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ABSTRACT

Multiple sclerosis (MS) is a chronic, inflammatory, demyelinating, and
neurodegenerative disorder of the central nervous system (CNS) with the highest
worldwide prevalence existing in Canada and affecting over 3000 Nova Scotians. MS is
characterized by the autoimmune-mediated destruction of myelin and axons in the CNS
and has 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 inflammatory 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 damage. Axonal degeneration,
one of the hallmarks of the disease and a non-reversible process, leads to several
neurological disabilities including visual impairment and vision loss. However, the
mechanisms underlying axonal degeneration remain unclear. This thesis sought to
characterize the impact of two key regulatory molecules: the voltage-gated sodium
channel Nav1.6 and the Toll-like receptor 2, a component of the innate immune system,
in the pathogenesis of EAE. To this end, I used experimental autoimmune
encephalomyelitis (EAE), a rodent model that recapitulates key aspects of the human
disease. | investigated the role of voltage-gated sodium channels (especially Nav1.6),
which have previously been linked to axonal degeneration and loss (Chapter 2) by gene
targeting in the retina and optic nerve. We extended these studies to determine the impact
of the reduction of Nav1.6 in mice heterozygous for a null-allele of Scn8a. (Chapter 3).
This in vivo study is the first to link a reduction of Nav1.6 in EAE to immune profile
changes, such as a reduction of inflammation marked by decreased IL-6 in the plasma
and myeloid cell infiltration in the optic nerve. Analysis of murine bone-marrow-derived
mast cell (BMMCs) cultured in vitro, suggest a potential role of Nav1.6 in regulating the
inflammatory process during EAE and LPS challenge. Additionally, I investigated the
impact of TLR2 in brain inflammation and optic nerve axonal damage (Chapter 4). |
found that the absence of TLR2 was associated with reduced inflammation in the
periphery and within the CNS, including in blood, spleen, and brain, which is marked by
decreased myeloid cells, such as Gr-1"/CD11b" cells, chemokines in the plasma, and pro-
inflammatory cytokines in the brain. The present study provides novel information by
highlighting the role of TLR2 and Nav1.6 in EAE. This knowledge expands our
understanding and ultimately promotes further investigation to target these molecules and
unmask the mystery of their roles in MS.

X



AAV2
ACK

APC
APP
BBB
BSA

CD
cDNA
CFA
CNS
CSF
CSLO
dmu
EAE
ELISA
FITC
GFP
GM-CSF
H&E
Iba-1
IHC

IL-

LPC

LPS
MBP
MOGss.ss
Nav
NCX
NO

OPC
Pam3CSK4
PAMP
PCC
PFA
PNS
PPMS
PRMS
ROS
qRT-PCR

LIST OF ABBREVIATIONS USED

Adeno-associated virus, serotype 2
Ammonium-chloride-potassium buffer

Antigen Presenting Cell

Amyloid-beta precursor protein

Blood-Brain Barrier

Bovine serum albumin

Cluster of differentiation

Complementary DNA

Complete Freund's adjuvant

Central nervous system

Cerebrospinal fluid

Confocal scanning laser ophthalmology
degenerating muscle mouse

Experimental autoimmune encephalomyelitis
Enzyme-linked immunosorbent assay
Fluorescein isothiocyanate

Green fluorescent protein
granulocyte-macrophage colony-stimulating factor
Hematoxylin and eosin

Ionized Calcium Binding Adaptor Molecule 1
Immunohistochemistry

Interleukin

Lysophosphatidylcholine

Lipopolysaccharide

Myelin Basic Protein

Myelin Oligodendrocyte Glycoprotein Fragment 35-55
Voltage-gated sodium channel

Na“/Ca2" exchanger

Nitric Oxide

Oligodendrocyte Precursor Cell
Palmitoyl3-Cys-Ser-Lys-Lys-Lys-Lys-Lys
Pathogen-associated molecular patterns
Peritoneal Cavity Cells

Paraformaldehyde

Peripheral nervous system
Primary-Progressive Multiple Sclerosis
Progressive-Relapsing Multiple Sclerosis
Reactive Oxygen Species

Quantitative reverse-transcription polymerase chain reaction



RBPMS
RGC
RRMS
Scn2a
Scn2b
Scn8a
SPMS
TCR
TGF-B
Th
TIL
TLR
TMB

Tregs
TTX

RNA binding protein with multiple splicing
Retinal ganglion cell
Relapsing-Remitting Multiple Sclerosis
Gene that encodes the Nav1.2 a subunit
sodium channel subunit B-subunit

Gene that encodes the Nav1.6 a subunit
Secondary-Progressive Multiple Sclerosis
T-cell receptor

Tumor-growth factor beta

T-helper cell

Tumor-infiltrating leukocytes

Toll-like receptor
3.,3',5,5'-Tetramethylbenzidine

Tumor necrosis factor

T regulatory cells

tetrodotoxin

X1



ACKNOWLEDGEMENTS

I would like to express my sincere appreciation to my supervisors Dr. Patrice Coté
and Dr. Jean Marshall, for their patience while continually mentoring me through this
project and offering their supportive guidance, especially during challenging times. My
scientific accomplishments would not have been possible without their ongoing respect
and encouragement that motivated me to achieve my goals. They have been extremely
knowledgeable and have provided many new insights that have developed my ideas. This
thesis would not have become what it is without their involvement and mentorship. Their
passion and dedication to my work have been valuable, and I do not have the words to
describe my sincere appreciation toward them.

In addition to my supervisors, a special thanks must go to my supervisory
committee, Dr. Francois Tremblay and Dr. William Baldridge, for their guidance,
valuable feedback, and critical suggestions through my journey.

I would like to express my gratitude to my external examiner Dr. Shalina Ousman,
for agreeing to serve in my examination committee.

My extended thanks to Dr. [an Haidl for all his advice and discussions that
assisted my progress through my research and facilitated the development of my
experimental designs. He provided great feedback and suggestions on my manuscripts
and offered critical comments on my thesis.

Sincere thanks to our collaboration Dr. Stefanie Kuerten, Sabine Tacke, and Dr.
Andrea Schampel.

Furthermore, I would like to extend a warm thanks to the Chair of the Graduate
Students in the Biology Department, Dr. Sophia Stone, for her continuous support and
always taking time to assist me during my project. Her humanity is unforgettable.

I would also like to pass my thanks to my scholarship organization, the Ministry of
High Education in Saudi Arabia Jouf university and the Saudi Arabian Culture Bureau in
Canada for giving me the opportunity to complete my postgraduate study.

Additionally, my lab mates brought joy to the experience and made stressful times
more bearable. Thanks to Bassel Dawod, Maria Vaci, Dr. Liliana Portales Cervantes,
Edwin Leong, Mark Hanes, Dr. Dihia Meghnem, Stephanie Legere, Owen Crump and
Christopher Liwski. Bassel, thank you for your hard work and collaboration on our grant
proposal and for taking time out of your busy schedule to assist me with my experiments.
Thank you to Maria Vaci, Alexander Edgar, and Nong Xu for teaching me several lab
techniques and with assistance with several experiments. Also, I would like to thank Dr.
Corey Smith, Michele Hooper and Janette Nason for technical support.

Thanks to my lovely family, my Mom, my wife, and my kids. To my beloved wife,
Maryam, you have lived with this work from the beginning and have supported me through
this challenging life. You have sacrificed a lot during these times and to help me complete
my education. Through all the stress, you have been there to offer your love and kindness.
Thank you is not enough to express my deep respect and love. I owe a big thanks to my
Mom, whose dreams for me have resulted in this achievement and for raising me and

xii



shaping me into the person I am today. Thanks for each prayer you made for me. You have
guided me through life while offering your unconditional love. I love you so much! Huge
thanks to my kids Saad, Abdulmalik, Alin, and busy little boy Eyad for their patience,
understanding, made my life meaningful and I will face every challenge just for you.

I am especially grateful to my brother Dr. Saad Al Rashidi, though you are far away
thanks for your frequent calls asking about my progress and your supportive conversations
every step from the beginning of my project to this moment. You have believed in me and
have helped make this possible. I could not have accomplished this without you. Special
also thanks to my brother, Abdulaziz, you have stood beside me and provide me kind of
support and motivation through every step of my study. My sincere appreciation also goes
to my brothers, Abdulkareem, Abdullah, and Mabruak. Thank you for being there every
time. Whenever I felt down, you were always there to make me stand. Thanks also to my
sisters for their support, kindness, support, and generosity.

I want to extend my thanks to my colleagues for their support Dr. Musa Garmoushi,
Dr. Kamal Alsihk, Dr. Daifallah Almarwani, Dr. Monief Alrashidi, Dr. Mohammed Abu-
gamer, Mohammed Alrashidi, Abdulaziz Alaufi, Fahad Alrashidi, Fahad Alseedi.

Finally, thank you, Allah (God), for all the opportunities that you gave me to
complete this thesis and to reach my goal.

o Sy Aaadl) o g g ciladlial) dleady Al A | Mt g Adlas 4l Leal

xiil



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 impacts the lives of over 2.5 million people worldwide
with high prevalence in Canada, and particularly in Nova Scotia (Marrie et al., 2013).
Over 75% of MS patients are women, and it is projected that the risk for MS will increase
from 4051 in 2011 to 4794 per 100,000 people by 2031 (Amankwah et al., 2017;
Cotsapas and Mitrovic, 2018; Mohr, 2011). This poses a significant financial burden to
those individuals and society, as 80% of MS patients remain unemployed, which
highlights the necessity for further investigation of the causes of MS (Amankwah et al.,
2017; Piwko et al., 2007). MS patients can exhibit a wide range and different symptoms,
including difficulty in walking, poor coordination of voluntary muscle movement,
fatigue, tremor, abnormal skin sensations, loss of sight, cognitive deficits, depression, and
bladder dysfunction (Coles, 2009; Noseworthy et al., 2000). Moreover, MS patients could
suffer from positive (gain of sensation) symptoms and negative (loss of function)
symptoms during the progression of the disease (Sakurai and Kanazawa, 1999). Positive
symptoms are caused by ectopic impulses generated at sites of demyelination, whereas

the negative symptoms occur due to loss of conduction (Sakurai and Kanazawa, 1999).

The etiology of MS is still unknown; however, environmental and genetic factors
are believed to be the main trigger for developing MS (Ascherio, 2013; Constantinescu et
al., 2011; Mohr, 2011). The studies of genome-wide association have identified over 230
loci related to MS susceptibility with specific HLA alleles, that is located in polygenic

regions on chromosome 6, include DRBI1*1501, DRB5*0101 haplotypes representing the



most significant association with MS (Beecham et al., 2013; Hafler et al., 2007). MS is
common in Europe, North America, Australia, and New Zealand, and the distribution is
altered by where at-risk individuals live early in life. Several studies show that people
who move in early childhood from high-risk to low-risk regions have less risk for
developing the disease (Beck et al., 2005; Dean and Elian, 1997; Wade, 2014). Several
reports have proposed that environmental factors such as vitamin D deficiency, cigarette
smoking, increased body mass index, and exposure to Epstein-Barr virus (EBV) are risk
factors for MS (Amato et al., 2017; Ascherio, 2013). Therefore, 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 main trigger of the disease is an inflammatory autoimmune
response within the CNS that causes tissue damage, including demyelination and axonal
loss (Burda and Sofroniew, 2014; Constantinescu et al., 2011). The axon is the projection
of the neuron that carries the information from the cell body to the nerve terminals and
acts as a transmitter of the action potential (Debanne, 2004). Axons exist in two types,
myelinated and unmyelinated. Myelinated axons are encapsulated within a layer of fatty
substance, called myelin, that arises from glial cells, oligodendrocytes, and helps to
insulate the axon and increase the conducting speed of the action potential (Giuliodori
and DiCarlo, 2004; Trapp and Kidd, 2003). Oligodendrocytes are specialized glial cells
that are highly involved not only in the deposition of myelin but also in the clustering of
Nav channels in the nodes of Ranvier, which are the unmyelinated gaps between the

myelinated segments of the axon (Freeman et al., 2016). The 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 and by Schwann cells
in the peripheral nervous system (PNS) (Marcus et al., 2002; Zawadzka et al., 2010;
Zonta et al., 2008). Another type of glia, astrocytes, respond to CNS inflammation
through the process of reactive astrogliosis (Burda and Sofroniew, 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 damaged areas (Burda and
Sofroniew, 2014; Frohman et al., 2008; Trapp et al., 1998a). The main pathological
features of MS include inflammation, demyelination, gliosis, perivascular infiltration by
inflammatory cells, and, ultimately axonal and neuronal loss (Friese et al., 2014;
Frohman et al., 2008; Trapp et al., 1998a). In the early stages of the disease, axonal
demyelination, with the axon remaining viable, is associated with variable degrees of
inflammation and astrogliosis (Mancardi et al., 2001). However, permanent neurological
deficits become 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 histopathological studies (de Leeuw et al., 2014; Trapp et
al., 1998a). The progression of the disease correlates with the level of axonal damage,
which can be latent in the beginning before progressing into relapsing-remitting MS
(RRMS) (Bjartmar et al., 2003). Nevertheless, irreversible neurological disability
develops at advanced stages of the disease when the axonal loss exceeds a threshold and
upon exhaustion of the CNS compensatory mechanisms (Bjartmar et al., 2003; Friese et

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



nerve, combined with inflammation, produce the primary symptoms of MS (Noseworthy

et al., 2000).

MS is a complex disease that involves interactions between immune cells, glial
cells, and neurons, which together contribute to the progression of the disease
(Goldenberg, 2012). Autoimmune responses within the nervous system cause tissue
damage, including demyelination and axonal damage, and give rise to the activation and
infiltration of myelin-autoreactive T cells and macrophages (Frohman et al., 2006; Stys et
al., 2012). As yet, there is no precise test for diagnosis; magnetic resonance imaging
(MRI) is the primary diagnostic test, which has the capacity to detect changes such as
atrophy and lesions in the brain. Cerebrospinal fluid can be analyzed for indicators of
brain-related atrophy linked to MS (Romme Christensen et al., 2013; Tumani et al.,

2009).

Several studies including Duffy et al., (2014) and Kuhlmann et al., (2017) have
reported that T cells may play a potential role in the immune pathogenesis of MS by
crossing the blood-brain barrier (BBB) and subsequently triggering autoimmune
inflammation resulting in the destruction of myelin autoreactive T cells. Then T cells
differentiate and produce cytokines such as TNF, IL-6, and IL-13, which activate other
immune cells and attract inflammatory cells into the CNS, including B cells, natural killer
(NK) cells, and monocytes/macrophages (Raddassi et al., 2011). These cells can cross the
BBB and increase the degree of inflammation, which is the primary attribute of MS.
Inflammation, in turn, leads to disruption of the BBB, which is associated with increased
infiltration of various immune cells, such as CD4" T cells and macrophages, into the CNS

and activation of antigen-presenting cells (APCs), such as microglia. Finally, activated



macrophages phagocytose the myelin sheath and are toxic to oligodendrocytes (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: relapsing-remitting MS (RRMS), secondary-progressive MS
(SPMS), primary-progressive MS (PPMS), and progressive-relapsing MS (PRMS).
Around 85% of patients initially present with RRMS, which is the most common form
for MS. RRMS involves periods of attacks affecting different regions of CNS, and
increased disease severity, which is known as relapse, followed by remission,
characterized by the absence of symptoms (Weiner, 2008). Approximately 80% of
patients with RRMS will ultimately develop into SPMS, which is characterized by a
continuous worsening of symptoms and the absence of remission (Scalfari et al., 2014).
About 10% of patients are diagnosed with PPMS, which is characterized by a steady
increase in disability without attacks and is resistant to drugs (Prineas, 2001). The least
common form of MS, PRMS, affects around 5% of patients and is characterized by a
steady increase in functional disability with sporadic relapses and absence of remission.
Currently, Health Canada has approved 14 drug treatments that commonly reduce disease
progression or are used as disease-modifying therapies (DMTs). These drugs are only
successful in decreasing the frequency and number of new attacks, but they have limited
value in reducing , completely halting ,or slowing disease progression (Cohen et al.,
2010; Walker et al., 2011). Furthermore, these drugs are not effective in enhancing

remyelination in MS (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 studies. Though the models are
not fully identical to the human disease, they share similar aspects such as the immune
response, demyelination, and inflammation (’t Hart et al., 2011; Lassmann and Bradl,
2017). There are several animal models used in MS research, including experimental
autoimmune encephalomyelitis (EAE), which is the main focus of this study, Theiler's’
murine encephalomyelitis virus, Cuprizone and Lysolecithin (Procaccini et al., 2015) and

T cell receptor (TCR) transgenic mice (Bell et al., 2013; Bettelli et al., 2003) (Table 1).

1.2.1 Experimental autoimmune encephalomyelitis (EAE)

EAE was first discovered by Rivers et al. (1933) when the team was exploring a
rabies vaccine’s neurological complications in monkeys. These complications, relating to
the post-vaccinal perivascular-related paralysis, included many of MS’s clinical and
pathological characteristics. The development of EAE by Rivers et al. not only helped to
better understand the pathogenesis of this post-vaccinal encephalomyelitis (Rivers et al.,
1933) but also of demyelinating diseases. While limitations certainly exist as far as
representing the full clinical course of MS in humans, EAE mimics the interaction
between complex neuropathological and immunopathological features and has greatly
helped to study MS immunology and brain inflammation necessary to develop drugs to
reduce disease progression (Bettelli, 2007a; Constantinescu et al., 2011; Friese et al.,
2006; Lassmann and Bradl, 2017). In mice, EAE was initially generated using active
immunization in spinal cord homogenates (OLITSKY and YAGER, 1949; Robinson et

al., 2014).



The EAE model is considered a CD4" mediated 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 progression (Friese et al., 2014;
Owens and Sriram, 1995; Sriram et al., 1982). EAE shares many features of MS,
including optic neuritis and CNS histopathological symptoms (Bettelli, 2007b; Mix et al.,
2010). EAE can be induced in many mammalian species, including 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 manipulating these 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 as myelin oligodendrocyte (MOG) amino acids 35 to 55
(MOGss.ss), myelin basic protein (MBP)on, and proteolipid protein (LPL)
(Constantinescu et al., 2011; Linnington et al., 1984; Marcus et al., 2002; Stromnes and

Goverman, 2006a).

In more than half of the MS patients studied, MOG peptides showed autoimmune
reactivity (Kerlero De Rosbo et al., 1997; Zhong et al., 2002). Based on this observation
Mendel and colleagues generated the mouse MOG EAE model during experiments on the
immunization of female C57BL/6 mice using synthetic peptides corresponding to amino
acids 1-21, 35-55, and 104—117 of MOG (Mendel et al., 1995). The researchers observed
that a T-cell response was initiated in all MOG peptide-immunized mice, whereas
extreme neurological impairment occurred in MOGss_ss-immunized animals. MOG3s ss
displayed CNS inflammation, gliosis, axonal loss, persistent neuropathy, and increasing

degrees of paralysis (Mendel et al., 1995; Stromnes and Goverman, 2006a). Such



pathological and clinical traits are not unlike the ones exhibited by MS patients, which
led to the wide adoption of MOG35-55 EAE as a model for MS studies (Mangiardi et al.,
2011; Rangachari and Kuchroo, 2013). Indeed, the MOGs3s-ss EAE model recapitulates
aspects of the three MS subtypes that have a relapsing-remitting or progressive and
secondary progressive phase (Lassmann et al., 2007). MOGs3s-ss EAE can be applied as a
model for early relapses as well as for monitoring potential effectors of MS disease
progression. The model is used for testing interventions that may prevent varying degrees
of CNS damage (Barthelmes et al., 2016; Procaccini et al., 2015). In addition to the
‘active’ method of inducing EAE with MOGss_ss, with complete Freund’s adjuvant
(CFA) and with pertussis toxin (PTX), induction can also be passive, and “humanized”
(Stromnes and Goverman, 2006 b). In the active model, symptoms appear approximately
9 days post-induction and typically peak at day 13, followed by a short remission phase —
which is often marginal — and the chronic phase established by day 24. MOGas.ss
facilitates the invasion of immune cells into the CNS leading to the development of
lesions in the spinal cord and brain as well as optic neuritis (Rangachari and Kuchroo,
2013). The passive model also causes CNS inflammation and demyelination in naive
mice which is achieved through the transfer of myelin-specific CD4" T cells from EAE
mice, whereas the “humanized” transgenic mouse model expresses human TCR receptors
that interact with major histocompatibility complex (MHC) class II molecules presenting

myelin epitopes (Bell et al., 2013; Bettelli, 2007a; Madsen et al., 1999).

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

induction, effector and recovery phases (Lassmann et al., 2007). In the disease’s



induction phase, there is the priming of myelin-specific CD4" T cells as a result of active
immunization using myelin antigens, PTX, and CFA. In the effector (second) phase, the
myelin-specific CD4" T cells migrate to the CNS through the disrupted BBB. This
process causes peripheral immune cells to enter the CNS parenchyma (Barthelmes et al.,
2016; Lassmann et al., 2007). It has been reported that monocytes become elevated with
tissue damage in EAE mice (Ajami et al., 2011). In MS, many immune cells, especially
CD4" T cells, damage healthy tissue leading to widespread demyelination, axon damage,

and neurological deficits (Murray et al., 1998; Noseworthy et al., 2000).

The EAE model has many advantages for studying the interactions between the
immune system and the nervous system and the chronic phase of the disease (’t Hart et
al., 2011). However, it is important to note that despite many similarities, the EAE
disease progression is unlike that of MS, such as the facilitated development of MS in
mice through injection of antigen, whereas the antigen is unknown in humans and
spontaneously develops. Additionally, in the EAE model, CD4" T cells are responsible
for the development of the disease, while CD8" T cells occupy this role in humans
(Brown and Sawchenko, 2007; Friese and Fugger, 2009; Hafler et al., 1985; Lassmann
and Bradl, 2017; Marta, 2009). EAE is by far not the only applied animal model for MS
but it is the model that most closely represents the pathogenesis of MS (Baxter, 2007;
Mangiardi et al., 2011). Therefore, despite certain limitations, the EAE model is an
appropriate choice for studying the chronic phase of MS and to develop therapeutic

regimens to slow disease progression.



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, such as 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 following immunization
immunization regimen (only | with myelin protein or PTX
MOGsas.s5 with CFA without alone.
PTX) leads to infiltration of
myelin-specific T cells
mainly to the optic nerves
compared to the rest of the
CNS.
Non-obese Type 1 diabetes is an Induction of EAE in the ( Jacobsen et
diabetic. autoimmune disease NOD mouse strain with al., 2018;
characterized by immune MOGs3s-55 leads to a Mayo and
cell infiltration, mainly T relapsing-remitting Quinn, 2007)

cells, into the pancreas
leading to the destruction of
B insulin cells.

disease that advances to
secondary
progressive disease
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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 defense against
infections in healthy organisms (Akira, 2003; Kennedy, 2010). The process of protection
involves the complex use of a network of cells, tissues, and factors that work together to
form a line of defense against diseases (Kumar et al., 2011). In MS, immune cells such as
macrophages, neutrophils, and dendritic cells, are recruited during the early inflammation
to the site of the injured area and produce pro-inflammatory cytokines and reactive
oxygen species that destroy the myelin sheath in the CNS (King et al., 2009). Indeed, the
involvement of the innate immune system is becoming increasingly appreciated in MS,
which is thought to be the main trigger of the disease through its effect on APC that
modulates the T-cell response (Hossain et al., 2017). However, uncertainty exists
regarding the link between the innate and adaptive immune response with the
pathogenesis of MS. In this section, the role of macrophages, neutrophils, T and B cells

in the pathophysiology of MS and EAE will be described.

1.3.1 The role of innate and adaptive immune systems in 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 able to recognize molecules that are typically derived from

microorganisms or endogenous sources (Walsh et al., 2013). The ligands of these

receptors can be categorized into pathogen-associated molecular patterns (PAMPs) or

damage-associated molecular patterns (DAMPs) (Kawai and Akira, 2009). Signaling

through PRRs can induce the production of immune mediators that can impact the
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adaptive immune response (Jang et al., 2015). Several PRRs have been recognized,
including toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-
like receptors, retinoic acid-inducible gene 1-like receptors, and C-type lectin receptors
(Amarante-Mendes et al., 2018; Walsh et al., 2013). These receptors can be expressed

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

TLRs are a family of PRRs (Prinz et al., 2006) that play a crucial role in the
innate immune system through their recognition of several ligands, such as endogenous
DAMPs or exogenous PAMPs (Janeway and Medzhitov, 2002; Kawai and Akira, 2011;
Qureshi and Medzhitov, 2003). Eleven types of TLRs have been identified in humans
(TLRI to TLR11) and twelve in mice (TLR1 to TLR 9 and TLR 11 to TLR 13) (Akira et
al., 2006; Kawai and Akira, 2010). TLRs typically consist of one ectodomain, type-1
transmembrane glycoprotein containing an a-helix, and an intracellular Toll/interleukin-1
receptor domain (Brennan and Anderson, 2004; Jin and Lee, 2008; Li et al., 2002). Upon
recognition of a corresponding ligand, TLRs dimerize to form hetero- or homodimers,
which leads to downstream signaling and induction of immune mediators (Botos et al.,
2011). The elicited immune response occurs through activation of transcription factors,
such as transcription factors nuclear factor kB (NF-«kB), translocation of these factors into
the nucleus, and the production of either pro- or anti-inflammatory cytokines (Botos et
al., 2011; Sasai and Yamamoto, 2013). The secretion of such cytokines can impact the
several immune cells such as APCs and T-cells; therefore, establish a link between the
innate and the adaptive immune responses (Akira and Takeda, 2004). It is known that
myeloid differentiation primary response gene 88 (MyD88) is a crucial adaptor for the

major TLR singling pathway (Werling and Jungi, 2003). MyD88 adaptor is necessary for
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the induction phase of EAE through activation of peripheral myeloid dendritic cells
(mDCs) and differentiation of autoimmune Th17 cells (Marta, 2009). The TLRs that are
most studied in the context of EAE are TLR2, TLR4, and TLR9 (Marta, 2009; Miranda-

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

TLR2 recognizes microbial ligands including lipoteichoic acid, zymosan,
lipoproteins, and peptidoglycan (Medzhitov, 2001), as well as endogenous ligands such
as hyaluronan, heat shock protein, and High Mobility Group Box 1 Protein (HMGB1)
that can be found in the CNS (Tsan and Gao, 2004). Activation of TLR2 impacts the
development of several neurological conditions, including MS (Bsibsi et al., 2002). More
specifically, TLR2 triggers the inflammatory process by activating glial cells, which can
ultimately lead to tissue injury and neuronal death (Figure 1.1) (Tang et al., 2007).
Furthermore, the activation of TLR2 suppresses the differentiation of oligodendrocytes
progenitor cells (OPC) and inhibit remyelination (Sloane et al., 2010). However, the
mechanisms that regulate TLR2 signaling have not been well defined in the context of

MS and EAE.

TLR4 recognizes a broad range of exogenous ligands, such as lipopolysaccharides
(LPS) from gram-negative bacteria, PTX, and Mycobacterium tuberculosis toxin. In
addition, endogenous proteins can be recognized by TLR4 including heat shock proteins
(HSP70), HMGBI, fibrinogen, heparan sulfate, and hyaluronic acid, which have been
shown to induce inflammation to the CNS and EAE progression (Harris and Raucci,
2006; Uzawa et al., 2013). TLR4 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 epithelium (Bsibsi 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 in the context of MS. One study demonstrated that TLR4 knockout mice exhibited
a decreased disease severity, while another study showed a worsened disease state of
EAE in the mice lacking TLR4. These results highlight the potential role of TLR4 in
EAE. Moreover, the presence of TLR4 in microglial cells enhances brain injury in
cerebral ischemia models and CD4" T-cell transgenic models following the

administration of LPS enhanced EAE (Reynolds et al., 2012).

Endosomes in plasmacytoid DCs and lysosomes in myeloid DCs express TLRO,
which has the ability to induce EAE through recognizing unmethylated CpG DNA motifs
present in mycobacterial DNA (Krieg, 2002). Upon activation of TLR9, proinflammatory
cytokines such as type I IFN, which leads to the inhibition of Th17 activity, and IL-6 or
IL-23, are produced by plasmacytoid DCs or macrophages and myeloid DCs,
respectively (Harrington et al., 2005). The studies published so far regarding the role of
TLR9 in the regulation or progression of EAE are inconsistent. A study by Marta et al.
(2008) identified a regulatory role in inducing EAE rather than enhancing EAE, by
showing that TLR9 knockout mice exhibited a worsened clinical score compared to WT
mice that were immunized with MOG protein. In contrast, (Prinz et al., 2006) showed a
delay in the severity of the disease after immunizing TLR9 knockout and WT mice with
MOGss.ss peptide. The explanation for these conflicting results may be due to the
pathogenic B-cell response and production of antibodies to MOG protein rather than

MOG peptide (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 TNF, IL-1p, and IL-6
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(Centonze et al., 2010). These cytokines contribute to damage of oligodendrocytes,
axons, and 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., 2005). Activated 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, Th1 activation linked to the production of TNF
enhances the release of other cytokines, chemokines, adhesion molecules, and may be
involved in remyelination (Arnett et al., 2001). Inhibition of TNF by neutralizing
antibodies reduces EAE disease severity in mice by decreasing infiltration and
demyelination (Williams et al., 2014). In contrast, human MS patients treated with TNF
neutralizing antibodies exhibited a worsened disease progression, which suggests that
TNF has important roles in the early stages of the disease (Probert et al., 1995).

IL-1B mediates an innate immune response involving adhesion molecules to
enhance inflammatory cell recruitment and stimulates astrocytes to release vascular
endothelial growth factor-A (VEGF-A) that together disrupt the integrity of the BBB,
which allows T cells to enter the CNS and subsequently degrade the myelin sheath and
causes CNS damage (Marui et al., 1993). Furthermore, it has been observed that IL-18 is
elevated in the CSF of MS patients and IL-1 knockout mice, resulting in reduced severity
of EAE, suggesting that this cytokine plays a crucial role in the early phase of the disease

(Matsuki et al., 2006).

Another cytokine, IL-6, 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 CD4" T cell activation and the acute phase of
the inflammatory response (Imitola et al., 2005). IL-6 is also required for the
development of antibody-producing plasma cells. IL-6 knockout mice failed to develop
EAE, suggesting that this cytokine is required for the initiation of the disease progression
(Samoilova et al., 1998). Furthermore, IL-6 may be implicated in the remission phase of
EAE through the clearance of myelin debris that hinders remyelination (Heinrich et al.,

2003).

Neutrophils are granulocytes 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 injury and can be marked as Gr-1"€"/CD11b" in mice (Kennedy, 2010;
Mayadas et al., 2014; Nathan, 2006; Jonsson et al., 2011). Neutrophils 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; Mayadas et al., 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 or MD-2
(Gomi et al., 2002; Pillay et al., 2010; Zanoni et al., 2011). Neutrophils can kill
pathogenic 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 after LPS exposure is facilitated by IL-1p production ( Fermino et al., 2011).

It has been reported that the depletion of neutrophils by anti-Ly6G or anti-Gr-1 antibody
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hinders the onset of EAE, which is associated with antibody-dependent phagocytosis of

neutrophils by macrophages and not the lack of Ly6G function (Daley et al., 2008).

Macrophages are 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).
For example, macrophages exist as microglia in the CNS, Kupffer cells in the liver,
alveolar macrophages in the lungs, and peritoneal macrophages in the peritoneum, among
others (Sawada et al., 2008). Macrophages 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 contribute to inflammation (Korn et al., 2010).

In normal conditions, microglia in the CNS contributes to synaptic plasticity and
are responsible for tissue repair, clearance of injury, and regulation of neurons (Ferrini
and De Koninck, 2013; Ginhoux et al., 2010). The activity of microglia is regulated by
neurons, astrocytes, T-cells, and the BBB and work collectively with peripheral
macrophages. In the early stages of inflammation, levels of cellular markers such as
CD45, CCR1, CCRS are expressed in high levels in macrophages and low levels in
microglia while TGF-f is expressed at high or low levels in macrophages or microglia,
respectively. Macrophages and microglia fall into two categories, M1 or M2 (Mills et al.,
2000). Macrophages or microglia in the resting state become activated through TLRs
interacting with IFN-y, immunoglobin, and complement to become pro-inflammatory M1
(Dong, 2008; Hanke and Kielian, 2011). Activated M1 will release pro-inflammatory
cytokines and chemokines such as TNF, IL-1p, IL-6, IL-12, IL-23, CCL4, CCL5, CCLS,

CXCL9, CXCL10, CXCL2, and CXCLA4 that contribute to tissue damage demyelination,
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and neuronal death in the CNS (Kim and De Vellis, 2005; Liu et al., 2013; Norden et al.,
2015; Saijo and Glass, 2011). In contrast, IL-4, IL-10, IL-13, and TGF-f that are released
by M2 microglia induce tissue repair, remodeling, and promote anti-inflammatory
activities (Almolda et al., 2015; Franco and Fernandez-Suarez, 2015; Miron et al., 2013;
Shin et al., 2012). Furthermore, the differentiation of Th2 cells and regulatory T cells,
which are regulated by M2, could suppress inflammation through reduced activity of NF-
kB and enhanced phagocytic activity compared to M1 (Ghosh et al., 2016; Zhang et al.,
2018). The imbalance between M1 and M2 correlates to the development of EAE, and it
has been reported 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., 2013). Moreover, 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 create ROS that damage
oligodendrocytes and astrocytes. Furthermore, microglia have been found to participate
in the remyelination of the CNS through phagocytosis, and the remyelination process is
insufficient in MS due to a blockage of OPC differentiation (Jiang et al., 2014; Miron et
al., 2013). Additionally, microglia produce TNF, IGF-1, and FGF-2, which are necessary
for the differentiation of OPCs. In the EAE model, it has been found that IL-4 increases
the proliferation of oligodendrocytes suggesting the potential involvement of
macrophages and microglia in the remyelination process (Keating et al., 2009). An
additional role of microglia is to modulate the adaptive immune response by acting as

APC:s to recruit T cells in the CNS. It has been observed that monocytes have a strong
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influence on the progression of EAE, and the deletion of monocytes cells in preclinical
EAE was delayed symptom onset(Ajami et al., 2011; lismaa et al., 2009). Additionally,
the severity 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., 2017). Microglia play a prominent role in the early stages of EAE before
the clinical onset and recruit monocytes during the chronic phase (Mikita et al., 2011;

Zhu et al., 2007).
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Figure 1-1 Model for pro-inflammatory signaling through TLR2.

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

Adapted from Li 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 the involvement of T cells and B cells in the pathogenesis of the
disease. The modulation of CD4" T cell responses is the primary goal of therapeutic
agents for EAE and MS; however, many other lymphocytes, such as CD8" T cells and B
cells, are implicated in the disease and may be suitable targets (Bielekova et al., 2000;

Rangachari et al., 2017).

It is well characterized that T cells, both CD4" and CD8" subtypes, are implicated
in the pathology of MS (Legroux and Arbour, 2015; Rangachari et al., 2017). CD4" T
cells, also known as helper T cells, are involved in the coordination of the immune
system while CD8" T cells, also known as cytotoxic T cells, govern 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 II and I, respectively. Naive T cells must have two signals from
APC:s for activation: recognition of the peptide-MHC 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
maturation, proliferation, and secretion of cytokines by T cells (Dong, 2008; Legroux and
Arbour, 2015). It is believed that CD4" T-cells mediate the disease pathogenesis of MS,
especially Thl and Th17 cells. The secretion of IL-6, TGF-f, and IL-23 and the
transcription factors RORyt, RORa, and STAT3 induce the differentiation of naive CD4+

to Th17, which exacerbates the disease development by producing IL-17A, IL-17F, IL-
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21, IL-22, IL-26 secretion (Dong, 2008). It has been reported that in the EAE model,
CD4" T cells secrete IFN-y and IL-17 by Th1 and Th17 cells, which coincided with
increased production of pro-inflammatory cytokines IL-1p, IL-6 and TNF by microglia
(Hemmer et al., 2015; Murphy et al., 2010). Blocking CD4" T cells in MS patients by an
anti-CD4 depleting antibody had no impact on disease severity, while non-specific
immunosuppressive therapy reduced the disease severity by preventing cytokine release

and hindering disease progression (Jones 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 of anti-inflammatory cytokines, such as IL-10.
Multiple subtypes of B cells exist, including B10 cells, which produce IL-10 (Shen and
Fillatreau, 2015) and high levels of Th17 cells are present in MS and are related to
disease severity (Axtell et al., 2010). B cells are APCs that originate in the bone marrow
and are specialized in the secretion of antibodies that have a vital role in MS (Claes et al.,
2015; Lebien and Tedder, 2008; Matsushita et al., 2006; Pierson et al., 2014). B cells
have been reported to play an important role in modulating Th1 and Th2 cytokines

production in 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 development of MS. Nav channels may play a
central role in this interaction due to the expression in both types of cells (Eijkelkamp et

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

Nav channels are transmembrane proteins that conduct sodium across the cellular

membrane (Catterall et al., 2005a; Chen et al., 2018a). They are found in both excitable
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cells, such as neurons and myocytes and non-excitable cells, such as immune cells
(Savio-Galimberti et al., 2012). In neuronal cells, the distribution of Nav channels along
the axon is essential for the generation and propagation of action potentials, whereas in
non-excitable cells such as glial cells, they are believed to regulate energy supply and cell

motility (Brackenbury et al., 2010).

Each Nav channel is composed of one of ten known a-subunits isoforms and one
or two regulatory B-subunits (B1, f2 and/or B3) (Brackenbury and Isom, 2011; Catterall,
2000). The a-subunit consists of four homologous domains (I-IV), each of which
comprises six transmembrane segments (S1-S6). The S4 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 activation of the voltage-dependent
channel (Figure 1.2) (Kwong and Carr, 2015; Patino and Isom, 2010). Furthermore, the
a-subunit is sufficient to conduct sodium alone when it is expressed, whereas -subunits
are required for cell adhesion and channel localization and regulate the rate of activation

and inactivation of the a-subunit (McEwen and Isom, 2004; O’Malley and Isom, 2015).

Nav channels have three states in terms of conductivity: a resting state in which
the channel’s gate is closed, an open state that occurs upon depolarization, and a
deactivating state that occurs gradually after depolarization in a single step (Ahern, 2013;

Eijkelkamp et al., 2012; McCusker et al., 2012).
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Figure 1-2 Structure of voltage-gated sodium channels.

A) Schematic representation of the voltage-gated sodium channels. a-subunits have four
domains starting with the first domain at the N-terminus on the left to the fourth domain
at the C-terminus on the right (D I -D IV) and B-subunit. The fourth a-helical
transmembrane segment of each domain contains positively charged amino acids as
represented in this schematic by the” +” symbol. P represents phosphorylation sites, and
green circles represent RXR, a motif that mediates the localization of proteins in the ER
(ER retention motif).

B) Schematic 3D representation of Nav channels.

Adapted from Fraser et al. (2014)
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1.4.1 Nav channel heterogeneity

There are ten genes that encode Nav a-subunit proteins Nav1.1-Nav1.9 and Nav2.1 (Nax)
(Catterall, 2000; Catterall et al., 2005a; O’Malley et al., 2009). Nav1.1, Navl.2, Nav1.3,
and Nav1.6, encoded by the genes SCN1A4, SCN2A4, SCN34, and SCN8A, respectively, are
mainly expressed in the CNS, however, with variable spatial (cell type and subcellular)
and temporal (developmental) distribution (Catterall et al., 2005b; De Lera Ruiz and
Kraus, 2015). Navl.1 is prominently expressed in inhibitory gamma-aminobutyric
acidergic neurons (Catterall et al., 2005a; Payandeh et al., 2011), Nav1.2 is prominently
expressed in unmyelinated axons and dendrites in the cortex and the hippocampus (Boiko
et al., 2001; Lossin et al., 2012), while Nav1.3 has a wide expression in the human brain

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

Nav1.6 is expressed in several different types of cells across the CNS, such as Purkinje
cells, pyramidal cells, and glial cells (Boiko et al., 2001; Burgess et al., 1995a; O’Brien
and Meisler, 2013). It is also expressed in the PNS and in myelinated neurons in which
this channel is highly concentrated at the nodes of Ranvier (Kearney, 2002; Wagnon and

Meisler, 2015).

Nav1.4, encoded by SCN44, is mainly expressed in striated muscle tissue (Jurkat-
Rott et al., 2010), whereas Nav1.5, encoded by SCN54, is the dominant channel in the
cardiac muscle (Black et al., 2009a; Estacion et al., 2010). Nav1.7, Nav1.8, and Nav1.9,
encoded by SCN94, SCN10A, and SCN11A4, respectively, are expressed predominantly in

the PNS (Eijkelkamp et al., 2012; Gong et al., 1999; Zakon, 2012).

Finally, based on sensitivity to tetrodotoxin (TTX), a potent non-specific Nav

channel blocker, Nav channels are divided into (Chen et al., 2002; Hains et al., 2003;
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Koopmann et al., 2006) TTX-sensitive (TTX-S) channels, which can be blocked by
nanomolar concentrations of TTX includes Nav1l.1, Navl.2, Navl.3, Navl.4, Navl.6, and
Nav1.7 subtypes. TTX-resistant (TTX-R) channels, which require a higher amount of
TTX (micromolar) to be blocked and include Nav1.5, Nav1.8, and Nav1.9 subtypes
(Bagal et al., 2015; Catterall et al., 2005b; Black et al., 2004; Savio-Galimberti 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 cancer (Black and
Waxman, 2013; Eijkelkamp et al., 2012). Scientists have used animal models to better
understand the role of 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 Nav1.8, have been linked to the axonal degeneration and loss.

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

The
Nav Encoding primary TTX Diseases
channel gene LD e Sensitivity /Phenotypes ROHIEIEEE
express
ion
a-subunits
Nav1.1 SCN1A CNS, sensitive Epilepsy, (Claes et al., 2003;
PNS neurodegeneration | Meisler and
Panayiotopoulos Kearney, 2005)
syndrome
Nav1.2 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)
Nav1.4 SCN4A Skeletal | sensitive Hyperkalemic (Kuzmenkin et al.,
muscle periodic paralysis 2002; Raja Rayan
and Hanna, 2010)
Nav1.5 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 SCNS8A CNS, sensitive Mental retardation, | (Alrashdi et al.,
PNS ataxia, tremors, MS | 2019; Meisler et al.,
and other 2004; Veeramah et
movement al., 2012)
disorders

Nav1.7 SCNYA 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

Nav1.9 SCN11A PNS resistant Loss of pain (Priest et al., 2005;
perception and pain | Zhang et al., 2013)
sensitization

Nax SCN6A 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
Navp.1 SCN1B CNS, PNS, Brugada syndrome, and (O’Malley et al.,
glia, cardiac | epileptic syndromes 2009; Pertin et al.,
muscles 2005)
Navp.2 SCN2B CNS, PNS inflammatory pain, MS (O’Malley et al.,
cardiac 2009)
tissue
NavB.3 | SCN3B CNS, PNS Temporal epilepsy (Casula et al.,
2004; Van Gassen
et al., 2009)
NavpB.4 | 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 channel redistribution

Immune cells secrete several molecules, including cytokines, chemokines,
glutamate, ROS, reactive nitrogen species (RNS) including nitric oxide (NO), some of
which are neurotoxic and can disrupt the normal metabolism within neurons and promote
inflammation (Bagasra et al., 1995; Bitsch, 2000; Van Horssen et al., 2011). NO has been
shown to act as a double edge sword in MS as it might induce disruption of the BBB,
demyelination, and axonal degeneration, while also having potentially beneficial
immunomodulatory effects (Engelhardt 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 molecules at the site of inflammation, such as superoxide anions. In
normal conditions, NO is involved in neurotransmission and regulation of gene
expression, which control the perception of pain, aggression, and depression (Kumar et
al., 2017). In the context of MS, it has been reported that NO plays a protective role in the
suppression of T cells by inhibiting their proliferation in EAE (Van Der Veen et al.,
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 compounds such as
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 are key regulators of axonal survival as they regulate the production

of energy that is essential for ion channel function and distribution along the axon (Friese
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et al., 2014; Niki¢ et al., 2011). Abnormal mitochondria function, which in turn results in
reduced ATP production, causes increased levels of intercellular sodium by disabling the
Na'/K" ATPase (Friese et al., 2014; Kann and Kovacs, 2007). The energy imbalance and
loss of myelin in chronic CNS inflammation result in the maldistribution of several ion
channels, including Nav channels, K* channels and Ca** channels and impairs their
function (Craner et al., 2004a; Howarth et al., 2012). The impairment of function and
distribution of these ion channels along the axon causes disturbances in ion
concentrations, mainly of Na®, K*, and Ca®*, across the neuronal membrane, which have
a neurotoxic effect that impairs axonal conduction (Craner et al., 2004b). Increased
intracellular Ca** is eventually fatal to the cell as degradative enzymes and NO synthase
is activated, which leads to apoptosis of the neuron (Friese et al., 2014). Furthermore,
intracellular accumulation of Ca®" within the axons can cause oncotic cell swelling that
leads to neuronal death (Schattling et al., 2012). Neurons have a buffering mechanism to
prevent the adverse effects of the intracellular accumulation of Na* and Ca** by
increasing activation of pro-survival genes and inhibition of Wallerian degeneration
(Howarth et al., 2012). However, persistent inflammation, which is exacerbated by
neuronal and oligodendrocytes necrosis, might inhibit these buffering mechanisms and

thus provoke axonal damage (Dendrou 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 of Nav channels (Navl.1,
Navl.2, Nav1.3, Nav1l.6, Navl.7, Nav1l.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) manner (Catterall et al., 2005b; Israel et al., 2019). The most
studied Nav channels in MS and EAE are the Nav1.2 and Nav1.6 isoforms because they
have been linked to the demyelination process and are found to be abnormally distributed
in the lesions (Bouafia et al., 2014; Craner et al., 2004a; Waxman, 2006). Moreover,
Navl.5, which is best known as the cardiac muscle isoform, has been shown to be
expressed in the astrocytes in acute and chronic MS lesions (Pappalardo 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 EAE (Han et al., 2016; Schaecher et al.,
2001). In addition to the involvement of the Nav channel a-subunits, the f2-subunit has
been reported to play a key role in the progression of MS (Chen et al., 2002; O’Malley et

al., 2009).

1.4.4.1 Navl.2 and Nav1.6 in EAE and MS

In normal conditions, Nav1.2 is predominantly expressed in the CNS in pre-
myelinated axons, immature nodes of Ranvier during development, and non-myelinated
axons in adults. In immature axons, the main function of Nav1.2 is to support action
potential 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). Interestingly, Nav1.6 is expressed in
non-neuronal cells, such as microglia and macrophages, as well as in invasive cancer cell
lines. Nav channels in these non-excitable 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 and invadopodia in macrophages (Carrithers et al., 2009a)
although the mechanism by which Navs influence the actin network remains unclear.
Nav1.2 is co-expressed with the Na*/Ca?" exchanger (NCX) in demyelinated
axons that have no signs of injury, whereas Nav1.6 co-localizes with NCX in
demyelinated axons during an axonal injury in MS and EAE (Bouafia et al., 2014; Craner
et al., 2004c; Waxman, 2008). In a study by Craner (Craner et al., 2004b), it was shown
that co-localization of Nav1.6 and NCX was found only in damaged axons. These were
identified using antibodies against beta-amyloid precursor protein (B-APP), an indicator
of imminent degeneration of the demyelinated axons (Craner et al., 2004a). In contrast,
Nav1.2 expression with NCX did not correlate with the presence of B-APP (Craner et al.,
2004d; Waxman, 2008). The persistent influx of Na* through Nav1.6 channel has been
suggested to reverse the function of NCX, leading to the accumulation of intracellular
Ca?" ions in the axon that results in axonal degradation (Bouafia et al., 2014; Craner,
2003). It is important to note that this hypothesis is based on co-localization experiments.
Reduced expression of Nav1.6 should theoretically result in improved axonal health in
the context of MS, but this has not been shown directly. Craner (Craner et al., 2005)
showed that in EAE and MS, 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 phagocytosis (Craner et al.,
2005; Jacobsen et al., 2002), antigen presentation (Lo et al., 2012), cell migration (Black
et al., 2009a; Hernandez-Plata et al., 2012; Persson et al., 2014a), stimulation of CD4" T
cell proliferation, and production of pro-inflammatory cytokines and chemokine (Amor et

al., 2014a; Black et al., 2009a).
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Research has shown that blocking 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 75% (Craner et al.,
2005). The reduced microglial phagocytic activity was associated with the decrease in

proinflammatory cytokines production, including IL-1a, IL-1p and tumor necrosis factor

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

The expression of Nav1.2 along injured demyelinated axons in EAE resembles
the distribution of this channel on pre-myelinated and non-myelinated axons (Boiko et
al., 2001; Kaplan et al., 2001). Like in normal unmyelinated axons, it is speculated that
Nav1.2 is important for conducting action potentials in non-damaged axons in MS,
although with lower spike frequencies than Nav1.6 (Craner et al., 2004c; Waxman,
2006). Nav1.2 has less influence on Na" influx compared to Nav1.6, which might reduce
the damage of axons and enhances their survival in MS and EAE (Rush et al., 2005).
Studies have shown that Nav1.2 plays a compensatory role for partial loss of Nav1.6 and
may be able to conduct signals in the demyelinated axon (Craner et al., 2004b; Van Wart
and Matthews, 2006). In contrast, recent work by Schattling et al. (2016) has examined
the impact in EAE mice of increased Nav1.2 activity on neuronal degeneration by
inserting a human gain-of-function mutation in Scn2a. Although this increase of Nav1.2
activity was not associated with alteration of the immune response in EAE, it increased
the intracellular Na* concentration, which was associated with increased
neurodegeneration. Such evidence suggests that the development of a selective blocker of
Nav1.6 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
human Nav1.6 gain-of-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., 2015). Our work implicates the
Nav1.6 isoform as a primary contributor to axonal degeneration following demyelination

in EAE (Alrashdi et al., 2019) (Chapter 2).
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Figure 1-3 Model of functional effects of expression of Nav1.2 and Nav1.6 channels
along demyelinated axons.

Schematic shows that Nav1.2 distributes along the demyelinated axon to restore the
conduction of nerve impulse. The persistent current produced by Nav1.6 causes a reversal
of the functioning of the Na*-Ca*" exchanger that leads to the accumulation of
intracellular toxic calcium that triggers axonal injury. Mitochondrial 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 Na"/K" ATPase that reduces the ability of the axon to
sustain resting potential and export Na*. Resulting from the accumulation of Ca?" inside
the axon, calcium-induced calcium release (CICR) from internal stores and activation of
NO synthase, proteases and lipases occur. Nav channels contribute 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 Navl.5in EAE and MS

Navl.5 was long recognized as the exclusive cardiac muscle Nav isoform and was
generally not believed to be expressed in other tissues (Black et al., 1995; Pappalardo et
al., 2014). However, Fraser et al. (2004) have shown that the Nav1.5 channel is also
expressed in normal human T-lymphocytes and modulates their motility. Furthermore, in
MS and EAE, it has been shown that the expression of Nav1.5 is upregulated in reactive
astrocytes within acute and chronic lesions (Craner et al., 2005). These observations
implicate Nav1.5 in immune regulation. Nav1.5 expression was correlated with the
severity of the disease in the EAE model, as it increased during relapses and decreased
during remission (Pappalardo et al., 2014). Astrocytes are glial cells that represent the
most abundant cell type in the CNS. These cells assist in maintaining homeostasis at
synaptic connections, are an essential component of the BBB, and may regulate blood
flow in response to synaptic activity (Blackburn et al., 2009). The selective upregulation
of Nav1.5 on reactive 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., 2010), but more direct functional data would be important to define this
channel’s role. However, the normal role of Nav channels in astrocytes is not well
understood. Nav channels translocate to the plasma membrane and help to produce a
persistent Na™ current (Blackburn et al., 2009). Such Na" influx in the astrocytes is
critical for the function of Na'/K" ATPase activity that, in turn, regulates the ionic
homeostasis in the CNS (Barker and Ullian, 2010; De Pitta et al., 2016). The correlation
between the elevation of Na" concentration in MS lesions and upregulation of Nav1.5 on

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

Nav1.8 is mainly expressed in the PNS in nociceptive trigeminal and dorsal root
ganglia neurons. However, in MS and EAE, Nav1.8 is ectopically expressed in Purkinje
cells of the cerebellum, suggesting an important role of this channel in the pathogenesis
of MS (Han et al., 2016). Craner et al., (2003) showed that the increase of Navl.8§ mRNA
(Scnal0) and protein levels in Purkinje cells are positively correlated with the severity
and duration of EAE (Craner, 2003). Consistent with this observation, (Shields et al.,
2012) reported that the cerebellar ectopic expression of Nav1.8 is linked 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 EAE (Shields et al., 2012).
Overexpression of Nav1.8 in Purkinje cells in vitro causes an increase of action potential
firing in these cells (Renganathan et al., 2003; Shields et al., 2012). The severity of EAE
progression was significantly reduced in Nav1.8 knockout mice and in wild-type mice

that were treated with Nav1.8 selective blockers (Shields et al., 2015).

1.4.4.4 Nav channel B2 subunit in EAE and MS

The B2 subunit of Nav channels, encoded by SCN2B, is a membrane glycoprotein
that plays a critical role in the expression and localization of Nav channels on the
neuronal cell membrane and in regulating the Na* current in CNS and PNS (Chen et al.,
2002; Lopez-Santiago et al., 2006). Moreover, 2 subunits function as cell adhesion

molecules that mediate interaction with the extracellular matrix and may play a role in
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cell migration (McEwen and Isom, 2004). Expression of the 2 subunit in the nervous
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 cerebellum (Sashihara et al., 1995). The known importance of
Nav channels in demyelination diseases suggests the corresponding importance of the 2
subunit due to its role in Nav channel expression. Lopez-Santiago et al. (2006); O’Malley
et al. (2009) showed that the absence of the f2 subunit in mice reduces the severe clinical
symptoms and axonal degeneration in EAE. This protective effect is independent of the
immune response, and it is attributed to the down-regulation of Nav1.6, thus reducing the
harmful effect of Na" accumulation in axons (O’Malley et al., 2009). Moreover, the
expression of Scn2b mRNA decreases in the late stages of EAE, which is suggested to be
a compensatory mechanism in the neurons to down-regulate the harmful Nav1.6

overexpression (Nicot et al., 2003).

In summary, understanding the individual role of each 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 considered to get a proper understanding of

their impacts on the disease.

1.5 Rationale and Objectives

Axonal degeneration is a non-reversible process in MS that leads to several
neurological disabilities. However, the mechanisms underlying axonal degeneration
remain unclear. Several studies have suggested that Nav channels — and the isoform

Navl1.6, 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 Na*/Ca?" exchanger to operate in reverse as it works to remove this sodium and
therefore produces an influx of damaging Ca** ions. However, this hypothesis has not
been tested directly. For this reason, I investigated the role of the Nav1.6 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 depleted of

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

As such, the FIRST OBJECTIVE of this study was to examine the effects of

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

To this end, I have used Scn8a™¥1°* and Scn8a™ (control) mice that are
intravitreally injected with adeno-associated virus serotype 2 (AAV2) harboring the Cre
recombinase and GFP under the control of the CMV promoter in the left eye and either
non-injected or injected with AAV2/GFP in the right eye. EAE was induced in these mice
and I was able to examine the role of Nav1.6 on retinal ganglion cells (RGCs) death and
optic nerve axonal degeneration in the chronic phase of the disease. To be clear, tissue-
specific targeting in the retina and optic nerve was used by using Cre-loxP system for two
reasons: First, Scn8a-null mice (devoid of Nav1.6 in the whole body) die around 21 days
post-partum. That makes them unsuitable for EAE. Second, there is no well-characterized
drug appropriate for long-term blocking of Nav1.6 and inflammatory status. Our results
have shown depletion of Nav1.6 from the retina was 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 individual axons of selective Nav1.6 deletion
led me to extend my study further to investigate the impact of this channel in disease

progression and immune modulation.

The SECOND OBJECTIVE was to determine if Nav1.6 regulates mediators of
autoimmune inflammation and to investigate the immune cell response in peripheral
blood and CNS in the presence of normal and low expression of Nav1.6. Therefore,
Scn8a'™* heterozygous mice for a null-allele of Scn8a that have reduced expression of
Nav1.6 in comparison to their WT littermates were used in this study. I hypothesized that
Scn8a®™* will show a decrease in inflammation in chronic EAE and in response to the
LPS challenge (Chapter 3). I induced EAE in Scn8a*™V* mice, with reduced Nav1.6
levels, and in Scn8a™* littermate controls. Behavioral observations in Scn8a®™* mice
revealed improved motor capacity during the early chronic phase when compared to
+EAE/Scn8a™ littermate controls. Inflammation was also found to be reduced in
Scn8a™* mice. Significantly lower levels of IL-6 were found in +EAE/Scn8a®™* vs

+EAE/Scn8a™ littermate controls, in the remission and chronic phases. Furthermore,

Scn8a®™* mice displayed reduced inflammation in response to LPS challenge.

Toll-like receptors (TLRs) are a family of extracellular, intracellular, or soluble
pattern recognition receptors (PRRs). They play a crucial role in the innate immune
system and have recently been implicated in the etiology of MS by modulating adaptive
immunity. TLR2 is activated by a broad range 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). In both MS and EAE, the expression of TLR2 has been shown to be
implicated in disease in MS and EAE and be upregulated in the CNS on oligodendrocytes
and peripheral blood monocytes (Reynolds et al., 2010; Zekki et al., 2006). However, the
exact role of TLR2 in the inflammatory response has been controversial and not
completely defined in the context of EAE. Therefore, the THIRD OBJECTIVE of my
research was to determine the impact of TLR2 on the axonal 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 EAE. (Chapter 4). EAE was induced in TLR2”- and WT
strains. Our results showed that the clinical score in TLR2”" mice was significantly lower
during the chronic phase compared to the control. The frequencies of Gr-1"/CD11b" cells
of the spleen and the brain were significantly lower in TLR2”" mice at day 40 post-EAE

induction compared to the control.
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Chapter 2  Navl1.6 promotes inflammation and neuronal degeneration in a mouse
model of multiple sclerosis.

This chapter appeared in the following publication:

https://ineuroinflammation.biomedcentral.com/articles/10.1186/s12974-019-1622-1

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

Jean S. Marshall & Patrice D. Coté

Nav1.6 promotes inflammation and neuronal degeneration in a mouse model of multiple

sclerosis. Journal of Neuroinflammation 16,215 (2019) doi:10.1186/s12974-019-1622-

1.

This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium. No changes were made
other than reformatting for inclusion in this thesis.
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2.1 Abstract

Background: In multiple sclerosis (MS) and in the experimental autoimmune
encephalomyelitis (EAE) model of MS, the Nav1.6 voltage-gated sodium (Nav) channel
isoform has been implicated as a primary contributor to axonal degeneration. Following
demyelination Nav1.6, which is normally co-localized with the Na*/Ca** exchanger
(NCX) at the nodes of Ranvier, associates with 3-APP, a marker of neural injury. The
persistent influx of sodium through Nav1.6 is believed to reverse the function of NCX,
resulting in increased influx of damaging Ca** ions. However, direct evidence for the role

of Nav1.6 in axonal degeneration is lacking.

Methods: In mice floxed for Scn8a, the gene that encodes the o subunit of
Navl1.6, subjected to EAE we examined the effect of eliminating Nav1.6 from retinal
ganglion cells (RGC) in one eye using an AAV vector harbouring Cre and GFP, while
using the contralateral either injected with AAV vector harboring GFP alone or non-

targeted eye as control.

Results: In retinas, the expression of Rbpms, a marker for retinal ganglion cells,
was found to be inversely correlated to the expression of Scn8a. Furthermore, the gene
expression of the pro-inflammatory cytokines 7/6 (IL-6) and /fng (IFN-y), and of the
reactive gliosis marker Gfap (GFAP) were found to be reduced in targeted retinas. Optic
nerves from targeted eyes were shown to have reduced macrophage infiltration and

improved axonal health.

Conclusion: Taken together, our results are consistent with Nav1.6 promoting

inflammation and contributing to axonal degeneration following demyelination.
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Highlights
e Retinas from eyes subjected to selective Nav1.6 targeting have increased retinal
ganglion cell survival and reduced inflammation and reactive gliosis.

e Optic nerves from eyes subjected to selective Nav1.6 targeting have reduced

demyelination and axonal loss.

¢ 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 (CNS), affecting more than 2.5 million people worldwide
(Milo and Kahana, 2010; Mohr, 2011). It is believed that the main trigger of the disease
might be an inflammatory autoimmune response within the nervous system that causes
tissue damage, including demyelination and axonal damage (Constantinescu et al., 2011;
de Leeuw et al., 2014; Trapp et al., 1998b). The neuroinflammation may be latent in the
beginning but eventually progresses into a relapsing-remitting phase, at which point it is
possible to lose and regain myelin (Bjartmar et al., 2003). In the early stages of the
disease, axonal demyelination, with the axon remaining viable, is associated with variable
degrees of inflammation and astrogliosis (Mancardi et al., 2001). However, permanent
neurological deficits become increasingly prominent as the neuroaxonal degeneration

progresses (Friese et al., 2014).

Voltage-gated sodium (Nav) channels have been implicated in etiology of MS and
EAE as a key factor in causing axonal degeneration. The Nav1.x channel family consists
of nine different pore-forming alpha-subunits (Nav1.1 — Navl1.9), which assemble with
two of five non-pore-forming beta-subunits (31, B1B, B2, B3, B4). These channels are
present in motor and sensory axons in the peripheral nervous system (PNS) and cluster at
nodes of Ranvier in CNS axons (Krzemien et al., 2000). The Nav1.6 isoform, in
particular, has been associated with axonal loss following demyelination in both EAE
(Craner, 2003; Craner et al., 2004b) and MS (Craner et al., 2004c). In axons, Nav1.6 has

been shown to co-localize with the Na*/Ca** exchanger (NCX) and B-APP, an indicator
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of imminent degeneration. In addition, the co-localization between Nav1.6 and NCX was
found only in axons that express B-APP, an indicator of defective transport which is
commonly used as a marker of axonal damage(Ferguson et al., 1997).However, in axons
with damaged myelin expressing diffused Nav channels, axons expressing only the
Nav1.2 isoform did not co-localize with B-APP while virtually all f-APP-expressing

axons were expressing Nav1.6, along or without Nav1.2 (Craner et al., 2004b).

In this study, we examined how deleting Nav1.6 from a population of retinal
ganglion cells in EAE mice, a common animal model of MS (Bettelli, 2007b;
Constantinescu et al., 2011) affects disease progression. Intra-animal comparisons
revealed enhanced RGC survival, reduced inflammation, and improved axonal health in
the Navl.6-targeted eye versus the control eye. Taken together, our data support the
hypothesis that Nav1.6 contributes to the pathophysiology of EAE, and by extension of

MS and possibly other neurodegenerative disorders.

2.3 Materials and methods
2.3.1 Mice

A total of 36 mice were used in this study: C57BL/6 (Charles River, Saint-

Constant, QC) (n = 16), and Scn8a™1°* homozygous for alleles of Scn8a harbouring
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 housed in groups
of 3 to 5 under a 12-hour light-dark cycle with free access to food 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 and in accordance to the
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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. 17-012 and 19-050).

2.3.2 Intravitreal injection of AAV

Adeno-associated virus serotype 2 (AAV2) has been shown to preferentially
target ganglion cells in the retina (de Leeuw et al., 2014). Using a 31 gauge needle and 10
ul syringe (Hamilton Company, Reno, NV, USA), we have intravitreally injected the left
eye of 7 week old Scn8a™1°% (n = 11; Fig 2.1A Day 0; 1.5 uL of 5 x 10'? viral genome
copy number per mL) harbouring the Cre-recombinase and enhanced GFP (eGFP, Cat no.
SL100814, Signagen Laboratories, Rockville, MD) under the control of the
cytomegalovirus (CMV) promoter in the left eye and the fellow eye was injected with
AAV2-GFP alone (n = 4; Cat no. SL100812, Signagen Laboratories) or left non-injected
(n="17). The injection site was located posterior to the super temporal limbus and the
injection was performed at a depth of approximately 1 mm. This procedure was
performed in a biocontainment room under ketamine/xylazine anesthesia (ketamine, 100
mg/kg body weight; xylazine, 10 mg/kg body weight). GFP-production was used as a
marker of AAV?2 transduction of RGCs and was visualized in vivo by confocal scanning
laser ophthalmoscopy (CSLO) before and after EAE induction (measured at days 15, 30,

68, and 78 after AAV2 injection; Fig. 2.1A).

2.3.3 EAE induction and clinical score assessments
EAE was induced in 18-24 g female mice aged 10 to 12 weeks (total n = 22).
C57BL/6 (n = 10) and in Scn8a™¥1* mice (n = 12) were immunized for EAE induction,

while C57BL/6 (n = 6) and Scn8a™¥1°% (n = 3) were left untreated as controls. EAE mice

50



were injected subcutaneously with 200 pL of MOGs3s.ss peptide solution suspended in
CFA with a concentration of 2 mg/mL (kit EK-2110, Hooke Laboratories, Lawrence,
MA) (Kuerten et al., 2007). PTX (200 ng per mouse dissolved in PBS) was injected
intraperitoneally on the day of immunization and after two days. Mice were monitored
daily for weight changes and for clinical signs of EAE and all scoring was done 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 with or without forelimb paralysis
and incontinence; 5. moribund. Mice that reached a score of 4 before the end of the study
(41 or 50 days post-EAE) were sacrificed and discarded from the study. The mice
included in the study displayed a clinical score between 2.5 and 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 In vivo imaging

GFP-producing RGCs were visualized by confocal scanning laser
ophthalmoscopy (CSLO; Spectralis HRA, Heidelberg Engineering, Germany) at days 15,
30, 68, and 78 post AAV?2 injection according to Smith and Chauhan (Smith and
Chauhan, 2015). Briefly, mice were anesthetized with an initial induction of 3-4%
isoflurane (vol) and the eyes were dilated with topical mydriatics (1% tropicamide and
2.5% phenylephrine hydrochloride, Alcon Canada Inc., Mississauga, ON). Corneal
hydration was maintained with ophthalmic liquid gel (Novartis Pharmaceuticals Canada
Inc., Dorval, QC, Canada) and a contact lens (Cantor and Nissel, Brackley, UK). CSLO

imaging was performed for 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 fiber layer were first
acquired with infrared (820 nm) illumination. The camera adjusted to obtain the optimal
fluorescence images (488 nm excitation, 500-550 nm emission band pass filter) at the
GCL layer. Each image was taken averaged 16 times using automatic real-time eye

tracking software.

2.3.5 Immunohistochemistry

To quantify and visualize RGCs, the whole-mount retinas were incubated for 6
days at 4°C with primary antibody against the mouse RNA-binding protein with multiple
splicing (RBPMS; 1:1000 dilution, guinea pig anti-RBPMS, PhosphoSolutions,
Aurora, CO, USA), which is uniquely expressed in RGCs (Rodriguez et al., 2014) . This
was followed by incubation with 1:400 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) overnight at 4°C. After that, the retina was rinsed in PBS for
10 min, then incubated in the nuclear counterstain TO-PRO-3 iodide (Thermo Fisher
Scientific, Waltham, MA) for 15 min. Retinas were flattened with RGCs facing up,
mounted with anti-fade fluorescent mounting medium (Sigma-Aldrich, St-Louis, MO),
and cover slipped. Images were taken using a 20 X objective with a confocal 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 RGC quantification: 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 of the 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 (PFA), dehydrated for 2 min by a series of graded
ethanol solutions, incubated for 5-7 min in hematoxylin and transferred to distilled 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 and analyzed with
AxioVision 4.7 software (Carl Zeiss, Jena, Germany). The average number of cell nuclei

per mm? was determined for each optic nerve.

2.3.7 Electron microscopy

Mice were sacrificed during the chronic phase of EAE at day 41 (n =7), and day
50 (n = 4) and optic nerve tissue was harvested from both groups of mice C57BL/6 and
‘floxed’ alleles of Scn8a. Tissues were processed as described by Kuerten et al. (Kuerten
et al., 2011). Tissues were fixed overnight in 2.5% glutaraldehyde in 0.1M sodium
cacodylate buffer, rinsed with 0.1M sodium cacodylate buffer, fixed for 2 hrs with 1%
osmium tetroxide, and then rinsed quickly with distilled water. Samples were then placed
in 0.25% uranyl acetate at 4°C, dehydrated 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 an ultra-microtome (Reichert Ultracut R, Leica, Germany)
at a thickness of 50 nm. Images were captured on a Zeiss 906 electron microscope (Carl
Zeiss NTS GmbH, Oberkochen, Germany) equipped with a digital EM camera. To
demonstrate the extent of the axonal loss and myelin pathology we measured the g-ratio

by dividing the axon diameter by the diameter of the myelinated nerve fiber (Guy et al.,
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1991; Kuerten et al., 2007). Only axonal g-ratios three standard deviations above
(remyelinating) or below (demyelinating) the average of the non-EAE reference group
were counted. Axonal damage, including axolytic axons and neurofilament pathology,
was determined qualitatively. A person unaware of the nature of the samples performed

the analysis.

2.3.8 Quantitative reverse-transcription 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) according to manufacturer’s instructions. Concentration
of RNA samples were measured using an Epoch spectrophotometer and Take3™ Micro-
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 Transcription Kit (Qiagen). The resulting cDNA samples were diluted 1:4 and
used in qRT-PCR with the primer sets from Table 3 to measure the expression of

mRNAs.

Table 3 qPCR primers:

Gene Primer sequence or company (catalog number)

Hprt | Bio-Rad (Cat no. 10025636)

Gapdh | Bio-Rad (Cat no. 10025637)

16 Qiagen (Cat no. PPM03015A)

Gfap | Forward (5°-3) AGGGGCAGATTTAGTCCAAC
Reverse (5°-3’) AGGGAGTGGAGGAGTCATTC

Scn8a | Forward (5°-3’) GCAAGCTCAAGAAACCACCC
Reverse (5°-3’) CCGTAGATGAAAGGCAAACTCT

Rbpms | Forward (5°-3’) AGAGCTGTACCTGCTCTTCAGACC
Reverse (5°-3’) GCCTCTGCTTCTGAGCGACTGTC

Ifng | Bio-Rad (Cat n0.10025636)
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2.3.9 Flow Cytometry

Optic nerves were harvested, and the cells were dissociated by passing the tissues
through metallic mesh followed by enzymatic digestion using 10ug/ml collagenase D and
100pg/ml DNase I. Single-cell suspensions were incubated with antibodies to define
various types of immune cells, such as macrophages (F4/80"/CD11b"*, 1:300 dilution
Bioscience, USA). Cells were then washed using flow cytometry wash buffer (PBS
supplemented with 1% BSA). Stained samples were harvested using BD FACS Canto™
IT (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 analyses were performed using a paired Student’s #-test. Error bars
represent the standard error of the mean (SEM). GraphPad Prism software was used for
statistical analyses (Ver. 5.0, GraphPad Software, La 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 degeneration (Friese et al., 2014; Waxman, 2006). To test the
role of Nav1.6 in axonal degeneration, we used mice that have the first exon of the
Navl.6 gene, Scn8a, flanked between two LoxP sites, ie. ‘floxed’ (Levin and Meisler,
2004), which allows the gene to be knocked out locally in the presence of Cre-
recombinase. A recombinant adeno-associated virus serotype 2 (AAV2), which
preferentially targets ganglion cells in the retina, was used to deliver an expression vector

containing Cre-GFP (AAVCre) or, as a control, GFP alone (AAVGFP) under the control
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of a cytomegalovirus promoter (Fig. 2.1A). Subsequent to intravitreal injection of the
virus, GFP labeling was detectable in vivo by CSLO fluorescence imaging and the
transduced cells were counted at 15, 30, 68, and 78 days post AAVCre injection (Fig.
2.1BC). Smith and Chauhan (2018) reported that AAV2 transduction of inner retinal
cells stabilizes at 35 days; consequently, it was estimated that near maximal RGC
transduction would be attained by 44 day post-AAV2 injection and this time was chosen
to induce EAE. Interestingly, the number of transduced cells continued to increase at
days 68 (EAE day 25) and 78 (EAE day 35). The clinical symptoms of EAE-induced
mice started to appear 8 days post immunization, and all mice (C57BL/6 and flox mice)
subjected to EAE displayed a typical clinical course with loss of body weight and motor

impairment (Supplemental Figure 2.1).

To determine the effect of targeting Scn8a the RGC population in chronic-phase
EAE, we immunostained flat-mount retinas against RBPMS, a highly specific marker of
RGCs (Kwong et al., 2010). Control non-EAE/non-AAV-treated mice (-EAE/-AAV, Fig.
2. 2A) exhibited a dense population of RGCs, while +EAE/non-AAV-treated retinas
(+EAE/-AAV, Fig. 2.2B), and EAE retinas from eyes intravitreally injected with a
control GFP vector (+EAE/+AAVGFP, Fig.2. 2C) revealed massive RGC loss. In control
GFP retinas, speckled GFP staining was observed, which occasionally co-localized with
enlarged and degenerating RGC soma. The extent of the cell loss in +EAE/+AAVGFP
control is quantified in (Fig. 2. 2E) and corresponds to 307.7 + 83.5 cells/mm? (n = 3) vs
3633 +431.3 (n = 3) cells/mm? in non-EAE/-AAV controls. In +EAE/+AAVCre mice
(Fig. 2.2D) large RGC loss was also observed but to a lesser extent than in contralateral

+AAVGFP control retinas (589.2 + 47.0; p = 0.0346; n = 3; Fig. 2. 2E). Furthermore, in
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+AAVCre retinas, the RGC cells with morphologically normal cell bodies were to a large
extent GFP-positive. To determine the extent to which AAVCre impacted the expression
of Nav1.6 and RGC survival, we compared the expression of Scnéa (the gene that
encodes the o subunit of Nav1.6) and Rbpms (RBPMS) in retinas of EAE mice from
AAVCre-injected eyes against, within the same animal, either the AAVGFP-treated or
the non-injected contralateral eyes (Fig.2. 2F). Scn8a expression in AAVCre-injected
retinas was reduced to 44.8% + 8.62 of levels found in non-injected contralateral retinas
(n=4) and to 62.43% + 11.38 of levels found in AAVGFP-injected contralateral retinas
(n =4). In the same samples, Rpbms expression was, on the other hand, increased to
194.8% = 31.91 of levels found in non-injected contralateral retinas and to 190.1% +
13.81 of levels found in AAVGFP-injected contralateral retinas. Since the AAVCre-
injected eyes displayed a similar effect relative to non-injected or to +AAVGFP
contralateral control eyes, we combined the two groups for subsequent analysis (referred

to -AAVCre).

To assess the role of Nav1.6 in stimulating inflammation in EAE retina, we
performed real time PCR analysis for /16 (IL-6), Ifng (IFN-gamma), Tnf (TNF) pro-
inflammatory cytokines, the 7/7/0 anti-inflammatory cytokine and Gfap (GFAP), a marker
for reactive gliosis. The expression of 7nf'and /10 was below the threshold of detection
in all conditions (not shown) and the expression of //6, Ifng and Gfap in non-EAE mice
was negligeable to low (Fig 3A-C). 116 was found to be significantly reduced (p =
0.0022) in all +EAE/4+AAVCre (0.7697 £ 0.07507, n = 8) relative to contralateral control
retinas (2.031 + 0.3726, -AAVCre, n = 8; Fig. 2.3A). In addition, the expresson of Ifng

was significantly reduced (p = 0.0186) in +tEAE/+AAVCre (0.1753 + 0.05959; n = 4)
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versus TEAE/+AAVGFP control retinas (0.3032 + 0.03948; n = 4; Fig. 2.3B). Gfap was
also significantly reduced (p = 0.0080) in +tEAE/+AAVCre (0.006452 + 0.001426; n = 8)
in comparison to contralateral control retinas (0.02773 + 0.006676; -AAVCre, n = 8; Fig.

2.30)

We then performed a histological examination of the optic nerves and found
increased cell infiltration in +EAE non-injected or AAVGFP controls relative to naive -
EAE/-AAVCre with cell clusters commonly visible (indicated by arrowheads in Fig.
2.4A). AAVCre-treated retinas, on the other hand, had reduced cell infiltration (Fig.
2.4AB). The total number of optic nerve nuclei was significantly lower (p = 0.0492) in
+EAE/AAAVCre (132.4 £ 16.54; n =7) versus control +EAE/-AAVCre mice (220.0 £

41.91; n="17; Fig. 2.4AD).

The number of infiltrating macrophages, determined by flow cytometry as the
percentage of F4-80", 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 significantly reduced (p = 0.0015) in +tEAE/+AAVCre (2.958 +

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

Next, myelin and axonal pathology were assessed by comparing electron
micrographs of optic nerve transversal sections from naive (-EAE/-AAVCre, Fig. 2.5A),
to +tEAE/-AAVCre (Fig 2.5B) and +EAE/+AAVCre (Fig. 2.5C) optic nerves. We found
that axon density was severely reduced in +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 features were less

common.

A quantification of the electron micrographs revealed that axolytic fibers, visually
identified based on the absence of discernable neurofilaments, presence of swollen
mitochondria and unraveling myelin (Fig. 2.5BC), were significantly (p = 0.042) less
common in +EAE/+AAVCre optic nerves (2.573 + 0.4507; n = 11) than in their -
AAVCre contralateral counterparts (4.136 = 0.8918; n=11; Fig. 2.6A). Demyelinated
fibers, visually identified based on the presence of an intact axon but devoid of myelin,
were also less frequent (p = 0.0470) in +tEAE/AAAVCre (12.28 +£2.716 ; n = 11) than in

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

In the remaining fibers that were not visually identified as either axolytic or
demyelinated, myelin pathology was quantified by using the g-ratio (Guy et al., 1991),
dividing the axonal diameter by the diameter of the axon plus myelin sheath. The optimal
g-ratio in optic nerve in naive -EAE/-AAVCre flox mice was established at 0.77 £ 0.060
S.D. (n = 3) which was similar to wild-type C57BL/6 at 0.76 = 0.070 S.D. (n =6). A
conservative margin of + 3 standard deviations from the mean of normal -EAE/-AAVCre
flox mice was used as the cutoff to assign a diagnosis of demyelinating (< 0.59) or
remyelinating (> 0.95), with intermediate g-ratios being considered as optimally
myelinated. Using these parameters, we found no remyelinating fibers in any group (not
shown), while all (100%) of the quantified axonal fibers in non-EAE animals were
optimally myelinated. In the EAE-treated groups -AAVCre mice had significantly fewer
(p = 0.0427) optimally myelinated fibers (87.08 & 3.669; n = 11) than +AAVCre mice

(92.72 £ 2.283; n = 11; Fig. 2.6C). None (0%) of the non-EAE had demyelinating fibers.
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In the +EAE/+AAVCre group the proportion of demyelinating axons was found
significantly (p = 0.0311) reduced (7.308 £+ 2.276; n=11) relative to their -AAVCre

contralateral counterparts (13.17 = 3.632; n = 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 efficient propagation of the action
potential by saltatory conduction (Buffington and Rasband, 2013; Giuliodori 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 displaced and their expression
dysregulated. Among these proteins, the voltage-gated sodium channel Nav1.6 is
believed to play an important role in the axonal degradation that eventually follows
demyelination or cycles of demyelination. Interestingly, demyelination does not only
cause the dispersal of the pre-existing channels that were present at the nodes of Ranvier
but in fact increases the density of the Nav channels in animal models (England et al.,
1991; Foster et al., 1980; Novakovic et al., 1998) and in MS lesions (Moll et al., 1991).
The co-localization of Nav1.6, the Na*/Ca?" exchanger (NCX) and markers of axonal
injury has led to the hypothesis that the persistent influx of Na" through Nav1.6 channel
in MS, and in the EAE animal model of MS, causes the NCX to operate in reverse,
leading to the toxic accumulation of intracellular Ca?* ions that results in cell death and
axonal degradation (Bouafia et al., 2014; Craner, 2003; Stys et al., 1992; Waxman, 2006).
Alternatively, Nav1.6 has been implicated in the release of Ca®* from intra-axonal stores

(Stirling and Stys, 2010). The role of Nav1.6 in degeneration has been difficult to verify
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directly since Scn8a/Nav1.6-null mice (i.e., whole-body mutants) die around 21 days
post-partum, which make them unsuitable for EAE induction (Burgess et al., 1995b;
Kohrman et al., 1996). We chose to target Scn8a specifically in the retina and optic nerve
for studying demyelination and axonal loss since optic neuritis is prominent and well-
characterized in EAE mice (Quinn et al., 2011; Soares et al., 2013). We targeted Scn8a in
a single optic nerve by intravitreal injection of an adeno-associated virus harbouring the
Cre recombinase and enhanced GFP (eGFP) genes under the control of the CMV
promoter (AAV2-Cre-GFP) in mice homozygous for the floxed Scn8a allele (Levin and
Meisler, 2004). Scn8a was targeted in retinal ganglion cells by using the serotype 2
variant of the adeno-associated virus (AAV?2), which has been shown to transduce
approximately 34% of the RGC population when administered by intravitreal injection,
although it should be noted that in this study by Smith and Chauhan (Smith and Chauhan,
2018) the DCX promoter was used while we have used the CMV promoter.
Subsequently, to induce EAE we used MOGas.ss as the antigen since it induces chronic
monophasic EAE in C57BL/6 mice (Kuerten et al., 2007; Stromnes and Goverman,
2006b). The contralateral eye was used as an internal control, which was either injected
with and AAV vector expressing GFP alone (AAVGFP) or left non-injected. This
approach allows us to compare Cre-targeted and control samples that are exposed to the
same disease micro-environment; a significant advantage since the EAE disease severity
can vary considerably between animals (Constantinescu et al., 2011). Furthermore, the
absence (//6 and Ifng ) or near absence (Gfap) of expression in the non-EAE +AAVCre

control strongly suggests that the effects observed in the +tEAE/+AAVCre mice are
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indeed due to the inactivation of Scn8a/Nav1.6 and not to a non-specific effect of the

AAV?2 virus.

Inner-retinal cell targeting was confirmed by eGFP expression, as detected by
CSLO in vivo imaging (Smith and Chauhan, 2018) which allowed us to longitudinally
track the number of Nav1.6 knockout cells. Following injection, the number of RGCs
targeted increased in a linear fashion until day 78 consistently with the observations of
(Smith and Chauhan, 2018). Immunostaining against RBPMS of flat-mounted retinas
from 41 days post-EAE induction revealed a massive loss of RGCs, in accordance with
previously reported RGC loss in EAE-associated optic neuritis (Quinn et al., 2011;
Shindler et al., 2008). The co-localization of the remaining morphologically normal
appearing RBPMS-positive RGC cell bodies with GFP strongly suggests that the
elimination of Nav1.6 within neurons promotes cell survival. Real-time quantitative
assessment of Rbpms and Scn8a retinal expression revealed that within each animal, the
AAV2Cre+ retina expressed less Scn8a and more Rbpms than the retina from the non-
injected or +tAAVGFP contralateral eyes. Furthermore, when comparead as groups, the
AAV2Cre+ eyes differed significantly from the non-injected and +AAVGFP
contralateral eyes. Taken together, these 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 destruction including demyelination and axonal
damage (Constantinescu et al., 2011). Inflammation in the CNS is generally initiated by
microglia, the resident macrophages, 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 response (Engelhardt and Ransohoff, 2012). Furthermore, this
inflammation can lead to the disruption of BBB and increase the infiltration of immune
cells into the CNS (Barnett et al., 2006; Duffy et al., 2014; Wojkowska et al., 2014).
Quantitative RT-PCR expression analyses revealed that the reduction of Scn8a
expression in the AAVCre+ eye versus the control contralateral eye was associated with
decreased retinal expression of pro-inflammatory cytokines 7/6 (IL-6) and (/fng), robust
indicators of inflammation. Antibody blockade studies of IL-6 and knockout studies of
IFN-y have revealed that these cytokines are implicated in the induction of EAE (Lin and
Edelson, 2017; Matsuki et al., 2006; Serada et al., 2008) Furthermore, a notable reduction
within individual mice of reactive gliosis as indicated by a marker of fibrillary acidic
protein (Gfap) (Horstmann et al., 2013), was also observed in AAVCre+ eye compared to
the fellow eye. A recent study by Wilmes et al. (Wilmes et al., 2018) showed that in acute
and chronic phases of EAE, a glia scar is formed by reactive astrocytes. It has been
shown that increased expression of GFAP in Miiller cells is an indicator for the activation
of astrocytes and the loss of RGC, which may be triggered by inflammation and
apoptosis (Horstmann et al., 2013). Several underlying mechanisms that involve the
interaction between the immune cells 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 both types of cells (Eijkelkamp et al., 2012; Waxman, 2006).
Navl.6, in particular, is expressed in non-neuronal cells, such as astrocytes, microglia,
and macrophages as well as in invasive cancer cell lines, where they are believed to
contribute in the ability of these cells to mobilize by activating the actin cytoskeleton

leading to the formation of podosomes and invadopodia (Black et al., 2009a; Carrithers et

63



al., 2009b; Craner et al., 2005; Pappalardo et al., 2016). In the context of this study, the
presence of Nav1.6 in non-neuronal cells raises the question as to whether our
observations result from deleting Nav1.6 in RGCs or if the presence of
+AAVCre/Nav1.6-null non-neuronal cells might be impacting the results. Of the total
number of retinal cells transduced by AAV2 approximately 65% are ganglion cells, while
approximately 9% are Miiller cells (Hellstrom et al., 2009) and in the EAE chronic phase
(41 days following induction) all the observed AAVCre+ cells also stained positively for
RBPMS (Fig 2.2d). Therefore, while we cannot completely eliminate the possibility that
cells other than RGCs, such as Miiller cells, might contribute to the reduction in retinal
inflammation we believe this contribution to be minimal. Nav1.6 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 axons which can result in permanent
vision disruptions (Shindler et al., 2008). Even in axons that survive demyelination after
the inflammation resolves only limited remyelination usually occurs causing a decrease
in the action potential conduction and nerve atrophy (Kolbe et al., 2009). We observed by
histological staining that +AAVCre optic nerves were thicker had fewer infiltrating
immune cells than EAE+ optic nerves from -AAVCre eyes and that the amount of
infiltrating macrophages, as estimated by flow cytometry (F4-80" CD11b"), was reduced
in the optic nerve from +AAV2Cre optic nerves. Horstmann et al. (Horstmann et al.,

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 analysis of axonal damage in optic nerve revealed axonal
degeneration, accompanied with degeneration of the myelin sheath, which is the main
feature of the disease. Our observation showed that the optic nerves from AAVCre+ eyes
have decreased demyelination and fewer axolytic fibers compared to the control fellow
eye. This is consistent with O’Malley et al. (O’Malley et al., 2009) who found that
sodium channel 3 subunits knockout mice show reduced axonopathy following induction
of EAE. Moreover, O’Malley et al. (2009) showed that the lack of Scn2B (B2) subunit in
mice reduces the severe clinical symptoms and axonal degeneration in EAE. This
protective effect is independent of the immune response and it was attributed to the
downregulation of Nav1.6, thus reducing the harmful effect of Ca2" accumulation in

axons.

Nav channel involvement in the etiology of MS has long been recognized. For
example, pharmacological treatment using broad spectrum blockers including phenytoin,
lidocaine, carbamazepine, flecainide, safinamide, and TTX have shown efficacy in
animal models of anoxia and NO-mediated damage anoxia and in EAE mice (Bechtold et
al., 2004; Garthwaite et al., 2002; Kapoor et al., 2003; Morsali et al., 2013; Stys et 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, and their broad expression
on neuronal and non-neuronal cells. Clinical trials conducted with lamotrigine (Kapoor et

al., 2010) and phenytoin (Raftopoulos et al., 2016; Waxman, 2008) have yielded

65



equivocal results indicating that more research is required to clarify how blocking Nav
channel isoforms expressed in excitable and non-excitable cells impacts disease
progression (Yang et al., 2013a). 4,9-Anhydrotetrodotoxin (4,9-ah-TTX), a metabolite of
TTX, blocks Nav1.6 in the nanomolar range with minimal effect on other TTX-sensitive
channels (Rosker et al., 2007a; Teramoto and Yotsu-Yamashita, 2015). Hargus et al.
(Hargus et al., 2013) have shown that 4,9-ahTTX selectively blocks Nav1.6 but not
Navl.2 currents and was able to suppress neuronal hyperexcitability in a mouse model of
epilepsy. Recently, the microRNA miR-30b-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
Nav1.6 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 ‘null” genetic lesion in neuronal Nav1.6 has a neuroprotective effect in
vivo. Our results corroborate previous findings that Nav1.6 is a promoter of neuronal
degeneration and inflammation in EAE (Craner et al., 2005), suggesting that it plays a
corresponding role in MS and possibly in other degenerative neurological diseases. Our
results suggest that downregulating or blocking Nav1.6, specifically on neuronal cells
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 and on the phenotype displayed in Scn8a mouse mutants such as juvenile
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lethality in null mice and severe ataxia in channel gating mutants (Meisler et al., 2001),
Nav1.6 plays an essential physiological role and targeting this isoform involves inherent
risks. Nevertheless, there is evidence that other isoforms, such as Nav1.2, can effectively
compensate for the loss of Nav1.6. During postnatal development, Nav1.2 is normally
expressed along the optic nerve to be replaced later, at advanced stages of development,
with Nav1.6 (Boiko et al., 2001; Kaplan et al., 2001). Studies have shown that Nav1.2
plays a compensatory role for partial loss of Nav1.6 and may be able to conduct signals
in the demyelinated axon (Craner et al., 2004d; Van Wart and Matthews, 2006). As 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 in the context of EAE and MS.
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Figure 2-1 Experimental timeline and AAV transduction of inner retinal cells.

A) Experimental timeline with intravitreal injection of the AAV2-Cre-GFP or AAV2-
GFP virus (+AAV), as well as the induction and clinical stages of EAE in Scn8a-flox
mice. B) Representative confocal scanning laser ophthalmoscopy (CSLO) images of
GFP-labeled inner retinal cells in a single animal up to 78 days post-AAVCre
injection. C) Quantification of AAV transduction progression (n =4).
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Figure 2-2 Chronic stage EAE mice have increased RGC survival in retinas with
reduced Scn8a (Nav1.6).

A) Population of RGCs (RBPMS-positive) in a normal (—-EAE/~AAVCre) retina is
shown in comparison to B) a representative image of an uninjected (—AAV) EAE mouse,
and C) a representative image of a EAE mouse retina from a control AAVGFP-treated
eye (+tEAE/+AAVGFP) showing RBPMS-positive degenerating RGCs (white
arrowheads) with GFP occasionally co-localizing with cell remnants. D) A representative
image of an EAE mouse retina from an AAVCre-treated eye (+EAE/+AAVCreGFP)
showing normal appearing GFP-positive RGCs. E) RGC quantification in +EAE retinas
treated with AAVGFP (n=3) or AAVCreGFP (n=3). Lines link data points for retinas
from the same animal. F) Percent of expression change for Scn8a and Rbpms in
AAVCre-treated (+EAE/+AAVCreGFP; n =4) eyes relative to their contralateral control
uninjected (+EAE/~AAV; n=4) or GFP (+EAE/+AAVGFP; n=4) eye. Scale

bar =50 um. Data are presented as the mean £ SEM. *P <0.05, paired #-test.
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Figure 2-3 Nav1.6 promotes inflammation in EAE mice. Expression in the retina of
the markers of inflammation.

A) 116 (gene that encodes 1L-6) and B) Ifng (IFN-y) is compared between untreated
(—EAE) or EAE-induced (+EAE) mice. The eyes of untreated (—EAE) mice are either left
uninjected (—AAVCre, open triangles) or injected with AAVCreGFP (+AAVCre, closed
triangles). In the EAE-induced 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 GFP-only control (AAVGFP, green dots). C) Analysis of
the marker of reactive gliosis Gfap (Glial Fibrillary Acidic Protein). Lines link data
points for retinas from the same animal. Data are presented as the mean + SEM.
*P<0.05, **P <0.01, paired t-test.
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Figure 2-4 Targeting of Nav1.6 results in reduced infiltration of myeloid cells in
EAE optic nerves.

A) Hematoxylin and eosin-stained optic nerves from control non-EAE-
induced/uninjected eye (-EAE/~AAVCre) and from EAE-induced (+EAE) mice with
eyes left uninjected (—AAVCre, uninj), injected with AAVGFP (+AAVGEFP), or injected
with AAVCreGFP (+AAVCre). Arrowheads indicate cellular

aggregates. B) Quantification of optic nerve nuclei from non-EAE-induced/uninjected
eyes (—EAE/~AAVcre, open triangles) and from EAE-induced mice where a comparison
is made between AAVCreGFP-injected (+AAVCre, black circles; n="7) and the
contralateral eye, which is either left uninjected (blue circles; n =2) or injected with
AAVGFP (green circles; n=15). C) Representative dot plot flow cytometry analysis
showing the gating strategy used to identify the macrophage population expressing
marker CD11b" F4-80" from a population of CD45" cells isolated from optic

nerves. D) Flow cytometry analysis for CD11b" F4-80" macrophages. Lines link data
points for retinas from the same animal. Scale bar, 500 um. Data are presented as the
mean + SEM. *P <0.05, **P <0.01, paired ¢-test. 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 2-5 The axonal pathology is improved in optic nerves with reduced Nav1.6
levels.

Representative ultra-thin transversal sections of optic nerves were obtained from control
non-EAE-treated/uninjected mice (A, ~EAE/~AAVCre), EAE-treated/uninjected (B,
+EAE/~AAVCre), and EAE-treated/ AAV2Cre-injected (C, +tEAE/+AAVCre). Images
in B and C are of retinas from the same animal. Ax, axolytic; *, demyelinating. Scale bar,
5 pm.
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Figure 2-6 Reduced Nav1.6 levels in the optic nerve are associated with decreased
demyelination and reduced axonal damage.

Electron micrographs of optic nerves from control non-EAE-induced (—EAE) or EAE-
induced (+EAE) mice were analyzed. The non-EAE-induced optic nerves are from eyes
either left uninjected (—AAVCre, open triangles) or injected with AAVCreGFP
(+AAVCre, closed triangles). In the EAE-induced mice, a comparison is made between
AAVCreGFP-injected (+AAVCre, black circles) and the contralateral eye, which is either
left uninjected (blue dots) or injected with a GFP-only control AAV (green circles). We
examined the frequency of A) axolytic axons and B) demyelinated axons (axons
completely devoid of myelin). Based on the g-ratio (see "Materials and methods" section,
we also examined the frequency of C) optimally myelinated and D) demyelinating axons.
Data are presented as the mean +£ SEM. *P <0.05; paired #-test. Data represents the
combination of three separate experiments where each experiment consists of pooled
from 4 mice for each group.
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S Figure 2.1. Clinical score and weight progression of Scn8a ‘floxed’ and wild-type
C57BL/6 mice.

Eight to ten-week-old female mice were immunized with MOGss.ss with CFA and PTX.
The progression of the clinical score A) and weight profile B) are similar for Scn8a
homozygous ‘floxed’ (Scn8aflox/flox on C57BL/6 genetic background) mice that were
used in this stud and for control wild type C57BL/6 mice (n = 10 for each group).

Data represents the combination of three separate experiments where each experiment
consists of pooled from 4 mice for each group.
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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 Nav1.6 isoform has been implicated as a primary
contributor in this process. However, the role of Nav1.6 in immune processes, critical to

the pathology of both MS and EAE, has not been extensively studied. EAE was induced

dmu/+

with myelin oligodendrocyte (MOG3s.s5) peptide in Scnéa mice, which have reduced

Nav1.6 levels. Scn8a®* mice demonstrated improved motor capacity during the
recovery and early chronic phases of EAE relative to wild-type animals. In the optic

nerve, myeloid cell infiltration and the effects of EAE on the axonal ultrastructure were

dmu/~+

also significantly reduced in Scn8a mice.

Analysis of innate immune parameters revealed reduced plasma IL-6 levels and

decreased percentages of Gr-1"2/CD11b* and Gr-1"/CD11b* myeloid cells in the blood

dmu/+

during the chronic phase of EAE in Scn8a mice. Elevated levels of the anti-

inflammatory cytokines IL-10, IL-13, and TGF-B1 were also observed in the brains of

dmu/~+

untreated Scn8a mice. A lipopolysaccharide (LPS) model was used to further

evaluate inflammatory responses. Scn8a®™*

mice displayed reduced inflammation in
response to LPS challenge. To further evaluate if this was an immune cell-intrinsic
difference or the result of changes in the immune or hormonal environment, mast cells

were derived from the bone marrow of Scn8a®"*

mice. These mast cells also produced
lower levels of IL-6, 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.
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Highlights

e The recruitment of myeloid cells was significantly reduced and levels of IL-10
increased in EAE Scn8a®™* mice.

o  Scn8a™* mice had significantly lower levels of plasma IL-6 during remission and
chronic phases, which was associated with less inflammation.

e  Scn8a®™"* mice demonstrated reduced inflammatory and cytokine responses to
LPS challenge.

e Our results suggest a potential general role for Nav1.6 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 (CNS) (Waxman, 2006) where it causes myelin loss that
eventually leads to permanent disability in the majority of patients. Although the root
causes of this disease are still unknown, a combination of environmental and genetic
factors are thought to be involved (Constantinescu et al., 2011; Mohr, 2011). T and B cell
function, as well as innate immune responses, are believed to play an important role in

neuronal damage and loss of the myelin in the CNS (Pierson et al., 2014).

Numerous studies have reported that T cells play a potential role in the immune
pathogenesis of MS by crossing through the blood-brain barrier (BBB), which then
triggers autoimmune inflammation that destroys myelin (Duffy et al., 2014; Wojkowska
et al., 2014). Autoreactive T cells produce cytokines that attract inflammatory cells into
the CNS, including B cells, natural killer (NK) cells, and monocytes/macrophages. In
MS, activated autoreactive myelin-specific CD4" T cells are able to initiate a chronic
inflammatory response by migrating into CNS compartments. Autoreactive CD4" T cells
cause neurodegeneration leading to a decrease in the neuronal count and grey matter
volume (Bartholoméus et al., 2009; Ignjatovi¢ et al., 2012). Activated macrophages also
directly or indirectly cause damage to the CNS by phagocytosing the myelin sheath
(Barnett et al., 2006). The innate immune and inflammatory processes required to initiate
and sustain disease are driven by a variety of cytokines and chemokines that include a
pro-inflammatory cytokine cascade involving TNF and IL-6 (Dendrou et al., 2015).
These cytokines activate immune effector cells and promote their migration partly

through the enhanced expression of adhesion molecules on vascular endothelium
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(Dendrou et al., 2015; Stadelmann et al., 2011). A number of regulatory cytokines, such
as IL-10 help modulate the inflammatory process (Croxford et al., 2001; Kwilasz et al.,

2015).

Nav channels are transmembrane proteins that can be found in both excitable and
non-excitable cells (Savio-Galimberti et al., 2012). Each Nav channel is composed of one
of ten known a-subunit isoforms and one or two regulatory -subunits (1, B2 and/or 3)
(Catterall et al., 2005a). In excitable cells, these channels allow sodium to enter a cell in
response to an increase of the voltage across the cell membrane and are essential for the
generation of the action potential. In MS, the usually tightly regulated placement and
concentration of Nav channels along the axon are profoundly altered following the loss of
myelin (Craner et al., 2004c). Our previous work showed that an increase in Nav1.6 in
EAE and is consistent with the hypothesis that Nav1.6 promotes inflammation and is an

important factor in eventual neuron death.

While the physiological role of Nav channels in neuronal cells is well
characterized (Catterall, 2013), these channels are also expressed in many other non-
excitable cell types such as glia, immune cells, and cancer cells (Besson et al., 2015) in
which their function is not well defined (Black and Waxman, 2013; Pappalardo et al.,
2016). Navl.6 is expressed in non-neuronal cells such as astrocytes, microglia, and
macrophages as well as in invasive cancer lines (Black et al., 2009a; Carrithers et al.,
2009b; Craner et al., 2005; Pappalardo et al., 2016). A significant increase in Nav1.6
expression occurs in activated microglia and macrophages in EAE and MS (Craner et al.,
2005). Also, Nav1.6 has been found to play an important role in initiating microglial

migration (Black and Waxman, 2013) by promoting the extension of lamellipodia of
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ATP-activated microglia via modulation of intracellular Ca** levels and a Rac1-ERK1/2

pathway (Persson et al., 2014a).

In the current study EAE, a rodent model of MS, was induced by immunization
with MOGss.ss in conjunction with CFA+PTX and PTX to induce an immune response
against myelin. Our previous work showed that Nav1.6 contributes to the inflammation in
CNS tissue (optic nerve) in EAE. Here we extend this investigation by seeking to
determine if reduced levels of Nav1.6 regulate inflammation in EAE or, more generally,
in the LPS model of systemic inflammation. We show that in the peripheral blood and
optic nerve, the percentage of Gr-1"/CD11b" cells, and levels of inflammatory cytokines,

dmu/+

during EAE, were reduced in the Scn8a mice, which express reduced levels of
Nav1.6. Notably, untreated Scn8a®"* mice had levels of the anti-inflammatory
cytokines of IL-10, IL-13, and TGF-B1 in the brain that exceeded wild type levels. In
addition, Scn8a™"* mice displayed a reduced inflammatory reaction to LPS. In vitro,

bone marrow-derived mast cells from Scn8a®™/*

mice also produced lower levels of IL-6
in response to LPS. Our results demonstrate that a reduction in Nav1.6/Scn8a expression

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 (n = 44), including Scn8a“™* heterozygous (n = 22)
and Scn8a™" wild-type (WT) littermates (n = 22), were used in this study. The
Degenerating muscle (dmu) mutation consists of a single nucleotide deletion in the
sequence coding for the first interdomain loop of Nav1.6, leading to a premature stop

codon. Homozygous dmu mice are not suitable for the induction of EAE due to lethality
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at approximately three weeks of age (De Repentigny, 2001). Heterozygous dmu mice,
however, have a similar life-span to wild-type mice and do not exhibit any overt motor
dysfunction (Coté et al., 2005). All animal experiments were approved by the Dalhousie
University Committee on Laboratory Animals. This study was carried out by the
recommendations in compliance with the Canadian Council for Animal Care guidelines.

3.3.2 EAE induction and clinical score

EAE was induced in Scn8a®* heterozygous (n = 10) and Scn8a™"*

mice (n =

10). Female mice were injected subcutaneously (s.c.) with 200 pg of MOG3s.s5 suspended
in CFA. PTX (200 ng/mouse) was then injected intraperitoneally (i.p) on the day of
immunization and two days later. Mice were monitored daily for clinical signs of EAE
and body weight loss during the course of the disease. Scoring was done by a person
blinded to the animal groups, with scores as (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 (5) moribund.
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 subcutaneously
(s.c.) with normal saline as required. Animals exhibiting severe weakness of one or both

hindlimbs or paralysis of either or both hind limbs were hand-fed chow-slurry. Animals

whose weight fell below 80% of their original body weight were euthanized.
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3.3.3 Blood collection and tissues sampling

dmu/+ +/+

Heparinized blood samples were collected from Scn8a and Scn8a™" mice (n
= 14 each) by facial vein puncture on days 0, 6, 13, 21, and 35 post-immunization. The
mice were sacrificed at 35 days post-EAE induction (Figure 1). Using flow cytometry,
CNS tissues (optic nerve and brain) were studied to define various types of immune cells
such as macrophages, myeloid cells, T lymphocytes (CD4" and CD8"), and B
lymphocytes (CD19"). The optic nerves were assessed further by histological staining.
ELISA was used to measure the level of several cytokines such as IL-10, IL-13, IL-4,

TGF-B1, IL-6, and TNF in the brain and IL-6 in the plasma.

3.3.4 Staining of surface markers and flow cytometry

Peripheral blood, spleen, and CNS tissues (optic nerve and brain) from Scn8a®™*
and Scn8a™" mice (n = 14 each) were harvested at different time points. The peripheral
blood mononuclear cells were isolated from heparinized blood samples using Ficoll.
Cells from spleen and CNS tissues were dissociated by 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 I, Roche Diagnostics,
Mannheim, Germany), before incubation in a water bath at 37°C to prepare a single-cell
suspension. The cells were centrifuged at 400 x g for 5 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 blood 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 counted. Cells were then centrifuged at 400 x g for 10

minutes at 4°C and resuspended in a 1/1000 dilution of fixable viability dye (FVD)
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eFluor450 (eBioscience, San Diego, CA) in PBS for 30 minutes. The cells were then
washed with PBS and stained with specific monoclonal antibodies (mAbs) to define
various types of immune cells such as macrophages (F4/80"/CD11b"), monocytes (Gr-1™
/CD11b") neutrophils (Gr-1"¢"/CD11b"/F4/80" or CD45"/CD11b"/Ly6G™), T
lymphocytes (CD4", CD8") and B cells (CD19"). After incubation, the cells were washed
using wash buffer (PBS supplemented with 1% FBS), centrifuged again, and fixed in 1%
paraformaldehyde (PFA) in PBS and kept at 4°C. Compensation controls were prepared
using compensation beads (eBioscience) mixed with individual dilutions of each antibody
used as above in IMF and fixed in 1% PFA. The unstained controls were not incubated
with FVD. Stained samples were acquired within 24 hours using a BD FACS Canto™ II
cytometer (BD Bioscience, San Jose, CA). All analysis and gating were done using BD

FACS Diva software and FlowJo V10.2 (BD Biosciences).

3.3.5 ELISA

Concentrations of cytokines (IL-6, TNF, IL-10, IL-13, IL-4, and TGF-B1) in
plasma samples or homogenized brain were determined using ELISA. 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 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 protein assay (Bio-Rad, Mississauga). Levels of
cytokines were normalized to total protein concentration. ELISA was then performed
according to manufacturer instructions. Briefly, plates were coated with 2.5 pg/ml
capture antibody (eBioscience) diluted in borate buffer (pH 8.2). Plates were 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 (eBioscience) were
added to the plate, followed by the addition of streptavidin-horseradish peroxidase.
3,3",5,5'-Tetramethylbenzidine or substrate solution (TMB) (eBioscience) was added to
the plate and incubated for 10—15 minutes before the reaction was stopped using 2N
H>SO4 and the plate measured using an Epoch microplate spectrophotometer (Biotek,

Winooski, VT).

3.3.6 Quantitative reverse-transcription polymerase chain reaction (QRT-PCR)
Tissue samples harvested from Scn8a®* and Scn8a™" mice (n = 8 each) were
immersed in RNAlater (Qiagen, Hilden, Germany). Brain samples were transferred from
RNAlater solution (Qiagen, Hilden, Germany) into 700 uL of QIAzol Lysis Reagent
(Qiagen). The tissue was homogenized 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 layer was extracted, combined with an equal volume of RNase-free 70%
ethanol, and RNA was isolated using a Qiagen RNA Mini spin column according to the
manufacturer’s protocol. The concentration of RNA in each sample was determined and
RNA integrity was determined using a 1% agarose gel to confirm the 2:1 ratio of
28S:18S RNA intensity. 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 qPCR to measure the expression of mRNAs, identifying genes
that were implicated in impulse conduction such as Nav1.6 (Scn8a) during the clinical

course of chronic EAE (Table 4). mRNA expression of the genes of interest was
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normalized to the geometric mean of the reference Gapdh and Hprt Cq value expressed

as 2-* ©4 where the A Cq= Cq gene of interest — Cq references genes.

Table 4 qPCR primers:

Gene | Primer sequence or company (catalog number)

Hprt | Bio-Rad (Cat no. 10025636)

Gapdh | Bio-Rad (Cat no. 10025637)

Forward (5°-3") GCAAGCTCAAGAAACCACCC

Senda | peverse (5°-3") CCGTAGATGAAAGGCAAACTCT

3.3.7 Hematoxylin and eosin staining of the optic nerve

Optic nerves were collected from Scn8a** and Scn8a™* mice (n = 8 each) and
fixed with 10% formalin, embedded in paraffin, and sectioned (S5um) longitudinally. The
sections were dehydrated for 2 h at room temperature and fixed for 10 min with 4%
paraformaldehyde (PFA) followed by dehydration for 2 min by a series of graded ethanol
solutions. The sections were incubated for 5-7 min 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. Images were taken with a Zeiss microscope and
software (AxioVision 4 4.7). Infiltration score was assessed by two investigators blinded
to the nature of the samples according to (Shindler et al., 2008) as follows: no infiltration
= 0; mild cellular infiltration = 1; moderate infiltration = 2; severe infiltration = 3;
massive infiltration = 4. The average number of cell nuclei per mm? was determined for

each optic nerve.

3.3.8 Electron microscopy
Optic nerve tissues were collected from Scn8a™* and Scn8a®™* mice (n = 13

each) sacrificed in the chronic phase, 35 days after induction of EAE. Tissues were then

93



processed according to the process outlined by Alrashdi et al.( 2019). To demonstrate the
axonal loss and myelin pathology, we used a g-ratio that was determined by dividing the
axon diameter by the diameter of the myelinated nerve fiber (Guy et al., 1991; Kuerten et
al., 2007). Only axonal g-ratios three standard deviations above (remyelinating) or below
(demyelinating) the average of the non-EAE reference group were counted. A
conservative margin of = 3 standard deviations from the mean of normal healthy mice
before EAE was used as the cut-off 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

Scn8a™™* and Scn8a™"* mice (n = 12 each were injected intraperitoneally (i.p.)
with 100 pL of 50 pg/mL LPS from Escherichia coli 055 B5 (Sigma-Aldrich,
Mississauga) or sterile vehicle control (saline). After 16 hours, mice were euthanized and

the peritoneal cells were harvested by lavage.

3.3.10 Peritoneal cavity cells harvesting and flow cytometry

Peritoneal cells from Scn8a®* and Scn8a™" mice (n = 16 each) were harvested
by i.p. injection and recovery of 4 ml PBS, 0.5% bovine serum albumin, 5 mM EDTA.
Mouse peritoneal cavity cells (PCC) were counted. Cells were centrifuged at 400 x g for
5 minutes at 4°C and resuspended in a 1/1000 dilution of fixable viability dye (FVD)
eFluor 450 (eBiosciences) in PBS for 20 minutes. Then the cells were washed with wash
buffer (PBS + 2% FBS + 20 mM NaN3), centrifuged and resuspended in antibody
cocktails containing anti-CD19-BV510 (clone 6DS5, BioLegend), anti-CD11b-PE-

eFL610 (clone M1/70, eBiosciences), CD117 (c-kit)-PE (clone 2B8, BioLegend), anti-
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CD4-APC (clone GK1.5, eBiosciences), anti-FceRI-APC eFL780 (clone Mar-1,
eBioscience), anti-CD8a-BV650 (clone 53-6.7, BD Biosciences), anti-CD3-BV711
(clone 145-2C11, BD Biosciences), anti-Siglec-F-PE-CF594 (clone E50-2440, BD
Bioscience), anti-CD11b-PE (clone M1/70, eBiosciences), anti-F4/80-PE-Cy7 (clone
BMS, eBioscience), anti-Ly6C-APC-eF780 (clone HK1.4, eBioscience), or anti-Ly6G-
BV605 (clone 1A8, BD Biosciences) for 30 minutes. Stained fixed cells were acquired
for analysis using a BD LSRFortessa and results were analyzed using FlowJo (Ashland,
OR) software. A visual representation of the gating strategy used to identify the cell

populations in the mouse peritoneum is provided (Supplementary Figure 2).

3.3.11 Generation of murine mast cells

Bone marrow-derived mast cells (BMMCs) were generated from the bone marrow
of C57BL/6 and Scn8a“"** heterozygous mice, as previously described (Tertian et al.,
1981). Briefly, mice were sacrificed, the whole femurs and tibias were isolated, and the
bone marrow cells were flushed out. The cell suspension was cultured at 0.5-1 x 10°
cells/ml in BMMC cell culture media consisting of RPMI 1640 (Life Technologies)
supplemented with 10% FCS 10% concentrated WEHI-3 cell-conditioned medium 1%
penicillin/streptomycin (Life Technologies), 10~ M prostaglandin E2, and 50 uM 2-B-
mercaptoethanol (2-ME). The media was changed twice per week. BMMCs were
assessed for purity after four weeks by Alcian blue (pH 0.3) staining of fixed
cytocentrifuge preparations and checked for maturity by the expression of c-kit and IgE
receptors using flow cytometry. Once the BMMC population reached a purity of >95%

(5-8 weeks), they were used in subsequent 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 recombinant IL-3 instead of WEHI-3 conditioned medium).
Activation of BMMC was performed in resting medium with 100 pg/mL of soybean
trypsin inhibitor (Sigma-Aldrich), three doses of LPS (100 pg/mL, 10 pug/mL, and
lpug/mL), 0.1 pM calcium ionophore (A23187), or in media alone at 10° cells/mL for 24

h at 37°C. Supernatant samples were collected and stored at —20°C until assayed.

3.3.13 Statistical analysis

All statistical analyses were performed by unpaired Student’s #-tests, Kruskal-
Wallis tests, or two-way ANOVA with multiple comparison tests, as indicated and
dependent upon appropriate data distribution. Error bars represent the standard error of

the mean (SEM). GraphPad Prism software was used for statistical analyses (Ver. 5.0,

GraphPad Software, La Jolla, CA).
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3.4 Results

To evaluate the impact of reduced expression of Scn8a, the gene that encodes the
a subunit of the Nav1.6 channel, on inflammation in the EAE model, we used Scn8a®*
heterozygous mice and wild type Scn8a™" littermates housed in the same cage
environment. Mice were immunized with MOG3s.ss, followed by intraperitoneal (i.p.)
injection with PTX (Fig. 3.1A). The clinical symptoms in all mice subjected to EAE
induction appeared 8 days post-immunization. Behavioral observations of Scn8a®™*
mice revealed less impact of this treatment on motor capacity during the recovery and
early chronic phase of EAE when compared with wild type animals (Fig. 3.1B).

However, the severity of these symptoms returned to those observed in wild type mice

later in the chronic phase (Fig. 3.1B).

Real-time qPCR analysis was used to determine how brain Scn8a mRNA
expression fluctuates in response to EAE in Scn8a®™"" and Scn8a™* mice. In Scn8a™*
mice we found that in chronic EAE Scn8a expression (normalized to two reference
genes) was reduced to 71% of their non-EAE level (0.035 = 0.004 vs. 0.049 = 0.0122),
while the Scn8a expression in Scn8a®™" " in chronic EAE was reduced to 55% of non-
EAE levels (0.017 £ 0.005 vs. 0.031 + 0.013). In chronic EAE, Scn8a expression in
Scn8a®™* was reduced to 49% of Scn8a™" levels (P = 0.028, Fig. 3.1C). Scn8a mRNA

was not detectable by real-time qPCR in leukocytes derived from 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. 3.1) before determining the percentage of (Gr-1"¢" /CD11b", Gr-1™ /CD11b"), T
cells (CD4" or CD8"), and B cells (CD19") (Fig 3. 2). At 35 days post-induction,
representing the chronic phase of EAE, we found a significant reduction (P = 0.027) in
the percentage of (Gr-1"€" /CD11b") granulocytes in Scn8a™* mice only reaching 59%
of that seen in Scn8a™" mice (23.34 £ 5.469%, n = 8 vs 39.41 + 3.549%, n = 8; Fig.
3.2A).We also found a significant reduction (P = 0.035) in the percentage of (Gr-1lint
/CD11b+) monocytes in Scn8a™* mice ,only reaching 64% of that seen in Scn8a+/+
mice (14.40 £3.317%, n = 8 vs 25.84 £ 3.606%, n = §; Fig.3.2B). In chronic EAE, we
found no significant differences in the frequency of CD4" and CD8" T cells in both
groups (Fig. 3. 2C, D). However, in chronic EAE the percentage of CD19" B cells was
significantly higher (P = 0.034) in Scn8a" relative to Scn8a™" (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 inflammation-related
cytokines in the plasma (Fig. 3.3). Following EAE induction, the pro-inflammatory
cytokine IL-6 was found to be significantly reduced in Scn8a*"* to 3% of Scn8a™" at
day 21 (0.63 £ 0.62 pg/mL, n =8 vs 21.51 £ 9.51 pg/mL, n =8, P = 0.046) and to 26% of
Scn8a™’* at day 35 (15.70 £ 7.51 pg/mL, n =8 vs 61.01 + 17.39 pg/mL, n =10, P =
0.043). The proinflammatory cytokines TNF and IL-1p and the anti-inflammatory

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

Next, we turned to the CNS and examined how Nav1.6 influences immune cell
infiltration in the optic nerve. Longitudinal sections of optic nerves were stained with
H&E and cell infiltration was analyzed in Scn8a™* and Scn8a®™* mice. The total

++

number of nuclei within the optic nerve was significantly higher in Scn8a™" mice (P =
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0.041) and numerous cell clusters were seen versus non-EAE Scn8a™*

mice. In contrast,
Scn8a®™* optic nerves were relatively devoid of clusters, and total nuclei counts were
equivalent to non-EAE Scn8a®" mice (Fig. 3.4A, B). To further analyze the infiltrating
cells in the optic nerve and the brain, flow cytometry was performed. The percentage of
(Gr-17/CD11b") granulocytes was significantly less (P = 0.0100) in the Scn8a®" mice
reaching 54% of that observed in Scn8a™" mice (12.58 £ 3.840%, n=8 vs 23.33
3.840%, n = 10) at the chronic stage of EAE (Fig.3.4C). The percentage of Gr-
17/CD11b" granulocytes in the brain was also found to be reduced in the Scn8a®* vs
Scn8a™ mice but without reaching significance (Fig.3.4D). 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 performed optic
nerve ultra-structure analysis (Fig. 3.5). We found that nerves from healthy Scn8a™* and
Scn8a®™* (non-EAE) controls had a similar appearance with axons generally appearing
rounded throughout the optic nerve (Fig. 3.5 A and B). Interestingly, the g-ratio (25, see
Materials and Methods) of healthy Scn8a®* was found to be significantly lower than in
healthy Scn8a™" optic nerves (P = 0.0196; 0.7572 + 0.058884; n = 483 vs 0.7668 +
0.060645; n = 375; Fig. 3.5C). However, in Scn8a™" mice at 35 days post-EAE
induction, the axons generally appeared deformed. Several pathological features could be
identified in EAE mice, including demyelinated and axolytic fibers, though the frequency
of these features did not differ significantly between Scn8a™* and Scn8a®™™* optic
nerves. However, a representation of the distribution of the axonal area (measured inside

+/+

the myelin sheath) revealed that more axons in Scn8a™™ mice were between 4-10 pm?
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dmi/+ mice and only Scn8a™* had very enlarged axons between the

compared to Scn8a
sizes of 7 and 10 um? (Fig. 3.5D). The g-ratio post-EAE was significantly higher in
Scn8a®™* vs Scn8a™ mice (P =< 0.0001; 0.8097 £ 0.002624; n = 618 vs 0.7944 +
0.002803; n = 622; Fig 3.5D). No demyelinating axons were observed in either group

dmu/+

(not shown). However, Scn8a mice had significantly increased remyelination (P =

0.0400; 1.200 + 0.4899 %, n =5 vs 0.0 = 0.0 %; n =5) in Scn8a™’* mice Fig. 3.5E).

In the brain, we analyzed pro-inflammatory and anti-inflammatory cytokine levels
by ELISA in healthy control and chronic phase-EAE mice. In chronic EAE, the pro-
inflammatory cytokine TNF and IL-6 responses were both modestly reduced in
Scn8a™™"* relative to Scn8a™" mice but neither change reached significance. The anti-
inflammatory cytokines IL-10, TGF-B1, and IL-13, were also examined in the brain by
ELISA in non-EAE and in chronic-phase EAE mice. Surprisingly, the levels of IL-10 in
non-EAE Scn8a®* mice were found to be 3.7 fold higher than control non-EAE
Scn8a™* values (209.6 + 44.33 pg/mL, n =7 vs 57.28 + 6.285 pg/mL; n =7, P = 0.0002;
Fig. 3.6C). Similarly, levels of TGF-B1 in non-EAE Scn8a®* mice were 45-fold higher
than control levels (1722 + 143.3 pg/mL; n =3 vs 37.79 £ 4.597 pg/mL; n =4; P =
0.0057; Fig 3.6B). In both Scn8a®* and Scn8a™* mice, the level of IL-10 was lower in
chronic-phase EAE while the level of TGF-f1was found to be significantly lower only in
Scn8a®*. As opposed to IL-10 and TGF-B1, we did not find a significant difference for
IL-13 in untreated animals. However, in chronic EAE, IL-13 was significantly higher in
Scn8a®™* mice than in Scn8a™" mice (181.9 +39.93 pg/mL, n =6 vs 101.2 +33.15

pg/mL, n =6, P =0.048).
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Having demonstrated 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 involved in the regulation of neutrophils and
macrophages in response to inflammatory stimuli, such as LPS insult. Neutrophils are a
major immune cell type recruited during acute inflammation. Analysis of peritoneal
cavity cells (PCC) following an intraperitoneal injection of LPS (5 pg/animal) resulted in

+/+

a significant increase in the number of neutrophils after 16 hours in Scn8a™" mice.

dmu/+ +/+

However, this neutrophil response was significantly lower in Scn8a than in Scn8a
mice at 16 h post-LPS (10.77 % £ 3.566, n = 8 vs 27.65% + 6.989, n =8, P =0.0199,
Fig. 3.7A). The resting monocytes were reduced in Scn8a™" mice at 16 h post-LPS (P =

dmu/+

0.0054), whereas a more modest reduction was observed in the Scn8a mice post-LPS
without reaching statistical significance (Fig. 3.7B).

dmult \was also

To determine if the reduced inflammatory response to LPS in Scn8a
observed in vitro in the absence of systemic influences, we analyzed the response of
primary cultured immune 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 hours (McCurdy et al., 2001). BMMC derived from
Scn8a®™* and Scn8a*’* mice were treated with three different concentrations of LPS
(100, 10, 1 pg/mL) and the production of IL-6 was determined. We observed
significantly lower levels of IL-6 in Scn8a®™* BMMCs treated with 100 pg/mL LPS at

24 hours (0.2888 + 0.0618 ng/ml, n =5 vs 0.6389 = 0.1089 ng/ml, n = 5, P = 0.044, Fig.

3.8) post-treatment.

101



3.5 Discussion

While the adaptive immune system has been the primary research focus in MS,
the role of the innate immune system is attracting an increasing interest due to its
importance for the generation of acquired immunity and for the inflammatory response
that impacts the progression of the disease (Hossain et al., 2015). Inflammation is a
primary hallmark of MS and is characterized by the infiltration of different types of
leukocytes into the CNS, leading to the disruption of the BBB and axonal damage (Foster
et al., 1980). Immune cells secrete multiple mediators of inflammation, including
cytokines, chemokines, glutamate, reactive oxygen, and nitrogen species, some of which
are neurotoxic and can disrupt the normal metabolism within neurons (Burgess et al.,

1995b; Garcia-Vallejo et al., 2014; Van Wart and Matthews, 2006).

In MS and in 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 in reverse such that they extrude excess axoplasmic
sodium while calcium is imported, which eventually results in neuronal death by
apoptosis (Craner et al., 2004c). However, Nav channels, including Nav1.6, are also
present in immune cells where an understanding of their role remains limited and their
involvement in the etiology of MS and EAE is not well characterized. Macrophages and
microglia express different types of Nav channels, and which have been implicated in
different functions of these cells, including motility and migration (Black et al., 2009a;
Morsali et al., 2013). A study by Black ef al. (20) reported that Nav1.6 and Navl1.5

regulate phagocytosis in human macrophages and cellular movement through their
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association with the F-actin cytoskeleton and also regulate podosomes formation. In EAE
and MS, Craner et al. ( 2005) showed that 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 phagocytosis (Black et
al., 2009a; Craner et al., 2005; Jacobsen et al., 2002), antigen presentation(Lo et al.,
2012), cell migration(Black et al., 2009a; Persson et al., 2014a), stimulation of CD4" T
cell proliferation, and production of pro-inflammatory cytokines and chemokines (Amor

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

To evaluate the role of Nav1.6 in the inflammatory response during EAE, we used
Scn8a®™’* which are heterozygous for a null allele of Scn8a and express low levels of
Scnéa, the gene that encodes the alpha subunit of Nav1.6. The 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 changes (Meisler 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 membrane, which 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 node (Vega et al., 2008).

Mice were immunized with MOGss.ss as the antigen to induce chronic
monophasic EAE (Kuerten et al., 2007; Stromnes and Goverman, 2006b). The Scn8a®"*
and control Scn8a™" littermates were housed in the same room and in the same cages to
ensure that they shared the same environment. Clinical symptoms started at day 8 post-

EAE and progressed similarly in both groups, consistent with the study of Horstmann et
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al. (Horstmann et al., 2013). However, during the recovery phase (days 19-26), the

dmu/+ +/+

clinical scores in Scn8a mice were significantly lower than Scn8a™" mice and the

average clinical scores were 2.5, which an indicator for the ability of the mouse to walk

and move around the cage than Scn8a™*

mice that showed the average clinical score was
3, which means the mice had a deficit in walking and moving around the cage indicating

that Scn8a®™* had improved motor function during this period.

During EAE, peripheral blood Gr-17/CD11b" myeloid cells were significantly

reduced in Scn8a®™*

in the EAE chronic phase. Several studies have reported that the
expansion of Gr-1"/CD11b" cells in the peripheral blood in the early chronic phase of
EAE is associated with the pathogenesis of EAE (Shindler et al., 2008). Neutrophil
depletion using anti-Ly6G or anti-Gr-1 antibody hinders the onset of EAE (Bucher et al.,
2015; Daley et al., 2008). The infiltration of these cells into the CNS was also

investigated. Gr-17/CD11b" cells were significantly reduced in the optic nerve of

Scn8a®™* mice in keeping with their reduced numbers in the peripheral blood.

Levels of the cytokine IL-6 were significantly reduced in the plasma of
Scn8a®™* mice during the recovery and the chronic phases of EAE. IL-6 is a hallmark
cytokine of inflammation that induces the acute phase response and promotes the
development of plasma cells from B cells. Notably, a higher level of CD19" B cells was

observed in Scn8a®/*

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 highlighting the crucial role of CD19 on B cells in modulating the

production of several cytokines (Matsushita et al., 2006). B cells are also implicated in
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the recovery phase of EAE because of their ability to produce IL-10 that resolves

inflammation; however, they are not required for its initiation (Fillatreau et al., 2002).

Ultrastructural analysis of axonal pathology in chronic phase EAE optic nerves
revealed a higher g-ratio in Scn8a®** mice post-EAE than Scn8a™" mice and the

+/+

distribution of the axonal area was shifted to the right in Scn8a™" mice. In addition,

dmu/t " \while remyelination was

based on g-ratio, remyelination occurred in Scn8a
completely absent in Scn8a™" mice. In the CNS, remyelination may occur but is not
sufficient to fully restore normal CNS function following demyelination (Patani et al.,
2007), suggesting perhaps that partial blockade of Scn8a function 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 involved are
of neuronal or glial origin, will require further investigation.

Interestingly, the infiltration of Gr-17/CD11b" cells and the level of the pro-

** mice,

inflammatory cytokine TNF in the brain increased markedly after EAE in Scn8a
effects that were considerably less pronounced in the Scn8a®* mice. TNF has been
reported to cause apoptosis of oligodendrocytes and to induce the release of glutamate
from astrocytes that leads to damage of oligodendrocytes and neurons (Jurewicz et al.,
2005). It has also been reported that in cultured cortical neurons, TNF and IL-1 elevate
Nav currents via the upregulation of TTX-sensitive Navs via a p38 MAPK dependent
pathway (Chen et al., 2017). When combined with our results, these observations suggest
the possible presence of bidirectional regulation between Nav channels and TNF.

Additionally, treatment with anti-TNF-receptor IgG prevented the development of

clinical signs of active EAE (Korner et al., 1995). A recent study by Ding et al. (2019)
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has demonstrated that Nav1.6 upregulation in neuropathic pain caused by nerve injury
might be through the activation of the TNF/STAT3 pathway. Our observed pathological

improvements in Scn8a®"/*

, including improved motor function and reduced myeloid
cell infiltration in the optic nerve, could, therefore, plausibly be a result of Nav1.6

influence on TNF expression.

In examining anti-inflammatory cytokines, we observed that the level of IL-13

was significantly increased in chronic phase EAE Scn8a®*/*

mice. Most striking,
however, was the presence of dramatically higher levels of IL-10 and TGF-f1in untreated
(non-EAE) Scn8a®* mice vs non-EAE Scn8a™" controls. The Th2 subset of T cells are
known to produce cytokines such as IL-4, IL-13, and IL-10 (Mosmann and Sad, 1996),
which can ameliorate EAE by inhibiting Th1-like responses through the reduction of
IFN-y, TNF and IL-12 levels (Bitan et al., 2010). In addition, IL-10 inhibits a variety of
innate immune and inflammatory events including upregulation of adhesion molecule
expression, proinflammatory cytokine and chemokine production (58). IL-13 can also
promote the polarization of macrophages to less inflammatory M2 phenotype (Benoit et
al., 2008; Zhang et al., 2017). In our study, the strong expression of anti-inflammatory
cytokines in the CNS prior to disease onset could have had a protective effect that

dmu/~+

resulted in the reduction of inflammation in chronic phase EAE Scn8a mice.

To determine if heterozygous Scn8a®""/*

mice displayed reduced innate immune
system-mediated inflammation outside of the context of EAE, the intraperitoneal LPS
administration model was employed. LPS is an outer membrane Gram-negative bacterial

product that acts as a pathogen-associated molecular pattern(Willis and Whitfield, 2013).

Neutrophils and monocyte recruitment and cytokine production, together with enhanced
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phagocytic activity, are key characteristics of the LPS model in vivo (Nathan, 2006).
Upon exposure to LPS, neutrophils recruited to the site of injection produce ROS

contributing to persistent inflammation (McDonald et al., 2010). Our results demonstrate

dmul/+ +/+

that significantly lower neutrophil recruitment in Scn8a than in Scn8a™ " mice at 16-
hour post-LPS, suggesting that Nav1.6 may play a role in directly or indirectly
facilitating migration. In this context, it is noteworthy that Craner et al. (Craner et al.,
2005) has shown that the expression of Nav1.6 is upregulated in activated microglia and
macrophages in response to LPS (Craner et al., 2005). Furthermore, increased activation
of microglia and macrophages in MS has been linked to axonal degeneration via
induction of pro-inflammatory cytokines (Black et al., 2009a; Craner et al., 2005). It was
shown additionally that blocking of Nav1.6 by TTX in rat microglia or the lack of Nav1.6
in microglia isolated from Scn8a™¥™d (Nav1.6-null) mice, both have a significant

negative impact on the phagocytic function of activated microglia by 40% and 65%,

respectively (Craner et al., 2005).

Mast cells are innate immune cells known to respond to LPS, their localization in
the leptomeninges has suggested a possible contribution of these cells in the regulation
immune cell trafficking through the BBB (Kumar and Sharma, 2010). Bone marrow-
derived mast cells (BMMC) were used as an in vifro model of inflammatory mediator
responses, which could be assessed independently from neuronal mediators and impacts.

Mast cells derived from Scn8a®™*

produced lower levels of IL-6 than cells derived from
Scn8a™* animals in response to LPS stimulation. Although it has been reported that

voltage-gated sodium channel mRNA is expressed in mast cells derived from human

lung, skin, and cord blood (Bradding et al., 2003), only SCN104 (Nav1.8) and

107



SCN114/SCNI124 (Nav1.9) was detected. Similarly, in our study, the expression of Scnéa
in BMMC derived from Scn8a®* or Scn8a™" by RT-qPCR and droplet digital PCR
analysis was below the level of detection. This raises the possibility that reduced IL-6
from Scn8a®*-derived BMMCs is the result of a developmental requirement for Nav1.6

in the maturation of BMMC:s.

Taken together, these results indicate that a reduction in Scn8a expression 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 also in immune cells are central to the pathophysiology
of MS (Bouafia et al., 2014; Craner et al., 2004d). Our study provides evidence
that reduced Scn8a expression in vivo is associated with several indicators of reduced
inflammation and damage EAE including improved motor capacity during the recovery
and early chronic phase, a decrease in neutrophil infiltration, reduced proinflammatory
IL-6 in the blood, and decreased infiltration of myeloid cells within the optic nerve.
Overall, this is the first in vivo study to report changes in the regulation of inflammation
related to a reduced level of Scn8a in EAE. The decreased in vivo and in vitro response to
LPS in Scn8a™" we observed suggests 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 Scn8a“"** heterozygous mice have improved motor function 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 mice, Scn8a®™* heterozygous and Scn8a™*
littermates were used in this study. EAE was induced at day 0 in Scn8a™" and Scn8a®/*
mice by immunization with MOG/CFA followed by PTX and injected at day 2 with PTX
only. Mice were sacrificed 35 days post-EAE induction. The clinical score of mice in
both Scn8a™" and Scn8a™* mice was recorded daily, starting at day 8 post EAE
induction. Blood samples were collected at days 0 (pre-immunization), 6, 13, 21, and 35.
On day 35, mice were sacrificed, and optic nerves and brains were collected. B) The
clinical score of Scn8a™" (n = 10) and Scn8a®* (n = 10) mice post -EAE induction
revealed a typical progression of MOG-induced EAE but with significantly improved
motor function in Scn8a®" in the recovery and chronic stage. C) RNA was extracted
from brains of healthy (non-EAE) or chronic stage (35 day) EAE-induced (+EAE) mice.
The expression of Scn8a in EAE Scn8a®* was downregulated significantly compared to
Scn8a™* EAE mice. Data are presented as the mean + SEM. Two-way ANOVA was used
to compare the statistical differences among groups, with the Sidak post hoc test. *P <
0.05, ns, not significant.
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Figure 3-2 Scn8a”"* heterozygous mice have a lower frequency of Gr-1"gh/CD11b*
and Gr-1"YCD11b" but a higher frequency of CD19" cells in the blood during the
chronic phase of EAE.

Immune cell frequency in peripheral blood at 35 days post-EAE from Scn8a™" (blue
bars, n=8) and Scn8a™™* (red bars, n = 8) mice. The frequency of A) Gr-1"¢"/ CD11b",
B) Gr-1"/CD11b*, C) CD4", D) CD8" and E) CD19" cells at days 35 post-EAE
induction. Data are presented as the mean + SEM. *P < 0.05, ns, not significant, unpaired
t-test.
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Figure 3-3 Nav1.6 regulates levels of the pro-inflammatory cytokine IL-6 in plasma
during the recovery and chronic phases of EAE.

The level of IL-6 was measured in the plasma of Scn8a™" (n = 10) and Scn8a®* (n = 8)
mice post EAE induction by ELISA. Data are presented as the mean + SEM. Two-way
ANOVA with Tukey's post hoc test was used to compare the statistical differences among
groups *P < 0.05.
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Figure 3-4 Scn8a“"** heterozygous mice have decreased optic nerve infiltration of
Gr-17/CD11b" cells during the chronic phase of EAE.

H&E-stained longitudinal optic nerve sections (A) and quantification of nuclei per mm?

(B). Flow cytometry analysis of infiltration of Gr-1/CD11b’ in the optic nerves (C) and
the brains (D) of healthy (non-EAE) and chronic-phase EAE (+EAE, day 35) Scn8a™"
and Scn8a®* mice. Scale bar = 500 pm. Data are presented as the mean + SEM.

*P <0.05 ns, not significant, unpaired ¢-test.

117



+EAE (35 days) |

dmu

wild-type

0.4

wit dmu

dmu

no-EAE

+EAE

percent axons

0.8+

o
@
T

o
=
L

2
18}
L

W Scn8a*
B Scn8admu+

D-J-l! 354 445 455 665 657 7-7.5 758 8-8.5 9.5-10

axon area (pm?)

118

*
44 —|
c
]
® 31 L]
£
°
£
8 21
£
(0]
o
RE ebe

1l—oope0—o——



Figure 3-5 Improved axonal pathology in optic nerves of Scn8a"* heterozygous
mice during the chronic phase of EAE.

Representative EM micrographs of healthy (non-EAE) and 35 day EAE (+EAE) optic
nerves from A) Scn8a™" and B) Scn8a“™* mice. Red asterisks indicate enlarged fibers,
blue arrowheads show axolytic fibers and red arrowheads show remyelinating fibers. C)
Summary data for g-ratios from pooled axonal measurements of healthy and EAE optic
nerves from Scn8a™" and Scn8a®* mice (error bars are + SD). D) Distribution of the
axonal area in 35 day post-EAE (error bars are + SEM). E) Frequency of remyelination.
Scale bar, Sum. *, P <0.05, unpaired t-test.
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Figure 3-6 Healthy (non-EAE) Scn8a?"** heterozygous mice express higher levels of
regulatory cytokines while IL.-13 is increased during the chronic phase of EAE.

The levels of A) TNF and B) IL-6 were measured in the brains of Scn8a™* and
Scn8a®™* mice before (Scn8a™*, n =4 vs Scn8a®™"", n = 4) and after EAE (day 35;
Scn8a™*,n =7 vs Scn8a®* n = 8). The levels of C) IL-10, D) TGF-1, and E) IL-13
were measured in the brains of Scn8a™" and Scn8a®™* mice before EAE (Scn8a™*, n =
4-7 vs Scn8a™* n = 3-7) and after EAE (day 35; Scn8a™", n =17 vs Scn8a™"*,n=17).
Data are presented as the mean +£ SEM of cytokine level per gram of brain tissue.

*P <0.05, ** P<0.01 j*** P<0.001, ns, not significant, unpaired z-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 Scn8a“"** heterozygous mice display decreased infiltration of neutrophils
in the peritoneum post-LPS stimulation.

The frequency of neutrophils (A)and resting macrophages (B) were analyzed by flow
cytometry in the peritoneal lavage of WT and dmu mice before (Scn8a™* n =4 vs
Scn8a™* n = 4) and 16 hours post-LPS stimulation (Scn8a™* n =8 vs Scn8a®* n=
8). Data are presented as the mean £ SEM. *P < (.05, unpaired t-test. Data represent two
separate experiments combined with each experiment (B, D) consisting of

cells pooled 4 mice for each group.
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Figure 3-8 Mast cells from Scn8a“"** heterozygous mice produce lower levels of IL-
6 in response to LPS stimulation in vitro.

Bone marrow-derived mast cells (BMMC) were cultured and stimulated with 100, 10, 1,
and 0 pg/ml of LPS or 0.5 uM calcium ionophore (A23187) in the medium for 24 hours.
The concentration of IL-6 secreted by Scn8a™" (n = 5) and Scn8a®* (n = 5) BMMC
was measured by ELISA. Data are presented as the mean + SEM. *P < 0.05, Kruskal-
Wallis test. Data represent four separate experiments combined with each experiment
consisting of cells pooled 4 cell cultures for each group.
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Figure S 3.1 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 mouse brain 35 days
post-EAE. B) Cells were examined by the side scatter (SSC) versus CD45 staining. C)
Show distribution of Ly-6G -neutrophils. D) B cells subsets identified by expression
CD19" E) Distributions of T cells CD4"and CD8".
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Figure S3.2 Gating strategy used to characterize the cell population in the mouse
peritoneum.

Cells were harvested from the peritoneal cavity by lavage, counted, and centrifuged prior
to staining with specific antibodies. Staining is shown for a saline mouse at 16 hours.
After FSC /SSC scatter gating, a sequential gating strategy was used to determine
populations expressing specific markers: neutrophils (CD11 b" F4/80 ~Ly6G™), resting
monocytes (CD11b* F4/80 " Ly6G).
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Chapter 4 Toll-Like Receptor 2 mediates axonal loss and inflammatory
processes in the chronic phase of EAE.
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4.1 Abstract

Multiple sclerosis (MS) is an autoimmune, inflammatory demyelinating disease
that affects the central nervous system (CNS). Although the etiology of MS remains
unclear, it is well accepted that both genetic predisposition and the environment are
critical factors. While the adaptive immune system has been the primary research focus in
MS, the role of the innate immune system is attracting increased interest. Toll-like
receptors (TLRs) are a major family of pattern recognition receptors (PRRs). TLR2 is
activated by a broad range of ligands. TLR2 activation has been implicated in several
diseases, including MS and experimental 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 progression and inflammation in TLR2/
and WT mice, focusing on the nature of the inflammatory response. EAE was induced in
TLR2"- and WT groups by injecting mice subcutaneously with myelin oligodendrocyte
MOGss.s5 peptide and Mycobacterium tuberculosis H37RA. PTX was injected
intraperitoneally on the day of immunization and again 2 days later. Our results showed
that the clinical score in TLR27/" mice was significantly lower during the early chronic
phase, compared to wild type mice. The frequencies of Gr-17/CD11b" cells in the blood,
spleen, and brain were significantly lower in TLR2”" mice at day 40 post- EAE induction
compared to the control (p<0.01). TLR2”- mice exhibited decreased proinflammatory
cytokines, such as CXCL1, in the plasma and IL-6 (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 pathogenesis 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 autoimmune encephalitis, optic

neuritis, Toll-like receptors, myeloid cells, optic nerve, brain, cytokines.

Highlights

e TLR2” mice exhibited reduced recruitment of myeloid cells in the context of
EAE

e TLR2” mice had significantly lower levels of plasma CXCL1 during chronic
phases of EAE.

e TLR27 mice exhibit a decrease in clinical and inflammatory scores in correlation
with decreased demyelination in the CNS.

e Our results suggest TLR2 signaling plays an important role in the pathogenesis of

EAE and by 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 disease risk (Bettelli, 2007a;
Currier and Eldridge, 1982). MS is generally thought to be triggered by an autoimmune
response that attacks the healthy myelin sheath, which protects axons (Mohr, 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). T cells, especially effector T helper cells, including Th1
and Th17, react to self-myelin resulting in demyelination of axons, which leads to axonal
degeneration and irreversible neurological disabilities (Petermann and Korn, 2011). The
contribution of the innate immune system in the pathogenesis of MS has recently gained
greater attention from researchers in this field. The innate immune system can contribute
to the disease through multiple mechanisms, including impacts on antigen-presenting

cells (APC) that subsequently modulate T-cell responses (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 exogenous PAMPs including LPS, PTX, and
tuberculosis toxins, and upon activation regulate different signaling pathways that lead to
the maturation of DCs and differentiation of T cell subsets (Janeway and Medzhitov,
2002; Kawai and Akira, 2011; Qureshi and Medzhitov, 2003). Humans express eleven
types of TLRs (TLR1 to TLR11), and mice express twelve (TLR1 to TLR 9 and TLR 11

to TLR 13) (Akira et al., 2006; Kawai and Akira, 2010). Recent studies have suggested
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that TLRs have a role in MS initiation, relapse of the disease, and CNS damage
(Miranda-Hernandez and Baxter, 2013). TLR2 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 cells (Aravalli 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 monocytes (Aravalli
et al., 2007; Prinz et al., 2006; Sloane et al., 2010). TLR2 has been found to suppress the
maturation and remyelination of OPC, thereby provoking a deterioration of MS

symptoms (Sloane et al., 2010).

TLR2 is expressed as a homodimer or heterodimer with TLR1 or TLR6
(Medzhitov, 2001). In MS patients, endogenous ligands of TLR2 have been identified in
regions of the CNS, such as the spinal cord and brain (Palle and Buch, 2014; Schrijver,
2001). In this context, it is noteworthy that the ectodomain of TLR2, which can be found
as a soluble protein (STLR2) in body fluids including plasma, cerebrospinal fluid (CSF),
and breast milk (LeBouder et al., 2003), has been proposed to act as a decoy receptor that

can compete with TLR2 for ligands to regulate signaling (LeBouder et al., 2003).

In EAE, TLR2 interacting with endogenous ligands such as hyaluronan, and
HMGBI can enhance inflammation and exacerbate clinical symptoms. The inhibition of
these ligands reduces disease severity. In both the adoptive cell transfer and active
induction of EAE, TLR2 deficient mice show an attenuated progression of the disease
(Miranda-Hernandez et al., 2011). The mechanism of TLR2 promotion of EAE/MS
appears to be dependent on the type and dose of ligands binding to the receptor (Okun et

al., 2011).
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Exogenous ligands for TLR2 include bacterial peptidoglycan and Pam3;CSK4
lipopeptide. Peptidoglycan was found to enhance the induction 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 enhancing the differentiation of
regulatory T cells (Tregs) (Li et al., 2013a). Notably, the previous investigation 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 inflammation of the brain

was not fully defined.

In this study, we aimed to investigate the role of TLR2 in the initiation 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 chronic phase of EAE. Our
results indicate that TLR2 knockout mice displayed less inflammation and a reduction of
Gr-1"/CD11b" in the blood, spleen, and CNS combined with a decreased level of
chemokines in the plasma and pro-inflammatory cytokines in the brain. These results
suggest that TLR2 signaling plays an important role in the pathogenesis of EAE by
regulating the production of pro and anti-inflammatory cytokines and chemokines,
including CXCL1 in the plasma and IL-6, IL-13 in the brain and enhances axonal

survival in the optic nerve.

4.3 Materials and methods
4.3.1 Mice
Female mice (10-12 weeks old) (n = 49), C57BL/6 Charles River Laboratory

(Montreal, QC, Canada) and B6.129-TIr2tm1Kir/J (TLR2-) mice were bred from stock
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obtained from the Jackson Laboratory (Bar Harbour, ME, USA) for use 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 Animal Care.

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 treatment group. EAE was induced as previously
described by (Alrashdi et al., 2019). Briefly, It was induced in TLR2”- and WT mice by
subcutaneously injecting 200 pl of MOGss.ss combined with CFA (2 mg/ml) (kit EK-
2110, Hooke Laboratories, Lawrence, MA)(Svensson et al., 2002). The mice were also
injected intraperitoneally with PTX (200 ng/mouse) on the day of the initial
immunization and two days later. For the EAE control group, TLR2”- and WT mice used
as antigen controls received CFA plus PTX but not MOGss.ss. The third group of mice
was also EAE treated to induce stimulated with the TLR2 ligand, Pam3CSK4 (20 pg, i.p.)
on days -1, 1, 3 and 5 of EAE induction, similar to what has been used by Chen et al.
(Chen et al., 2009). EAE 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 collect the blood
sample's final heparin concentration. Heart puncture was performed at the endpoint of the
study 40 days post-EAE (Fig 4.1). Plasma was collected from each animal for chemokine

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 (CD19").

4.3.4 Extracellular staining and flow cytometry

Peripheral blood plus 20 uL of heparin as anti-coagulant was collected at day 40
post-EAE. Furthermore, spleen and brain tissue were harvested at the chronic phase of
EAE. The peripheral blood mononuclear cells were isolated using Ficoll. Red blood cells
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
tissues were 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 I, Roche Diagnostics, Mannheim, Germany), before incubation
in a water bath at 37°C to degrade the tissue and prepare a single-cell suspension. 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, then
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 tissue was stained with specific monoclonal
antibodies (mAbs) to label various immune cells such as macrophages (F4/80"/CD11b"),
granulocytes (Gr-1+/CD11b"), T lymphocytes (CD4*, CD8") and B cells (CD19"). After
incubation, cells were washed with flow cytometry wash buffer (PBS supplemented with
2% FBS), centrifuged again, fixed in 1% paraformaldehyde (PFA) in PBS and kept at

4°C.
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Compensation controls were prepared using compensation beads (Invitrogen,
Carlsbad, CA) mixed with individual dilutions of each antibody used as above in IMF.
All beads and cells for compensation were incubated with dye or antibody cocktail for 30
minutes on ice and then washed with IMF, centrifuged, and fixed in 1% PFA. The
unstained controls were not incubated with FVD. Stained samples were acquired within
24 hours using a BD FACS Canto™ II cytometer (BD Biosciences, San Jose, CA). All
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 cytokines,
including IL-6 and IL-10 in the plasma and TNF, IL-10, IL-6, IL-13, and TGF-B1 in the
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 EDTA-free protease
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 (Bio-Rad, Mississauga). Levels of cytokines were normalized to
total protein concentration. ELISA was performed according to the manufacturer's
instructions. Briefly, 2.5 pg/ml of capture antibody (CXCLI1, IL-6, TNF, IL-10, IL-13,
and TGF-B1) (eBioscience) diluted in borate buffer (pH 8.2) was used to coat each
ELISA plate. Blocking buffer (2% BSA in PBS) was added to the plates before the
addition of samples. After incubation overnight at 4°C, biotinylated secondary antibodies
and Streptavidin-horseradish peroxidase were added. TMB solution (eBioecience) was

added to the plate and incubated for 10—15 min before the reaction was stopped using 2N
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H>SO4 and the plate measured using an Epoch microplate spectrophotometer (Biotek,

VT).

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 2-fold in Calibrator Diluent RD6-52 and then analyzed by using
Multi-Analyte Mouse Magnetic Luminex Assay (R&D system, Minneapolis, MN, USA)
and Bio-Rad Bio-Plex analyzer. The instrument sets were used: 50uL sample volume,
Bio-Plex MagPlex Beads (Magnetic) bead type, and doublet discriminator gates set
between 8000 and 23000. The assay used detected the cytokines TNF, IL-10, IL-6, IL-13,

and TGFB-1 and chemokines CXCL1 and CCL2.

4.3.7 Quantitative reverse-transcription 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 puL of a phenol/guanidine based
QIAzol Lysis Reagent was added to samples (Qiagen, Maryland). Next, tissues were
homogenized using a Qiagen Tissue Ruptor device and incubated for 5 minutes at room
temperature. 140 pL 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 equal volume of RNase-free 70% ethanol was added, and centrifugation at 7500 x g
for 15 seconds occurred at room temperature on an RNase Mini spin column using
Qiagen kits. RNA was isolated according to the manufacturer’s protocol. RNA
concentrations were measured using an Epoch spectrophotometer, and Take3™ Micro-

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 samples, and 1.8-2.2 was considered
good quality RNA. The 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 the inflammatory response, including ///b and
IL-10 in the chronic phase of EAE (Table 5). The relative mRNA expression of the genes
of interest was normalized to the geometric mean of the reference genes Gusb and Hprt

Cq value expressed as 272 ©4 where the A Cq= Cq gene of interest — Cq references genes.

Table 5 qPCR primers:

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

TBP Bio-Rad (Cat no. 10025637)

1lb 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).
Glutaraldehyde 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 then placed 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

ultra-microtome (Reichert Ultracut R, Leica, Germany) was used to transversally section
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samples to a thickness of 50 nm. A digital EM camera (MegaView III, Olympus Soft
Imaging Systems GmbH, Miinster, Germany) was used to take images. To demonstrate
the axonal loss and myelin pathology, we used a g-ratio that was determined by dividing
the axon diameter by the diameter of the myelinated nerve fiber (Guy et al., 1991;
Kuerten et al., 2007). Only axonal g-ratios three standard deviations above
(remyelinating) or below (demyelinating) the average of the non-EAE 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 analyses were performed by two-way ANOVA with multiple
comparison tests with Tukey's post hoc test and unpaired Student’s #-tests, as indicated in
the legend of the figure. Error bars represent the standard error of the mean (SEM).
GraphPad Prism software was used for statistical analyses (Ver. 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
monophasic chronic EAE in both C57BL/6 and TLR2-- mice by immunization with the
MOGss.ss, followed by intraperitoneal (i.p.) injection with PTX along with CFA (Figure
4.1A). As such, four experiments comparing WT and TLR2”~ were conducted to
determine the role of TLR2 in chronic EAE including, untreated control, MOGg3s.s5-

immunized (+EAE), adjuvant control without MOGss.ss (+CFA+PTX), and TLR2
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activator Pam3CSK4 with EAE (+EAE+Pam3). The clinical symptoms appeared nine
days post-immunization in all EAE mice (Fig. 4.1B). However, TLR2"+EAE mice
exhibited a significant improvement in clinical signs during the chronic phase between
28-37 days post-EAE immunization compared to WT+EAE (Fig. 4.1B). The +CFA+PTX
mice (TLR2”- and WT) showed no clinical signs of disease for the duration of the
experiment. Finally, the clinical signs of all WT+EAE+Pam3-treated mice were not

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

We assessed the inflammatory status and immune profile of our EAE-treated
groups by examining the circulating immune cells in the peripheral blood of chronic
phase EAE (day 40). The frequency but, not the absolute cell number of Gr-1"¢" /CD11b*
cells in TLR27+EAE mice was significantly lower (P = 0.0259) and only reached 59% of
that seen in WT+EAE mice (10.60 +2.341, n =8 vs 21.31 + 1.784 %, n = §; Fig. 4. 2A).
Our results showed that the activation of TLR2 in WT+EAE+Pam3 significantly
increased the total cell number but not the frequency of Gr-1"¢" /CD11b" cells in the
blood compared to WT+EAE (P =0.0012; 709410 + 72236, n =4 vs 280650 + 49752, n
=8 ; Fig 4.2A). Whereas, TLR2"+EAE+Pam3 mice showed no significant difference
compared to TLR27+EAE either in the frequency or the absolute number of circulating
Gr-1"e" /CD11b" cells. In contrast, no significant differences in the frequency or the total
number of CD4" and CD8" cells were observed in any of the conditions (Fig. 4. 2B and
C). The frequency of CD19" B cells was significantly higher (P = 0.0148) in TLR2™"-
+EAE vs WT+EAE (49.54 £ 4.161, n =8 vs 35.69 + 4.225%, n = §; Fig 4.2D) but the
absolute number of cells was not significantly different. In addition, TLR2”" mice

activated with Pam3CSK4 showed significantly lower the absolute number but, not
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frequencies of Gr-1"¢"/CD11b* compared to TLR2 stimulation by Pam3;CSK4 in WT
mice (P = 0.0136; 709410 + 72236 ,n =4 vs 328156 + 35565, n = 4; Fig 4.2A). Finally,
a comparison between control groups WT+CFA+PTX and TLR2”+CFA+PTX showed
no significant differences in the frequencies of immune cells Gr-1"/CD11b", CD4",

CD8", and CDI19".

To investigate whether TLR2 expression modulates the inflammatory response
systemically, we measured the level of pro-inflammatory cytokine IL-6, the anti-
inflammatory cytokine IL-10, and the chemokine CXCL1, a chemoattractant of
neutrophils (Ahuja and Murphy, 1996), in the plasma of mice (Fig. 4.3). Following EAE
induction, IL-6 in TLR2”- was reduced to half of WT levels, although this difference was
not significant. In Pam3-treated +EAE mice, the levels of IL-6 in WT+EAE+Pam3 were
2.5 fold higher than in WT+EAE (P = 0.0010; 222.4 + 34.39, n =5 vs 554.3 + 56.40
pg/ml, n = 4), while TLR2"+EAE+Pam3 did not show a significant increase vs TLR2"
+EAE. Furthermore, the levels IL-6 in WT+EAE+Pam3 were significantly higher than in
TLR2+EAE+ Pam3 (P = 0.0001; Fig. 4.3A). Comparisons of levels of IL-10 did not
reveal significant differences between WT+EAE and TLR2”+EAE in all conditions (Fig.
4.3B). Levels of CXCLI1 were significantly lower in TLR2"+EAE vs WT+EAE (P =
0.0152; 121.6 £33.82, n =4 vs 244.4 + 9.655 pg/mL, n = 4). The proinflammatory
cytokines TNF, IL-1p, IL-17, and GM-CSF along with the anti-inflammatory cytokines
IL-13 and IL- 4 were below the limit of detection for WT and TLR2"" in all conditions

(not shown).

In spleen, similarly, to circulating levels in the blood, the infiltration of Gr-

1"/CD11b", CD4+, and CD19" cells were increased in both WT+EAE and TLR2+EAE.

143



The frequency, but not the absolute number of Gr-1"€" /CD11b" cells, was significantly
lower in TLR2"+EAE vs WT+EAE mice (P =0.0016; 8.16 + 1.753, n =8 vs 16.28 +
1.367 %, n = 8). However, the comparison between WT+EAE+Pam3 and TLR2"
+EAE+Pam3 mice showed significantly lower frequencies and total cells number of Gr-
1heh /CD11b* cells in TLR2+EAE+Pam3 mice compared to WT+EAE+Pam3 (P =
0.0131;2.323 +0.4935, n=4 vs 11.83 £3.101 %, n = 4; Fig 4.4A). CD4" cells were
significantly higher in frequency, but not absolute number, in WT+EAE+Pam3 compared
to WT+EAE mice (P = 0.0487; 15.65 + 1.854 , n =4 vs 6.541 £ 0.6836 % , n = 8) and
there was a significant increase in TLR27+EAE+Pam3 vs TLR27+EAE (P = 0.0025;
19.75+£5.320, n =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). In addition, CD19" cell frequency but, not
the absolute number, were significantly elevated in TLR27+EAE compared to WT+EAE

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

Based on our results revealing improved clinical scores of TLR2”" vs WT during
the chronic phase and consistent observations of reduced circulating Gr-1"€"/CD11b" in
the blood and infiltration of the spleen along with decreases of CXCLI1 levels in the
plasma, we sought to investigate the effect of the absence of TLR2 on the CNS. The
infiltration of Gr-1"/CD11b" cells was significantly lower in the brains of TLR2"+EAE
vs WT+EAE (P =0.0373;2.648 £ 0.7137, n =8 vs 6.513 + 1.474%, n = §; and Fig.
4.5A). Comparisons of CD4" (Fig. 4.5B), CD8" (Fig. 4.5C) and CD19" (Fig. 4.5D) cell
frequency did not reveal significant differences between WT and TLR2”" in all

conditions. Moreover, Pam3 did not significantly impact the infiltration of Gr-
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17/CD11b", CD4" T cells, CD8 " T cells, and CD19" B cells in the brains of WT+EAE or

TLR2"- +EAE mice (Fig. 4.5 A-D).

To evaluate the role of TLR2 in inflammation in EAE brains, we performed real-
time PCR analysis for the IL-1p pro-inflammatory cytokine transcript (///5) and the IL-
10 anti-inflammatory cytokine transcript (//10). 111b expression was found to be
significantly lower in TLR27+EAE mice during the chronic phase of EAE in comparison
to WT+EAE (P =0.0334; 0.7734 £ 0.1057, n =3 vs 1.316 = 0.04371, n = 3; Fig. 4.6A)
and, conversely, the expression of /10 was found to be significantly higher in TLR2"
+EAE mice in comparison to WT+EAE (P =0.0144; 2.303 £0.1749, n=3 vs 1.081 £
0.2715, n =3; Fig. 4.6B). No significant difference was found for the expression of 1/1b

and /10 between +EAE and +EAE+Pam3 for both WT and TLR2”~ (not shown).

To complement our investigation of inflammation in the brain, we measured the
pro-inflammatory cytokines IL-6 and TNF at the protein level in untreated mice and
chronic phase TLR27+EAE, and WT+EAE mice and found IL-6 to be significantly
decreased in TLR27+EAE mice relative to WT+EAE (P =0.0001; 123.5+3.247, n =4
vs 209.2 + 6.373 pg/mL, n = 5; Fig. 4.7A), while the TNF did not show the difference
between groups (Fig. 4.7B). The levels of the anti-inflammatory cytokines IL-13, IL-10,
and TGF-B1, were also examined in the brains of untreated and chronic-phase EAE mice.
IL-13 was dramatically and significantly increased 60-fold in TLR2”+EAE vs WT+EAE
(P 0.0059; 33.17 £ 10.25, n =4 vs 0.5175 + 0.1871 pg/mL, n = 4; Fig. 4.7C). The
observed difference level of IL-10 (Fig. 4.7D) and TGF-B1 (Fig. 4.7E) in TLR2+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 post-EAE. In comparison, the axon density in TLR2+EAE optic
nerves was 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 the g-ratio. Based on the g-ratio, we found that
the level of demyelination was significantly lower in TLR2"+EAE vs WT+EAE (P =
0.0398; 0.6223 +£0.2857, n =4 vs 2.031 £ 0.4561, n = 4; Fig 4.9AB). Demyelinated
fibers, visually identified based on the presence of an intact axon but devoid of myelin,
showed no significant difference was found in both groups (Fig. 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 £ 0.4133, n =4 vs 0.0 £ 0.0, n = 4; Fig 4.

9D).

4.5 Discussion

The pathogenesis of MS and EAE is characterized 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., 2003). The activation of TLRs by its
ligands enables immune cells to produce pro-inflammatory cytokines and enhance the
function of APCs that have the capacity to promote T-cell activity to recognize antigens

(Akira and Takeda, 2004).
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It has been reported that TLR2 activation hinders remyelination (Esser et al.,
2018), possibly through the blockade of oligodendrocyte progenitor maturation by the
interaction of hyaluronan and TLR2 (Sloane et al., 2010). Following the initial acute-
remission phase of EAE, the symptoms have been found to be milder in TLR2-deficient
mice than WT controls, which highlights a potential role for TLR2 in the progression of
EAE (Marta, 2009; Miranda-Hernandez et al., 2011). The disease progression, at least in
early stages, may involve endogenous TLR2 ligands produced during initial tissue
damage. Consistent with the findings of Miranda-Hernandez et al. (2011) who found a
reduction of the clinical score in TLR2 knockout mice from day 16 until day 40 post-
EAE, and we found that TLR2 deficient mice presented with a lower clinical score of

EAE compared to WT mice in the chronic phase.

The literature on the role of TLR2 in the inflammatory process of EAE has been
inconsistent (Kremer et al., 2011). Prinz et al. (2006) did not find any difference between
TLR2 knockout and WT mice in EAE. Prinz et al. (2006) used MOGss.ss peptide in
female strain mice. Miranda-Hernandez et al. used MOGss.ss peptide and female mice,
similar to our study. Our results are more consistent with Miranda-Hernandez and Baxter
(2013), who found a reduction of clinical score in TLR2 knockout mice starting on day
16 until day 40 post-EAEand we observed the reduction during the chronic phase of
EAE. The EAE induction protocol, animal age, strain and sex, and microbiome
differences between facilities could contribute to these differences.

It is noteworthy that for inducing EAE, we used complete Freund’s adjuvant
(CFA), which includes killed Mycobacterium tuberculosis, a ligand for TLR2, TLR4, and

TLRY (Lim, 2003; Means et al., 1999).CFA is able to disrupt blood-brain barriers and
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enhance the production of inflammatory cytokines in circumventricular organs through
microglia in the CNS (Reiber et al., 1984). However, the use of CFA+PTX alone in our
study without MOG35-55 as control has not changed the clinical score and infiltration of
immune cells in the CNS and periphery. Our observation that TLR2- deficient 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.
Miranda-Hernandez and Baxter (2013) have reported that TLR2-deficient mice that were
injected with leukocytes transferred from EAE-induced C57BL/6 attenuated the disease
compared to WT that were injected with leukocytes transferred from EAE-induced
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
mediators of the inflammatory process (Rumble et al., 2015). There are two
subpopulations of CD11b*Gr-1" cells in mice, Gr-1"€" and Gr-1™, which have been
shown to have pro- and anti-inflammatory roles, respectively, in several disease models
including cancer, mycobacterial infections, and EAE (Pastor et al., 2009). In EAE,
neutrophils have been found to be elevated in the blood plasma and CNS (Naegele et al.,
2012; Rumble et al., 2015) and have been implicated in the development and progression
of the disease, but their exact role remains unclear. Neutrophils (Gr-1"#"/CD11b" ) cells
increase in mice during inflammatory responses (Pastor et al., 2009) and could be used to
monitor the development of immune-mediated diseases, including EAE (Yi et al., 2012).
Our data showed that circulating myeloid cells, including Gr-1"€"/CD11b*, were

increased in the peripheral blood, spleen, and brain during the chronic phase of EAE,
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which is in agreement with Yi et al. (2012) who found an increase of Gr-1"¢"/CD11b" 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 number but
not the frequency of circulating Gr-1"¢"/CD11b" cells in the blood along with high
infiltration of the frequency and the total cell number in the spleen compared to un-
activated WT+EAE mice. However, we did not observe a significant difference in the
infiltration of Gr-1"€"/CD11b" cells into the CNS, suggesting that the Pam3 did not cross
the blood-brain barrier (BBB). Activation of TLR2 by exogenous ligands is not sufficient
to trigger the antigen-specific T cells that 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 response (Reynolds et al., 2010). Moreover, 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 course of EAE (Luz et al., 2015).

CDI19" B cells modulate the production of several cytokines such as TNF, IFN-y,
IL-12p40, IL-10, and IL-6 under normal conditions. It has been shown that CD19 has
multiple roles in the development of EAE (Matsushita et al., 2006). Mice lacking the
CD19 cell surface marker (CD19”" mice) exhibit a more severe disease state compared to
WT mice indicating the role of CD19 in reducing disease severity (Bouaziz et al., 2008;
Musette and Bouaziz, 2018). This can perhaps be explained by CD19" B cells having a
role in the recovery phase of EAE by producing IL-10, which is required to suppress the
inflammatory response (Bouaziz et al., 2008; Kalampokis et al., 2013; Yang et al.,
2013b). In EAE, CD19" B cells regulate the balance of pro- and anti-inflammatory

cytokines produced by Thl and Th2 (Matsushita et al., 2006). Our findings indicate that
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higher levels of CD19" B cells in the periphery and CNS could play a regulatory role by

reducing inflammation in TLR2 knockout mice.

It has been reported that levels of CXCL1, a major neutrophil chemoattractant, are
elevated in the CNS of EAE mice (Grist et al., 2018; Rumble et al., 2015). In the plasma
of TLR2” mice, we found that levels of the chemokine CXCL1 were significantly
reduced along with slight reductions of IL-6 during the chronic phase of EAE. Our results
are consistent with findings from (Reynolds et al., 2010) that show a decrease of CD4" T
cell in EAE mice, specifically Th17, infiltration into the CNS, and also show a decrease
in IL-6 production, which most likely contributes to the attenuated disease severity in
TLR2 knockout mice. Inhibition of CXCLI reduces the accumulation of myeloid cells in
the blood leading to subsequent amelioration of disease severity in EAE (Fischer et al.,
2000; Grist et al., 2018). CXCR2, a chemokine receptor for CXCL1 and a major
neutrophil chemokine receptor, promotes the migration of neutrophils to injured areas of
the CNS in EAE (Kerstetter et al., 2009; Zhou et al., 2003) and CXCR2 knockout mice
injected with MOGss.ss display 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 EAE could be attributed to a decrease in inflammatory
status due to a decrease in circulating Gr-1"¢"/CD11b" neutrophils and in IL-6 levels,
with increased levels of CD19" B cells. Finally, our inability to detect TNF, IL-1p, IL-17,
GM-CSF, IL-13 and IL-4 cytokines in plasma during EAE is consistent with the findings

from (Miranda-Hernandez et al., 2011).

By examining anti-inflammatory cytokines, we observed that the level of IL-13

was significantly elevated in the brain of TLR27+EAE mice compared to WT+EAE
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mice. The Th2 subset of T cells produce cytokines such as IL-4, and IL-13 (Kasper and
Shoemaker, 2010; Mosmann and Sad, 1996), which can ameliorate EAE by inhibiting
Th1-like responses through reducing IFN-y, TNF and IL-12 levels (Bitan et al., 2010).
Therefore, the strong expression of IL-13 in the CNS could have a potential protective

effect in reducing inflammation in the chronic phase of EAE in TLR2”" mice.

Myelin is essential for the function and molecular organization of axons allowing
the propagation of action potentials at high speed with reduced energy consumption
(Saab et al., 2013). Disruption in the myelin sheath is believed to eventually lead to
axonal loss (Bjartmar et al., 2003); however, axonal degeneration in the EAE model has
been observed to occur before the inflammatory and demyelination processes suggesting
that the process is more complex. Indeed, 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 ganglion cells (RGC) loss following disease progression and glial cell
damage (Hein 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. This strongly
suggests that TLR2 enhances the immune and glial response in EAE, a process dependent
on inflammatory cytokine release via the MAPK and NF-«xB pathways. The TLR2-
dependent immune response may, therefore, interfere with the maturation and
remyelination of oligodendrocyte precursor cells in EAE, thereby provoking a

deterioration of symptoms (Sloane et al., 2010).

In conclusion, in this study, we provide evidence indicating that signaling via
TLR2 plays a major role in the progression of the EAE clinical course. TLR2”" mice with

EAE had significantly improved motor behavior with reduced demyelination and axonal
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damage in the optic nerve. Our results suggest that reduced symptoms in TLR2”" mice
could involve the reduction of inflammation and activation of myeloid cells with elevated
levels of CD19" cells through the modulation of pro-inflammatory cytokines in the
periphery and brain. Furthermore, 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 identifying the 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 TLR2”~ were used in this study. EAE was induced at day 0
in WT and TLR2”" mice by immunization with MOG3s.ss/CFA, followed by PTX and
injected at day 2 with PTX only. Mice were sacrificed 40 day post-EAE induction. The
clinical score of mice in both WT and TLR2”" mice was recorded daily, starting at day 8
post-EAE induction. Control mice received only CFA and PTX. PAM3CSK4 was injected
as indicated (20 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
post-EAE induction of WT (n =10) and TLR2”" (n =10), WT+CFA+PTX (n=3), TLR2"
+CFA+PTX (n=3), WT+ PAM;3CSK4 (n = 5) and TLR2”+ PAM;3CSK4 (n =5) . Two-
way ANOVA was used to compare the statistical differences among groups, with the
Sidak post hoc test and the lines represent mean = SEM. * P< 0.05, ¥* P < (.01 ,*** P <
0.001.
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Figure 4-2 TLR2” mice have a lower frequency of Gr-1"2"/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 40 post-EAE from
WT (blue bars, n=8) and TLR2”~ (purple bars, n = 8) mice, WT+CFA+PTX (n =2),
TLR27 +CFA+PTX (n =3), WT+ PAM3CSK4 (n = 4) and TLR2"+ PAM3CSK4 (n = 4).
(A and B) Frequency and the absolute number of myeloid Gr-17/CD11b" leukocytes in
the CD45" gate. (C and D) Frequency and absolute number of CD4" (E and F) Frequency
and the absolute number of CD8" and G and H) frequency and absolute number of CD19"
cells at days 40 post-EAE induction. Data are presented as the mean + SEM. Two-way
ANOVA with Tukey's post hoc test was used to compare the statistical differences among
group *P <0.05, ** P <0.01 ,*** P <(.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 4-3 TLR2 regulates levels of the pro-inflammatory cytokine IL-6 and
chemokine CXCL1 in plasma during the chronic phases of EAE.

(A) The level of IL-6 were measured in the plasma of WT (n=5) and TLR2"" (n = 4)
mice, WT+ PAM3CSK4 (n = 4) and TLR2”-+ PAM3CSK4 (n = 4). (B and C) The level of
IL-10 and CXCL1 was measured in the plasma of non-EAE WT (n=4) and TLR2”" (n =
4) and WT (n=4) and TLR2”" (n = 4) mice post-EAE induction by ELISA. Data are
presented as the mean = SEM. Two-way ANOVA with Tukey's post hoc test was used to
compare the statistical differences among groups**P < 0.05, **** P <(.01.
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Figure 4-4 TLR2”- mice have a lower frequency of Gr-1"2"/CD11b"* and higher
frequency of CD19" cells in the spleen during the EAE chronic phase.

WT (blue bars, n=8) and TLR2”" (purple bars, n = 8) mice, WT+CFA+PTX (n =2),
TLR27~ +CFA+PTX (n =3), WT+ PAM;3CSK4 (n = 4) and TLR2"+ PAM3CSK4 (n = 4).
The frequency and absolute number of (A and B) Gr-1"2"/ CD11b", (C and D) CD4" (E
and F) CD8", and G and H) CD19" cells at day 40 post-EAE induction . Data are
presented as the mean + SEM. Two-way ANOVA with Tukey's post hoc test was used to
compare the statistical differences among group*P < 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 Gr-1"2"/CD11b" cells in the brain
during the chronic phase of EAE.

WT (blue bars, n=8) and TLR2”" (purple bars, n = 8) mice, WT+CFA+PTX (n =2),
TLR27~ +CFA+PTX (n =3), WT+ PAM;3CSK4 (n = 4) and TLR2"+ PAM3CSK4 (n = 4).
The frequency of (A) Gr-1 "V CD11b*, (B) CD4", (C) CD8", and E) and CD19" cells at
day 40 post-EAE induction. Data are presented as the mean £ SEM. Two-way ANOVA

with Tukey's post hoc test was used to compare the statistical differences among groups
*P < 0.05.

162



1I-1b in brain

Hm TLR2--

T

II-1b in brain

<
“s
)
x
+&Q
“b
Qr.v.
r T T T i
© © < ~ e
o o o o o
uoissaidx3g aAne|ay qij|
N
9
b
@x
£
©
e
Qo
£
o
9
b
o
T T T 1
© e © e
- - o o

uolssasdx3 annne|ay qIjl B

r
©

T T
~ -

uoissaidx3 aAne|ay 0Ll

)

163



Figure 4-6 TLR2 promotes inflammation in EAE mice.

Expression in the brain of the markers of inflammation A) ///b (a gene that encodes (IL-
1B) and B) 1710 (a gene encodes (IL-10) were compared between untreated (-EAE) or
EAE-induced (+EAE) mice. Data are presented as the mean = SEM. Two-way ANOVA

with Tukey's post hoc test was used to compare the statistical differences among groups
*P <0.05.
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Figure 4-7 Reduced level of the pro-inflammatory cytokine IL-6 reduced in and
increased levels of regulatory cytokine IL-13 in the TLR2- brain during the chronic
phase of EAE.

The levels of A) IL-6 and B) TNF were measured in the brains of WT and TLR2 " 'mice
before (WT, n =4 vs TLR2"", n = 4) and after EAE (day 40; WT,n=5vs TLR2” , n=
4). The levels of C) IL-13, D) IL-10, and E) TGF-B1 were measured in the brains of WT
and TLR2"mice before EAE (WT, n = 4-5 vs TLR2"", n = 3-4) and after EAE (day 40 ;
WT, n=4-7 vs TLR27", n = 4-6). Data are presented as the mean + SEM of cytokine level
per gram of brain tissue. Two-way ANOVA with Tukey's post hoc test was used to
compare the statistical differences among groups *P < (.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 ultra-thin transversal sections of optic nerves were obtained (A,
+EAE+TLR27/°) (B, tEAE+WT). Ax, axolytic; *, demyelinating. Scale bar, 5 pm.
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Figure 4-9 TLR2-deficient mice have decreased demyelination and reduced axonal
damage in the optic nerve.

Electron micrographs of optic nerves from (+EAE) mice were analyzed. Based on the g-
ratio (see Materials and Methods), the frequency of A) demyelinating axons and B)
optimally myelinated was determined. We also examined the frequency of axons
completely devoid of myelin (C) and axolytic axons (D). Data are presented as the mean
+ SEM and an unpaired z-test was used for statistical analysis * P < 0.05.
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Chapter 5  General discussion and conclusion
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MS is a chronic illness that has a substantial negative influence on well-being and
quality 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 EAE: The Nav 1.6 isoform, a primary contributor to
axonal loss in EAE, and Toll-like receptor 2, a key element of the innate immune system
vital for EAE development. I used the MOGss.s55 peptide to actively induce the chronic
phase of EAE because this peptide is a unique myelin autoantigen that causes an
encephalitogenic T cell and a demyelinating autoantibody response that represents the

MS disease state.

5.1 Nav1.6 in axonal degeneration and inflammation

The first objective of this study aimed to examine whether a deficiency (Chapter
2) or reduction of expression of (Chapter 3) Nav1.6 improves axonal survival and disease
development in EAE. I have provided evidence that Nav1.6 promotes neuronal
degeneration and that the channel activity is also linked to the inflammatory response.
Assessing the impact of eliminating this sodium channel in the CNS (chapter 2) was
complicated by the fact that mice with full-body, homozygous knockouts of the Scn8a
gene, such as Scn8a™/dm or Scn8a™¥med (Meisler et al., 2001; De Repentigny, 2001)
suffer from paralysis and death after three weeks of age, thus precluding EAE
experiments. Therefore, another strategy was devised where Cre recombinase, along with
the GFP marker, was delivered to RGCs of Scn8a®1°* mice using the AAV (serotype 2)
vector. Since AAV2 preferentially targets RGCs and reduced expression of Scnéa in a
sub-population of these cells, I was able to assess the impact of Nav1.6 on axonal

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

experimental Cre-targeted eye.

The results of these studies showed that the depletion (Chapter 2) or reduction
(Chapter 3) of Nav1.6 expression improves axonal health, as shown 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 not observed in Cre-targeted
optic nerves in Chapter 2). This work is the first to show in vivo that a reduction of
Nav1.6 expression improves EAE pathology.

Kearney (2002) showed that a reduction of Nav1.6 expression to 50% of WT in

heterozygous Scn8a™*"*

mice (medJ is a hypomorphic allele of Scn8a that with a splice
donor mutation in exon 3, which results in abnormal splicing of the transcripts due to
exon skipping) do not have overt neurological deficits, whereas a reduction of expression
of this channel to 12% in homozygous Scn8a™*/m*d/ is associated with neurological
symptoms such as dystonia and muscle weakness. Furthermore, a decrease of Nav1.6
expression to 6% is lethal and the range of minimal channel expression for survival to
adulthood is between 6% to 12%. However, 12% expression in Scn8a™*“# (where
these mice are crossed to mice harbouring the dominant H allele of the Scnm/ modifier
gene, which ensures that a higher proportion of the transcripts encoded by the medJ/ allele
are correctly spliced) results in dystonia and muscle weakness. Taken together, my

dmu/+

observations in Scn8a mice along with the results from Kearney (2002) suggest 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 nerve conduction. It has been reported that
Nav1.2, which is not associated with axonal degeneration and immune cells infiltration in
EAE (Craner et al., 2004b; Schattling et al., 2016), at least partially compensates for
reductions of Nav1.6 in heterozygous mice for a null mutation in Scn8a mice, 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 conduction (Vega et al., 2008). In
addition, the similarity between the properties of Nav1.6 and Nav1.2 and their clustering

indicates a binding competition at the node (Vega et al., 2008).

The work reported in this thesis also indicates that Nav1.6 promotes the
production of inflammatory cytokines, as indicated by reductions in the expression of 7/6
(IL-6), Ifng (IFN-y), and gliosis measured by quantification of GFAP (Gfap) in the retina.
While I cannot eliminate the possibility that cells other than RGCs, such as Miiller cells
and microglia, might contribute to the reduction in retinal inflammation and axonal loss, |
believe this contribution to be minimal when considering previous evidence. A study
conducted by Kaspar et al. (2002) investigated the cellular selectivity of AAV?2 in the
brain of a transgenic reporter mouse by quantitating cells with both NeuN, a marker of
neurons, and beta-galactosidase to indicate AAV2-infected cells. The researchers found
that neurons and not glial cells were targeted by AAV2, confirming the previously-

reported tropism of AAV serotype 2 towards neurons (Bartlett et al., 1998)

The neuronal Nav1.6 channel, therefore, seems to promote inflammation in EAE.
It is unclear if this is due to the 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 Nav1.6 could provide insight. If axons continue to degenerate, we

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

The work contained within Chapter 3 of this thesis further explored the link
between Nav1.6 and inflammatory mediators. At the histological level, I found that the
infiltration of immune cells was significantly decreased in the optic nerves from
Scn8a®* mice with EAE. 1 found that, in the optic nerve, the frequency of neutrophil
infiltration was reduced in comparison to WT+EAE. Axonal damage may be driven by
inflammatory immune cells. Nav1.6 is expressed in multiple immune cells including
neutrophils and macrophages and participates in the modulation of microglial activation
(Black and Waxman, 2013; Craner et al., 2005; Hossain et al., 2018b), this 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 reducing the circulation of Gr-1"€"/CD11b*and Gr-1"/CD11b" cells in
the blood and decreasing the level of IL-6 in 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
microglia of mice and post-mortem in patients with Parkinson's disease (Hossain et al.,

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

In the work pursued for Chapter 3, I was struck by the following observation:
untreated Scn8a®* mice had levels of IL-10 and TGF-B1 anti-inflammatory cytokines
in the brain that far exceeded wild type levels. Increases of such anti-inflammatory
cytokines in mice with reduced Nav1.6 poses new questions: What is the role of Nav1.6

channel in relation to the expression of anti-inflammatory cytokines? Also, might it be
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possible to target Nav1.6 in order to increase the production of anti-inflammatory
mediators 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 of IL-10, TGF-B1, and IL-13 in the

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

Ultimately, these results taken together provide support the hypothesis that
Nav1.6 promotes inflammation and contributes to axonal degeneration following

demyelination.

The observed reduction in neuroinflammation in both optic nerve-targeted
Scn8a™¥ 1% and Scn8a®™* mice prompted me to ask whether Nav1.6 has a broader
regulatory role in the immune system. To address this, I used lipopolysaccharide (LPS)

dmu/+ mice. The

from E. Coli, a widely used inducer of systemic inflammation, in Scn8a
mice displayed a reduced inflammatory reaction to LPS. It is known that upon exposure

to LPS, neutrophils recruited to the site of injection produce ROS contributing to

persistent inflammation (McDonald et al., 2010). Our results demonstrate that

dmu/+ +/+

significantly lower neutrophil recruitment in Scn8a than in Scn8a™" mice at 16-hour
post-LPS, suggesting that Nav1.6 may play a role in directly or indirectly in facilitating
migration. It will be of interest to investigate the role of such sodium channels in
regulating the migration and extravasation of neutrophils in response to an infection, and

the associated noncanonical molecular pathways.

With regard to how Nav1.6 may influence cell signaling, we know that
inflammation, cell proliferation, and cell death are influenced by the activity and

signaling of MAPK pathways that include the extracellular-signal-related kinase (ERK),
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c-Jun N-terminal kinase, p38, and ERK5/big mitogen-activated protein kinase (Gasser et
al., 2010; Persson et al., 2014b). Interestingly, 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 Nav1.6 (Black et al., 2018; Wittmack et al., 2005). There is colocalization
of Nav1.6 and p38 in hippocampal neurons and following activation of p38 by stress the
expression of Nav1.6 current is decreased (Gasser et al., 2010). Modulation of Nav1.6
activity may impact the functions of neurons and glial cells that restore proper axonal
conduction. Following injuries, such as hypoxia and sciatic nerve transection, MAPKs
are expressed to varying degrees in neurons (Black et al., 2018; Gasser et al., 2010;
Wittmack et al., 2005). While the impact of MAPK on injury-induced gene expression
regulation and signal transduction is well-known, the mechanism that contributes 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 non-selective intracellular Nav channel blocker usually used as a
local anesthetic, has been shown to protect axons from NO-mediated axonal degeneration
(Kapoor et al., 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 non-steroidal anti-inflammatory drugs (Sakurai and Kanazawa, 1999).
However, since lidocaine causes a complete loss of sensation the quality of life may not

be improved (Putrenko et al., 2016).

Phenytoin and carbamazepine are other Nav channel blockers that have been
shown to be protective in EAE by reducing axonal degeneration in the intact neuron, to

reduce infiltration of inflammatory cells in CNS, and to produce an improvement in the
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clinical outcome (Craner et al., 2005; Lo et al., 2003). The protective effect of these drugs
was striking even when administered 7-10 days post EAE induction (Bechtold et al.,
2004; Lo et al., 2003). However, research at Yale University in EAE mice by Black et al.
(2007) showed that the acute withdrawal of phenytoin or carbamazepine 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). Perhaps 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
the disease are not well understood, it is speculated to be due 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 non-specific blockers, such as
lidocaine, phenytoin and carbamazepine have some common side effects that include
involuntary movement, ataxia, nystagmus and visual impairments, drowsiness, fatigue,
and impairment of cognitive function (Brodie, 2017; Perucca et al., 2000). In 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 expressed on both neuronal
and immune cells, some of which are believed to have a compensatory role in MS such as
Nav1.2 as discussed above. The TTX metabolite 4,9-Anhydrotetrodotoxin (4,9-ah-TTX)
blocks Nav1.6 in the nanomolar range with minimal effect on other TTX-sensitive
channels (Rosker et al., 2007b). Hargus et al. (2013) have shown that 4,9-ahTTX

selectively blocks Nav1.6 but not Nav1.2 currents and was able to suppress neuronal
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hyperexcitability in a mouse model of epilepsy. In light of the findings presented here,
4,9-ah-TTX could potentially be assessed in the EAE model, although the toxicity 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
several times per day or continuously using an infusion pump. Ultimately, due to its

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

An alternative approach, to overcome the problem of using broad-spectrum Nav
channel blockers, could be via the use of gene therapy methods to selectively reduce the
expression of specific Nav channels. In a recent study by Chen et al. (2018b), the 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 showed that AAV-Cre-mediated Nav1.6 knockout, mostly in a large proportion of
DRG neurons, significantly 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 by Xie et al. (2013) has 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 addition, Samad et al. (2013) have 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 the CNS for
Nav channels related to the MS. Finally, the use of micro RNAs may prove useful in

regulating Nav1.6 expression, as recently miR-30b-5p was shown to downregulate
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Navl.6 in a rat model of neuropathic pain and was used to attenuate neuropathic pain

induced by the chemotherapy drug oxaliplatin (Li et al., 2019) .

Taken together, the exacerbation of the clinical symptoms in EAE upon
withdrawal of phenytoin and carbamazepine effectively rules out the use of non-specific
Nav blockade for the treatment of MS. Therefore, developing more selective
pharmaceutical therapies and genetic treatments which reduce Nav1.6 expression or

function, could be the way to achieve future goals in Nav1.6-based clinical trials.

5.3 TLR2 and inflammation

The correlation between bacterial infections and MS relapse, as well as the
elevation of TLR2 ligands in the brains and CSF of MS patients, suggest a role of TLR2
in the progression of the disease. Furthermore, TLR2 has been implicated in pain, which
constitutes a major aspect of MS and EAE. In Chapter 4 of this study, we provide
evidence that the absence of TLR2 was associated with reduced inflammation at the
periphery and in the CNS, which is marked by decreased myeloid cells, including Gr-

17/CD11b", chemokines in the plasma, and pro-inflammatory cytokines in the brain.

TLR2 knockout mice following EAE showed a clinical score of 2 to 2.5
indicating reduced symptoms, a greater ability to mobilize 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 was noted in +EAE WT with the addition of

the of Pam3CSK4 TLR2 agonist relative to +tEAE WT.

In TLR2 knockout mice, Gr-1"€"/CD11b" cells in the spleen were decreased and

CD19" cells in the blood were increased, respectively, in the chronic phase of EAE
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compared to WT mice. In our comparisons of TLR2 ~and WT mice, no significant
differences in Gr-1"/CD11b* monocytes, CD4" and CD8" T cells were observed for all
groups. The stimulation of TLR2 by Pam3CSK4 in WT mice showed increased
circulating Gr-1"¢"/CD11b"* as compared to WT mice without TLR2 activation, while
TLR2 knockout mice with Pam3;CSK4 had decreased Gr-1"¢" /CD11b* compared to WT

mice with TLR2 activation.

In the brain, Gr-17/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 IL-6 in the brains of TLR2 knockout mice were significantly
decreased, whereas IL-13 and IL-10 were significantly increased and marginally
increased, respectively. From the EAE model, we can see how complex and interrelated
these regulatory mechanisms can be when influenced by a variety of cell subsets at
various disease stages. For example, if wild-type mice B cells become depleted due to
CD20 mAbD treatments one week prior to EAE induction, the encephalitogenic T cells
undergo expansion in the CNS, leading to a worsening of EAE symptoms (Matsushita 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). The improvement in suggests that the
improvement of clinical symptoms TLR2”~ in mice and decreased the inflammation
during the chronic phase of EAE could be attributed to increased CD19" and decreased

Grl"/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 anti-inflammatory cytokines, which exacerbate the
EAE symptoms. This occurs potentially via the effect on myeloid cells, such as myeloid

cells Gr17/CD11b".

There are seemingly contradictory results in the recent literature regarding the
activation of TLR2 in EAE. Peptidoglycan, a TLR2 ligand found in the gram-positive
bacterial wall, has been found to enhance the induction of EAE (Visser et al., 2005) while
low doses of zymosan, a fungal beta glycan, can reduce or even reverse the relapsing
paralysis by promoting the differentiation of Tregs (Li et al., 2013a). This latter result
appears to be due to the development of TLR2 tolerance in EAE (Anstadt et al., 2016). It
has been reported that the repeated signaling of low doses 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 of a low dose of TLR2 ligands may potentially attenuate the

progression of MS (Anstadt et al., 2016).

5.4 The Potential link between Nav channels and TLR

In non-neuronal 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 substantial increase in the current
density of Nav channels including Nav1.6, Navl.7 and Nav1.9, but not Nav1.8 (Chow et
al., 1999). There could be 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). Increased firing of these
channels may contribute to opioid-induced tactile allodynia. These opioid metabolite-
induced changes in neuronal excitability can be pharmacologically inhibited by the state-
dependent sodium channel blocker, carbamazepine. In Chapter 3, I reported that in the
presence of reduced Nav1.6 levels, LPS — also frequently a bacterial ligand for TLR2 (Li
et al., 2013b) — resulted in reduced inflammation in vivo and in vitro. I believe, based on
the observation that there is a high likelihood of interaction between Nav1.6 and TLR2,

which should be further investigated.

5.5 Limitations of this study
5.5.1 Mouse model for MS

Several elements, mechanisms, and treatments of MS have been identified and
studied by researchers using EAE (Constantinescu et al., 2011). This model mimics many
features of MS, including 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 initiation and development
of MS (Lassmann and Bradl, 2017). Firstly, the development of EAE is preformed
through known antigen injection, whereas in humans, the disease develops spontaneously
without a clearly defined antigen. Additionally, it is believed that predominately CD4" T
cells contribute to the development of EAE, while CD8" T cells are the primary
contributor to the progression of the disease in humans (Mix et al., 2010). Moreover, the
animal model exhibits differences in inflammatory lesions and activation of autoreactive

T cells compared to MS (Hoftberger et al., 2015). As such, some medications found to be
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effective in EAE were not beneficial for treating MS patients such as monoclonal anti-IL-
12p40 (Segal et al., 2008) and anti-TNF therapy (Kemanetzoglou and Andreadou, 2017;
The Lenercept Multiple Sclerosis Study Group and The University of British Columbia
MS/MRI Analysis Group., 1999). Despite these limitations, the EAE model was, |
believe, the most appropriate choice for my study since it recapitulates many aspects of
the chronic phase of MS including demyelination, optic neuritis, and axonal loss
5.5.2 Investigating other immune cells

In the current study, I focused on the role of neutrophils and macrophages.
However, it might be important to address the role of Nav1.6 on other cells, such as
Tregs and microglial subtypes in order to study the influence of Nav1.6 in microglial
activation following EAE and LPS stimulation (Black et al., 2009b; Hossain et al.,
2018b). It has been hypothesized that Nav1.6 participates in the modulation of microglial
activation and function in EAE. It would, therefore, be desirable to further investigate the
role of Nav1.6 microglia beyond the work of Craner et al. (2005).
5.6 Future directions

The work presented 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, it answered several questions regarding the role of TLR2 in EAE. However,
many vital questions are still unanswered and need further investigation. Additional
research is required to determine whether Nav1.6 could enhance remyelination in an
alternate EAE model such as the cuprizone model or using a Lysophosphatidylcholine

(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 investigated. Therefore, developing selective pharmaceutical therapies and
genetic treatments could be the way to facilitate these efforts and to achieve future goals
including working towards Nav1.6-based clinical therapy.

Further research should focus on identifying the mechanism 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 ligands to subsequently attenuate the
disease severity (Dulay et al., 2009; Hossain et al., 2018a; LeBouder et al., 2003). Thus,
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 pathogens (West et al., 2011). Infections may
predispose individuals to MS by reducing Treg cell function (Hossain 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 is potentiality e a valid therapeutic strategy in humans.

5.7 Conclusion

In addressing Objectives 1 and 2, my findings demonstrate that selective targeting of
Scn8a in RGCs is associated with a reduction of markers of gliosis (GFAP) and
inflammation (IL-6). Mice with reduced Nav 1.6 expression display less demyelination
and less axonal loss in the optic nerve following EAE induction (Figure 5.1). In addition,

my results suggest a potential role of Nav1.6 in regulating the inflammatory process
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during both EAE and the response to LPS challenge. These observations 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 signaling is associated with a reduced inflammatory response, which was marked
by a reduction of IL-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 pro-inflammatory cytokines.
The uncovered links between Nav1.6 and TLR2 with inflammatory mediators will
hopefully inform future efforts aimed at controlling the inflammation and axonal damage
associated with MS. Taken together the findings reported in this thesis 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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Figure 5-1 Schematic diagram of the functional effects of Nav1.6 expression in
axonal axons and inflammation in EAE

Diagram summarizing the contribution of the Nav1.6 voltage-gated sodium channel

isoform to axonal damage in EAE and how it may impact the regulation of multiple
aspects of the inflammatory response.
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Figure 5-2 Proposed model of functional effects of TLR2 expression in axonal axons
and inflammation in EAE.

Diagram summarizing the contribution of TLR2 expression in the pathogenesis of EAE
by mediating the production of proinflammatory cytokines, which exacerbate the EAE

symptoms.
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