ability; 3. inability to right and
paralysis in one hindlimb; 4. both hindlimbs paralyzed wittvibinout forelimb paralysis

and incontinence; 5. moribunillice that reached a score of 4 before the end of the study
(41 or 50 days podtAE) were sacrificed and discarded from the study. The mice
included in the study displayed a clinical score betwegrad 3.5 and were sacrificed

in the chronic phase at 41 days (n = 8) or 50 days (n = 4) post EAE induction.

2.3.4 Invivo imaging

GFP-producing RGCs were visualized by confocal scanning laser
ophthalmoscopyqSLO; Spectralis HRA, Heidelberg Engineering, Geryat days 15,
30, 68, and 78 post AAV2 injection according to Smith and Cha($wmith and
Chauhan, 2015Briefly, micewere anesthetizedgith aninitial induction of 34%
isoflurane (vol) and the eyes were dilated with topical mydriatics (1% tropicamide and
2.5% phenylephrine hydrochloride, Alcon Canada Inc., Mississauga, ON). Corneal
hydrationwas maintaineavith ophthalmic liquid gel (Novartis Pharmaceuticals Canada
Inc., Dorval, QC, Canada) and a contact lens (Cantor and Nissel, Brackley, UK). CSLO

imagingwas performedor each animal with an auxiliary +25 diopter lens attached to the
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camera objective. Baseline images focused at the level of the nerve fibevdagdirst
acquiredwith infrared (820 nm) illumination. The camera adjusted to obtain the alptim
fluorescence images (488 nm excitation,-580 nm emissioband pasélter) at the

GCL layer. Each imageas takeraveraged 16 times using automatic +t@ale eye

trackingsoftware.

2.3.5 Immunohistochemistry

To quantify and visualize RGCthe wholemountretinas were incubated fér
days at 4°C with primary antibody against the mouse RiNWing protein with multiple
splicing (RBPMS; 1:1000 dilutiorguinea pig antRBPMS,PhosphoSolutions,
Aurora, CO, USA), which is uniquely expressed in RGRsdriguez et al., 2014)This
wasfollowed by incubation withl:400 Alexa Fluor 488 conjugated rabbit anti
GFP (Molecular Probes, Eugene, OR, USA) and Cy3 conjugated donkey anti
guinea pig secondary antibody (Jackson Immuno Research Laboratories Inc.,
West Grove, PA, USA)vernight a4°C. After that, the retina was rinsed in PBS for
10 min, then incubated in the nuclear counterstaifPR®-3 iodide (Thermo Fisher
Scientific, Waltham, MA) for 15 min. Retinagere flattenedvith RGCs facing up,
mounted with antfade fluorescent mountingedium (Sigma&Aldrich, StLouis, MO),
andcover slippedimages were taken using a 20 X objective wittoafocal microscope
(Nikon C1, Nikon Canada Inc., Toronto, ON). Three images with an area of 330.32 x
330.32 um from each retina were used for RGtjfieation: near the optic disk, near

the periphery and at an intermediate distance. Image J was used to perform RGC counts.
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2.3.6 Hematoxylin and Eosin (H&E) staining ofthe optic nerve

Optic nerves were collected from mice, embedded in paraffin, and sectioned
longitudinally. The sections were dehydrated for 2h at room temperature, after that fixed
for 10 min with 4% paraformaldehyde (PFAghydratedor 2 min by a series of graded
ethanol solutions, incubated foi7amin in hematoxylin and transferreddistilled water
The sections were incubated for 1 min in eosin, dehydrated in gradient ethanol series and
mounted Images were captured using a transmitted light microscope alydethavith
AxioVision 4.7 software (Carl Zeiss, Jena, Germamyie average number of cell nuclei

per mnt was determined for each optic nerve

2.3.7 Electron microscopy

Mice were sacrificedluring the chronic phase of EAE at day 41 (n /any day
50 (n = 4)and optic nerve tissueras harvestettom both groups of mice C57BL/6 and
0f |l ox e d d&cnddTissids vere pootessed as described by Kuertenl€uatten
et al., 2011) Tissues were fixed ougight in 2.5% glutaraldehyde in 0.1M sodium
cacodylate buffer, rinsed with 0.1M sodium cacodylate bufifexd for 2 hrs with 1%
osmium tetroxide, and then rinsed quickly with distilled water. Samples were then placed
in 0.25% uranyl acetate at@, dehyrated in graded acetone solutions, embedded with
Epon Araldite resin and placed in a 60°C oven for 48 hours to harden. The samples were
sectioned transversally using altra-microtome(Reichert Ultracut R, Leica, Germany)
at a thickness of 50 nm. Imageere capturedn a Zeis906 electron microscope (Carl
Zeiss NTS GmbH, Oberkochen, Germany) equippih a digital EM camera. To
demonstrate the extent of the axonal loss and myelin pathelgyeasured the-gatio

by dividing the axon diameter by theatheter of the myelinated nerve fidGuy et al.,
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1991; Kuerten et al., 200Anly axonal gratios three standard deviations above

(remyelinating) or below (demyelinating) the average ohihve EAE reference group

werecounted Axonal damage, includingxolytic axons and neurofilament pathology,

was determined qualitatively. A person unaware of the nature of the samples performed

the analysis.

2.3.8 Quantitative reversetranscription polymerase chain reaction(qRT-PCR)

Following euthanasia, samples were quickly removed from the mice and

submerged in RNA later (Qiagen, Hilden, Germany). Total RNA was extracted using

RNeasy Plus Mini Kit (Qiagen) accordingrtoa n u f a dnstuatians Gorecentration

of RNA sanplesweremeasur ed using an Epoch

spectroph

Volume Plate (Biotek, VT, USA). The ratio of 260/280 was used to evaluate the purity of

RNA samples. RNA samples were reverse transcribed to cDNA using QuantiTect®

Reverse TranscriptioniK(Qiagen). The resulting cDNA samples were diluted 1:4 and

used ingRT-PCRwith the primer sets from Tab&to measure the expression of

MRNAS.

Table 3 gPCR primers:

Gene Primer sequence or company (catalog number)

Hprt | Bio-Rad (Cat no. 10025636)

Gapdh| Bio-Rad (Cat no. 10025637)

116 Qiagen (Cat no. PPM03015A)

Gfap |[ForwaBd)( A&GCGGGCAGATTTAGTCCAAC
Rever-86) ( B6GGAGTGGAGGAGTCATTC

Scn{Forwa#d)( ®SCTAAGCTCAAGAAACCACCC
Re v er-8 6&CCGCTAGATGAAAGGCAAACTCT

Rbpms| F o r w a3 éAGAGCIGTACCTGCTCTTCAGACC
Re v er-8 6GCCTRCOGCTTCTGAGCGACTGTC

Ifng | Bio-Rad (Cat n0.10025636)
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2.3.9 Flow Cytometry
Optic nervesvere harvestedand the cellsvere dissociatelly passinghe tissues
through metallic mesh followed by enzymatic digestion using 10ug/ml collagenase D and
100pg/ml DNase ISinglecell suspensions were incubated with antibodies to define
various types of immune cells, such as macrophages (F@B01b", 1:300dilution
Bioscience, USA). Cells were then washed using flow cytometry wash buffer (PBS
suppl emented with 1% BSA). Stained sampl es
Il (BD Life Sciences, San Jose, CA, USA). All analysis and gating were done using BD

FACS Diva software and FlowJo V10.2.

2.3.10 Statistics

Statistical analysesere performedising apairedS t u d etest.Erer bars
represent the standard error of the mean (SEM). GraphPad Prism software was used for
statistical analyses (Ver. 5.0, GraphPad Saftywha Jolla, CA, USA). * P < 0.05, * P <

0.01.

2.4 Results

In MS and EAE, the clinical symptoms are associated with and caused by the
progression of the axonal degenerafibriese et al., 2014; Waxman, 200%) test the
role of Nav1.6 in axonal degeneration, we used mice that have the first exon of the
Nav1l.6 geneScn8a flanked between two LoxP sités, 6 f | o(xeerdadd Meisler,
2004) which allows the gene to be knocked out locally in the presence -of Cre
recombinase. A recombinant adesssociated virus serotype 2 (AAV2), which
preferentally targets ganglion cells in the retina, was used to deliver an expression vector

containing CreGFP (AAVCre) or, as a control, GFP alone (AAVGFP) under the control
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of a cytomegalovirus promoter (FiglA). Subsequent tmtravitreal injection of the
virus, GFRabelingwas detectabl& vivoby CSLO fluorescence imaging and the
transduced cellwere countedt 15, 30, 68, and 78 days post AAVCre injection (Fig.
2.1BC). Smith and Chauhan (2018) reported that AAV2 transduction of inner retinal
cells stablizes at 35 days; consequently, it was estimated that near maximal RGC
transduction would be attained by 44 day p&Al/2 injection and this time was chosen
to induce EAE. Interestingly, the number of transduced cells continued to increase at
days 68 (EAHlay 25) and 78 (EAE day 35). The clinical symptoms of &Adticed

mice started to appe8@rdayspost immunizationand all mice C57BL/6 andflox mice)
subjected to EAE displayed a typical clinical course Vagisof body weight and motor

impairment (Suplemental Figur®.1).

To determine the effect of targeti®gn8athe RGC population in chronjghase
EAE, we immunostained flahount retinas against RBPMS, a highly specific marker of
RGCs(Kwong et al., 2010)Control noREAE/nonAAV -treated mice-EAE/-AAV, Fig.
2.2A) exhibited a dense population of RGCs, while +EAE/AGYY -treated retinas
(+EAE/AAV, Fig. 2.2B), and EAE retinas frorayes intravitreally injected with a
control GFP vector{EAE/+AAVGFP, Fig2. 2C) revealed massive RGC loss. In control
GFP retinas, speckled GFP staining was observed, which occasiorkdbatiped with
enlarged and degenerating RGC softge extent ofhe cell loss in +EAE/+AAVGFP
control is quantified in (FigR. 2E) and corresponds to 30&®3.5cells/mn? (n = 3) vs
3633+ 431.3 (1 = 3) cells/mnt in nonEAE/-AAV controls. In +EAE/+AAVCre mice
(Fig. 2.2D) large RGC loss was also observed but to selesxtent than in contralateral

+AAVGFP control retinas (589.247.0;p = 0.0346;n = 3; Fig. 2. 2E). Furthermore, in
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+AAVCre retinasthe RGC cells with morphologically normal cell bodies wera large
extentGFRpositive To determine the extent to whiélAVCre impacted the expression
of Nav1.6 and RGC survival, we compathd expressionf Scn8a(the genethat
encodes tha subunit of Nav1.6) and Rbpms (RBPMS) in retinas of EAE mice from
AAVCre-injected eyes against, thin the same animal, either the AAVGHRated or
the noninjected contralateral eyes (R2g2F). Scn8aexpression in AAVCreanjected
retinas was reduced to 44.8% + 8.62 of levels found inimected contralateral retinas
(n=4) and to 62.43% + 11.38 levels found in AAVGFHnjected contralateral retinas
(n=4). In the same samples, Rpbms expressionavethe other handjcreased to
194.8% + 31.91 of levels found in namected contralateral retinas and to 190.1% +
13.81 of levels found in AAVGIF-injected contralateral retinaSince the AAVCre
injected eyes displayed a similar effect relative to-impected or to +AAVGFP
contralateral control eyes, we combined the two groups for subsequent analysis (referred

to -AAVCre).

To assess the role Bfav1.6 in stimulating inflammation in EAE retina, we
performedreal timePCR analysis foll6 (IL-6), Ifng (IFN-gamma),Tnf(TNF) pro
inflammatory cytokines, thi10 antrinflammatory cytokine an®&fap (GFAP), a marker
for reactive gliosis. The expressionTaifandll10 was below the threshold of detection
in all conditions (not shown) and the expressiofi@flfng andGfapin nonEAE mice
was negligeable to low (FigA3C). 116 was found to be signiantly reducedp =
0.0022) in all +EAE/+AAVCre (0.7697 £ 0.075075 8) relative to contralateral control
retinas (2.031 + 0.3726AAVCre, n = 8; Fig.2.3A). In addition, the expresson Ififg

was significantly reduced (p = 0.0186) in +EAE/+AAVCre (&3% 0.05959n = 4)

57



versus +EAE/+AAVGFP control retinas (0.3032 + 0.03948;4; Fig.2.3B). Gfapwas
also significantly reducegE& 0.0080) in +EAE/+AAVCre (0.006452@001426n = 8)
in comparison to contralateral control retinas (0.02773 + 0.006624/Cre, n = 8; Fig.

2.3C)

We then performed a histological examination of the optic nerves and found
increased cell infiltration in +EAE neimjected or AAVGFP controls relative to naive
EAE/-AAVCre with cell clusterscommonly visible (indicated by arrowheads in Fig.
24A). AAVCre-treated retinas, on the other hand, had reduced cell infiltration (Fig.
24AB). The total number of optic nerve nuclei was significantly lower 0.0492) in
+EAE/+AAVCre (132.4 + 16.54n = 7) versus controtEAE/-AAVCre mice 20.0 +

41.91;n=7;Fig. 24AD).

The number of infiltrating macrophages, determined by flow cytometry as the
percentage of F80", CD11b of total CD45 cells, was found to be similar in
EAE/+AAVCre and in-EAE/-AAVCre (Fig.2.4D). The level of optic nerve infiltrating
macrophages was found significam&ducedp = 0.0015)in +EAE/+AAVCre (2.958 +

0.4188;n = 8) vs +EAE/AAVCre (4.818 + 0.6789n = 8; Fig. 2.4D).

Next, myelin and axonal pathologyereassessed by comparing electron
micrographs of optic nerve transversal sections fnaine(-EAE/-AAVCre, Fig.25A),
to +EAEFAAVCre (Fig 2.5B) and +EAE/+AAVCre (Fig2.5C) optic nerves. We found
that axon densitwas severely reduced +EAE/-AAVCre optic nerves compared to
naive optic nerves and pathological features such as demyelinating, demyelinated and

axolytic axons were frequently observed. In comparison, the axon density in
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+EAE/+AAVCre optic nerves was visibly increased and pathological feaaesless

common.

A quantification of the electron micrographs revealed that axdiptcs, visually
identified based on the absence of discernable neurofilaments, presence of swollen
mitochondria and unraveling myelin (F@5BC), weresignificantly @ = 0.042) less
common in +EAE/+AAVCre optic nerves (2.573 £ 0.450% 11) than irtheir -

AAVCre contralateral counterparts (4.136 + 0.8918; n=11;Z&f). Demyelinated
fibers, visually identified based on the presence of an intact axon but devoyelof,m
were also less frequefd = 0.0470) in +EAE/+AAVCre (12.28 £ 2.7161;= 11) than in

their-AAVCre contralateral counterparts (19.06 + 2.813;11; Fig.2.6B).

In the remaining fibers thatere not visually identifieds eitherxolytic or
demyelinated, myelin pathology was quantified by using tretig (Guy et al., 1991)
dividing the axonal diameter lige diameter of the axon plus myelin sheath. The optimal
g-ratio in optic nerve in naivdEAE/-AAVCre flox mice was established at 0.7D.060
S.D. (= 3) which was similar to wikdype C57BL/6 at 0.78 0.070S.D.(n=6). A
conservative margin d¢f 3 standard deviations from the mean of norrEAE/-AAVCre
flox micewas used as the cutoff to assign a diagnosis of demyelinating (< 0.59) or
remyelinating (> 0.95), with intermediatergtiosbeing considereds optimally
myelinated. Using these parameteve found no remyelinating fibers in any group (not
shown), while all (100%) of the quantified axonal fibereaam-EAE animals were
optimally myelinatedin the EAEtreated groupsAAVCre mice had significantly fewer
(p=0.0427) optimally myelinated févs (87.08 £ 3.66% = 11) than +AAVCre mice

(92.72 £ 2.283n = 11; Fig.2.6C). None (0%) of th@onEAE had demyelinating fibers.
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In the +EAE/+AAVCre group the proportion of demyelinating axaas found
significantly  =0.0311) reduced (7.308 * 2.2746=11) relative taheir-AAVCre

contralateral counterpar{$3.17 £ 3.632n = 11; Fig.2.6d).

2.5 Discussion

Myelin, in addition to its electrical insulating properties, is essential to the
organization of the nodes of Ranvier which ensure the efficiepigation of the action
potential by saltatory conductigBuffington and Rasband, 201Gjuliodori and
DiCarlo, 2004) In demyelinating diseases, including MS, myelin loss leads to a
disruption of the molecular cues and anchors that maintain the integrity of the nodes and,
in turn, the membrane proteins of the axons become displacedeqnelxibression
dysregulated. Among these proteins, the vokgaged sodium channel Nav1.6 is
believed to play amportantrole in the axonal degradation that eventually follows
demyelination or cycles of demyelination. Interestingly, demyelination dutesnfy
cause the dispersal of the e sting channels that were present at the nodes of Ranvier
butin factincreases the density of the Nav channels in animal m@getgand et al.,
1991, Foster et al., 1980; Novakovic et al., 199&)in MS lesiongdMoll et al., 1991)
The colocalization of Nav1.6, the N&C&* exchanger (NCX) and markers of axonal
injury has led to the hypothesis that the persistent inflixabthrough Nav1.6 channel
in MS, andin the EAE animal model of MS, causes the NCX to operate in reverse,
leading to the toxic accumulation of intracellulaOans that results in cell death and
axonal degradatio(Bouafia et al., 2014; Craner, 2003; Stys et al., 1992; Waxman,.2006)
Alternatively, Nav1.6 habeen implicatedh the release of Gafrom intraaxonal stores

(Stirling and Stys, 2010)he role of Nav1.6 in degeneratibas beedifficult to verify
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directly sinceScn8@Nav1.6null mice (i.e., wholebody mutants) die around 21 days
postpartum, which make them unsuitable for EAE inductiBuargess et al., 1995b;
Kohrman et al., 1996We chose to targ&cn8aspecifically in the retinandoptic nerve
for studying demyelination and axonal loss since optic neuritis is prominemtedind
characterizeth EAE mice(Quinn et al., 2011; Soares et al., 200k targete®cn8an

a single optic nerve by intravitreal injection of aleneassociated virusarbouringthe
Cre recombinase and enhanced GFP (eGFP) genes under the control of the CMV
promoter (AAV2Cre-GFP) in mice homozygous for the flox8dn8aallele (Levin and
Meisler, 2004)Scn8awas targeted in retinal ganglion cells by using the serotype 2
variant of theadeneassociated virus (AAV2), which has been shown to transduce
approximately 34% of the RGC population when adminigtereintravitreal injection,
although it shouldbe notedhat in this study by Smith and Chaul{@mith and Chauhan,
2018)the DCX promoter was used while we have used the CMV promoter.
Subsequently, to indudeAE we usedMOGssss as the antigen since itduces chronic
monophasic EAEnN C57BL/6 mice(Kuerten et al., 2007; Stromnes and Goverman,
2006b) The contralateral eywas useas an inérnal controlwhich was eithemjected
with and AAV vector expressing GFP aloeAVGFP) or left noninjected. This
approach allows us to compare @aegeted and control samples that are exposed to the
same disease micenvironment; a significant adviage since the EAE disease severity
can vary considerably between anim@snstantinescu et al., 201 Burthermore, the
absencell6 andlfng ) or near absencé&fap) of expression in the neBAE +AAVCre

control strongly suggests that the effects observed in the +EAE/+AAVCre mice are
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indeed due to the inactivation 8tn8#@Nav1.6 and not to a nespecific effect of the

AAV?2 virus.

Innerretinal cell targeting was canined byeGFPexpression, as detected by
CSLO invivo imaging(Smith and Chauhan, 201&hich allowed ugo longitudinally
track the number of Nav1.6 knockout cef®llowing injection, the number of RGCs
targeted increasdd a linear fashiomntil day B consistently with the observations of
(Smith and Chauhan, 2018j)nmunostainingagainst RBPMS of flamounted retinas
from 41dayspostEAE induction revealed a massive loss of RGCs, in accordeitite
previously reported RGC loss in EAdSsociated opticeuritis(Quinn et al., 2011,
Shindler et al., 2008 he calocalization of the remaining morptuglically normal
appearinRBPMSpositive RGC cell bodies with GFP strongly suggests that the
elimination of Nav1.6 within neurons promotes cell survival. Riea¢ quantitative
assessment ®bpmsandScn8aretinalexpression revealed that within each aadinthe
AAV2Cre+ retina expressed leSsn8aand moreRbpmgahan the retina from the nen
injected or +AAVGFP contralateral eyd=aurthermorewhen comparead as groups, the
AAV2Cre+ eyes differed significantly from the namected and +AAVGFP
contralaterakyes.Taken togetherthese observations corroborate the hypothesis that

Navl.6 exacerbates RGC death in EAE.

The main trigger of MS is believed to be an inflammatory autoimmune response
within the CNS that causes tissue destrudtaiudingdemyelination and axonal
damaggConstantinescu et al., 2011nflammation in the CN& generally initiatedby
microglia, the resident nceophages, and other immune cells that can cross the-blood

brain barrier (BBB), such as macrophages, T cells, and B cells that exacerbate the
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inflammatory responsgengelhardt and Ransohoff, 201Eurthermore, this

inflammation can lead to the disruption of BBB and increase the infiltration of immune
cells into the CNEBarnett et al., 2006; Duffy et al., 2014; Wojkowska et al., 2014)
Quantitative RTPCR expression analyses revedleat the reduction dbcn8a

expression in the AAVCre+ eye versus the control contralatgeavas associated with
decreased retinal expression ofqprlammatory cytokineti6 (IL-6) and (fng), robust
indicators of inflammation. Antibody blockade studies o6land knockout studies of
IFN-0  h @weaded that these cytokines are implicatethe induction of EAELIn and
Edelson, 201;7/Matsuki et al., 2006; Serada et al., 20B8jthermore, a notable reduction
within individual mice of reactive gliosis as indicated by a marker of fibrillary acidic
protein Gfap) (Horstmanret al., 2013)was also observed in AAVCre+ eye compared to
the fellow eye. A recent study by Wilmes et(&llilmes et al., 20183howed that in acute
and chronic phases of EAE, a glia sisaiormedby reactive astrocytes. It hbsen
shownthat increased expression of GFAP in Mdller cells is an indi¢atdhe activation

of astrocytes and the loss of RGC, which may be triggered by inflammation and
apoptosigHorstmann et al., 2013peveral underlying mechanisms that involve the
interaction between the immunells and the neurons are believed to impact the
development of the disease and Nav channels may play a central role in this interaction
due to their expression in batypesof cells(Eijkelkamp et al., 2012; Waxman, 2006)
Navl.6, in particular, is expressed in Aoguronal cells, such as astrocytes, microglia,
andmacrophages as well as in invasive cancer cell lines, where they are believed to
contributein the ability of these cells to mobilize by activating the actitoskeleton

leading to the formation of podosomes and invadop@lack et al., 2009aCarrithers et
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al., 2009b; Craner et al., 2005; Pappalardo et al., 201&)e context of this study, the
presence of Nav1.6 in nareuronal cells raises the question as to whether our
observations result from deleting Nav1.6 in RGCs or if the pressnce
+AAVCre/Nav1l.6null nonneuronal cells might be impacting the results. Of the total
number of retinal cells transduced by AAV2 approximately 65% are ganglion cells, while
approximately9% are Miiller cell§Hellstrom et al., 2009nd in the EAE chronic phase
(41 days following induction) all the observed AAVCre+ cells also stained positively for
RBPMS (Fig2.2d). Therefore, while we cannobmpletelyeliminate the possibility that
cells other than RGCs, such as Miiller cells, might contribute to the reduction in retinal
inflammationwe believe this contribution to be minimalavl.6 expressed in neurons,
therefore appears to promote inflammation in EAE, although it is unclear if this is due to
the increased axonal degeneration or to a more direct influence of Nav1.6 on immune

cells.

A prominent feature of the optic neuritis associated with EAE and MS is the
thinning of the retinal nerve fiber layer and loss of axohg&h can result in permanent
vision disruptiongShindler et al., 2008 Even in axons that survive demyelination after
the inflammation resolves only limited remyelination usually occatsinga decrease
in the action potential conduction and reeatrophy(Kolbe et al., 2009)We observed by
histological staining that +AAVCre optic nerves were thicker had fewer infiltrating
immune cells than EAE+ optic nerves freAMAVCre eyes and that the amount of
infiltrating macrophages, as estimated by flow cytometry&64CD11b), was reduced
in the optic nerve from +AAV2Cre optic nerves. Horstmann gHarstmann eal.,

2016)showed that at day 60, during the late stage of EAE, an increased microglial cell
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response was associated with increased RGCs loss and increased cell infiltration in the

optic nerve, which was consistent with our findings.

Ultrastructural aalysis of axonal damage in optic nerve revealed axonal
degeneration, accompanieith degeneration of the myelin sheath, which is the main
feature of the disease. Our observation showed that the optic nerves from AAVCre+ eyes
havedecreased demyelinatiamd feweraxolytic fibers compared to theontrol fellow
eye.Thisis consistentwittO 6 Ma | |  yYO6eMa | d le.y wha fouadthatt 200 9)
sodium channdb subunits knockout mice show reduced axonopathy following induction
of EAE. Moreover©O 6 Maylet al (2009)showed that the lack &n2B( b2) subuni t
mice reduces the severe clinical symptoms and axonal degeneration in EAE. This
protective effect is independent of the immune respandé was attributed to the
downregulation of Nav1l.@hus reducing the harmfaffectof Ca2 accumulation in

axons.

Nav channel involvement in the etiology of MS has lbegn recognized-or
example, pharmacological treatment udimgad spectrurblockersincluding phenytoin,
lidocaine, carbamazepine, d&inide, safinamide, and TTxaveshown efficacy in
animal models of anoxia and N@ediated damage anoxia andEAE mice(Bechtold et
al., 2004; Garthwaite et al., 2002; Kapoor et al., 2003; Morsali et al., 3)j3et al.,
1991, 1992)However, the efforts to target Nav channels for the treatment of
degenerative diseases in humans have faced challenges due to the complex structure of
these channels, the lack of selective pharmaceutical inhibitors, andribesdrexpression
on neuronal and neneuronal cells. Clinical trials conducted with lamotrigiKepoor et

al., 20D) and phenytoirfRaftopoulos et al., 2016; Waxman, 2008ye yielded
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equivocal results indicating that more research is required to clarify how blocking Nav
channel isoforms expressed in excitable andexanitable cells impacts disease
progressior{Yang et al., 2013a%,9-Anhydrotetrodotoxin (4,%hTTX), a metabolite of
TTX, blocks Nav1.6 in the nanomolar range with minimal effect on other-3ansitive
channelgRosker et al., 2007a; Teramoto and YeYamashita, 2015Hargus et al.
(Hargus et al., 2013)ave shown that 4,8hTTX selectively blocks Nav1.6 but not
Navl.2 airrents andvasable to suppress neuronal hyperexcitability in a mouse model of
epilepsy. Recently, the microRNA miBOb-5p was shown to downregulate Nav1.6 in a
rat model of neuropathic pain and was used to attenuate neuropathic pain induced by
oxaliplatin (Li et al., 2019a)As such, new blocking or downregulation strategies for
Nav1l.6 may soon become available and could offer interesting therapeutic options for

MS.

2.6 Conclusion

The molecular mechanism of axonal degeneration in MS is highly complex and
involves several neurological and immunological elements. Here we demonstrate for the
first time that a 6énull 6 genetic lieasi on
vivo. Our results corroborate previous findings that Nav1.6 is a promoter of neuronal
degeneration and inflammation in EAEraner et al., 20055uggesting that it plays
correspondingole in MS and possibly in other degenerative neurological dis€ases.
results sugest that downregulating or blocking Navispgecificallyon neuronatells
would be neuroprotective and could widen the therapeutic window for other therapies.
However, based on its ubiquitous localization at axon initial segments and nodes of

Ranvier andnthe phenotype displayed 8tn8amouse mutants such as juvenile
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lethality in null mice and severe ataxia in channel gating mu(itesler et al., 2001)

Nav1l.6 plays an essential physiological role and targeting this isariwotvesinherent

risks. Neverthelesshere is evidence that other isoforms, such as Navl.Zftetively
compensate for the loss of NaviDiring postnatal development, Naviszhormally
expressed along the optic nerve to be replaced later, at advanced stages of development,
with Nav1.6(Boiko et al., 2001; Kaplan et al., 2008tudies have shown that Nav1.2

plays a compensatory role for partial loss of Nav1.6 and may be able to ceigdats

in thedemyelinated axofCraner et al., 2004d; Van Wart and Matthews, 2086)such,

a mechanistic basis upon which the targeting of Nav1.6 may provide an effective
treatment exists and it will be of primary interest to study the compensatory role of this

channel inlhe context of EAE and MS.
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FigaieEexperi mental timeline and AAV transduc

A) Experimental timeline with intravitreal injection of the AAM&Ze-GFP or AAV2

GFP virus (+AAV), as well as the induction acldhical stage®f EAE in Scn8aflox

mice.B) Representative confocal scanning laser ophthalmoscopy (CSLO) images of

GFRl abel ed inner retinal <cel {AAVCien a singl e
injection.C) Quantification of AAV transductioprogressiorfn = 4 ) .
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Figa2@hronic stage EAE mice have increased
reduend@Mavi. 6) .

A) Population of RGCs (RBPM®ositive)inanormal T EAE/ 1T AAVCre) retin
shown in comparisont®8)a r epresentative i mage of an un
andC) a representative image of a EAE mouse retina from a control AAv&=Eiked

eye (+EAE/+AAVGFP) showing RBPM§ositive degenerating RGCs (whit

arrowheads) with GFP occasionallylozalizing with cell remnant®) A representative

image of an EAE mouse retina from an AAV@reated eye (+EAE/+AAVCreGFP)

showing normal appearing GHfdsitive RGCsE) RGC quantification in +EAE retinas
treated wih AAVGFPh = 3) or AAVCI)e.GFIPi fes | ink dat a
from the same animak) Percent of expression change &mn8aandRbpmasn

AAVCre-treated (+EAE/+AAVCreGFM) = 4) eyes relative to th
uni nj ect edV;{ #E AB/(H&EAE/+BAVBFP;n = 4) =eye. Scal e
bar = 50 &m. Data ar e B rOe De Mibtesd. paas rtelde me a
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Figa8avl. 6 promotes i mif ¢tBExmpmeatsisamni n nEAH e
the markers af inflammati on

A) 116 (gene that encodes-) andB) Ifng(IFN-0) i s compar ed bet ween
(T EAE) -omdEA&d (+EAE) mice. The eyes of unt
uni nj ected (tiaAgkey) aringcted wigh AAVCreGFP (+AAVCre, closed

triangles). In the EAENnduced mice, a comparison is made between AAVCreGFP

injected (+AAVCre, black dots) and the contralateral eye, which is either left uninjected

(blue dots) or injected with a GF#hly control (AAVGFP, green dotsE) Analysis of

the marker of reactive glios@fap (Glial Fibrillary Acidic Protein). Lines link data

points for retinas from the same ani mal . D
*P O 0P0OG,0 *0Ottest pair ed
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F i g @-4Targeting of Nav1.6 results in reduced infiltration of myeloid cells in
EAE optic nerves.

A) Hematoxylin and eosistained optic nerves from contrbn-EAE-
induced/uninjected eye (indicedE/EAE) miteiithe) and
eyes | eft uninjected (7TAAVCre, uninj), inj
with AAVCreGFP (+AAVCre). Arrowheads indicate cellular

aggregatesB) Quantification of optic nerve nuclei from n&AE-induced/uninjected

eyes (T EAE/ 1T AAVcr e, o0 p-mnducetl miceavinerpla eomparisam d f r

is made between AAVCreGHRjected (+AAVCre, blackcirclesy = 7) and t he
contralateral eye, which isteer left uninjected (blue circles; = 2) or 1 nj ected
AAVGFP (green circlesp = CpRepresentative dot plot flow cytometry analysis

showing the gating strategy used to identify the macrophage population expressing

marker CD11bF4i 80" from a poplation of CD45 cells isolated from optic

nervesD) Flow cytometry analysis for CD11I54i 80" macrophages. Lines link data

points for retinas from the same ani mal . S
mean NPSE&MO PGB, 0 * 0 ttest. Data iepresants the combination of

three separate experiments where each experiment consists of pooled from 4 mice for

each group.
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Figabehe axonal pat hol ogy iws tihmpradwedd MNawf
l evel s.

Representative ultrthin transversal sections of optic nerves were obtained from control
nonEAE-treated/uninjected micd( T EAE/ 1T A A Vt€atee/}unjnjeciedBE
+EAE/ T AAVCr etjeateddAAVRCrdnjedied C, +EAE/+AAVCre). Images

in B andC are of retinas from the same animal. Ax, axolytic; *, demyelinating. Scale bar,
5 &m
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Fi ga@6rReduced Navtlhoép tliecvaenbesrsvien i at ed wi t h dec
demyation and reduced axonal damage.

Electron micrographs of optic nerves from control4##0%E-i nduced (1T EAE) or
induced (+EAE) mice were analyzed. The +t©oRE-induced optic nerves are from eyes
either |l eft wuninject eidecled WRAAATZCreGFP open tri a
(+AAVCre, closed triangles). In the EABduced mice, a comparison is made between
AAVCreGFRinjected (+AAVCre, black circles) and the contralateral eye, which is either

left uninjected (blue dots) or injected with a G&ily contrd AAV (green circles). We
examinedhe frequency oA) axolytic axonsandB) demyelinategxons(axons

completely devoid of myelin). Based on theagio (see "Materials antiethods" section,

we also examined the frequency©f optimally myelinated an®) demyelinating axons.

Data are present ePd Oa§ . O Btest Qata @presdits ®&E M. *
combination of three separaggperiments where each experiment consists of pooled

from 4 mice for each group
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re 2. landlweiightl prcogreessi ont yogfe Scn8e
6 mice.

Eight to terweekold female mice were immunized with M@$3s with CFA andPTX.

The progression of the clinical scgk¢ and weight profileB) are similar for Scn8a

homozygou® f | oxeddé (Scn8afl ox/flox on C57BL/ 6 ¢
used in this stud and for control wild type C57BL/6 mice (n = 10 for each group).

Data represents the combinatiortlnieeseparate experiments where each experiment

consists of poolettom 4 mice for each group.
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Chapter 3  Mice heterozygous for the sodium channel Scn8a (Navll&ve
reduced inflammatory responses during EAE and following LPS challenge

This chapteris under review at Frontiers in Immunology as following:

Barakat Al Rashdi, Bassel Dawod, Sabine Tacke, Stefanie Kuerten, Patrice D. Coté*
Jean S. Marshall*

*equal contribution

Running title:

Navl.6 promotes inflammation in EAE and LPS
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3.1 Abstract

Voltage gate sodium (Nav) channels contribute to axonal damage following
demyelination in experimental autoimmune encephalomyelitis (EAE), a rodent model of
multiple sclerosis (MS). The Navl.6 isoform has been implicated as a primary
contributor in this process. However, the role of Navl1.6 in immune processes, critical to
the pahology of both MS and EAE, has not been extensively studied. EAE was induced
with myelin oligodendrocyt@MOGssss) peptide inScn84™* mice, which have reduced
Nav1.6 levelsScn84™*mice demonstrated improved motor capacity during the
recovery and early chronic phases of EAE relative to-tyiied animals. In the optic
nerve, myeloid cell infiltration and the effects of EAE on the axonal ultrastructure were

also significantly reducechiScn8d™/* mice.

Analysis of innate immune parameters revealed reduced plastkelels and
decreased percentages of18F"/CD115 and Gr1™/CD11b myeloid cells in the blood
during the chronic phase of EAE $tn84™* mice. Elevated levels ofi¢ anti
inflammatory cytokines 110, IL-13, and TGFb1 were also observed in the brains of
untreatedScn84d™* mice. A lipopolysaccharide (LPS) model was used to further
evaluate inflammatory responseScn84™*mice displayed reduced inflammation in
response to LPS challenge. To further evaluate if this was an immuiieticedic
difference or the result of changes in the immune or hormonal environment, mast cells
were derived from the bone marrow®¢n84™* mice. These mast cells also produced
lower levels of 116, in response to LPS, compared with those from wild type mice. Our
results demonstrate that in addition to its recognized impact on axonal damage, Nav1.6

impacts multiple aspects of the innate inflammatory response.

84



Keywords:
Multiple sclerosis, inflammation, experimental autoimmune encephalomyelitis,

sodium channel, lipopolysaccharide, mast cells.

Highlights

1 The recruitment of myeloid cellwas significantly reducednd levels of IE10
increased in EABScn84™Y* mice.

 Scng8d™*micehad significantly lower levels of plasma-B.during remission and
chronic phases, which was associated with less inflammation.

f Scn84™* mice demonstrated reduced inflammatory and cytokine responses to
LPS challenge.

1 Our results suggestpotential general role for Navl1.6 in regulating the

inflammatory process.
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3.2 Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease that affects the
central nervous system (CNYaxman, 2006)vhere it causes myelin loizat
eventuallyleads to permanent disability in the majority of patients. Although the root
causes of this disease ardl sthknown, a combination of environmental and genetic
factors are thought tiee involved(Constantinescu et al., 2011; Mohr, 2QIL)and B cell
function, as well as innate immune responaeshelieved to play amportantrole in

neuronal damge and loss of the myelin in the Ck8erson et al., 2Z1).

Numerous studies have reported that T cells play a potential role in the immune
pathogenesis of MS by crossing through the bllo@in barrier (BBB, whichthen
triggers autoimmune inflammation thddstroyamyelin (Duffy et al., 2014; Wojkowska
et al., 2014)Autoreactive T cells produce cytokines that attract inflammatory cells into
the CNS,ncludingB cells, natural killer (NK) cells, and monocytes/macrophages. In
MS, activated autoreactivayelin-specificCD4" T cellsare able tonitiate a chronic
inflammatory response by migrating into CNS compartments. Autoreactivé TBdlls
cause neurodegeneration leading to a decrease in the neuronal count and grey matter
volume( Bart hol om2us et al ., Acvat€Inacrophggesatsd o v i |
directly or indirectlycausedamage to the CNS by phagocytosing the myelin sheath
(Barnett et al., 2006)he innate immune and inflammatory processes required to initiate
and sustain disease are driven by a variety of cytokines and chemokines that include a
pro-inflammatorycytokine cascade involving TNF and-@(Dendrou et al., 2015)
These cytokines activate immune effector cells and promote their migration partly

through the enhanced expression of adhesion molecules on vasculaebuaaot
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(Dendrou et al., 2015; Stadelmann et al., 20AIumber of regulatory cytokines, such
as IL-10 help modulate the inflammatory procéSsoxfordet al., 2001; Kwilasz et al.,

2015)

Nav channels are transmembrane proteins thabedoundin both excitable and
nonexcitable cell§SavioGalimberti et al 2012) Each Nav channel is composed of one
of ten-skurbouwmn tU i sof or ms awrd boumée tosr (thbwlo rbeg u
(Catterall et al., 2005aln excitalde cells, thesehannels allow sodium to enter a cell in
response tan increasef the voltage across the cell membrane and are essential for the
generation of thactionpotential In MS, the usually tightly regulated placement and
concentration of Navlannels along the axame profoundly alteretbllowing the loss of
myelin (Craner et al., 2004cPur previous work showed that an increase in Nav1.6 in
EAE andis consistent witlthe hypothesis that Navl romogsinflammation ands an

importantfactor in eventual neuron death.

While the physiological role of Nav channels in neuronal cells is well
characterizedCatterall, 2013)thesechannelsare also expresséa many other non
excitable cell types such asalimmune cells, and cancer céBesson et al., 2015
which their function is not well defing@lack and Waxman, 2013; Pappalardo et al.,
2016) Nav1l.6is expressed in neneuronal cells such as astrocytes, microgiie
macrophages as well as in invasive catioes (Black et al., 2009a; Carrithers et al.,
2009b; Craner et al., 2005; Pappalardo et al., 2@18ignificant increaséen Nav1.6
expression occurs in activated microglia and macrophages ireRBAEIS(Craner et al.,
2005) Also, Nav1.6 has been found to playiarportantrole in initiating microglial

migration(Black and Waxman, 2018y promoting the extension of lamellipodia of
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ATP-activated microglia via modulation of intracellular®Ckevels aad a RaciERK1/2

pathway(Persson et al., 2014a)

In the current study EAE, a rodanbdelof MS, wasinduced by immunization
with MOGssss in conjunction with CFA+PTX and PTX to induce an immune response
against myelin. Our previous work showed that Navl.@ritaries to the inflammation in
CNS tissue (optic nerve) in EAE. Here we extend this investigation by seeking to
determindf reduced levels of Navl@gulateinflammation in EAE or, more generally,
in the LPS model of systemic inflammation. We show iahe peripheral blood and
optic nerve, the percentage of-GYCD11b" cells, and levels of inflammatory cytokines,
during EAE,were reduceih the Scn84™/* mice, which express reduced levels of
Nav1.6. Notably, untreate®cn84™Y* micehad levels othe antiinflammatory
cytokines of I:10, IL-13,and TGFb 1 i n t he brain that exceede
addition,Scn84™*mice displayed a reduced inflammatory reaction to.LURSitro,
bone marrowderived mast cells frorBcn84™/* mice also prodeed lower levels of 1L6
in response to LP®ur results demonstrate that a reduction in Na@ti@3aexpression

has a significant inhibitory effect on the inflammatory response in these models.

3.3 Materials and methods
3.3.1 Mice

Two groups of female mice € 44), includingScn84™/* heterozygousn(= 22)
andScn84d" wild-type (WT) littermatesr(= 22), were sed in this study. The
Degenerating muscl@muy mutation consists of a singheicleotide deletion in the
sequence coding for the first interdomain loop of Nav1.6, leading to a premature stop

codon. Homozygougmumice are not suitable for the induction of EAE due to lethality
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at approximately three weeks of g@e Repentigny, 2001Heterozygousimumice,
however, have a similar lifgpan to wildtype mice and do not exhibit any overt motor
dysfunction(Coté et al., 2005All animal experiments were approved by the Dalhousie
University Committee ohaboratoryAnimals. This study was carried duy the

recommendations icompliancewith the Canadian Council for Anim@lare guidelines.

3.3.2 EAE induction and clinical score

EAE was inducedn Scn84™“* heterozygousn= 10) andScn8&™* mice (=
10).Femalemicever e i njected subcut anesmsussdpended s. c .
in CFA. PTX (200 ng/mouse) was then injected intraperitoneally (i.p) on the day of
immunization and two days latévlice were monitored daily for clinical signs BAE
and body weight loss durirtge course ofhe disease. Scoringas dondoy aperson
blindedto the animal groups, with scoras(1) flaccid tail; (2) hind limb weakness and
poor righting ability; (3) inability to right and paralysis in one hind limb; (4) both hind
limbs paralyzed with or without forelimb paralysis and incontinence; and (5omdi
Once mice reached a score of 2 to 3, they were monitored twice daily for dehydration and
body weight. These mice were given food supplements (hydration gel and wet chow
slurry), provided with elongated water bottle sipper tubes and/or injected anbously
(s.c.) with normal saline as required. Animals exhibiting severe weakness of one or both
hindlimbs or paralysis of either or both hind limkere handfed chowslurry. Animals

whose weightell below 80% of their original body weightere euthanied
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3.3.3 Blood collection and tissues sampling

Heparinizedlood samples were collected fr@en84d™/*andScn84&”* mice
= 14 each) byacial vein puncture on days 0, 6, 13, 21, and 35-postunization. The
micewere sacrificedit 35 days pogEAE induction (Figure 1). Using flow cytometry,
CNS tissues (optic nerve and brain) were studied to define vayjpesof immune cells
such as macrophages, myeloid cells, T lymphocytes {@bd CD8), and B
lymphocytes (CD1Y. The optt nerves were assessed furthehisgologicalstaining.
ELISA was used to measure the leveseveral cytokines such as-10, IL-13, IL-4,

TGFb 1IL.-6, and TNF in the brain and4& in the plasma.

3.3.4 Staining of surface markers and flow cytometry

Peripheal blood, spleerandCNS tissues (optic nenandbrain) fromScn84™/*
andScn84d™ mice (= 14 eachwere harvestedt different time points. The peripheral
blood mononuclear cells were isolated from heparinized blood samples using Ficoll.
Cells fromspleen and CNS tissuegre dissociatelly passing through wire mesh
followed by addition of an equal volume of 2X enzymatic digestion mix to a final
concentration of 10 pg/ml (collagenase D and 100 pg/ml DNase |, Roche Diagnostics,
Mannheim, Germany), beffe incubation in a water bath at 37°C to prepaiaglecell
suspensionThe cells were centrifuged at 48@ for5 minutes at 4°C and resuspended
in 0.5 ml of ammonium chloride lysis buffer (eBioscience, San Diego) on ice for 5
minutes to lyse red btal cells.The cells were centrifuged and resuspended in 1 mL of
PBS. Next, the cells were filtered through the mesh for CNS and washed with an
additional 1 mL of PBS and counte@iells were then centrifuged at 49@ for 10

minutes at 4°C and resuspended in a 1/1000 dilution of fixable viabilityFds@)(
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eFluor450 (eBioscience, San Diego, CA) in PBS for 30 minukés. cells were then
washed with PBS anstained with specific monoclonal antibodies (mAbs) to define
varioustypes of immune cells such as macrophd§é#30/CD11b), monocytes@r-1m
/CD11bY) neutrophils Gr-1"9"CD11b/F4/80 or CD45/CD11b/Ly6G*), T

lymphocytes (CDZ% CD8") and B cells (CD19. After incubation, the cells were washed
using wash bufferRBS supplemented with 1% FBS), centrifuged again, and fixed in 1%
paraformaldehyde (PFA) in PBS and kept at 4°C. Compensaiitrols were prepared
using compensation beadB{osciencg mixed with individual dilutions of each antibody
used as above in IMand fixed in 1% PFAThe unstained controigere not incubated
withFVD. St ained samples were acquired within
cytometer (BD Bioscience, San Jose, CA). All analysis and gating were done using BD

FACS Diva software and &WJo V10.2BD Biosciences).

3.3.5 ELISA

Concentrations of cytokines (&, TNF, IL-10, IL-13, IL-4,and TGFb 1) i n
plasma samples or homogenized brain were determined using ELISA. We extracted the
protein from the brain tissue of EAE mice llymogenizing the samples, using a Qiagen
Tissue Ruptor device, in RIPA buffer with protease inhibitor for 1 minute on ice.
Samples were centrifuged at 10,000 x g for 10 min, supernatants were collected, and total
protein was measured using a Bradford pnotessay (BieRad, Mississauga). Levels of
cytokines were normalized to total protein concentratBlSA was then performed
according to manufacturer instructions. Briefly, plates were cogted.5 pgml
capture antibody (eBioscience) diluted in lerauffer (pH 8.2). Platesere blocked

with blocking buffer (2% BSA in PBS) before samples were added to the plates and
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incubated overnight at 4°C. Next, biotinylated secondary antibodies (eBiosciaree)
addedo theplate,followed by theadditionof streptavidinhorseradish peroxidase.

3, 3 NjettameihMpenzidine or substrate solution (TMB) (eBioscience) was added to
the plate and incubated forillb minutes before the reaction was stopped using 2N
H>SOQy and the plate measured using an Epoch miategpectrophotometer (Biotek,

Winooski, VT).

3.3.6 Quantitative reversetranscription polymerase chain reaction (QRFPCR)

Tissue samples harvested fr&on84d™/*andScn84d’* mice (= 8 each were
immersed in RNAlater (Qiagen, Hilden, Germany). Brain sampége transferrefrom
RNAlater solution (Qiagen, HilderGermany)nto 700 pL of QIAzol Lysis Reagent
(Qiagen). The tissuwashomogenized using a Qiagen Tissue Ruptor device. After 5
minutes of incubation at room temperature, 140 pL of chloroform was added to the
homogenate, shaken vigorously and centrifuged at 10,000 x g for 15 minutes at 4°C. The
upper aqueous layaras extractedcombined with an equal volume of RNdsee 70%
ethanol, ad RNA was isolated usirg Qiagen RNAMini spin column according to the
ma n u f a qrotocol & e @mcentrationf RNA in each sample was determirsett
RNA integrity was determined using a 1% agarose gel to confirm the 2:1 ratio of
28S:18S RNA intengf. RNA samples were reverse transcribed to cDNA using a
QuantiTect® Reverse Transcription Kit (Qiagen). The resulting cDNA samples were
diluted 1:4 and used in gPCR to measure the expression of mMRNAs, identifying genes
thatwere implicatedn impulse condction such as Nav1.&¢n8a during theclinical

course of chronic EAETable 4) mRNA expression of the genes of interest was
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normalized to the geometric mean of the referéd@pdhandHprt Cq value expressed

as2® YYhere the @ Cqai @oefeprcesgenesf i nt er es

Table 4 gPCR primers:

Gene | Primer sequence or company (catalog number)
Hprt | Bio-Rad (Cat no. 10025636)
Gapdh| Bio-Rad (Cat no. 10025637)

ForwaBo)( SB€ AAGCTCAAGAAACCACCC
Re Vv e r-8 6CCGTRAGATGAAAGGCAAACTCT

Scn8a

3.3.7 Hematoxylin and eosin staining of the optic nerve

Optic nerves were collected froBtn84™*andScn8a’™* mice (1= 8 each) and
fixed with 10% formalin, embedded in paraf
sections were dehydrated f»h at room temperature and fixed for 10 min with 4%
paraformaldehyde (PFA) followed by dehydration for 2 min by a serigsaded ethanol
solutions. The sections were incubated faf ®in in hematoxylin and transferred to
distilled water. The sections were incubated for 1 min in eosin and dehydrated in a
gradient ethanol series before mounting. Image® takerwith a Zeissmicroscope and
software (AxioVision 4 4.7). Infiltration score was assessed bynwestigators blinded
to the nature of the samples according3bindler et al., 2008s follows: no infiltration
= 0; mild cellular infiltration = 1; moderate infiltration = 2; severe infiltration = 3;
massive infiltraibn = 4. The average number of cell nuclei per’mmas determinetbr

eachopticnerve.

3.3.8 Electron microscopy
Optic nerve tissues were collected fr@n8a™* andScn84d™* mice(n = 13

each)sacrificed in the chronic phase, 35 days after induction of EAE. Tissues were then
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processed according to the process outlined by Alrattred{ 2019) To demonstrate the
axonal loss and myelin pathology, we usedratg that was determined by dividing the
axon diameter by the diameter of the myelinated nerve (tbey et al., 1991; Kuerten et

al., 2007) Only axonal gratios three standard deviations above (remyelinating) or below
(demyelinating) the average of the ABAE reference group were counted. A
conservative margin ¢f 3 standard deviations from the mean of normal healthy mice
before EAE was used as the-adit to assign a diagnosis of demyelinating (< 0.55) or
remyelinating (> 0.95). The analysis was conducted by an individual that was blinded to

the samples.

3.3.9 Lipopolysaccharide (LPS) injection

Scn8dMY*andScn8a’™ mice (= 12 eactwere injected intraperitoneally (i.p.)
with 100 eL of Escherieh@ktodb5 Bb Sigmahldrichm
Mississauga) or sterile vehicle control (saline). After 16 hours, weceeuthanizecind

the peritoneal celleere harvested by lavage

3.3.10 Peritoneal cavity cells harvesting and flow cytometry

Peritoneal cells fronscn84d™/*andScn84&™* mice (= 16 eachvere harvested
by i.p. injectionand recovery of 4 ml PBS, 0.5% bovine serum albumin, 5 mM EDTA.
Mouse peritoneal cavity cells (PC@gre counted Cells were centrifuged at 400 x g for
5 minutes at 4°C and resuspended in a 1/1000 dilution of fixable viabilityFd4@)(
eFluor 450 (eBiodences) in PBS for 20 minutes. Then the cells were washed with wash
buffer (PBS + 2% FBS + 20 mM Naj centrifuged and resuspended in antibody
cocktails containing arttD19-BV510 (clone 6D5, BioLegend), affiD11bPE

eFL610 (clone M1/70, eBioscience€)D117 (ekit)2E (clone 2B8, BioLegend), anti

94



CD4-APC (clone GK1.5, eBiosciences), aRtic UAPIC eFL780 (clone Mat,
eBioscience), aMCD8aBV650 (clone 5%.7, BD Biosciences), arG€D3-BV711
(clone 1452C11, BD Biosciences), affiiglecF-PECF594 (¢one E502440, BD
Bioscience), altCD11bPE (clone M1/70, eBiosciences), ahtl/80PE-Cy7 (clone
BM8, eBioscience), anlily6C-APC-eF780 (clone HK1.4, eBioscience), or anyb6G-
BV605 (clone 1A8, BD Biosciences) for 30 minutes. Stained fixed welte aquired
for analysis using a BD LSRFortessa and results were analyzed using FAshlknd,
OR) software. A visual representation of tfeingstrategy used to identify the cell

populations in the mouse peritoneisprovided(Supplementary Figure 2).

3.3.11 Generation of murine mast cells

Bone marrowdlerived mast cells (BMMCs) were generated from the bone marrow
of C57BL/6andScn84™* heterozygous mices previously describgd@ertian et al.,
1981) Briefly, micewere sacrificedthewholefemurs and tibias were isolated dathe
bone marrow cells were flushed out. The cell suspension was cultureidlaxQLe?
cells/ml in BMMC cell culture media consisting of RPMI 1640 (Life Technologies)
supplemented with 10% FCS 10% concentrated VWEERIIZonditioned medium 1%
penicillin/streptomycin (Life Technologies), "M pr ost agl andi-b E 2,
mercaptoethangRPAVE). Themedia was changed twice per week. BMMCs were
assessed for purity afteyur weeks by Alcian blue (pH 0.3) staining of fixed
cytocentrifuge preparations and checked for maturity by the expressiéit@ia IgE
receptors using flow cytometr@nce the BMMC population reached a purity>85%

(51 8 weeks), theyvere usedn subsegent experiments.
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3.3.12 Mast cell activation

Cells were counted and then resuspended in resting media overnight (BMMC
medium with 1.5 ng/mL recombinantZ} instead of WEHB conditioned medium).
Activation of BMMC was perf or mesdybgam r est i n
trypsin inhibitor (SigmZA | dri ch), t hree doses aodf LPS (10
leg/mL), 0.1 &M calcium i on o ploetisimtfo(2A23187)

hat37°CSupernatant sampl es wertlassayed.ect ed and

3.3.13 Statistical analyss

All statistical analysewere performedb y unp ai r etests®askald e nt 6 s
Wallis testsor two-way ANOVA with multiple comparison tests, as indicated and
dependent upon appropriate data distributiemor bars represent the standard error of
the mear(SEM). GraphPad Prism software was used for statistical analysess.0,

GraphPad Softwa, La Jolla, CA).
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3.4 Results

To evaluate the impact of reduced expressidBaniBa the gene that encodes the
U subunit of tohirdlamatiorlin tite EAE@deh wel us&dn8d™
heterozygous micand wildtype Scn8&’™* littermates housed in the same cage
environmentMice wereimmunized with MOGsss, followed by intraperitoneal (i.p.)
injection with PTX (Fig.3.1A). The clinical symptoms in all mice subjected to EAE
induction appeare8 dayspostimmunization Behaviorl observations o8cn84™/*
mice revealed less impact of this treatment on motor capacity dhangcoveryand
early chronic phase of EAE when compared with wild type anitfads 3.1B).
However, the severity of these symptoms returned to thosevelsarwild type mice

later in the chroniphasgFig. 3.1B).

Realtime gPCR analysis was usteddetermine how brai&cn8amRNA
expression fluctuates in response to EAB@m84™*andScn8a™* mice. InScn8a’*
mice we found that in chronic EA&cn8aexpression (normalized to two reference
genes) was reduced to 71% of then-EAE level (0.035 + 0.004 vs. 0.049 £ 0.0122),
while the Scn8aexpression irscn84™*in chronic EAEwas reducetb 55% ofnon-
EAE levek (0.017 £ 0.005 vs. 0.031 £ 0.013). In chronic EBEn8aexpression in
Scn8d™*was reduced to 49% &cn8a’* levels P = 0.028, Fig3.1C). Scn8amRNA
was not detectable by retiine gPCR ineukocytesderivedfrom the spleen or

peritoneum(not shown.

To characterize the immune cell populations in the blood under normal and
pathological conditions, we performed flow cytometry longitudinally throughout EAE.

All blood leukocytes were first identified using the general marker CD45 (Supplementary
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Fig. 31) before determining the percentage®i-("9"/CD111, Gr-1™ /CD11K), T
cells (CD4 or CDS8), and B cells (CD19 (Fig 3. 2). At 35 days posinduction,
representing the chronic phase of EAE, we found a significant reduction (P = 0.027) in
the percentage of (G"9" /CD1115) granulocytes i5scn84™* mice only reaching 59%
of that seen iBcn8&™* mice (23.34 + 5169%, n = 8 vs 39.41 + 3.549%, n = 8; Fig.
3.2A).We also found a significant reduction (P = 0.035) in the percentage-binGr
/CD11b+) monocytes iBcn84d™*mice ,only reaching 64% of that seen in Scn8a+/+
mice (14.40 + 3.317%, n = 8 vs 25.84 + 3.6060% 8; Fig.3.2B). In chronic EAE, we
found no significant differences in the frequency of CBAd CD8 T cells in both
groups (Fig. 3. 2C, D). However, in chronic EAE the percentage of CBt8lls was
significantly higher (P = 0.034) iBcn84™*relative toScn8d"* (39.61 + 8.078%, n = 8

vs 18.25 £ 4.177%, n =8; Fig 3.2E).

The expression of Nav1.6 also influenced the presence of inflamnrnataiad
cytokines in the plasma (Fig.3). Following EAE induction, the prmflammatory
cytokine 1L-6 was found to be significantly reduced3on84™/* to 3% ofScn84d’* at
day 21 0.63 £ 0.62 pg/mL, n =8 vs 21.51 + 9.51 pg/mL, n £ 8,0.046) and to 26% of
Scn8a™* at day 35 (15.7@& 7.51 pg/mL, n = 8 vs 61.01 + 17.39 pg/mL, n = PG
0.043) The proinflammatory cytokines TNF atidl b a n d -inflammataayn t i

cytokine 1L-10 were, however, undetectable in both groups at all time points (not shown).

Next, we turned to the CNS and exasdrhow Navl.6 influences immune cell
infiltration in the optic nerve. Longitudinal sections of optic nemvese stainedvith
H&E andcell infiltration was analyzeéh Scn8d* andScn84™* mice. The total

number of nuclei within the optic nerve was siigantly higher inScn8a’* mice P =
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0.041)andnumerous cell clustemsere seewersus nofEAE Scn8a’™* mice In contrast,
Scn84™Y* optic nerves were relatively devoid of clustersdtotal nuclei counts were
equivalent tamon-EAE Scn84™* mice (Fig.3.4A, B). To further analyze the infiltrating

cells in the optic nerve and the brain, flow cytometas performedThe percentage of
(Gr-1*/CD111) granulocytes was significantly lef3 £ 0.0100) in theScn84™/* mice
reaching 54% of that observedSen8a’™* mice (12.58 + 3.840%, n=8 vs 23.33

3.840%, n = 10) at the chronic stage of EAE @&#L). The percentage of Gr

1*/CD11b granulocytes in the brain was also foundbéoreduce in the Scn84™* vs

Scn8a™ mice but without reaching significance (FgD). The CD8, CD4', and B cell
populations in the optic nerve and brain did not change significantly between both groups

of mice (data not shown).

To assess the effects of Nav1.6 in myelin sheath pathology, we perfoptied
nerve ultrastructure analysis (Fi®.5). We found that nerves from healt8gn84’* and
Scn8d™* (non-EAE) controls had a similar appearance with axons generally appearing
rounded throughout the optic nerve (B¢ A and B). Interestingly, the-iatio (25, see
Materials and Methods) of healt®en84™/* was found to be significantly lower than in
healthyScn8a’* optic nerves® = 0.0196 0.7572 + 0.058884) = 483 vs 0.768 +
0.060645n = 375; Fig.3.5C). However, irScn8d™* mice at 35 days po&IAE
induction, the axons generally appeared deformed. Several pathological features could be
identified in EAE mice, including demyelinated and axolytic fibers, though the inegue
of these features did not differ significantly betw&em8a™* andScn84™/* optic
nerves. However, a representation of the distribution of the axonal area (measured inside

the myelin sheath) revealed that more axoran8d’* mice were between-40 pm?2
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compared t&cn84™* mice and onlyScn8&™* had very enlarged axons between the
sizes of 7 and 10 um2 (Fi§.5D). The gratio postEAE wassignificantly higher in
Scn8d™* vs Scn8d™ mice P = < 0.00010.8097 + 0.002624) = 618 vs 0.7944 +
0.002803n = 622; Fig3.5D). No demyelinating axons were observed in either group
(not shown) However,Scn84™*mice had significantly increased remyelinati®=

0.04001.200 + 0.4899 % = 5 vs0.0 + 0.0%; n =5) in Scn8&’* miceFig. 3.5E).

In thebrain, we analyzegro-inflammatory and ardinflammatory cytokine levels
by ELISA in healthycontrol andchronic phas€&AE mice. In chronic EAE, the pro
inflammatory cytokine TNF and K6 responsewere both modestly reduced in
Scrga®v* relative toScn8&™* mice but neither change reached significance. The anti
inflammatory cytokines I£10, TGFb land IL-13,were also examined the brainby
ELISA in nonEAE and in chronigphase EAE mice. Surprisingly, the levels ofllQ in
non-EAE Scn84™* mice were found to be 3.7 fold higher than contah-EAE
Scn8d'™* values (209.8 44.33 pg/mLn=7 vs 57.28 6.285 pg/mLn = 7,P = 0.0002;
Fig. 3.6C). Similarly, levels of TGl 1 nomHEAE Scn84™* mice were 45old higher
than control levels (1722 143.3 pg/mLn= 3 vs 37.79 4.597 pg/mLn=4;P =
0.0057; Fig3.6B). In bothScn84™* andScn8a’™* mice,the level of I-10 waslower in
chronicphase EAE while the level of TG 1 wa s f osignifdantty toweb anly in
Scn8d™*. As opposedto H10and TGFb 1, we di d not fi nd
IL-13 in untreated animals. However, in chronic EAE1B was significantly higher in
Scn84MY* mice than inScn8a’™* mice (181.9 39.93pg/mL,n=6vs 101.2 33.15

pg/mL,n=6,P =0.048).
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Havingdemonstrated that mice with reduced levels of Nav1.6 display a reduced
inflammatory reaction in the EAE model of CNS inflammation, we aimed to define
whether Nav1.6 might be generally involvedhe regulation of neutrophils and
macrophages in respongeinflammatory stimuli, such as LPS insult. Neutrophilsaare
major immunecell type recruited during acuteflammation.Analysis of peritoneal
cavity cells (PCC) following an intraperit
a significant increse in the number afeutrophils after 16 hours Bcn8d™ mice.

However this neutrophil responseassignificantly lower inScn84™* than inScn8a’*
miceat 16 h postPS (10.77 % + 3.566)= 8 vs27.65% * 6.989, n = & = 0.0199,
Fig. 3.7A). The resting monocytesverereduced irScn8d™* mice atl6 hpostLPS @ =
0.0054), whereas a more modest reductias observeth the Scr8a®™* mice postLPS

without reaching statistical significance (F&7B).

To determine if the reduced inflammatory response to LERiiga’™¥* wasalso
observedn vitro in the absence of systemic influences analyzedhe response of
primary cultured immane cells outside of the mouse in vivo environment. Mast cells
derived from the long term (6 to 8 week) culture of bone marrow (BMMC) were
therefore exposed to LPS for 24 ho(WcCurdy et al., 2001)BMMC derived from
Scréa™¥* andScn84™* micewere treateavith three different concentrations of LPS
(100, 10,1 pg/mL) and the production of 6 was determined. We observed
significantly lower levels of L6 in Scr8a®™* BMMCs treated with 100 pg/mL LPS at
24 hourq0.2888+ 0.0618 ng/min =5 vs 0.638% 0.1089ng/ml, n=5,P = 0.044, Fig.

3.8) posttreatment
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3.5 Discussion

While the adaptive immune system has bienprimaryresearch focus in MS,
the role of the innate immune system is attracéingncreasingnterestdueto its
importance for the generation of acquired immunity and for the inflammatory response
that impacts the progression of the disdakessain et al., 2015)nflammationis a
primaryhallmarkof MS and ischaracterized by the infiltration of different types of
leukocytes into the CNS, leading to the disruption oBB& and axonal damagdé&oster
et al., 1980)Immunecells secrete multiplmediators of inflammationncluding
cytokines, chemokines, glutamate, reactive oxygadnitrogenspeciessome ofwhich
are neurotoxic and can disrupt t@malmetabolism within neuron®urgess et al.,

1995b; Garcia&v/allejo et al., 2014; Van Wart and MatthewsQ8)

In MS andin the EAE model, neuronal Nav channel expression is dysregulated
and they are known to become abnormally distributed along axons following
demyelination. As a result, these channels have been hypothesized to cause sodium
calcium exchangers to operate ingese such that they extrude excess axoplasmic
sodium while calciunis imported, which eventually results in neuronal death by
apoptosigCraner et al., 2004ciHowever Nav channels, including Navl &re also
present in immune cells where anderstandingf their role remains limitedndtheir
involvement in he etiology of MS and EAE is not well characterizZéidcrophagesnd
microglia express different types of Nav channels, and which have been implicated in
differentfunctionsof these cellsincludingmotility and migrationBlack et al., 2009a;
Morsali et al., 2013)A studyby Black et al. (20) reported that Nav1.6 and Nav1.5

regulatephagocytosis in human macrophages and cellular movement through their
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association with the-Bctin cytoskeleton and also regulptedlosomes$ormation.in EAE

and MS Craneret al.( 2005)showed that the expression of Navik.@pregulatedh

activated microglia anthacrophages. Increased activation of microglia and macrophages
in MS hasbeen linkedo the axonal degeneration via induction of phagocy(@&ck et

al., 2009a; Craner et al., 2005; Jacobsen et al., 2a68yen presentatifloo et al.,

2012) cell migratiorfBlack et al., 2009a; Persson et al., 2014ainulation of CD4 T

cell proliferation, and production of pinflammatory cytokines and chemokin@smor

et al., 2014b; Black et al., 2009a)

To evaluate the role of Nav1.6 in the inflammatory response during EAE, we used
Scn84d™*, which are heterozygous for a null alleleSzn8aand express low levels of
Scn8athe gene that encodes tiipha subunit of Nav1.Ghe heterozygous mice that
had a single mutation in Nav1.6 resulting in a decreased expression of the channel protein
did not show any neurological deficit; however, they presented with behavioral and
emotional change@eisler et al., 2004)it has been reported that Nav1.2 compensates
for partial reductions of Nav1.6 in heterozygous mice indicating that Nav1.6 is unable to
fully occupy the nodal membran&hich allows Nav1.2 to function and stabilize at the
node of Ranvier. In addition, the similarity between the properties of Nav1.6 and Nav1.2

and their clustering indicates a binding competition at the (\elga et al., 2008)

Mice were immunizedvith MOGgsss as the antigen timducechronic
monophasic EAEKuerten et al., 2007; Stromnes and Goverman, 200st®Scn8qm*
and controlScn84'* littermateswere houseth the same room arid the same cagde
engire that they shared the saarevironmentClinical symptoms started at d@yost

EAE and progressed similarly in both groups, consistent with the sfudgrstmann et
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al. (Horstmann et al., 2@®). However, during the recovery phase (day269 the

clinical scores irscn84™Y* mice were significantly lower tha®cn8a™* mice and the
average clinical scores were 2.5, which an indicatothiability of the mouse to walk

and move around the cage tfBen8a&™* mice that showed the average clinical score was
3, which means the mice had a deficit in walking and moving around théncicgging

tha Scn84™“* had improved motor function duringishperiod.

During EAE, peripheral bloodsr-1*/CD11b" myeloid cellswere significantly
reducedn Scn8d™*in the EAE chroniphaseSeveralstudies have reported that the
expansion of GA*/CD11b" cells in the peripheral blood in tlearly chronic phase of
EAE is associated with the pathogenesis of EBRindler et al., 2008Neutrophil
depletion using ariLy6G or antiGr-1 antibody hinders the onset of EABucher et al.,
2015; Daley et al., 2008¥ he infiltration of these cells into the CNS was also
investigated. GA*/CD11b" cellswere significantly reduceih the optic nervef

Scn84™Y* mice in keeping with their reduced numbers in the peripheral blood.

Levels of the cytokine 6 were significantly reduceih the plasma of
Scn8d™* mice during the recovery and the chronic phases of EAB.itLa hallmark
cytokine of inflammation that induces the acute phase response and promotes the
development of gisma cells from B cells. Notablg,highedevel of CD19 B cells was
observed ircn84™* mice. Notably, B cells have been implicated in the pathogenesis
of the disease. It has been observed that CD19 knockout mice exhibit a more severe
disease state ginlighting the crucial role of CD19 on B cells in modulating the

production of several cytokine@atsushita et al., 2006 cells are also implicated in
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the recovery phase of EAE because of their ability to produd® lthat resolves

inflammation; however, they @amot required for its initiatio(Fillatreau et al., 2002)

Ultrastructural analysis of axonal pathology in chronic phase EAE optic nerves
revealed a higher-gatio in Scn84™/* mice postEAE thanScn84d™* mice and the
distribution of the axonal aregas shifted to theight in Scn8a’™* mice. In addition,
based ormg-ratio, remyelination occurred Bcn84™Y*, while remyelination was
completely absent iBcn8a’™* mice. In the CNS, remyelination may occur but is not
sufficientto fully restare normal CNS function following demyelinati¢Ratani et al.,

2007) suggesting perhaps that partial blockad8ai8afunction or expression may be
sufficient to enhance function through remyelination. Determination of the specific role
that Nav1.6 may have in regulating remyelination, and whether the channels ihamve

of neuronal or glial origin, will require further investigation.

Interestingly, thenfiltration of Gr-17/CD11b" cells and the level of the pro
inflammatory cytokine TNFn the brain increased markedly after EABSEn8&”* mice,
effects that were considerably less pronounced iStm84™* mice TNF has been
reported to cause apoptosis of oligodendrocytes and to induce the release of glutamate
from astrocytes that leatls damage of oligodendrocytes and neur@usewicz et al.,

2005) It has alsdbeen reportethat inculturedcortical neurons, TNF and 1L felevate
Nav currents via the upregulatiohTTX-sensiive Navs via a p38 MAPK dependent
pathway(Chen et al., 2017When combined with our resulthiese observatiorsiggest
the possible presence of bidirectional regulation between Nav channels and TNF
Additionally, treatment with arfT NF-receptor IgG prevented the development of

clinical signs of active EAEKOrner et al., 1995)A recent study bing et al.(2019)
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hasdemonstrated that Nav1.6 upregulation in neuropathic paised by nerve injury
might be through the activation of the TNF/STAT3 pathv@yr observed pathological
improvements ircn84™"*, including improved motor function and reduced myeloid
cell infiltration in the optic nervegould, therefore, plausibly zeresult of Nav1.6

influence on TNF expression.

In examining antinflammatory cytokines, we observed that the levdlLe13
was significantly increased in chronic phase BE3da84™* mice. Most striking,
however, was the presencedodmatically higher levels of HOand TGFb 1 i n unt r eat
(nonEAE) Scn84™* mice vs norEAE Scn8&’™* controls.The Th2 subset dF cellsare
known to produce cytokines suchlbs4, IL-13, and Il-:10 (Mosmann and Sad, 1996)
which canameliorateEAE by inhibiting Thllike responses throughereduction of
IFNS , TNF and IL-12 levels(Bitan et al., 2010)In addition, 1.-10 inhibits a variety of
innate immune and inflammatory events including upregulation of adhesion molecule
expression, proinflammatory cytokine and chemokine produd®&) IL-13 can also
promote the polarization of macrophages to less inflammatory M2 pher{@gpeit et
al., 2008; Zhang et al., 201Th our study, the strong expression of anflammatory
cytokines in the CNS prior to disease onset could have had a protective effect that

resulted in tk reduction ofnflammation in chronic phase EAEcn84™* mice.

To determine if heterozygo®:n84™* mice displayed reduced innate immune
systemmediated inflammation outside of the context of EAE, the intraperitoneal LPS
administration model was gioyed. LPS is an outer membrane Granegative bacterial
product that acts as a pathogessociated molecular patt@illis and Whitfield, 2013)

Neutrophils and monocyte recruitment and cytokine produdibgether wih enhanced
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phagocytic activityare key characteristics of the LPS madelivo (Nathan, 2006)
Upon exposure to LPS, neutrophils recruited to the site of injection produce ROS
contributing to persistent inflammatighlcDonald et al., 20100ur reslts demonstrate
thatsignificantly lower neutrophil recruitment Bcn84™Y* than inScn8d”™* miceat 16
hour postLPS, suggesting that Nav1.6 may play a role in directly or indirectly
facilitating migration. In this context, it is noteworthy that Craeteal. (Craner et al.,
2005)hasshown that the expression of Navis@pregulatedh activated microglia and
macrophages in response to L{€3aner et al., 2005)-urthermoreincreasedctivation
of microglia and macrophages in Mi&s been linketb axonal degeneration via
induction of preinflammatory cytokine¢Black et al., 2009a; Craner et al., 200bywas
shownadditionallythat blocking of Nav1.6 by TTX in rahicrogliaor the lack of Nav1.6
in microglia isolated fronBcn8&*¥™ed(Nav1.6null) mice, both have a significant
negativempacton the phagocytidunction of activated microglia by 40% and 65%,

respectively(Craner et al., 2005)

Mast cells are innate immune cells known to respond to LIe |dlealization in
the leptomeninges hasiggested a possible contribution of these cells in the regulation
immune cell trafficking through the BB@umar and Sharma, 201@one marrow
derived mast cells (BMMYwere used asan vitro model of inflammatory mediator
responses, which could be assessed independently from neuronal mediators and impacts.
Mast cells derived frorscn84™* produced lower levels of K6 than cells derived from
Scn8d’* animals in response to LPSnstilation. Althought hasbeen reportethat
voltagegatedsodiumchannel mRNASs expresseth mast cells derived from human

lung, skin, and cord bloo@radding et al., 2003pnly SCN10ANav1.8) and
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SCN11A/SCN12MNav1.9) was detected. Similarly, in atudy, the expression &cn8a

in BMMC derived fromScn84™* or Scn8a&’* by RT-qPCR andlropletdigital PCR

analysis was below the level of detecti®his raisesthe possibility that reduced 1&

from Scn84™**-derived BMMCs is the result of a developmental requirement for Nav1.6

in the maturation of BMMCs.

Taken together, these results indicate thadaction inScn8aexpression has a
significant impact on the inflammatory response both in EAE and in response to LPS,

even in isolated immune cells.

It is increasingly evident that abnormal activity and altered expression of Nav
channels not only in neurons but alsammune cells are central to the pathophysiology
of MS (Bouafia et al., 2014; Craner et al., 2004dyr study providesvedence
thatreducedScn8aexpressionn vivois associated with several indicators of reduced
inflammation and damage EAE including improved matmpacity duringherecovery
andearly chronic phas&, decrease in neutrophil infiltration, reduced praimimatory
IL-6 in the bloodanddecreasethfiltration of myeloid cells within the optic nerve.
Overall,this is the firsin vivo study to report changes in the regulation of inflammation
related to a reduced level 8En8an EAE. The decreased wivo and invitro response to
LPS inScn8d™* we observesuggests that Nav1.6 could be a general regulator of
inflammation with impacts in multiple settings and not limited to models of neuronal

damage.
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Figure 3-1 Scn8d&™Y*heterozygous mice have improved motdiunction during the
EAE recovery and early chronic phase.

A) Schematic illustration of the experimental design to evaluate the role of reduced
Nav1.6 channels in EAE. Two groups of miSen84™"* heterozygous an8icn8a’
littermateswere usedn thisstudy. EAE was induced at day 0Sen84"* andScn84m/*
mice by immunization with MOG/CFA followed by PTX and injected at day 2 with PTX
only. Micewere sacrifice5 days posEAE induction. The clinical score of mice in
bothScn8d™* andScn84™“*mice was recorded daily, starting at d@yost EAE

induction. Blood samplesere collectect days O (premmunization), 6, 13, 21, and 35.
On day 35, mice wergacrificed, anaptic nerves and braingere collectedB) The

clinical score oScn8d™* (n = 10) andScn84™*(n = 10) mice postEAE induction
revealed a typical progression of M@&luced EABbut with significantly improved
motor function inScn84™"*in the recovery and chronic stage.RIJA was extracted

from brains of healthy (heRAE) or dironic stage (35 day) EABduced (+EAE) mice.
The expression dBcn8ain EAE Scn84™*was downregulated significantly compared to
Scn8&™ EAE mice Dataare presented s t h e  méaoavayNANGVRMas used

to compare the statisticdli f f er ences among gr oupBs with

0.05,ns not significant
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Figure 3-2 Scn8d™*h et er ozygous mice hav-®8'CDIoiwber fr
and-1@fCDthbt a higher f'‘cequenciyny oheCbhDl1®od c
chronic pABse of

Immune cell frequency in peripheral blood at 35 days-pédE from Scn84d”™* (blue
bars, n=8) an®cn84™"* (red bars, n = 8) mice. The frequency of A}y3#" CD11b,
B) Gr-1"/CD11l, C) CD4, D) CD8 and E) CD19cells at days 35 pofAE
induction Dataare presented s t h e meR<0.05ns,Sid dignificant, paired
t-test.
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Figure 3-3 Nav1.6 regulates levels of the prinflammatory cytokine IL -6 in plasma
during the recovery and chronic phases of EAE.

The level of Il-6 was measureih the plasma oScn8a’™* (n = 10)andScn84™/* (n = 8)

mice post EAE induction by ELISA. Datae presented s t he méwadvaly SEM.
ANOVWI th Tukey'wapowmde dh otco teesmpare the stat
grotuPxs 0.. 05
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Figure 3-4 Scn8d™*heterozygousmi e e creased optic nerve i
Grl/ CDXdél | s dwmriomg ct pdhBcse of

H&E-stained longitudinal optic nerve sections (A) aentification of nuclei pemn?

(B). Flow cytometry analysis of infiltration of G'/CD11b in the optic nerves (C) and

the brains (D) of healthy (neBAE) and chronigohase EAE (+EAE, day 3%cn8a’

andScn84™Y* mice. Scale bar = 500 pm. Daiee presented s t he mean N SEM.
*P< 0.05 ns, unpated-test gni fi cant ,
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Figure 3-5 Improved axonal pathologyin optic nerveso Scn8&™Y*heterozygous
mi deiri ndpriomée c PpABse of

Representative EM micrographs of healthy GioXE) and 35 day EAE (+EAE) optic
nerves from A)Scn84"™ andB) Scn84™* mice. Red asterisks indicate enlarged fibers,
blue arrowheads show axolytic fibers and red arrowheads show remyelinating fibers. C)
Sunmmary data for gatios from pooled axonal measurements of healthy and EAE optic
nerves fronScn8a™* andScn8d™*mi ce (error bars are N SD).
axonal areain 35daypeStAE (er r or b aFragueacy f reflyel®afion) . E)
Scde bar, 5um*, P< 0. 05, ttastnpai r ed
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Figure3-6 He a |l t h-E A EStB&#™"*heterozygousmi ®e prheisgsher | evel s
regul atory cy-18lki mesrwlisleher oldhiu rci rfpgh Btshee od

The levels of A) TNF and B) H6 were measureih the brains oScn8&™* and

Scn84™*mice before $cn8&™*, n = 4 vsScn84™*, n = 4) and after EAE (d&35;

Scn8a™*, n = 7 vsScn84™Y* n = 8). The levels of C) H10, D) TGFb1, and E) I:13

were measureih the brains oBcn8a™ andScn84™* mice before EAE$cn8d™, n =

4-7 vsScn84™Y* n = 37) and after EAE (day 35cn84", n = 7 vsScn8d™*, n = 7).

Dataare presented s t he mean N SEM of cytokine | evel
*P< 0. Px0.01%* P<0.001, ns, not significantinpaired-test

121



WScnga

B Scn8amu+

ns

40

L]
=]
™

T
[=]
~N

s|iydosnau 9,

L]
(=]
-

LPS

saline

ns

ns

sabeydossew Buiysaa o

LPS

saline

122



Figure 3-7 Scn8d&™*heterozygousmi aeé s pl ay idrefcirletats@me onr ophi
in the per-LP8B8nstummpbati on

The frequency of neutrophils (A)and resting macrophages (B) were analyzed by flow
cytometry in the peritoneal lavage of WT and dmu mice beftagd* n = 4 vs
Scn84™Y*n = 4) and 16 hours pekPS stimulation $cn8d’* n = 8 vsScn84™/* n =

8). Dataare presented s t he meRn ONun@BSEMHtest. Pata represertvo
separate experiments combined with each experiment (B, D) consisting of

cells pooled4 mice for each group
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Figure3-8Ma st c e $ch8&mfheteramygousmi e oduce | ower | eve
6 i n response taoa LPSretimulation

Bone marrowderived mast cells (BMMC) were cultured and stimulated with 100, 10, 1,
and 0 Og/ ml ocalcium Piphore (AZ318%) theeivediumfor 24 hours.
The concentratio of IL-6 secreted bgcn8d™* (n = 5) andScn8d™*(n = 5) BMMC

was measured by ELISMataare presented s t h e meR<0.0% KrGskaM. *
Wallis test Data represerfour separate experiments combined with each experiment
consisting otcells pooled4 cell culturedfor each group
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Figure S3.1 Gating strategy used to identify immune cells population present in
mouse blood and brain.

A) Starting from the upper left panel and going down following the arrows shows flow
cytometric analysis of leukocytes isolated from a representative mous@5rdays
postEAE. B) Cells were examined blye side scatter (SSC) versus CD45 staining. C)
Show distribution of Ly6G-neutrophils. D) B cells subsets identified by expression
CD19' E) Distributions of T cells CD4nd CD8.
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Figure S3.2 Gating strategy used to characterize theell population in the mouse
peritoneum.

Cellswereharvested from thperitonealkavity by lavage, counted, and centrifuged prior
to staining with specific antibodies. Stainiisgshownfor asalinemouse at 16 hours.
After FSC /SSC scatter gating, a sequential gating strategy was used to determine
populations expressing specific mark: neutrophils (CD11"#4/80" Ly6G"), resting
monocytes (CD110F4/80" Ly6G).
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Chapter 4  Toll-Like Receptor 2 mediates axonal loss and inflammatory
processes in the chronic phase of EAE.

This manuscript is in preparation to submit as thefollowing:

Barakat Al RashdiBassel Dawod, lan D. Haidl, Sabine Tacke, Stefanie Kuerten, Patrice

D. Co6té, Jean S. Marshall

Running title:
Toll-Like Receptor 2enhance inflammation in EAE
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4.1 Abstract

Multiple sclerosis (MS) is an autoimmuneflammatory demyelinating disease
that affects the central nervous system (CM&hough the etiology of MS remains
unclear, it is well accepted that both genetic predisposition and the environment are
critical factors While the adaptive immune systemshbeen the primary research focus in
MS, the role of the innate immune system is attracting increased interesikd oll
receptors (TLRs) are a major family of pattern recognition receptors (PRRs). TLR2 is
activated by a broad range of ligan@iER2 actvation has been implicated in several
diseasedncluding MS andexperimental autoimmune encephalomyelitis (EAE)but, its
exact role has been controversial and not well defined in the context of EAE. We,
therefore, investigated EAE associated disease msigreand inflammation in TLR2
and WT mice, focusing on the nature of the inflammatory response. EAE was induced in
TLR27 and WT groups by injecting mice subcutaneously with myelin oligodendrocyte
MOGssss peptide and Mycobacterium tuberculosis H37RAX was injected
intraperitoneally on the day of immunization and again 2 days later. Our results showed
that the clinical score in TLR2mice was significantly lower during the early chronic
phase, compared wild type mice. The frequencies of-G7CD11b cells in the blood,
spleen, and brain were significantly lower in TLR@ice at day 40 posEAE induction
compared to the control (p<0.01). TLRice exhibited decreased proinflammatory
cytokines, sah as CXCL1, in the plasma and-@&L(p<0.01) in the brain. These data
demonstrate reduced inflammation and decreased disease severity, during EAE, in the
absence of TLR2. Overall, these results suggest that TLR2 activation plays an important

role in the pthogenesis of MS and EAE by mediating the production of proinflammatory
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cytokines, which exacerbate the EAE symptoms, potentially via their impact on myeloid

cellsand astroglial cells.

Keywords:
Multiple sclerosis, inflammation, experimental autoimmuneeghalitis, optic

neuritis, Toll-like receptorsmyeloid cells, optic nerve, brain, cytokines.

Highlights
f TLR2”" miceexhibitedreduced recruitmeradf myeloid cells in the context of

EAE

TLR2" micehad significantly lower levels of plasma CXCL1 during chronic

phases of EAE.

f TLR2" miceexhibit a decrease in clinical and inflammatory scores in correlation

with decreased demyelination in the CNS.

1 Our results sugge3iLR2 signaling plays an importardle in the pathogenesis of

EAE andby regulating the inflammatory response during the disease.
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4.2 Introduction

Multiple sclerosis (MS) is a chronic demyelinating disease that affects the central
nervous system (CNS). Although the etiology of MS is still unknown, it is well accepted
that genetic factors and environmental factors increase diseagBeitkli, 2007a;
Currier and Eldridge, 1982MS is genally thought to be triggered by an autoimmune
response that attacks the healthy myelin shedilth protects axon@viohr, 2015) The
mechanisms associated with MS and experimental autoimmune encephalomyelitis
(EAE), an animal model resembling MS, are primarily attributed to the adaptive immune
system(Hemmer et al., 2015 cells, especially effector T helper cells, including Thl
and Th1l7, react to seffiyelin resulting in demyelination of axons, which leads to axonal
degeneration and irreversible neurological distdsl(Petermann and Korn, 201The
contribution of the innate immune system in the pathogenesis of MS has recently gained
greater attention fromesearchers in this field. The innate immune system can contribute
to the disease through multiple mechanismduding impacts on antigepresenting

cells (APC) that subsequently modulatedll response@Hossain et al., 2015)

Toll-like receptors (TLRs) are a family of extracellular, intracellular, or soluble
pattern recognition receptors (PRRs) that are crucial for innate immune responses. TLRs
recognize several ligands, DAMPs or exogen®AdPs including LPSPTX, and
tuberculosidoxins, and upon activation regulate different signaling pathways that lead to
the maturation of DCs and differentiation of T cell sub&&seway and Medzhitov,

2002; Kawai and Akira, 2011; Qureshi anedzhitov, 2003)Humans express eleven
types of TLRs (TLR1 to TLR11), and mice express twelve (TLR1to TLR 9 and TLR 11

to TLR 13)(Akira et al., 2006; Kawai and Akira, 201e@nt studies have suggested
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that TLRs have a role in MS initiation, relapse of the disease, and CNS damage
(MirandaHernandez and Baxter, 2013)LR2 is an extracellular receptor expressed in
numerous cells including monocytes, microglia, Schwann cells, endothelial cells in CNS,
neurons, dendritic cells (DC), B cells, and T cdlgavalli et al., 2007; Bsibsi et al.,
2002;Medzhitov, 2001)In MS and EAE, the expression of TLR2 has been shown to be
upregulated in the CNS on oligodendrocytes and in peripheral blood mon@ayeaslli

et al., 2007; Prinz et al., 2006; Sloane et al., 20I0R2 has been found to suppress the
maturation and remyelination @PC thereby provoking a deterioration of MS

symptomgSloane et al., 2010)

TLR2 is expressedsa homodimer or heterodimer with TLR1 or TLR6
(Medzhitov, 2001)In MS patients, endogenous ligands of TLR2 have been identified in
regions of the CNSsuch as the spinal cord and bréalle and Buch, 2014; Schrijver,
2001) In this cantext, it is noteworthy that the ectodomain of TLR2, which can be found
as a soluble protein (sSTLR2) in body fluids including plasma, cerebrospinal fluid (CSF),
and breast milfLeBouder et al., 2003has been proposed to asta decoy receptor that

can compete with TLR2 for ligands to regulate signajlreBouder et al., 2003)

In EAE, TLR2 interacting with endogenous ligands such as hyaluronan, and
HMGB1 can enhance inflammation and exacerbatécal symptoms. The inhibition of
these ligands reduces disease severity. In both the adoptive cell transfer and active
induction of EAE, TLR2 deficient mice shaanattenuated progression thie disease
(MirandaHernandez et al., 201LTJhe mechanism of TLR2 promotion of EAE/MS
appears to be dependent on the type and dose of ligands binding to the (€lapiaat

al., 2011)
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Exogenous ligands for TLR2 include bacterial peptidoglycan and®aka
lipopeptide. Peptidoglycan was found to enhancerttiedtion of EAE through binding
to TLR2 (Visser et al., 2005 Conversely, low doses of zymosan, a fungal beta glycan,
reduces or reverses the relapsing paralysis in EAE by enhaheidgferentiation of
regulatory T cells (TreggLi et al., 2013a)Notably, the previousnvestigation of the
role of TLR2 in EAE primarily evaluated inflammation in the spinal cord and peripheral
organs while the role of TLR2 in optic nerve degeneration and inflammaitibie brain

was not fully defined.

In this study, we aimed to investigate the role of TLR2 inirtfition and
development of EAE in the optic nerve and brain by using TLR2 knockout and WT mice.
We hypothesized that the absence of the TLR2 receptor would reduce inflammation in
the brain and mediate axonal damage in the optic nerve in the chronecgbtaSE Our
results indicate that TLR2 knockout mice displayed less inflammation and a reduction of
Gr-1*/CD11kb' in the blood, spleen, and CNS combined with a decreased level of
chemokines in the plasma and jonflammatory cytokines in the brain. These results
suggest that TLR2 signaling plays an important role in the pathogenesis of EAE by
regulating the productioof pro and artinflammatory cytokines and chemokines
including CXCL1 in the plasma and-&, IL-13 in the brairand enhances axonal

survival in the optic nerve.

4.3 Materials and methods
4.3.1 Mice
Female mice (1i0Ll2 weeks oldfn = 49), C57BL/6 Charles Riveraboratory

(Montreal, QC, Canada) and B6.2ZZ82tm1Kir/J (TLR2') mice were bred from stock
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obtained from the Jackson Laboratory (Bar Harbour, ME, US”)se in this study. All
animal experiments were approved by the Dalhousie University Committee on
Laboratory Animals and conducted according to the guidelines from the Canadian

Council for AnimalCare.

4.3.2 Animal models and experimental design

Three major treatment groups of mice were analyzed: An EAE group, an EAE
control group, and a TLR2 ligand treatmgnbup. EAE was induced as previously
described byAlrashdi et al., 2019)Briefly, It was induced in TLR2 and WT mice by
subcutaneous| y i ngsseanbined\gith GFR mgnil) (kb EKk MO G
2110, Hooke Laboratories, Lawrence, M8Yyensson et al., 2002)he mice were also
injected intraperitoneally witRTX (200 ng/mouse) on the day of the initial
immunization and two dayster. For the EAE control group, TLR2nd WT mice used
as antigen controls received CFA plus PTX but not M&6The third group of mice
wasalso EAE treated to induce stimulated with the TLR2 lig&adaCSKs (20 ug, i.p.)
on days-1, 1, 3 and 5 of BE induction, similar to what has been used by Chen et al.
(Chen et al., 2009EAE mice were monitored daily for symptoms of EAE and changes

in body weight beyond day 40.

4.3.3 Blood collection and tissue sampling

On days 0, 6, 13, and 21, facial vein puncture was performed to ¢bédxtood
sample's final heparin concentratiéteart puncture was performed at the endpoint of the
study 40 days poffAE (Fig 4.1). Plasma was collected from each animal for chemokin

and cytokines measurements. Flow cytometry was used to analyze blood, optic nerve,
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and brain samples to identify subtypes of cells, including myeloid cells, T lymphocytes

(CD4" and CD8), and B lymphocytes (CD1R

4.3.4 Extracellular staining and flow cytometry

Peripheral blood plus 20 L of heparin as a@gulant was collected at day 40
postEAE. Furthermore, spleen and brain tissue were harvested at the chronic phase of
EAE. The peripheral blood mononuclear cells were isolated using Ficoll. Red bltsod cel
were lysed using ACK buffer (0.15 M ammonium chloride (cat. #A4514, Sigma Aldrich),
0.01 M potassium bicarbonate (cat. #P7682, Sigma Aldrich), 0.07 mM EDTA (cat.
#15575, Invitrogen) for 10 minutes at room temperature. Cells from spleen and brain
tissueswvere disassociated through 70um wire mesh and followed by addition of an equal
volume of 2X enzymatic digestion mix to a final concentration of 10 pg/ml (collagenase
D and 100 pg/ml DNase |, Roche Diagnostics, Mannheim, Germany), before incubation
in a wder bath at 37°C to degrade the tissue and prepare a-selgteispension. Cells
were then centrifuged at 400 x g for 5 minutes at 4°C, resuspended in 0.5 ml of ACK, and
placed on ice for 5 minutes to lyse red blood cells. Cells were washed, counted, the
centrifuged at 400 x g for 10 minutes at 4°C and resuspended in a 1/1000 of fixable
viability dye (FVD) eFluor450 (eBioscience, San Diego, CA) in PBS for 30 minutes. The
cells were washed with IMF and brain tissugsstained with specific monoclonal
anibodies (mAbs) to label various immune cells such as macrophages(E&8Qb),
granulocytes (GAL+/CD11B), T lymphocytes (CD4 CD8") and B cells (CD19. After
incubation, cells were washed with flow cytometry wash buffer (PBS supplemented with
2% FBY, centrifuged again, fixed in 1% paraformaldehyde (PFA) in PBS and kept at

4°C.
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Compensatiomontrols were prepared using compensation beads (Invitrogen,
Carlsbad, CA) mixed with individual dilutions of each antibody used as above in IMF.
All beads andells for compensation were incubated with dye or antibody cocktail for 30
minutes on ice and then washed with IMF, centrifuged, and fixed in 1% HieA.
unstained control&erenot incubated with FVD. Stained samples were acquired within
24 hoursusingBD FACS CantoE 11 cytometer (BD Bi o:
analysis and gating were done using BD FACS Diva software and FlowJo

V10.2(Ashland, OR) software.

4.3.5 ELISA

ELISA was used to detect levels of the chemokine CXCL1 and cytgkines
including IL-6 and 1-:10 in the plasma and TNHR,-10, IL-6, IL-13,and TGFb 1 i n t he
brain. We extracted the protein from the brain tissue of EAE mice by homogenizing the
samples, using a Qiagen Tissue Ruptor device, in RIPA buffer with EBERAproteas
inhibitor tablets from (Sigma) for 1 minute on ice. Samples were centrifuged at 10,000 x
g for 10 min, supernatants were collected, and total protein was measured using a
Bradford protein assay (BiBad, Mississauga). Levels of cytokines were normaliaed
total protein concentratiorELISA was performed according to the manufacturer's
instructions. Briefly2.5 pg/ml of capture antibody (CXCL1,4&, TNF, IL-10, IL-13,
andTGFb 1) (eBioscience) diluted in borate bu-
ELISA plate. Blocking buffer (2% BSA in PBS) was added to the plates before the
addition of samples. After inbation overnight at 4°C, biotinylated secondary antibodies
and Streptavidirhorseradish peroxidase were added. TMB solution (eBioecience) was

added to the plate and incubated for I min before the reaction was stopped using 2N
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H>SOQy and the plate measad using an Epoch microplate spectrophotometer (Biotek,

V).

4.3.6 Luminex multiplex assay

Luminex analyses were performed on the plasma and brain tissue according to the
manufacturer's instructions. Brain and plasma samples were centrifuged at 16000 x g for
5 minutes, diluted 2old in Calibrator Diluent RD&2 and then analyzed by using
Multi-Analyte Mouse Magnetic Luminex Assay (R&D system, Minneapolis, MN, USA)
and BioRad BiePlex analyzer. The instrument sets were used: 50uL sample volume,
Bio-Plex MagPl& Beads (Magnetic) bead type, and doublet discriminator gates set
between 8000 and 23000. The assay used detected the cytokines -MOF|LH6, IL-13,

and TiL@mkdfchemokines CXCL1 and CCL2.

4.3.7 Quantitative reversetranscription polymerase chain reaction(QRT-PCR)

Brain tissue was collected from TLR2 knockout mice and wildtype mice and
submerged in RNA later (Qiagen, Hilden, Germany). 700 pL of a phenol/guanidine based
QIAzol Lysis Reagent was added to samples (Qiagen, Maryland). Next, tissues were
homogeized using a Qiagen Tissue Ruptor device and incubated for 5 minutes at room
temperature. 140 uL of chloroform was added to the homogenate, shaken vigorously and
centrifuged at 10000 x g for 15 minutes at 4°C. The upper aqueous layer was extracted,
an egal volume of RNaséree 70% ethanol was added, and centrifugation at 7500 x g
for 15second®ccurred at room temperature @m RNasaMini spin column using
Qiagen kits RNA was isolated according to thea n u f a qtotocol &RNAS s
concentrationsweremegaur ed using an Epoch spectrophot

Volume Plate (Biotek), and analysis was performed using Gen 5 software. The ratio of
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A260/280 was used to identify the purity of RNA sampées] 1.82.2 was considered
good quality RNAThe RNA integrity was determined, RNA samples were reverse
transcribed to cDNA using a QuantiTect® Reverse Transcription Kit (Qiagen). The
resulting cDNA samples were diluted 1:4, and qPCR was performed to measure the
expression of MRNAs for implicated in thelarhmatory response, includitigdb and
IL-101in the chronic phase of EAHable 5) The relative mRNA expression of the genes
of interest was normalized to the geometric mean of the reference@esiesndHprt

Cq value expressed a¥2%%h er e t Eaegerep ofthterest Cq references genes.

Table 5 gPCR primers:

Gene Primer sequence or company (catalog number)
Hprt Bio-Rad (Cat no. 10025636)

TBP Bio-Rad (Cat no. 10025637)

lb Qiagen (Cat no. PPM03015A)

1110 Qiagen(Cat no. PPM03015A)

4.3.8 Electron microscopy

Optic nerve tissues were collected from both groups of C57BL/6 and
TLR2-/- mice that were sacrificed in the chronic phase, 40 days after induction of EAE.
Tissues were then processed according to the process outlined by Kuerten et al., (2011).
Glutaraldehge 2.5% in 0.1M sodium cacodylate buffer was used for the fixation of
tissues overnight. Tissues were then rinsed with 0.1M sodium cacodylate buffer, fixed for
2 hrs with 1% osmium tetroxide, and then quickly rinsed with distilled water. Samples
were therplaced in 0.25% uranyl acetate at 40C, dehydrated in graded acetone solutions,
embedded with Epon Araldite resin and placed in a 60°C oven for 48 hours to harden. An

ultraamicrotome (Reichert Ultracut R, Leica, Germany) was used to transversally section
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sanples to a thickness of 50 nm. A digital EM camera (MegaView lll, Olympus Soft
Imaging Systems GmbH, Minster, Germany) was used to take images. To demonstrate
the axonal loss and myelin pathology, we useetratig that was determined by dividing

the axordiameter by the diameter of the myelinated nerve {iGey et al., 1991;

Kuerten et al., 2007)0nly axonal gratios three standard deviations above

(remyelinating) or below (demyelinating) the average of thelE&R reference group

were counted. Axonal damage, including axolytic axons and neurofilament pathology,
was determined qualitatively. The analysis was conducted by an individual that was blind

to the nature of the samples.

4.3.9 Statistical analysis

All statistical amlyseswere performedby two-way ANOVA with multiple
comparisontestwi t h Tuk ey ' axdumosati r heal¢-teSts asshiicatedid s
the legend of the figur&rror bars represent the standard error of the r{®&aM).
GraphPad Prismeoftware was used for statistical analy@ésr. 5.0, GraphPad Software,

La Jolla, CA).

4.4 Results

To address the impact of TLR2 deficiency on the immunological mechanisms
involved in the course of EAE, with a focus on the chronic phase, we induced
monophasi chronic EAE in both C57BL/6 anLR2'/ 'mice by immunization with the
MOGssss, followed by intraperitoneal (i.p.) injection with PTalong with CFA(Figure
4.1A). As such, four experiments comparing WT @h&2’ were conducted to
determine the role of TLR2 in chronic EAE including, untreated control, M&c

immunized (+EAE), adjuvant control without MQ&3s (+CFA+PTX), and TLR2
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activatorPamCSKs with EAE (+EAE+Pam3).The clinical symptoms appeared nine
days posimmunization in all EAE mice (Fig. 4.1B). Howev@i, R2"+EAE mice
exhibited a significant improvement in clinical signs during the chronic phase between
28-37 days posEAE immunizationcompared to WT+EAE (Fig. 4.1Byhe +CFA+PTX
mice (TLR2" and WT) showed no clinical signs of disease for the duration of the
experiment. Finally, the clinical signs of all WEAE+Pam3treated mice wergot

significantly different from those of WT+EAE idure 4.1B).

We assessed the inflammatory status and immune profile of outrieAted
groups by examining the circulating immune cells in the peripheral blood of chronic
phase EAE (day 40). The frequency mdt theabsolutecell numberof Gr-1"9" /CD11b
cellsin TLR2+EAE mice was significantly lower(= 0.0259)and only reache89% of
that seen iIWT+EAE mice(10.60 £ 2.341n=8 vs 21.31 + 1.784 %, = 8; Fig. 4. 2A)
Our results showed that the activation of TLR2 in WT+EAE+Pam3 signifjcant
increased the total cell number matt the frequencygf Gr-1"9"/CD1115 cellsin the
blood compared to WT+EAHR(= 0.0012;709410 + 72236n= 4 vs 280650 + 49752
=8 ; Fig 4.2A) WhereasTLR2"+EAE+Pam3 mice showeatb significantdifference
compared to TLRZ+EAE either in the frequency ¢ne absolutenumber oftirculating
Gr-1"9"/CD11b cells.In contrastno significant differences in the frequency or the total
number of CD4andCD8" cellswere observed in any of the conditions (Fig2B.and
C). Thefrequency of CD19B cells wassignificantlyhigher @ =0.0148§ in TLR2™"
+EAE vs WT+EAE 49.54 + 4.161n= 8 vs 35.69 * 4.225%, = 8; Fig 4.2D) but the
absolute number of cells was not significantly different. In addifi®uR2’ mice

activated withPamCSKs showedsignificantlylower the absolute number but, not
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frequencies of GL"9"/CD11b compared to TLR2 stimulation BBamCSKs in WT

mice P = 0.0136; 709410 + 72236 , n = 4 vs 328156 + 35565, n = 4; Fig 4.2A). Finally,
a comparisometween control groups WT+CFA+PTX aftlR2"+CFA+PTX showed

no significant differences in the frequencies of immune cel$"@YCD11b', CD4,

CDS8", and C19".

To investigate whether TLR2 expression modulates the inflammatory response
systemically, we measured the level of-prlammatory cytokine IL6, the anti
inflammatory cytokine IE10, and the chemokine CXCL1, a chemoattractant of
neutrophils(Ahuja and Murphy, 1996)n the plasma of mice (Fig. 4.3). Following EAE
induction, 1L-6 in TLR2”-was reduced to half of WT levelsithough this difference was
not significant. IPam3treated +EAE mice, the levels of-B.in WT+EAE+Pam3 were
2.5 fold higher than in WT+EAEP = 0.0010; 222.4 + 34.3%1=5 vs 554.3 + 56.40
pg/ml, n= 4),while TLR2"+EAE+Pam3 did not show a significant increase vs TER2
+EAE. Furthermore, the levels4& in WT+EAE+Pam3 were significantly hightihan in
TLR2+EAE+ Pam3P = 0.0001; Fig. 4.3A)Comparisons of levels of 410 did not
reveal significant differences between WT+EAE @idR2"+EAE in all conditions (Fig.
4.3B). Levels of CXCL1 were significantly lower TLR2"+EAE vs WT+EAE P =
0.0152; 121.6 + 33.82,= 4 vs 244.4 + 9.65pg/mL, n = 4). The proinflammatory
cytokines TNFJL-1 b ,-17)ahd GMCSF along with the anthflammaory cytokines
IL-13 and IL- 4 were below the limit of detection for WT aftiR2"" in all conditions

(not shown).

In spleensimilarly, to circulating levels in the bloothe infiltration of G

1¥/CD11b, CD4+, and CD19cells were increased in both WT+EAE aRdR2"+EAE.
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The frequency, but not the absolute numbeBel"" /CD11b cells, was significantly
lower inTLR2"+EAE vs WT+EAE miceR =0.00168.16 + 1.753n = 8 vs16.28 +
1.367 %,n = 8). However, the comarison between WT+EAE+Pam3 and TLR2
+EAE+Pam3mice showedignificantlylower frequencies and total cells numbeCof
1Migh /CD11l cells inTLR2+EAE+Pam3nice compared t&VT+EAE+Pam3P =
0.0131;2.323 + 0.4935n =4 vs 11.83 + 3.101 %) = 4; Fig 4.4A). CD4cells were
significantly higher in frequency, but not absolute numbewin+EAE+Pam3 compared
to WT+EAE mice(P = 0.0487;15.65 + 1.854 n =4 vs6.541 + 0.6836 %n = 8) and
therewas a significant increase TLR2"+EAE+Pam3 v LR2+EAE (P = 0.0025;
19.75 + 5.320n =4 vs 7.344 + 1.086 %n = 8; Fig 4.4B. CD8" did not show significant
differences in all conditions (Fig. 4.4C and D) addition, CD19 cell frequency but, not
the absolute number, werigsificantly elevated iifLR2"+EAE compared to WT+EAE

(P =0.0018; 59.16 + 2.982,= 8 vs 39.66 * 4.865% = 8; Fig 4.4D).

Based on our results revealing improved clinical scor@d. B2’ vs WT during
the chronic phase and consistent observations of reduced circ@atifi§"/CD11l in
the blood and infiltration of the spleen along with decreases of CXCL1 levels in the
plasma, we sought to investigate the effedhefabsence of TLR2 otihe CNS. The
infiltration of Gr-1*/CD11l cells was significantly lower in the brains BtR2"+EAE
vs WT+EAE f = 0.0373; 2.648 £ 0.713%,= 8 vs 6.513 + 1.474%,= 8; and Fig.
4.5A). Comparisons of CD4Fig. 4.5B) CD8" (Fig. 4.5C)and CD19 (Fig. 4.5D) cell
frequency did not reveal significant differences between WTT&amR ™" in all

conditions Moreover,Pam3did not significantly impact the infiltration of Gr
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1*/CD11b, CD4' T cells, CDS8' T cells, and CD19B cells in the brains of WT+ER or

TLR2" +EAE mice (Fig. 4.5 AD).

To evaluate the role GfLR2 in inflammation in EAE brains, we performeehat
time PCR analysis for the HL fpro-inflammatory cytokine transcripti{b) and the Ik
10 antiinflammatory cytokine transcriptl{0). ll1b expressiowas found to be
significantly lower inTLR2"+EAE mice during the chronic phase of EAE in comparison
to WT+EAE (P =0.0334; 0.7734 £ 0.105n = 3 vs1.316 + 0.04371n = 3; Fig. 4.6A)
and, converdg, the expression df10 was found to be significantly higher TLR2"
+EAE mice in comparison to WT+EAPE0.0144; 2.303 £ 0.174%=3vs 1.081 +
0.2715 n= 3; Fig. 4.6B). No significant difference was found for the expressidnlof

andll10 between +EAE and +EAE+Pam3 for both WT dindR2”" (not showni).

To complement our investigation of inflammation in the brain, we measured the
pro-inflammatory cytokines It6 and TNF at the protein level in untreated mice and
chronic phas&@LR27+EAE, andWT+EAE mice and found H6 to be significantly
decreased iTLR2"+EAE mice relative to WT+EAER =0.0001; 123.5 + 3.247= 4
vs209.2 + 6.373g/mL, n=5; Fig. 4.7A), while the TNF did not shawe difference
between groupé-ig. 4.7B).Thelevels of the antinflammatory cytokines 113, IL-10,
and TGFb lwere also examined ihe brainsof untreatedand chroniephase EAE mice.
IL-13 was dramatically and significantly increased@@ in TLR2+EAE vs WT+EAE
(P0.0059; 33.17 £ 10.2%=4 vs0.5175 £ 0.187pg/mL,n = 4; Fig. 4.7C). The
observed difference level of L0 (Fig. 4.7D) and TG#B1 (Fig. 4.7E) inTLR2"+EAE

vs WT+EAE did not reach significance in both groups.
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To determine the impact of TLR2 on the axonal degeneration we analyzed the
optic nerve, a well characterized component of the CNS frequently used to assess axonal
and myelin pathology po€EAE. In comparison, the axon densityThR2"+EAE optic
nerves wa visibly increased and pathological features were less common compared to

WT+EAE (Fig. 4.8).

The ultrastructure of transversally sectioned optic nerves was assessed for axonal
demyelination and degeneration by using thatg. Based on the-gatio, we bund that
the level of demyelination was significantly lower in TLREEAE vSWT+EAE (P =
0.0398; 0.6223 £ 0.2857, n =4 vs 2.031 £ 0.4561, n = 4; Fig 4. PB)yelinated
fibers, visually identified based on the presence of an intact axon but devoyelaf,m
showedno significant difference was fouma both groupgFig. 4.9C). Visual assessment
of sections revealed the presence of axolytic (degenerated) fibers in WT while none were
detected in TLR2 mice P = 0.0149; 1.397 + 0.4138,= 4 vs0.0 = 0.0 n= 4; Fig 4.

9D).

4.5 Discussion

The pathogenesis of MS and EAgcharacterized by complex interactions
between the nervous system and the immune system. Axonal loss and persistent
inflammation caused by the infiltration of immune cells into the CNS are hallmarks of
MS and EAE(Amor et al., 2014a; Bjartmar et al., 2008he activation of TLRs by its
ligands enables immune cells to produceipftammatory cytokines and enhance the
function of APCs that have the capacity to prometeell activity to recognize antigens

(Akira and Takeda, 2004)
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It has been reported that TLR2 a&etiion hinders remyelinatiofEsser et al.,
2018) possibly through the blockade of oligodendrocyte progenitouratidn by the
interaction of hyaluronan and TLR3loane et al., 2010Following the initial acute
remission phase of EAE, tisgmptoms hae been found to be milder TLR2-deficient
mice thanWT controls which highlights a potential role for TLR2 in the progression of
EAE (Marta, 2009; Mirandddernandez et al., 2011)he disease progression, atskea
early stagesnay involve endogenous TLR2 ligands produced during initial tissue
damageConsistent wittthe findings oMirandaHernandez et a(2011)who found a
reduction of the clinical score in TLR2 knockout mice from day 16 until day 40 post
EAE, andwe found that TLR2 deficient mice presented with a lower clirsicare of

EAE compared to WT mice in the chronic phase

The lterature on the role of TLR2 in the inflammatory process of EAE has been
inconsisten{Kremer et al., 2011Prinz et al. (20064lid not find any difference between
TLR2 knockout and WT mice in EAPPrinz et al. (2006)ised MOGsss peptide in
femalestrain mice MirandaHernandez et al. us&dOGss.s5 peptide and female mice
similar to our study. Our results are more consistent MitandaHernandez and Baxter
(2013) who found a reduction of clinical score in TLR2 knockout mice starting on day
16 until day40 postEAEand we obarved the reductioduring the chronic phase of
EAE. The EAEiInductionprotocol, animal agestrainand sex, and microbiome
differences betweefacilities could contribute to these differences.

It i s noteworthy that for inducing EAE,
(CFA), which includes killed Mycobacterium tuberculosis, a ligand for TLR2, TLR4, and

TLR9 (Lim, 2003; Means et al., 1999)FA is able to disrupt bloedrain barriers and
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enhance the production of inflammatory cytokines in circumventricular organs through
microglia in the CNSReiber et al., 1984However, the use of CFA+PTX alone in our
study wthout MOG3555 as control has not changed the clinical score and infiltration of
immune cells in the CNS and periphery. Our observation that Td&fitient mice had
improved motor function during the early chronic phase of the disease may be attributed
to the reduced circulation and infiltration of myeloid cells in the periphery and CNS.
MirandaHernandez and Baxter (20113ve reported that TLR@eficient mice that were
injected with leukocytes transferred from EAttluced C57BL/6 attenuated the disease
compared to WT that were injected with leuk@sytransferred from EAEduced

C57BL/6, similar to active of EAE in the deficiency TLR2 and WT. These results

confirm the involvement of TLR2 in the development of EAE.

Neutrophils represent a high percentage of leukocytes in the CNS and are key
mediatorsof the inflammatory procegRumble et al., 2015Yhere are two
subpopulations of CD11Gr-1* cells in mice, Gr1l"9" and Gr1™, which have been
shown to have praand antiinflammatory roles, respectively, in several disease models
including cancemmycobacterial infections, and EAPBastor et al., 2009)n EAE,
neutrophils have been found to be elevated in the blood plasma an(Naaile et al.,
2012; Rumble et al., 2018nd have been implicated in the development and progression
of the diseaséut their exactole remains uncleaNeutrophils Gr-1"9"/CD11b) cells
increase in mice during inflammatory respond&astor et al., 2009)nd could be used to
monitor the development of immumeediated diseasgscluding EAE(Yi et al., 2012)
Our data showed that circulating myeloid cells, includingl@f/CD111", were

increasd in the peripheral blood, spleen, and brain dutirggchronic phase of EAE
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which is in agreement with Yi et al. (2012) who found an increase-af'&CD11l in

chronic EAE.Furthermore, we activated TLR2 in WT+EAE by its ligand Pam3 to

confirm its role in disease progression and found an increase in the absolute lowtmber
not the frequencyf circulating Ge1"9"/CD111 cells in the blood along with high

infiltration of thefrequency and the total cell numbettive spleen compared to-un

activated WT+EAE mice. However, we did not observe a significant difference in the
infiltration of Gr-1"9"CD111 cells into the CNS, suggesting that the Pam3 did not cross
the bloodbrainbarrier (BBB). Activation of TLR2 by exogenous ligands is not sufficient

to trigger theantigenspecific T cellghat contribute to CNS damage. It has been reported
that both endogenous and exogenous ligands are necessary for the activation of TLR2 to
trigger the inflammatory responéeynolds et al., 2010Moreover, the activation of

TLR2 in the CNS is implicated in the innate inflammatory response, but it does not affect

the adaptive immune response or the courdeAd (Luz et al., 2015)

CD19' B cells modulate the production of several cytokisiesh as TNFLFN-g,
IL-12p40, IL-10, and Il-6 under normal conditions. It has been shown@i2t9 has
multiple roles in the development of EAMatsushita et al., 2006Mice lacking the
CD19 cell surface marker (CD19nice) exhibit a more severe disease state compared to
WT mice indicating the role of CD19 in reducing disease sev@ayaziz et al., 2008;
Musette and Bouaziz, 2018Jhis can perhaps be explained by CDB%ells having a
role in the recovery phase of EAE by producinglll, which is required to suppress the
inflammatory respons@ouaziz et al., 2008; Kalampokis et al., 2013; Yangle
2013b) In EAE, CD19 B cells regulate the balance of pemd antinflammatory

cytokines produced by Thl and Th2 (Matsushita et al., 2006). Our findings indicate that
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higher levels of CD19B cells in the periphery and CNS could play a regujatole by

reducing inflammation in TLR2 knockout mice.

It has been reported that levels of CXCL1, a major neutrophil chemoattractant
elevated in the CN8f EAE mice(Grist et al. 2018; Rumble et al., 2019 the plasma
of TLR2" mice, we found that levels of the chemokine CXCL1 were significantly
reduced along with slight reductions of@Lduring the chronic phase of EAE. Qasults
are consistent with findings fro(Reynolds et al., 201@pat show a decrease of CDR
cellin EAE mice specifically Th17, infiltration into the CN@nd also show a decrease
in IL-6 production, whichmost likely contributes to thattenuagddisease severity in
TLR2 knockout mice. Inhibition of CXCL1 reduces the accumulation of myeloid cells in
the blood leading to subsequent amelioration of disease severity ifFgeBer et al.,
2000; Grist et al., 2018 XCR2, a chemokine recep for CXCL1 and a major
neutrophil chemokine receptor, promotes the migration of neutrophils to injured areas of
the CNS in EAEKerstetter et al., 2009; Zhou et al., 206BCXCR2 knockout mice
injected with MOGsssdisplay a reduction in the development and severity of EAE
(Zhou et al., 2003)This suggests that the improvement of clinical symptoms in TLR2
mice during the chronic phase of EABuld be attributed to a decreasénfiammatory
status due to a decrease in circulatinglt®/CD115 neutrophis and in 1L-6 levels
with increasedevels of CD19 B cells. Finally, our inability to detect TNHR,-1 b ,-17] L
GM-CSF, IL-13 and 1l-4 cytokines in plasma during EAE is consistent with the findings

from (MirandaHernandez et al., 2011)

By examining antinflammatory cytokines, we observed that the levdlLet3

was significantly elevated in the brain of TLREZEAE mice conpared to WT+EAE
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mice The Th2 subset of cellsproduce cytokines such Hs-4, andIL-13 (Kasper and
Shoemaker, 2010; Mosmia and Sad, 1996yvhich carameliorateEAE by inhibiting
Th1l-like responses through reducing HENTNF and IL-12 levels(Bitan et al., 2010)
Therefore, the strong expression oflB in the CNS coulddve a potential protective

effect in reducingnflammation in the chronic phase of EAE in TLRmice.

Myelin is essential for the function and molecular organization of axons allowing
the propagation of action potentials at high speed with reduced ecengymption
(Saab et al., 2013Disruption in themyelin shedt is believed teventually lead to
axonal losgBjartmar et al., 2003however,axonal degeneration in the EAE model has
been observed to occhefore the inflammatory and demyelination processggesting
that the process is more compléxdeed, it has been suggested that axonal damage in the
optic nerve during the acute phase of EAE occurs via retrograde degeneration, which
leads to retinal gaglion cells (RGC) loss following disease progression and glial cell
damaggHein et al., 2012)The extent of demyelination and axonal loss in the optic
nerve was found to be lower in TLR2 knockout mice compared to WT siroisgly
suggests that TLR2 enhances ithenuneand glial respons@& EAE, a process dependent
on inflammatory cytokine release via the MAPK and&ilB  p a t TheTaRR2s
dependent immune responsay, thereforejnterfere with thanaturation and
remyelination of oligodendrocyte precursor cells in E&tereby provoking a

deterioration of symptomSloane et al., 2010)

In conclusion, in this stugyve provide evidencmdicatingthat signahg via
TLR2 plays a major role in the progression of the EAE clinical colils®2” mice with

EAE hadsignificantly improved motor behavior witkduced demyelination and axonal
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damage in the optic nerv®ur results suggest that reduced symptonid.R2” mice

could involve the reduction of inflammation and activation of myeloid cells with elevated
levels of CD19 cellsthrough the modulation of priaflammatory cytokines in the

periphery and brain. Furthmore we provide evidence that the activation of TLR2 in the
periphery enhances disease progression, but we were unable to confirm any exacerbation

of disease severity through exogenous Pam3 activation of TLR2.

Further research should focus on identifythe mechanism of CNS damage

through TLR2 signaling via endogenous or exogenous ligands.
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Figure 4-1 TLR2” mice have improved motor function during the early chronic
phase.

(A) Schematic diagram of the experimental design to evaluate the role of TLR2 in EAE.
Two strains of mice, WT and TLR2wereused in this study. EAE was induced at day 0
in WT and TLRZ" mice by immunization with MO&ss/CFA, followed by PTX and
injected aday 2 with PTX only. Mice were sacrificdd daypostEAE induction. The
clinical score of mice in both WT arifd.R2"- micewas recorded daily, starting at day 8
postEAE induction. Control mice received only CFA and PPAM3CSK;s wasinjected
as indicated40 pg/injection). Blood samples were collected at days 6, 13, 21, and 40.
On the day of sacrifice, optic nerves and brains were collected. (B) The clinical score
postEAE induction of WT (n=10) and TLRZ (n =10),WT+CFA+PTX (n=3)TLR2"
+CFA+PTX (n =3), WTHAM3CSK, (n =5) and TLRZ+ PAM3CSK: (n =5) . Twe

way ANOVA was used to compare the statistical differences among groups, with the

G2dg§8k post hoc test and t 006 *Pi<0.81s*™ Pepr esen

0.001.
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Figure 4-2 TLR2” mice have a lower frequency of Gi1"9"/CD11b* and a higher
frequency of CD19 cells in the blood in the chronic phase of EAE.

Blood was collected from the heart puncture of each animal at day 4BABdrom

WT (blue bars, n=8) anfiLR2" (purple bars, n = 8) mic®yT+CFA+PTX (n =2),

TLR2" +CFA+PTX(n =3), WT+PAM3CSKs (n =4) and TLRZ+ PAM3CSKy (n = 4)

(A and B Frequency antheabsolute number of myeloid @f/CD11b" leukocytes in

the CD48 gate.(C and D Frequency and absolute numbeCid4* (E and § Frequency
andtheabsolute number &D8" andG and H frequency and absolute numberGid19°

cells at days 40 po$EAE induction.Dataare presented s t he méad@ a¥ SEM
ANOVWI th Tukey' 'wagpowsdedcotco tcesmipare the st at
g r p*e <0.05, *P<0.01 ¥ P<0.001Data represents the combination of three

separate experiments where each experiment consists of pooled from 4 mice for each

group.
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Figure 4-3 TLR2 regulates levels of the preinflammatory cytokine IL-6 and
chemokine CXCL1in plasmaduring the chronic phases of EAE.

(A) The level of 1L-6 were measureih the plasma of WTn=>5) andTLR2" (n =4)
mice, WT+ PAM3CSKy (n = 4) and TLRZ + PAM3CSKs (n = 4).(B andC) The level of
IL-10 andCXCL1 wasmeasuredn the plasma of neEAE WT (n=4) andTLR2" (n =
4) andWT (n=4) andTLR2" (n =4) micepostEAE induction by ELISA. Datare
presenteh s t he méadalN SEMIVRAIKkey's post hoc testas used to
compare the statisat differences amongroups**P < 0.05,*** * P < 0.01
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Figure 4-4 TLR2” mice have a lower frequency of Gi1"9"/CD11b* and higher
frequency of CD19 cells in the spleen during the EAE chronic phase.

WT (blue bars, n=8) anfiLR2” (purple bars, n = 8) mic&y/T+CFA+PTX (n =2),

TLR2" +CFA+PTX (n =3), WT+PAM3CSKs (n = 4) and TLRZ+ PAM3CSKy (n = 4)
Thefrequency and absolute numlnéA and B Gr-1"9" CD11l, (C and D CD4' (E

and B CD8", andG andH) CD19 cells at day0 postEAE induction. Dataare

presenteds the meaN S .HWbZvay ANOVA with Tukey's post hoc testas used to
compare thetatistical differences among gpsP < 0.05, **P < 0.01 *** * P < 0.001

Data represents the combination of three separate experiments where each experiment
consists of pooled from 4 mice for each group.
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Figure 4-5 TLR2" mice have a lower frequency of Gi1"9"/CD11b* cells in the brain
duringt hcar oni c pPpABRse of

WT (blue bars, n=8) anfiLR2” (purple bars, n = 8) mic&y/T+CFA+PTX (n =2),

TLR2" +CFA+PTX (n =3), WT+PAM3CSKs (n = 4) and TLRZ+ PAM3CSKs (n = 4)

The frequency of (A) G "V CD111, (B) CD4', (C) CD8&, and E)andCD19 cells at

day 40 posEAE inductionDat a ar e present ewb-waysaNOVA e mean
with Tukey's post hoc testas used to compare the statistical differences among groups

*P <0.05
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Figure 4-6 TLR2 promotes inflammation in EAE mice.

Expression in the brain of the markers of inflammationl &) (a gene that encodes @L

1b) plhOdagBneencodeglL-10) were compared between untreat&hE) or

EAE-induced (+EAE) miceData are presented as the mean + SEM&vay ANOVA

wi Thkey' s pwass whoed ttestcompare the statisti
*P< 0.. 05
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Figure 4-7 Reduced level of the prenflammatory cytokine IL -6 reduced in and
increased levels of regulatory cytokine 113 in the TLR2’ brain during the chronic
phase of EAE.

The levels of AJL-6 and B) TNFwere measureih the brains o'W T andTLR2"mice

before WT, n=4vsTLR2" , n=4) and after EAEday 40;WT, n=5vsTLR2" , n=

4). The levels ofC) IL-13, D) IL-10, andE) TGFb1 were measureith the brains oW T

andTLR2 mice before EAEWT, n=4-5 vsTLR2", n = 3-4) and after EAEday 40 ;

WT, n=4-7 vsTLR2", n=4-6). Dataare presented s t he mean N SEM of
per gamof braintissueTwadvay ANOVIAh Tukey ' 'wasysedsot hoc t es
compare the statistical differences among grdips 0.05, **P < 0.01
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Figure 4-8 The axonal pathology is improved in optic nerves in the absence of TLR2
expression.

Representative ultrthin transversal sections of optic nerves were obtained (A,
+EAE+TLR2/) (B, +EAE+WT). AX, axolytic; *, demyelinating. Scale bar, 5 um.
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Figure 4-9 TLR2-deficient mice have decreased demyelination and reduced axonal
damage in the optic nerve.

Electron micrographs afptic nerves fronf+EAE) mice were analyzed. Based on ¢he
ratio (see Materials and Methogt)e frequency of Ademyelinating axons and B)
optimally myelinated was determined. We also examined the frequency of axons
completely devoid of myelin (Gnd axolytic axongD). Data are presented as the mean
+ SEMand an upairedt-testwas used for statistical analy$i® O 0.. 0 5
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Chapter 5  General discussion and conclusion
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MS is a chronic iliness that hasubstantial negative influence on wieéing and
guality of life. Inflammation in MS and EAE is stimulated and regulated by a wide array
of molecules. This study investigated the role of two crucial molecules involved in the
pathogenesis and regulation of EAHe Nav 1.6 isoform, a primary contributor to
axonal loss in EAE, and Tdlike receptor 2, a key element of the innate immune system
vital for EAE development. | used the M@4{ss peptide to actively induce the chronic
phase of EAE because this peptide is a unique myelin autoantigen that causes an
ercephalitogenic T cell and a demyelinating autoantibody response that reptiesents

MS diseasestate.

5.1Navl.6 in axonal degeneration and inflammation

The first objective of this study aimed to examine whethaeficiencyChapter
2) or redution of expression of (Chapter B)avl.6 improves axonal survivahd disease
developmenin EAE. | haveprovidel evidence that Nav1.6 promotes neuronal
degeneratio and that the channel activity is also linked to the inflammatory response.
Assessing the impact of eliminatinggisodiumchannel in the CNS (chapter 2) was
complicated by the fact thatice withfull-body, homozygougnockouts of th&scn8a
gene, suchsScn8d™/dmpr Scng&e¥med Meisler et al., 2001; De Repentigny, 2001)
suffer from paralysis and death after three weeks of age, thus precluding EAE
experiments. Thefore, another strategy was devised where Cre recombinase, along with
the GFP marker, asdelivered to RGCs dBcn84”/"°X mice using the AAV (serotype 2)
vector. Since AAV2 preferentially targets RGCs aeduced expression 8tn8an a
sub-populationof these cells, | was able to assess the impact of Nav1.6 on axonal

homeostasisn the context of EAE. In addition, this approach proved advantageous since
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it allowed me to use the contralateral eye, either lefhjetted or injected with a AAV2
contahing only the GFP gene, as a control in the same disease microenvironment as the

experimental Cre¢argeted eye.

The results of thsestudesshowedthat the depletion (Chapter 2) or reduction
(Chapter 3) of Navl.éxpressionmproves axonal healtlas show by a reduction of
demyelination and a decreased number of axolytic fibers within the optic nerve. In
Chapter 3, the reduction of the expression of this channel was also found to enhance the
remyelination of axons (interestingly, remyelination was noeotesl in Cretargeted
optic nerves in Chapter 2). This work is the first to siowivothat a reduction of

Nav1l.6 expressioimproves EAE pathology.

Kearney (2002showed that a reduction of Navl1.6 expression to 50% of WT in
heterozygou$cn8&*™*mice (medJis a hypomorphic allele @cn8athat with a splice
donor mutation in exon 3, which results in abnormal splicing of the transdtiptt
exon skipping) do not have overt neurological deficits, whereas a reduction of expression
of this channel to 12% in homozygoBsn8&°4/Mes associated with neurological
symptoms such as dystonia and muscle weakness. Furthermore, a decreadetof N
expression to 6% is lethal and the range of minimal channel expression for survival to
adulthood is between 6% to 12%. However, 12% expressiBori8de/mNwhere
these mice are crossed to mice harbouring the dominant H alleleSdrnihelmodifier
gene, which ensures that a higher proportion of the transcripts encodedimdiatiele
are correctly spliced) results in dystonia and muscle weakness. Taken together, my
observations iBcn84™* mice along with the results frokearney (20025uggest that

there may be an optimal level of Nav1.6 expression between approximately 25% and
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50% of WT levels that should be aimed for to reduce EAE (and MS) symptoms and to
promote remyelination to maintain and restore neoralaction.It has been reported that
Nav1l.2, which is not associated with axonal degeneration and immune cells infiltration in
EAE (Craner et al., 2004b; Schattling et al., 20E8)east partially compensates for
reductions of Nav1.6 in heterozygous micea null mutation irScn8amice, indicating

that if Nav1.6 is unable to fully occupy the nodal membrane, Nav1.2 may be expressed at
higher levels in the nodes to maintain saltatory condu¢tiega et al., 2008)n

addition, the similarity between the properties of Nav1.6 and Nav1.2 and their clustering

indicates a binding competition at the n@¢dega et al., 2008)

The work reported in this thesis also icaties thaNav1.6 promotes the
production of inflammatory cytokines, as indicated by reductions iexpeession ofi6
(IL-6), Ifng(IFN-g), and gliosis measured by quantification of GFA&Raf)in the retina.
While | cannoteliminatethe possibility thacells other than RGCs, such as Miiller cells
and microglia, might contribute to the reduction in retinBhmmation and axonal losk,
believe this contribution to be minimahen considering previous evidenéestudy
conducted by Kaspar et al. (200@yestigated the cellular selectivity of AAV2 in the
brain of a transgenic reporter mouse by quantitating cells with both NeuN, a marker of
neurons, and betgalactosidase to indicate AAM#fected cells. The researchers found
that neurons and not glialltewere targeted by AAV2, confirming the previously

reported tropism of AAV serotype 2 towards neur(@ertlett et al., 1998)

TheneuronalNav1.6 channel, therefore, seems to promote inflammation in EAE.
It is unclear if this is dueotthe increased axonal degeneration or if these neuronal

channels exert a more direct influence on immune cells. To address this, a strategy that
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would include knocking out macrophage function in EAE mice in combination with a
knockout of neuronal Navl.@®uald provide insight. If axons continue to degenerate, we

would conclude that neuronal Nav1.6 is responsible for neuronal loss.

The workcontained withinrChapter 3of this thesidurther explored the link
between Navl.6 and inflammatory mediators. At the histological level, | found that the
infiltration of immune cells was significantly decreased in the optic nerves from
Scn8d™* micewith EAE. | foundthat,in the optic nervethe frequency of neutrophil
infiltration was reduced in comparison to WT+EAE. Axonal damage may be driven by
inflammatory immune celldNav1.6 is expressed in multiple immune cells including
neutrophils and macrophages and participates in the modulatioicrofglial activation
(Black and Waxman, 201&raner et al., 2005; Hossain et al., 2018t} channel
should certainly be considered as a primary enhancer of the immune response. In addition
to optic nerve infiltration, the reduction of expression of Nav1.6 influences peripheral
inflammation by educing the circulation of GI"9"/CD11b and Gr1"/CD11b cellsin
the blood and decreasing the level ofdlin the plasma. In this context, it is noteworthy
that it has recently been reported that there is a high expression of Nav1.6 in the
microgliaof mice and posiortemin patients with Parkinson's disedstossain et al.,

2018b)thereby strengthening the link between Nav1.6 and microglial activation

In the work pursued fa€hapter 3, | was struck by the following observation:
untreatedScn84™* micehad levels of k10 and TGFb 1  -inflamrinatory cytokines
in the brain that far exceeded wild type levels. Increassaabfantrinflammatory
cytokines in mice with reduced Nav1.6 poses new questions: What is the role of Navl.6

channel in relation to the expression of anfflammatory cytokines? Alsamight it be
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possible to target Nav1.6 in order to increase the production ehflathmatory

medidors in the early stages of EAE, which may offer protection against the disease in
mice (and potentially for human MS)? Thus, it may be beneficial to follow this direction
to identify how Nav1.6 activity modulates secretion ofll, TGFb land IL-13 in the

brain, the latter which was found to be increased following EAE induction.

Ultimately, these results taken together proddpportthe hypothesis that
Nav1.6 promotes inflammation and contritatie axonal degeneration following

demyelination.

The observed reduction in neuroinflammation in both optic Reemgeted
Scn8dox andScn84™* mice prompted me to ask whether Nawia8 a broader
regulatory role in the immune system. To address this, | used lipopolysaccharide (LPS)
from E. Coli, a widely used inducer of systemic inflammationSon84™"* mice. The
mice displayed a reduced inflammatory reaction to UBS known that upon exposure
to LPS, neutrophils recruited to the site of injection produce ROS contributing to
persistent inflammatio(McDonald et al., 20100ur resultsilemonstrate that
significantly lower neutrophil recruitment Bcn84™¢* than inScn84"™* miceat 16hour
postLPS, suggesting that Nav1.6 may play a role in directly or indirectly in facilitating
migration.It will be of interest tanvestigate the role afuch sodium channeis
regulating the migration and extravasation of neutrophils in resgoren infection, and

the associated noncanonical molecular pathways.

With regard to how Navl1.6 may influence cell signaling, we know that
inflammation, cell proliferation, and cell death are influenced by the activity and

signaling of MAPK pathways thatclude the extracellulasignalrelated kinase (ERK),

176



c-Jun Nterminal kinase, p38, and ERK5/big mitogectivated protein kinag&asser et
al., 2010; Persson et al., 2014kmterestingly, Nav1.6 and p38 are found in CNS neurons
and expressed in a variety of CNS tissues, indicating the involvement of p38 in the
modulation of Navl.§Black et al., 2018; Wittmack et al., 200%here is colocalization

of Nav1.6 and p38 in hippocampal neurons anavatg activation of p38 by stress the
expression of Nav1.6 current is decrea@gdsser et al., 2010¥lodulation of Nav1.6
activity may impact the functions of neurons and glial cells that restore propef axona
conduction. Following injuries, such as hypoxia and sciatic nerve transection, MAPKs
are expressed to varying degrees in neu(Bleck et al., 2018; Gasser et al., 2010;
Wittmack et al., 2005)While the impact of MAPK on injurnduced gene expression
regulation and signal transduction is wiallown, the mechanism that contribs to

kinases phosphorylating and modulating Nav channels is not well understood.

5.2 Therapeutic modulation of Nav channel function: past, present and future

Lidocaine,a nonselective intracellular Nav channel blocker usually used as a
local anesthetic, has been shown to protect axons frormbiidated axonal degeneration
(Kapoor efal., 2003) Furthermore, lidocaine has been shown to improve some of the
positive symptoms in MS patients, such as burning and tingling sensation, which are less
responsive to nesteroidal antinflammatory drug¢Sakurai and Kanazawa, 1999)
However, since lidocaine causes a complete loss of sensation the quality of life may not

be improvedPutrenko et al., 2016)

Phenytoin and carbamazepie other Nav channel blockers that have been
shown to beprotective in EAE by reducing axonal degeneratioth@intact neuron, to

reduce infiltration of inflammatory cells in CNS, and to produce an improvement in the
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clinical outcomgCraner et al., 2005; Lo et al., 2003he protective effect of these drugs
wasstriking even when administeredl® days post EAE inductigiBechtold et al.,

2004; Lo et al., 2003However, research at Yale University in EAE miceBigck et al.
(2007)showed that the acute withdrawal of phenytoicarbamazepine exacerbated the
symptoms 7 days after withdrawal. This observation caused the phenytoin clinical study
to be halted, although tapering the withdrawal was later found to eliminate this
inflammatory rebound effect in mice (Liu et al., 2014)xHa@s as a result of the trial

being arrested, the inflammatory rebound has not been reported in any MS patient with
Nav channel blocker withdrawal. While the mechanisms underlying such worsening of
thedisease are not well understood, it is speculatbe wue to the infiltration of

immune cells within the spinal cord in mice with EAE (Renno et al., 1995; Black and

Waxman, 2007).

The risks of treatment with sodium channel +specific blockers, such as
lidocaine, phenytoin and carbamazepine have some ocorside effects that include
involuntary movement, ataxia, nystagmus and visual impairments, drowsiness, fatigue,
and impairment of cognitive functidBrodie, 2017; Perucca et al., 2000) addition,
some of the disadvantages of using such Nav channel blockers could be due to their non
selective blocking of all the subtypes of Nav channels that are expresseth arebronal
and immune cells, some of which are believed to have a compensatory role in MS such as
Navl.2 as discussed aboiWde TTX metabolitel,9-Anhydrotetrodotoxin (4, AR TTX)
blocks Nav1.6 in the nanomolar range with minimal effect on other-3d@r¥itive
channelgRosker et al., 2007blHargus et al(2013)have shown that 4,.ahTTX

selectively blocks Navl.6 but not Nav1.2 currents and was able to suppress neuronal
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hyperexcitability in a mouse model of epilepsy.light of the findings presented here,
4,9ah-TTX could potentially be assessed in the EAE model, alththuegkoxicity dose
response would have to be carefully determined due to the vital importance of Nav1.6
function. Furthermore, since the blockade of Nav1.6 would presumably have to be
ongoing during the course of EAE development, the drug would have to be administered
severatimes per day or continuously using an infusion pump. Ultimately, diie to

toxicity, it is doubtful that 4,9hTTX will be practical for therapeutic use.

An alternative approach, to overcome the problem of using fspactrum Nav
channel blockers, cid be via the use of gene therapy methods to selectively reduce the
expression of specific Nav channels. In a recent studyhan et al. (2018bjhe AAV-

Cre serotype 2 was used to eliminate Nav1.6 specifically in dorsal root ganglion (DRG)
in a spared nerve injury model to study the role of Nav1.6 in peripheral neuropathic pain.
They showd that AAV-Cre-mediated Nav1.6 knockout, mostly in a large proportion of
DRG neuronssignificantly decreases the excitability of these neurons by reducing the
accumulation of Nav1.6 at the node of Ranvier within the site of injury. Furthermore, a
study byXie et al. (2013has shown that knockdown of Nav1.6 by small inhibitory (si)
RNA-mediated knockdown reduces the inflammation and controls the development of
pain in the PNS. In additiolgamad et al. (2013)ave used (shRNA) to knockdown the
Nav1.3 channel gene in dorsal ganglion cells. The knockdown of Nav1.3 resulted in the
attenuation of pain in adult rats with neuropathic pain. This success of the Nav1.3
knockdown in the PNS offers hope that a similar strategy may be used in tHeiICNS

Nav channels related to the MSnally, the use of micro RNAs may prove useful in

regulating Navl1.6 expression, as recently f80R-5p was shown to downregulate
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Nav1l.6 ina rat model of neuropathic pain and was used to attenuate neuropathic pain

induced bythe chemotherapy druaxaliplatin(Li et al., 2019).

Taken togetherthe exacerbation of the clinical symptoms in EAE upon
withdrawal of phenytoin andarbamazepine effectively rgleut the use of nespecific
Nav blokadefor the treatment of MS. Therefore, developimgreselective
pharmaceutical therapies and genetic treatmehiish reduce Nav1.6 expression or

function,could be the way to achievetfire goalsn Navl.6based clinical trials.

5.3TLR2 and inflammation

The correlation between bacterial infections and MS re]azseell as the
elevation of TLR2 ligands in the brains and CSF of MS patisotgyest a role of TLR2
in the progression of thdisease. Furthermore, TLR2 has been implicated in pain, which
constitutes a major aspect of MS and EAEChapter 4 of this study, we provide
evidence that the absence of TLR2 was associated with reduced inflammation at the
periphery and in the CNS, wiiigs marked by decreased myeloid cefisluding Gr

1*/CD11b, chemokines in the plasma, and-prflammatory cytokines in the brain.

TLR2 knockout mice following EAE showed a clinical score of 2 to 2.5
indicating reduced symptoms, a greater ability tditiee in their cages, and a partial
deficit in one hindleg in comparison to control mice who exhibited a higher clinical score
of 3 to 3.5 which indicates severe motor deficits to almost complete paralysis.
Furthermore, no change in the clinical score mated in +EAE WT with the addition of

the of PareCSKs TLR2 agonist relative to +EAE WT.

In TLR2 knockout miceGr-1"9"CD111 cells in thespleen were decreasandd

CD19 cells in the bloodvereincreased, respectively, in the chronic phase of EAE

180



compared to WT mice. Imur compariens of TLR2”-and WT mice, nsignificant
differences in Gr-1"/CD11b" monocytesCD4" and CD8 T cells wereobserved for all
groups. The stimulation of TLR2 by Pe@8K4in WT mice showed increased
circulatingGr-1""/CD11b" as compared to WT mice without TLR2 activation, while
TLR2 knockout mice witiPamCSK, had decreased @r'9"/CD115" compared to WT

mice with TLR2 activation.

In the brain, Gi1*/CD11b cell infiltration was significantly less in TLR2
knockout mice compared to WT mice. However, the activation of TLR2 in the brain
following EAE did not induce any significant changes in TLR2 knockout mice compared
to WT. The levels of IL6 in the brains of TLRRnockout mice were significantly
decreased, whereas-113 and Il-10 were significantly increased and marginally
increased, respectivellfrom the EAE model, we can see how complex and interrelated
these regulatory mechanisms can be whenenfled by a vaety of cell subsets at
various disease stages. For example, ifayifte mice B cells become depleted due to
CD20 mAb treatments one week prior to EAE induction, the encephalitogenic T cells
undergo expansion in the CNS, leading to a worsening of EAEteymsMatsushita et
al., 2008). It appears that this reaction may be caused by B10 cell depletion, as we can
find nearly the same effects during selective B10 depletion using CD22 mAb
(Kalampokis et al., 2013; Matsushita et al., 2010 improvemenin suggestdhat the
improvement of clinical symptonfBLR2” in miceand decreased the inflammation
during the chronic phase of EAE could be attributeidcreased CD19%and decreased

Gr1*/CD11b.
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Overall these results suggest that TLR2 activation plays an important role in the
pathogenesis of MS and EAE by mediating the production of proinflammatory cytokines
and suppressing the production of anflammatory cytokines, which exacerbate the
EAE symptomsThis occurs potentially vithe effect on myeloid cells, such as myeloid

cells Gr1/CD11b.

There are seemingly contradictory results in the recent literature regarding the
activation of TLR2 in EAE. Peptidoglycan, a TLR2 ligand found in the gpasitive
bacterial wall, has been found to enhance the induction of(&iBer et al., 2005)hile
low doses of zymosan, a fungal beta glycan, can reduce or even reverse the relapsing
pardysis by promoting the differentiation of Trefls et al., 2013a)This latter result
appears to be due to the develgmt of TLR2 tolerance in EARAnstadt et al., 2016)t
has been reported that the repeated signalingroflses of TLR2 ligands can reduce
the responsiveness of the receptor for further signaling via other ligands besides changing
the effector immune cells into regulatory phenotype. Consequently, dampening the
signaling via the use @low dose of TLR2 ligads may potentially attenuate the

progression of M$Anstadt et al., 2016)

5.4The Potential link between Nawchannels and TLR

In nonneuronal cells, there is a distinct possibility that the current density of ion
channels, including Nav channel currents, may be associated with TLR4 activation. It is
known that TLR4 agonists, such as M3G, elicit a substantiedase in the current
density of Nav channels including Nav1.6, Nav1.7 and Nav1.9, but not N&o8/ et
al., 1999) There coulde an association between Nav and TLR4 signaling, as it has been

observed that increases in TLR4 expression following exposure to LPS in mouse
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macrophage cultures promote downstream signaling components such as NFkB, p38
MAPK, JNK and ERK(Lee et al., 2008; Lu et al., 2008)creased firing of these

channels may contribute to opieitduced tactile allodynia. Theseio metabolite

induced changes in neuronal excitability can be pharmacologically inhibited by the state
dependent sodium channel blocker, carbamazepine. In Chapter 3, | reported that in the
presence of reduced Navl.6 levels, liP8sofrequentlya bacteial ligand for TLR2(Li

et al., 2013b) resulted in reduced inflammationwivo and invitro. | believe, based on

the observation that there is a high likelihood of interaction between Nav1.6 and TLR2,

which should be further investigated.

5.5Limita tions of this study
5.5.1 Mousemodel for MS

Several elements, mechanisms, and treatments of MS have been identified and
studied by researchers using EAEonstantinescu et al., 201 Thismodel mimics many
features of MSincluding inflammation, demyelination, axonal loss, gliosis and optic
neuritis.However there is no perfect animal model that entirely stimulates the
immunological and neuropathological changes related to the initetidrnievelopment
of MS (Lassmann and Bradl, 201 Fjrstly, the development of EAE @reformed
throughknown antigennjection whereas in humanthe disease develops spontaneously
without a clearly defined antigen. Additionally, it is believed that predominately TD4
cells contribute to the development of EAthile CD8' T cells are the primary
contributor to the progression of the disease in hur(idnset al., 2010) Moreover, the
animal model exhibits differences in inflammatory lesions and activation of autoreactive

T cells compared to M@H6ftberger et al., 2015As such some medications fourtd be
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effective in EAE were not beneficial for treating MS patients such as monoclonrdl anti
12p40 (Segal et al., 2008) and ahNF therapy(Kemanetzoglou and idreadou, 2017;
The Lenercept Multiple Sclerosis Study Group and The University of British Columbia
MS/MRI Analysis Group., 1999Despite these limitations, the EAE models, |
believe, the mosappropriate choice for my study since it recapitulataayraspects of
the chronic phase of MS including demyelination, optic nisyahd axonal loss
5.5.2 Investigating other immune cells

In the current study, | focused on the role of neutroghmits macrophages.
However, it might be important to address the role of Nav1.6 on other cells, such as
Tregs and microglial subtypés order to studyheinfluence of Nav1.6 in microglial
activation following EAE and LPSimulation(Black et al., 2009b; Hossain et al.,
2018b) It has been hypothesized that Nav1.6 participatesimihdulation of microglial
activation and function in EAE. It wouldhereforepe desirable to further investigate the
role of Nav1.6 microglia beyond the work ©faner et al(2005)
5.6 Future directions

The workpresented in this thesis answered several questions about the
contribution of Nav1.6 in neuronal death following demyelination in the chronic EAE
and the role of this channel for regulating the inflammation in EAE and LPS model. In
addition, itanswered seeralquestiongegarding the role of TLR2 in EAEHowever,
many vital questionarestill unanswered and need further investigatiadditional
research is required to determine whether Nav1.6 could enhance remyelination in an
alternateEAE model such athe cuprizone model or using_gsophosphatidylcholine

(LPC) mouse model of focal demyelination. The molecular mechanisms underlying the
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changes in the expression of various subtypes of ion channels in the demyelinated lesion
should also be investigatedhdrefore, developing selective pharmaceutical therapies and
genetic treatments could be the way to facilitate these efforts and to achieve future goals
including workingtowards Navl.@ased clinicatherapy
Further research should focus on identifying thechanism of CNS damage
through TLR2 signaling via endogenous or exogenous ligands. In addition, it is proposed
that soluble TLR2, which is found in body fluids such as plasma, CSF, and breast milk,
may act as a decoy receptor and compete for TLR2 Igggmslubsequently attenuate the
disease severitfpulay et al., 2009; Hossain et al., 2018a; LeBouder et al., 200633,
additional studies should investigate the role of soluble TLR2 in the progression of EAE.
In the presence of infection, TLR2 has the capacity to signal as a heterodimer
with TLR1 and TLR6, eliciting the innate immune response and subsequently the
adaptive immune response to engulf pathog@érest et al., 2011)nfections may
predispose individuals to MS by reducing Treg cell funcf{léossan et al., 2015)
Replicating the findings herein in the cuprizone and lysolecithin models of
demyelination/remyelination will further confirm that targeting the TLR2 pathway with

therapeutic agents potentialitye a valid therapeutic strategy in humsa

5.7 Conclusion

In addressing Objectives 1 and 2, fmdings demonstrate that selective targeting of
Scn8ain RGCs is associated with a reduction of markers of gliosis (GFAP) and
inflammation (IL-6). Mice with reduced Nav 1.@xpressiordisplayless demyelination
and less axonal loss in the optic nefodowing EAE induction(Figure 5.1). In addition,

my results suggest potential role of Nav1.6 in regulating the inflammatory process
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duringbothEAE andthe response tbPS challenge These obsrvations characterize the
contribution of Nav1.6 to the sequence of events that lead to neuronal death following
myelin loss in EAE.

In investigations relating to Objective 3, my results showed that in mice lacking
TLR2 signalingis associated with a reded inflammatoryesponsewhich was marked
by areduction of 11-:6 and TNF production in the CNS (Figure 5.2). Overall, these results
suggest that TLR2 signaling plays an important role in the pathogenesis of EAE by
mediating the production of several pnflammatory cytokines.
The uncovered links between Navl.6 and TLR2 with inflammatory mediators will
hopefully inform future efforts aimed at controlling the inflammation and axonal damage
associated with MSlaken together the findings reported in thisgis suggest novel
opportunities to intervene in the development of MS and suggest a novel paradigm for the
role of Nav1.6 in inflammation that would be of great interest to follow up in a clinical or

therapeutic setting.
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