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ABSTRACT

MECHANISMS REGULATING AXON INITIAL SEGMENT STABILITY

By Savannah Benusa, B.S.

A dissertation submitted in partial fulfilment of the requirements for the degree of Doctor
of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2018

Director: Jeffrey L. Dupree, Ph.D.
Associate Professor
Department of Anatomy and Neurobiology

Axon initial segment (AIS) disruption has been described in a number of
pathological environments where neuroinflammation is a contributing factor; however,
whether this disruption is reversible remains to be determined. To address the principle
of AIS structural recovery, we employed an acute neuroinflammatory model induced by
peripheral stimulation. Acute neuroinflammation induced disruption of AlS structural and
functional domains and, importantly, upon resolution of neuroinflammatory conditions,
AIS disruption was reversed. This work provides the first in vivo evidence the AIS

disruption is reversible following a neuroinflammatory event.

Consistent with other studies, we observed a close interaction of microglia with
AISs, and utilized this acute neuroinflammatory model to investigate the relationship
between reactive microglia and AIS integrity. Gene expression analysis of the microglial
inflammatory transcription profile identified reactive oxygen species (ROS)-producing
enzymes as candidates in AIS pathogenesis. Therapeutic intervention, utilizing a free-

radical scavenger, and experiments employing mice lacking the major ROS-producing



enzyme NOX2, identified ROS as mediators of AIS disruption. Furthermore, we
established calcium-dependent protease calpain as a disruptor of AIS protein clustering

in inflammation-induced disruption.

Since we observed an intimate interaction between reactive microglia and the AlS,
we next conducted studies designed to identify a novel candidate in microglia that may
regulate microglial-AlS contact. During chronic inflammatory conditions, microglia
enhance their contact with AlSs often completely surrounding the domain. This contact is
distinct from the process alignment and process touching exhibited by surveying microglia
suggesting that a more elaborate type of interaction occurs during neuroinflammation.
Concomitant with this morphological change, neurofascin (Nfasc) expression increased
in microglia. Nfasc is a cell adhesion molecule with cell-specific isoforms known to
mediate glial-neuronal interactions, but until now, was not reported to be expressed by
microglia. Here, | characterize the unique Nfasc isoform expressed by microglia and
present evidence that suggests that microglial Nfasc may mediate microglial-AlS contact,
a potentially pivotal interaction in the induction of AIS disruption by pro-inflammatory

factors.



CHAPTER ONE

INTRODUCTION

1.1 Cells of the Central Nervous System

The establishment, maintenance, and function of the central nervous system
(CNS) is dependent on the bi-directional communication between neurons and supporting
glia. Neurons are highly specialized cells of the nervous system that receive, process,
and transmit electrical signals. Neurons are organized and connected into functional
circuits by axons that conduct action potentials (AP), allowing for the transmission of
information throughout the nervous system. Signaling among neurons is influenced and
regulated by the surrounding glial cells, which in the CNS can be primarily classified into
3 cell types: astrocytes, oligodendrocytes and microglia (for review see (von Bernhardi et
al., 2016a). Glial cells facilitate numerous functions in the CNS including establishment
of CNS architecture, brain metabolism, neuronal survival, development and modulation

of synaptic transmission, and propagation of nerve impulses (von Bernhardi et al., 2016a).

Briefly, astrocytes regulate synaptic transmission and neuronal signaling by
contacting synaptic elements present between communicating neurons (Vesce et al.,
1999, Newman2003; Croftetal.2015; Gittis and Brasier 2015). At neuronal synapses,
astrocytes remove or release ions, neurotransmitters, and metabolic factors (Pellerin et
al., 2007; Santello et al., 2012; Schousboe et al., 2014; Wallraff et al., 2006). Astrocytes
also contribute to the maintenance of blood—brain barrier integrity by forming a secondary
barrier that further restricts the entry of peripheral immune cells into the CNS (Giannoni

et al., 2018). Additionally, astrocytes extend processes to both neurons and local blood
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vessels to coordinate neuronal activity and metabolic demands with local blood flow

(Giannoni et al., 2018; Pellerin et al., 2007; Takano et al., 2006; Zonta et al., 2003).

Oligodendrocytes also form direct contacts with the neuron; however, these cells
regulate speed and efficiency of neuronal signal propagation. Oligodendrocytes extend
processes that surround axons forming a lipid-rich myelin sheath, which insulates axons
facilitating nerve conduction (Bercury and Macklin, 2015; von Bernhardi et al., 2016a; Xu
and Terakawa, 1999). Oligodendrocytes also signal to neurons to provide trophic support,
affect axon structure, and influence axonal ion channel clustering (Friihbeis et al., 2013;
Kramer-Albers et al., 2007; Lappe-Siefke et al., 2003; Lee et al., 2012; Rasband and
Peles, 2015; Rasband et al., 2005; Wilkins et al., 2003). Importantly, communication is
not one-way since myelin production is regulated by neuronal activity (Gibson et al.,
2014; Hines et al., 2015; Mensch et al., 2015; Mitew et al., 2018). Thus, oligodendrocytes

and neurons are active partners in the propagation of information.

Microglia are the resident macrophages of the CNS and mediate immune-related
functions. Microglia are highly mobile cells that rapidly extend and retract their processes
to survey the environment (Nimmerjahn et al., 2005; Sierra et al., 2015; Wake et al.,
2009). Upon detection of a change, microglia undergo a complex series of alterations
including changes in expression of enzymes, receptors, and immune factors as well as
altered morphology, and migration (von Bernhardi et al., 2016b; Wolf et al., 2017).
Microglia facilitate the clearance of pathogens or cellular debris, synaptic removal in
development and disease, phagocytosis of apoptotic and necrotic cells, inflammation, and
tissue repair (von Bernhardi et al., 2016b; Block et al., 2007; Schafer and Stevens, 2013;

Trapp et al., 2007; Wolf et al., 2017). Recently, studies have identified direct interactions



between microglia and neurons suggesting that microglia play a role in modulating neural
activity as well (Baalman et al., 2013; Clark et al., 2016; Kato et al., 2016; Li et al., 2012;
Schafer and Stevens, 2013; Zhan et al., 2014). The crosstalk between neurons and glia
is critical for maintenance of CNS homeostasis and CNS function, and disruptions in the
interactions between these cells is implicated in the development and progression of
numerous CNS diseases (von Bernhardi et al., 2016a; Domingues et al., 2016; Salter and

Stevens, 2017).

1.2 Neuronal Signaling: The Axon and its Excitable Domains

Neurons are divided into distinct structural and functional domains including the
dendrites and soma, axon, and nerve terminal (Figure 1.1). The dendrites and soma
receive signals from upstream synaptic inputs and transmit this information to the axon.
If the summation of synaptic inputs is sufficient, an action potential is generated at the
axon initial segment (AIS) (Kole and Stuart, 2012a). The action potential is then
propagated down the axon to the axon terminal where neurotransmitters are released to
propagate the signal across the synaptic cleft to the next cell. Many vertebrate axons are
myelinated and further subdivided into excitable domains that include the nodes of
Ranvier, myelin deficient regions of the axon that regenerate and propagate action
potentials in a saltatory fashion along the axon (Nelson and Jenkins, 2017; Rasband,
2010; Yamada and Kuba, 2016). It is the directional propagation of action potentials
among neurons that is critical for the transmission of information throughout neuronal

circuitry.
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Figure 1.1. Neuronal Domain Organization. The neuron is comprised of a
somatodendritic domain, the axon initial segment (AlS), nodes of Ranvier, and the axon
terminal. Action potentials are generated at the AIS and propagated down the myelinated
axon to the pre-synaptic terminals by the nodes of Ranvier. AnkyrinG (red) controls the
establishment and localization of membrane-associated proteins including cell adhesion
molecules Nfasc 186 and NrCAM and voltage-gated sodium (Nav) and potassium (Kv)
channels. Navy1.6 and Kv1.2 channels are clustered at the distal and proximal AIS,

respectively, of cortical pyramidal neurons.



1.2.1 Nodes of Ranvier

Myelination divides the axon into distinct domains including nodes of Ranvier,
paranodes, juxtaparanodes and internodes (Rasband and Peles, 2015). The nodes of
Ranvier are located between adjacent myelin sheaths, and are characterized by a dense
clustering of voltage-gated ion channels, cell adhesion molecules, and scaffolding
proteins (Rasband and Peles, 2015). The high density of voltage gated sodium (Nav)
channels allows for action potential regeneration, while voltage gated potassium (Kv)
channels are responsible for membrane repolarization (Nelson and Jenkins, 2017).
Voltage-gated ion channels and cell adhesion molecules such as neurofascin (Nfasc) 186
and neural cell adhesion molecule (NrCAM) are anchored to the underlying cytoskeleton
by ankyrinG (ankG) and BIV-spectrin scaffolding proteins (Gasser et al., 2012; Susuki et
al., 2013). Located on either side of the node of Ranvier is the region of the myelin sheath
that maintains the closest apposition to the axon. This region, known as the paranode, is
the site where myelinating glia form septate-like junctions, between the terminal loops of
myelin and the axonal membrane, that tether the myelin sheath to the axon (Banerjee et
al., 2006). The paranodal complex is formed through binding of the glial cell adhesion
molecule Nfasc 155 with the axonal contactin/Caspr (contactin-associated protein)
heterodimer (Banerjee et al., 2006; Charles et al., 2002; Tait et al., 2000). The paranodal
complex segregates the densely clustered Nayv channels at the node from the densely
clustered Kv channels present in the adjacent juxtaparanodes. Finally, the internodes are
the portions of the axon beneath the compacted myelin sheath that spans between
juxtaparanodal regions. The internodal region constitutes the majority of the myelinated

axon.



1.2.2 The Axon Initial Segment

In addition to the four domains that are created based on myelin deposition, all
axons, whether myelinated or not, also contain the functional domain known as the axon
initial segment (AIS). As implied by the name, the AIS spans the initial segment of the
axon immediately adjacent to the neuronal soma. It functions in action potential initiation
and modulation (Buffington and Rasband, 2011; Goldberg et al., 2008; Kole et al., 2007,
2008; Ogawa and Rasband, 2008), and is critical for maintaining neuronal polarity by
providing a barrier for the diffusion or transport of lipids, cytoplasmic and membrane
proteins, and transport vesicles to distinct compartments of the neuron (Kobayashi et
al., 1992; Nakada et al., 2003; Rasband, 2010; Song et al., 2009). Similar to the nodes of
Ranvier, the AIS is composed of a dense clustering of voltage-gated ion channels, cell
adhesion molecules, and scaffolding proteins including ankG and BIV-spectrin (Ogawa
and Rasband, 2008). However, unlike the nodes of Ranvier, the AIS is established mainly
through intrinsic mechanisms regulated by ankG (Ogawa and Rasband, 2008). AIS
proteins are recruited to and maintained at the AIS via the cytoskeletal linking protein
ankG (Bennett and Baines, 2001; Jenkins and Bennett, 2002; Leterrier et al., 2015).
Genetic deletion of ankG prevented clustering of other AIS proteins and disrupted
neuronal polarity (Hedstrom et al., 2008; Jenkins and Bennett, 2001; Pan et al., 2006;
Zhou et al., 1998). Furthermore, silencing of ankG using short hairpin RNA disrupted AIS
protein clustering, axonal identity, and, consequently, neuronal function (Hedstrom et al.,
2008; Zhou et al., 1998). Similar consequences have been observed in pathological

conditions where loss of ankG was detected (Buffington and Rasband, 2011; Harty et al.,



2013; Vascak et al., 2017). These studies underscore the importance of ankG in

regulating AlS assembly and maintenance.

1.2.3 AIS Functional subdomains

AIS proteins are recruited to the AIS via an ankG-dependent mechanism; however,
the distribution of some AIS proteins does not parallel ankG distribution and is not
ubiquitous throughout the domain (Clark et al., 2009). Instead, some proteins, such as
Nav and Kv channel subtypes, exhibit segregated expression forming functional sub-
domains within the AIS. Numerous ion channels and ion channel subtypes have been
identified at the AIS and the expression of these can be cell-type and region specific
(Clark et al., 2009; Yamada and Kuba, 2016). | have focused my studies on pyramidal
neurons in the somatosensory cortex. In these neurons, a differential clustering of Nav
channel subtypes in the proximal or the distal region of the AIS underlies two distinct
functions of the AIS: spike initiation and action potential back-propagation (Hu et al.,
2009). Nav1.6 sodium channels are the major ion channel subtype present in AISs and
are densely clustered in the distal portion of the AIS (Van Wart et al., 2007; Hu et al.,
2009, Kole et al., 2008; Colbert and Pan, 2002). It is the high density of low-threshold
Nav1.6 channels in the distal portion of the domain that determines the lowest threshold
for spike initiation defining this region as the “trigger zone” (Baranauskas et al., 2013; Hu
et al.,, 2009; Kole et al., 2008; Palmer and Stuart, 2006). On the other hand, NaJ1.2
sodium channels are high-threshold channels and their clustering in the proximal AIS
controls action potential back-propagation, an important component for synaptic scaling

and long-term potentiation (Clark et al., 2009; Hu et al., 2009; Yamada and Kuba, 2016;
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Yin et al., 2017). Ky1.2 potassium channels have low activation thresholds and produce
the repolarization phase of action potentials, controlling action potential half-width and
neuron firing frequency (Clark et al., 2009; Kole et al., 2007; Shu et al., 2007). The
segregation and distribution of AIS ion channel sub-domains regulates action potential
initiation and modulation, key functions of the AIS. Thus, a change in the length or
distribution of AIS functional subdomains alters biophysical properties of the AIS and

consequently, neuronal function.

1.3 AIS Plasticity

Within the last ten years, studies have shown that the AIS is a dynamic domain
capable of undergoing structural and functional changes in response to alterations in the
neuronal environment. These changes allow for the modulation of action potentials and,
thus, fine-tuning of excitability in response to altered neuronal input, a process known as
AIS plasticity. Types of AIS plasticity include alterations in AlS length (Evans et al., 2015;
Kuba et al., 2010; Kuba Hiroshi and Ohmori Harunori, 2009), AIS relocation (Evans et al.,
2013; Grubb and Burrone, 2010; Harty et al., 2013; Kuba et al., 2014), and changes in
ion channel expression and activity (Bender et al., 2010; Benned-Jensen et al., 2016; Del

Puerto et al., 2015; Kuba et al., 2010; Yin et al., 2017).

Kuba and colleagues (Kuba et al., 2006, 2010, 2014; Kuba Hiroshi and Ohmori
Harunori, 2009) utilized avian auditory neurons to demonstrate activity-dependent AIS
plasticity. In nucleus laminaris neurons, AISs exhibited a universal lengthening at the

onset of hearing. However, at embryonic day (E) 15, the activity in the auditory nerve



triggered a differential retraction of AISs, such that neurons responding to high sound
frequencies had a shorter, more distal AIS and neurons responding to lower frequencies
had a longer, more proximal AIS (Kuba et al., 2014; Kuba Hiroshi and Ohmori Harunori,
2009). Similarly, an activity-dependent change in AlS structure was observed in the visual

cortex where AISs shortened upon opening of the eyes (Gutzmann et al., 2014).

Activity-dependent AIS plasticity is not restricted to development but also occurs
through sensory deprivation or excitotoxic environments. When auditory neurons were
deprived of input by removal of the cochlea, the AIS length increased significantly and K*
channel expression was altered (Kuba et al., 2010). After 1 week, Kv1.1 channels were
replaced by slow-activating Kv7.2 channels (Kuba et al., 2015a). The increased length
and switch in ion channel expression corresponded with increased neuronal excitability,
a homeostatic response to lack of activity(Kuba et al., 2010). Utilizing dissociated neurons
in culture, it was demonstrated that excitotoxic environments (Evans et al., 2013; Grubb
and Burrone, 2010) or prolonged depolarization (Evans et al., 2015; Muir and Kittler,
2014) induced AIS relocation or shortening through increased intracellular Ca?*
concentrations mediated through activation of L-type (Clark et al., 2017; Evans et al.,
2015) and T-type Ca?* channels (Grubb and Burrone, 2010), or calcium-permeable P2X7
receptors (Del Puerto et al., 2015). Calcium-regulated proteins have been implicated in
AIS structural changes including calpain (Benned-Jensen et al., 2016; Clark et al., 2017;
Del Puerto et al., 2015; Schafer et al., 2009), calcium/calmodulin-dependent protein
kinase type Il (CamKIll) (Evans et al., 2013), and calcineurin (Evans et al., 2013, 2015)
suggesting changes in intracellular calcium concentrations is a converging factor in AIS

plasticity.
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AIS structural alterations also occur in neuropathological environments. Initial
studies using a stroke model, reported irreversible proteolysis of AIS structural proteins
after oxygen/glucose deprivation (Schafer et al., 2009). Since then, numerous studies
have investigated the vulnerability of the AIS in CNS disease. Our laboratory
demonstrated that AIS clustering of ankG is progressively disrupted with disease severity
in experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple
sclerosis (MS) (Clark et al., 2016). Furthermore, AIS ankG and Nav1.6 sub-domains were
disrupted in post-mortem human tissue from MS patients (Lubetzki and Davenne,
personal communication), which also presented with disrupted synaptic input and
cisternae organelle structure (Clark and Dupree, unpublished data), an organelle

restricted to the AIS.

In models of traumatic brain injury (TBI), modest AIS shortening was reported;
however, this corresponded with significant behavioral (Baalman et al., 2013) and
functional (Vascak et al., 2017) impairments. In a model of Alzheimer’s disease (AD),
amyloid-beta plaques significantly decreased AIS density and AIS length within and
surrounding amyloid-beta plaques (Marin et al., 2016). Furthermore, loss of AIS proteins
ankG and BIV-spectrin was observed in human AD brains (Sohn et al., 2016). In aged
marmoset monkeys, AISs were significantly shortened concomitant with a loss of
GABAergic synapses (Atapour and Rosa, 2017). Alterations in AIS structure has been
observed in a number of pathological conditions implicating the AIS as a potential
therapeutic target; however, initial characterization of AlS pathology suggested that loss
or disruption of AIS protein clustering was irreversible (Schafer et al., 2009). Since then,

reversibility of AIS changes in length and location in vitro have been demonstrated (Evans
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et al., 2015; Grubb and Burrone, 2010), and decreased AIS length was reversed in EAE
after therapeutic intervention with an anti-inflammatory compound (Clark et al., 2016).
However, reversal of AlIS ankG loss in vivo has not been demonstrated, though a study
investigating AIS stability after stroke reported axon-sprouting in the peri-infarct area

suggesting the AIS has reparative potential (Hinman et al., 2013).

1.4 Neuroinflammation

A common factor in the disease pathogenesis where AIS disruption occurs is
neuroinflammation. Neuroinflammation is inflammation within the brain or spinal cord and
is a means by which signals are communicated to or within the CNS (DiSabato et al.,
2016). Neuroinflammation is mediated by the production of chemokines and cytokines as
well as reactive oxygen species (ROS) and nitric oxide (NO) (Cherry et al., 2014). These
mediators are produced by resident CNS glia, endothelial cells, and peripherally derived
immune cells (DiSabato et al., 2016). Sustained activation of inflammatory cascades or
aberrant production of inflammatory factors can lead to recruitment of peripheral immune
cells, edema, tissue damage, and potentially neuronal death. Inflammation-induced
neuronal damage is implicated in a number of neuropathological conditions including MS,
AD, TBI, stroke, and aging (von Bernhardi et al., 2016a; Crotti and Ransohoff, 2016a;

DiSabato et al., 2016; Ransohoff and Khoury, 2016)
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1.5 Microglia Mediate Neuroinflammation and Regulate Neuronal Stability

Microglia, the resident immune cells of the CNS, are important mediators of the
neuroinflammatory response. Microglia function in immune surveillance, synaptic
pruning, axon guidance, and regulation of neuronal activity (Kato et al., 2016; Klapal et
al., 2016; Li et al., 2012; Schafer and Stevens, 2013; Schafer et al., 2012; Squarzoni et
al., 2014; Stellwagen and Malenka, 2006; Tremblay et al., 2011). Microglia exhibit a
variety of morphologies ranging from small cell bodies with long highly-branched
processes to enlarged cell bodies with short, thick processes, reminiscent of the
characteristic amoeboid macrophage morphology (Wolf et al., 2017). The spectrum of
microglial morphologies is indicative of their numerous functions. For example, surveying
microglia exhibit long, highly-branched processes that rapidly extend and sample the
surrounding environment; however, upon activation, microglia retract their processes and
increase cell body size, exhibiting a morphology consistent with phagocytosis or migration

(Tay et al., 2017; Wolf et al., 2017).

Following injury or disease, microglia are rapidly recruited to sites of damage
where they phagocytose debris and dying cells. Additionally, activated microglia exhibit
extensive changes in the expression of their inflammatory profile (Crotti and Ransohoff,
2016a). While some of these secreted factors may provide neurotrophic functions, pro-
inflammatory factors exhibit deleterious effects (Chen et al., 2016; Ransohoff and Khoury,
2016). For example, pro-inflammatory microglia up-regulate enzymes that produce
reactive oxygen species (ROS) (Chen et al., 2016). Activation of microglial nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX2) results in the extracellular

production of ROS (Kumar et al., 2016). ROS alters the function of calcium-permeable
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ion channels (Hool, 2008; Hool and Arthur, 2002; Hudasek et al., 2004) and,
consequently, alters intracellular calcium levels (Hudasek et al., 2004; Mossakowski et
al., 2015), which have been implicated in AIS disruption (Benned-Jensen et al., 2016;

Clark et al., 2017; Del Puerto et al., 2015; Evans et al., 2013; Schafer et al., 2009).

In addition to regulating neuronal function through secreted factors, microglia also
regulate neurons through physical contact (von Bernhardi et al., 2016b; Bilimoria and
Stevens, 2015; Kato et al., 2016; Li et al., 2012; Nimmerjahn et al., 2005; Wake et al.,
2009). In the developing and adult brain, microglia contact pre- and postsynaptic neuronal
elements in an activity-dependent manner, and synapses that are contacted more
frequently are subsequently removed (Schafer et al., 2012; Tremblay et al., 2010; Wake
et al., 2009). In pathological conditions, microglia participate in synaptic stripping altering
the neuronal excitatory/inhibitory balance (Kettenmann et al., 2013). Microglia also
preferentially contact cell bodies and axons of highly active neurons decreasing neuronal
activity and preventing excitotoxic cell death (Kato et al., 2016; Li et al., 2012). These
studies underscore the importance of microglial contact in the regulation of neural

signaling.

1.6 Cell Adhesion Molecule Nfasc Regulates Glial-Neuronal Interactions

Recently, it was found that microglia may also regulate neuronal function through
contact at the AIS. Baalman et al. (2015) provided convincing evidence that microglia
establish contact with the AIS early in development and maintain this contact through

adulthood strongly suggesting that microglia play a role in regulating AlS structure and
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function. In addition, findings from our laboratory have shown that microglia also contact
the AIS and the extent of contact is enhanced in chronic inflammatory environments
(Clark et al., 2016). However, the nature of microglial-AlS interactions and the molecules

that mediate it remain undefined.

A molecule that is known to mediate glial-axonal interactions is the cell adhesion
molecule neurofascin (Nfasc). Nfasc is a member of the L1 family of CAMs, a subgroup
in the immunoglobulin (Ig) superfamily. The L1 family of CAMs is comprised of
transmembrane glycoproteins that mediate cell-cell adhesion through homo- or
heterophilic binding at the cell surface (Hortsch et al.,, 2014). Nfasc isoforms are
implicated in a wide spectrum of functions including process extension and outgrowth,
stability of axonal domains, stability of GABAergic AlS input, and axo-glial contact (Ango
et al., 2004; Charles et al., 2002; Pillai et al., 2009; Pruss et al., 2004; Rathjen et al., 1987;
Sherman et al., 2005; Tait et al., 2000; Zhang et al., 2015). Nfasc has also been implicated
in inflammatory demyelinating disorders including MS and Guillain Barré syndrome,
where Nfasc is an autoimmune target implicating Nfasc in immune-mediated axonal injury
(Levin, 2013; Devaux et al., 2012; Kawamura et al., 2013; Mathey et al., 2007; Ng et al.,
2012). As a member of the L1 family, Nfasc contains an extracellular region of six
immunoglobulin-like domains, three to five fibronectin type Il repeats (FNIII), followed by
a single-pass transmembrane domain and a short, highly conserved cytoplasmic talil
(Davis and Bennett, 1993; Hassel et al., 1997) (Figure 1.2). The Nfasc transcript
undergoes extensive alternative splicing resulting in numerous developmentally regulated

cell specific isoforms (Hassel et al., 1997; Kriebel et al., 2012).
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Four Nfasc polypeptides of 186, 155 high and 155 low, and 140 kDa have been
described in the rodent nervous system (Davis et al., 1993; Hassel et al., 1997; Pomicter
et al., 2010; Rathjen et al., 1987; Zhang et al., 2015). Nfasc 186 and 140 are neuronal
specific isoforms and Nfasc 155 high and low have been described in myelinating glial
cells. These isoforms differ primarily in the combination of FNIII domains and inclusion of
hinge domains located in the extracellular domain (Hassel et al., 1997; Kriebel et al.,
2012). Nfasc 186 excludes the 3™ FNIII domain and includes the mucin and 5" FNIII
domains. Nfasc 186 is expressed at the AIS and nodes of Ranvier, where it is implicated
in clustering of Nav channels and stabilization of axo-axonic synapses (Desmazieres et
al., 2014; Lonigro and Devaux, 2009; McEwen and Isom, 2004). Nfasc 140 excludes the
mucin and 5" FNIII domains, and is present at the node of Ranvier during embryonic
development where it is thought to complement the function of Nfasc 186 in initial stages
of assembly and stabilization of the nodal complex (Zhang et al., 2015). Nfasc 155
includes a small hinge domain located between Ig2 and Ig3 domains and includes the 3™
FNIII domain, but excludes the Nfasc 186-specfic mucin domain (Tait et al., 2000).
Nfascl55 is found in oligodendrocytes and Schwann cells where it plays an important
role in mediating axo-glial contact by forming paranodal septate-like junctions (Pillai et
al., 2009; Sherman et al., 2005; Zonta et al., 2008). In this study we investigate the

expression of Nfasc in another glial cell, microglia, and characterize its novel expression.

1.7 Chapter Summary

AIS disruption has been described in a number of pathological environments

where neuroinflammation is an underlying factor; however, the mechanisms driving AIS
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disruption in inflammatory conditions and whether this disruption is reversible remains to
be determined. Furthermore, during chronic inflammatory conditions, microglia enhance
contact with the AIS concomitant with increased AIS disruption (Clark et al., 2016);
however, the molecules which mediate this contact are not yet defined. | employed an
acute neuroinflammatory model to investigate the relationship between reactive microglia
and the AIS throughout the inflammatory response. Additionally, | identified a novel

candidate in microglia that may regulate microglial-AlS contact.
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Figure 1.2

Nfasc 186
(Neuronal)

Nfasc 140
(Neuronal)

Nfasc 155
(Myelinating Glia)
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Figure 1.2. Neurofascin Domain Composition. The extracellular domain is comprised
of 6 Ig-like domains (yellow half-circles), three to five fibronectin type 11l domains (FNIII),
a mucin domain, and alternatively spliced regions (green bars). Nfasc isoforms contain a

single-pass transmembrane domain (TM, orange bar) and a conserved cytoplasmic tail.
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CHAPTER TWO

ACUTE NEUROINFLAMMATION INDUCES AIS STRUCTURAL PLASTICITY IN A
NOX2-DEPENDENT MANNER

Some of these results have been published in

Benusa et al., 2017. Journal of Neuroinflammation

2.1 Abstract

BACKGROUND: Chronic microglia-mediated inflammation and oxidative stress are well
characterized underlying factors in neurodegenerative disease, whereby reactive
inflammatory microglia enhance ROS production and impact neuronal integrity. Recently,
it has been shown that during chronic inflammation, neuronal integrity is compromised
through targeted disruption of the axon initial segment (AIS), the axonal domain critical
for action potential initiation. AIS disruption was associated with contact by reactive
inflammatory microglia which wrap around the AIS with increased association
coincidental with disease progression. While it is clear that chronic microglial inflammation
and enhanced ROS production impact neuronal integrity, little is known how acute
microglial inflammation influences AIS stability. Here, | demonstrate that acute
neuroinflammation induces AIS structural plasticity in a ROS-mediated and calpain

dependent manner.

METHODS: C57BL/6J and NOX27 mice were given a single injection of LPS (5 mg/kg)
or vehicle (0.9% saline, 10 mL/kg) and analyzed at 6h - 2wks post-injection. Anti-
inflammatory Didox (250 mg/kg) or vehicle (0.9% saline, 10 mL/kg) was administered

beginning 24h post-LPS injection and continued for 5 days; animals were analyzed 1wk
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post-injection. Microglial inflammation was assessed using immunohistochemistry (IHC),
Nanostring nCounter® mRNA analysis, and RT-gPCR. AIS integrity was quantitatively
analyzed using ankyrinG, Nav1.6, and Kv1.2 immunolabeling. Data were statistically
compared by one-way or two-way ANOVA where mean differences were significant as
assessed using Tukey’s post hoc analysis or, where applicable, data were statistically

compared using a mixed-effects regression model.

RESULTS: LPS-induced neuroinflammation, characterized by enhanced microglial
inflammation and increased expression of ROS-producing enzymes, altered AIS
functional sub-domain clustering and induced loss of ankG-positive AISs. Importantly,
inflammation-induced AIS changes were reversed following resolution of microglial
inflammation. Modulation of the inflammatory response using anti-inflammatory Didox,
even after significant AIS disruption occurred, increased the rate of AIS recovery. RT-
gPCR and IHC analysis revealed that expression of microglial NOX2, a ROS-producing
enzyme, was significantly increased correlating with AIS disruption. Furthermore, ablation
of NOX2 prevented inflammation-induced AIS plasticity suggesting that ROS drive AIS

structural plasticity.

CONCLUSION: In the presence of acute microglial inflammation, the AIS undergoes an
adaptive change that is capable of spontaneous recovery. Moreover, recovery can be
therapeutically accelerated. Together, these findings underscore the dynamic capabilities
of this domain in the presence of a pathological insult and provide evidence that the AIS

is a viable therapeutic target.
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2.2 Introduction

The axon initial segment (AIS) is a highly specialized axonal domain responsible
for action potential initiation and modulation (Yoshimura and Rasband, 2014). The AIS is
characterized by a unique assembly of cytoskeletal and scaffold proteins (Grubb and
Burrone, 2010) and densely packed voltage-gated ion channels, which are recruited to
and clustered at the AIS via the scaffolding protein ankyrinG (ankG) (Yang et al., 2007).
Properties of the AIS such as length, position and ion channel sub-domain composition
determine the firing properties of individual neurons (Kole et al., 2007; Van Wart et al.,
2007; Yamada and Kuba, 2016). Accumulating evidence suggests that the AIS is a
dynamic domain capable of structural plasticity, undergoing changes in length (Kuba et
al., 2010), location (Evans et al., 2013; Grubb and Burrone, 2010; Wefelmeyer et al.,
2015), and ion channel clustering (Benned-Jensen et al., 2016; Del Puerto et al., 2015;

Kuba et al., 2015) in response to neuronal pathology and altered activity.

AIS plasticity is characterized by the relocation of cytoskeletal-associated proteins
such as ankG, BIV spectrin, neurofascin, and voltage gated Na* and K* channels (Chand
et al.,, 2015; Evans et al., 2015; Grubb and Burrone, 2010; Muir and Kittler, 2014;
Wefelmeyer et al., 2015). These structural changes have various functional
consequences which are neuron type and region specific (Jamann et al., 2017; Yamada
and Kuba, 2016). In layer 5 cortical pyramidal neurons, decreased length of AIS Nav1.6
or Kv1.2 ion channel sub-domains reduced neuronal excitability, conversely, increased
length enhanced neuronal excitability (Jamann et al., 2017; Yamada and Kuba, 2016).
Through these mechanisms, neurons adapt to changes in circuit activity and fine-tune

excitability.
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Although plasticity can be triggered by both pathologic and non-pathologic stimuli,
the mechanisms and cell types that drive plasticity remain largely unknown. Schafer et al.
(2009) were the first to implicate the calcium dependent protease calpain as a mediator
of AIS structural changes with recent studies confirming these findings (Del Puerto et al.,
2015; Stoler and Fleidervish, 2016). Consistent with calpain activation, Evans et al. (2013)
reported that AIS plasticity is triggered by calcium channel activation with downstream
activation of calcineurin. These studies implicate calcium as a converging factor in AIS
plasticity. Recently, microglia were also implicated in mechanisms driving AIS structural
changes through direct contact with AISs. Microglial-AlS contact occurs early in
development and is maintained through adulthood in the uninjured brain (Baalman et al.,
2015) and during chronic inflammation present in an animal model of MS known as
experimental autoimmune encephalomyelitis (EAE) (Clark et al., 2016). These studies
suggest an important interaction between microglia and neurons that may influence AIS

integrity.

Microglia, the resident immune cells of the central nervous system (CNS), are
dynamic cells that survey, respond, and shape neuronal networks through neuronal
contact and synaptic pruning (Crotti and Ransohoff, 2016b; Kettenmann et al., 2013;
Miyamoto et al., 2016; Schafer and Stevens, 2013). Microglia are critical for maintaining
tissue homeostasis in the CNS, rapidly activating and eliminating pathogens and cellular
debris in response to infection or insult (Kierdorf and Prinz, 2013; Ransohoff and Perry,
2009; Tremblay et al., 2011). Upon activation, microglia display an enhanced pro-
inflammatory response and a dampened resolving phenotype (Aguzzi et al., 2013; Prinz

et al., 2014; Wong, 2013). This is typified by increased expression of inflammatory
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mediators such as tumor necrosis factor alpha (Tnfa), cyclooxygenase-2 (COX-2), and
NADPH oxidase 2 (NOX2), elevated production of reactive oxygen species (ROS), and
reduced expression of resolving factors such as transforming growth factor beta (TGF-p3),
mannose receptor, C type 1 (Mrcl), and resistin like beta (Fizz-1), (Block et al., 2007;
Cherry et al., 2014; Sierra et al., 2013). Though reactive microglia play an important role
in pathogen clearance and CNS homeostasis, amplified ROS production or aberrant
activation of the inflammatory phenotype has been implicated in a number of neuronal
pathologies (Edison et al., 2008; Gomez-Nicola and Perry, 2015; Johnson et al., 2013;
Ohl et al., 2016; Russo and McGavern, 2016) where AIS disruption is observed (Baalman
et al., 2015, 2013; Clark et al., 2016; Marin et al., 2016; Schafer et al., 2009). Previous
studies from our lab demonstrated that chronic neuroinflammation in EAE resulted in
changes in AIS length and protein clustering and this disruption corresponded with
increased microglial reactivity and production of pro-inflammatory factors (Clark et al.,
2016). Furthermore, AIS disruption corresponded with increased contact between
reactive microglia and the AlS, suggesting that in a chronic inflammatory environment,

pro-inflammatory microglia may drive AIS disruption (Clark et al., 2016).

The microglial inflammatory response is amplified by the enzyme NOX2, which is
responsible for the microglial respiratory burst and extracellular production of ROS (Wang
et al., 2013b). NOX2 activity has been implicated in the chronic activation of microglia
and its deleterious effects through both the production of extracellular ROS and through
amplification of the pro-inflammatory response (Kumar et al.; Pawate et al., 2004; Qin et
al., 2004). Inhibition of NOX2 reduced microglial ROS production and reduced microglia-

mediated neurotoxicity (Choi et al., 2012; Qin et al., 2004, 2013). Here, | investigate the
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role of microglial inflammation and the ROS-producing enzyme NOX2 on AIS integrity.
Using a lipopolysaccharide (LPS)-induced model of neuroinflammation, I demonstrate
that in the presence of acute microglial inflammation, AlS ankG and ion channel clustering
is disrupted and upon resolution of inflammation, AIS changes are reversed. Furthermore,
ablation of NOX2 preserved AIS integrity. These data underscore the dynamic capabilities

of the AIS in the presence of a pathological insult.

2.3 Methods
Animals

6-8 weeks (wks) old C57BL/6J mice and NOX2 deficient (B6.129S-Cybb™m1Pn/J,
NOX2 ) mouse breeding pairs were purchased from Jackson Laboratories (Bar Harbor,
ME). All animals were maintained in the AAALAC accredited McGuire Veterans Affairs
Medical Center (VAMC) vivarium with access to food and drink ad libitum. NOX2 7~ mice
have a targeted mutation of the 91kD subunit of the oxidase cytochrome b and lack
phagocyte superoxide production (Pollock et al., 1995). NOX2 7~ mice are maintained on
a C57BL/6J background; therefore, age-matched C57BL/6J mice (NOX2**) were used
as controls. All procedures were conducted in accordance with the National Institutes of
Health guidelines for the care and use of laboratory animals and were approved by the

McGuire VAMC Institutional Animal Care and Use Committee.
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LPS treatment

Lipopolysaccharide (LPS; 0O111:B4, lot: 2728527) was purchased from
Calbiochem (San Diego, CA). Female C57BL/6J and NOX2”- mice (8-12 wks) were given
a single intraperitoneal (IP) injection of LPS (5 mg/kg or 10mg/kg (Sup. Fig. 2.3), 10
mL/kg) or vehicle (0.9% saline). The LPS dose was based on the previously established
neuroinflammation model (Qin et al., 2007; Taetzsch et al., 2015) where peripheral
inflammation rapidly transfers to the brain, resulting in elevated microglial cytokines and
ROS production (Taetzsch et al., 2015). Saline- and LPS-treated mice were analyzed at
6 hours (h), 24h, 3 days (d), 1wk, and 2wks post-injection to assess the effects of

microglial reactivity and AIS integrity throughout the course of neuroinflammation.

Didox Administration

Didox (3,4-dihydroxybenzohydroxamic acid) was obtained from Molecules for
Health, Inc. (Richmond, VA). Didox, a ribonucleotide reductase inhibitor and free radical
scavenger, is a multifunctional compound that inhibits DNA replication, suppresses NF-
KB activation, reduces oxidative injury and attenuates microglia/macrophage production
of inflammatory cytokines and ROS producing enzymes (Matsebatlela et al., 2015; Shah
et al., 2015; Turchan et al., 2003). An initial Didox paradigm was used to investigate
reversibility of AIS disruption: Didox (250 mg/kg solubilized in 0.9% saline) or vehicle
(0.9% saline, 10 mL/kg) was administered intraperitoneally beginning at 1 week post-LPS
injection and continued for 6 days. Animals were taken for analysis 2 weeks post-LPS
injection (Sup. Fig. 2.2). These data revealed spontaneous AIS recovery in the LPS 2wk

vehicle controls (Sup. Fig. 2.2). Additionally, a second paradigm was used to address the
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guestion of reversibility (Fig. 2.7). For this study, Didox or vehicle was administered
intraperitoneally beginning at 24 hours post-LPS injection and continued for 6 days.

Animals were taken for analysis 1 week post-LPS injection.

Calpain Inhibitor Administration

Calpeptin was obtained from Calbiochem (San Diego, CA). Calpeptin is a cell-
permeable inhibitor of calcium-activated proteases calpain-1 and calpain-2, which have
been implicated in targeted cleavage of AIS proteins and alterations in AIS structure
(Benned-Jensen et al., 2016; Del Puerto et al., 2015; Schafer et al., 2009). Based on
previous studies (Das et al., 2013; Guyton et al., 2010; Smith et al., 2011), Calpeptin
(50ug/kg) or vehicle (0.1% dimethyl sulfoxide in saline, 10mL/kg) was administered
subcutaneously 30 minutes prior to injection of LPS (5 mg/kg, 10 mL/kg, IP) or vehicle
(0.9% saline, 10 mL/Kkg, IP). On Days 1 and 2 post LPS injection, mice received a second
and third dose of Calpeptin (calpain inhibitor), respectively. Vehicle, LPS + vehicle, or
LPS + Calpeptin treated mice were analyzed at 3d post-LPS injection to assess the

effects of calpain activity on AIS integrity.

Tissue Preparation and Immunohistochemistry

Mice were deeply anesthetized using 0.016 mL/gm body weight of a 2.5% solution
of avertin (2, 2, 2 tribromoethanol; Sigma-Aldrich; St. Louis, MO) in 0.9% sodium chloride
(Sigma-Aldrich, St. Louis, MO), and transcardially perfused with 4% paraformaldehyde

(Ted Pella, Redding, CA) (Clark et al., 2016; Dupree et al., 1999). Following perfusion,
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brains were removed and immersed in 0.1 M PBS containing 30% sucrose for 48 h and
frozen in Optimal Cutting Temperature compound (Sakura, Tokyo, Japan). Brains were
serially sectioned into 40 um thick coronal sections spanning 1.1 mm anterior to Bregma
to 2.5 mm posterior to Bregma using a Leica CM 1850 cryostat. Fifteen sets of six sections
were collected and placed on ProbeOn Plus slides (Fisher Scientific, Loughborough, UK)

and stored at -80°C.

Sections were immunostained using the following antibodies: mouse monoclonal
anti-ankyrin G (AnkG; NeuroMab, Davis, CA; N106/36, 1:500), rabbit polyclonal anti-Ibal
(Wako Chemicals, Richmond, VA; 019-19741; 1:1,000), mouse monoclonal anti-NeuN
(Millipore; Billerica, MA; MAB377; 1:1,000), rabbit monoclonal anti-NeuN (Abcam,
Cambridge, MA; ab177487; 1:500), mouse monoclonal anti-gp91-phox (Santa Cruz;
Dallas, TX; sc-130543; 1:500), mouse monoclonal anti-Nav1.6 (Nav1.6; NeuroMab, Davis,
CA; K87A/10, 1:200), mouse monoclonal anti-Kv1.2 (Kv1.2; NeuroMab, Davis, CA;
K14/16, 1:200). All secondary antibodies were obtained from Invitrogen Life Technologies
(Grand Island, NY; AlexaTM Fluor) and used at a dilution of 1:500. Immunolabeling was
performed as previously described (Clark et al., 2016; Pomicter et al., 2010) with some
modifications: 0.5% Triton X-100 and 10mM sodium-citrate buffer oven retrieval (30
minutes at 80°C) was used for antigen retrieval. Nuclear stain BisBenzimide (Sigma-
Aldrich, St. Louis, MO, 1:1000) was used to identify cortical layers. Slides were mounted
with Vectashield™ (Vector Laboratories, Burlingame, CA); and imaged using confocal

microscopy.
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Imaging and Analysis

Imaging was performed on a Zeiss LSM 710 confocal laser scanning microscope
(Carl Zeiss Microscopy, LLC, Thornwood, NY) housed in the VCU Department of
Anatomy and Neurobiology Microscopy Facility. For AIS number analysis, images were
collected as previously described (Clark et al., 2016). Briefly, confocal z-stacks spanning
an optical thickness of 25um, using a pinhole of 1 Airy disc unit and Nyquist sampling
(optical slice thickness, 0.48um) were collected from neocortical layer V for each of six
sections per mouse. For AIS ankG counts, 12 images per animal (n=4-6 animals per
treatment group) were collected and images were blinded then processed and analyzed
using FIJI (NIH ImageJ software). Settings were optimized by comparing manual AIS
tracings (previously described by Clark et al., 2016) , and FIJI automated counts; no
significant difference was found between methods (Sup. Fig. 2.1). Once established,
settings remained constant throughout analysis. Thresholds of maximum intensity
projections of ankG labeling were automatically set using the Otsu threshold method
(Otsu, 1979) and AlSs were quantified using the Analyze Particles plugin (FIJI) (size: O-
infinity um?; circularity: 0-0.5; objects touching edges excluded). AnkG positive structures
measuring <10 uym were excluded from analysis consistent with previous studies

(Baalman et al., 2013; Clark et al., 2016; Marin et al., 2016).

For AIS ion channel sub-domain analysis, confocal z-stacks spanning an optical
thickness of 20um from neocortical layer V were collected from triple-labeled tissue
sections (NeuN, ankG, and Nav1.6 or Kv1.2). Images were blinded and detailed AIS sub-
domain analysis was performed on 60 AISs per experimental group (n=3 animals per

experimental group). Z-stacks were collapsed into single maximum intensity projections
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and imported into FIJI (NIH ImageJ software). Using the maximum intensity projection of
the merged channels, an axonal profile was traced starting at the edge of the soma
(identified by NeuN), continuing distally along the axon (identified by ankG), through and
past the region of the AIS. This region of interest was then superimposed onto each
individual channel (AnkG and Nav1.6 or Kv1.2) and a fluorescent intensity profile for each
pixel along the region of interest was generated. From each AIS histogram, the proximal
position (start) and distal position (end) relative to the soma edge as well as total domain
length of ankG, Navl.6, or Kv1.2 labeling was determined (Fig. 2.2, 2.3). These positions
were calculated where fluorescent intensity profiles rose above background. Background
levels were calculated per image as the mean intensity density along a 20 um region of
interest traced through a region absent of labeling. Averages of start position, end
position, and length of AIS sub-domains were quantified and compared among

experimental groups.

For analysis of microglial NOX2 immunoreactivity, confocal z-stacks spanning an
optical thickness of 25um, were collected from neocortical layer V per mouse (n=3
animals per treatment group). Images were blinded and NOX2 immunoreactivity in Iba-
1* cells was quantified using Volocity™ 3D Image Analysis Software version 6.3 allowing
3D confirmation of double immunolabeling in each Iba-1* cell. The total number of
microglia and the number of NOX2* microglia were counted manually for each double
immunolabeled z-stack. Data are presented as the percent of NOX2* microglia (Iba-1%)

per field of view.

For microglia-AlS contact analysis, confocal z-stacks spanning an optical

thickness of 25um were collected from triple-labeled tissue sections (NeuN, ankG, and
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Iba-1) as described above. Images were blinded and contact between microglia and AlSs
was quantified using Volocity™ 3D Image Analysis Software version 6.3 allowing each
confocal z-stack to be observed in three dimensions. The number of microglia, AlSs, and
contact points in each triple immunolabeled z-stack were quantified in a semi-automated
manner. Using Volocity™ a protocol was generated to find co-localized pixels between
Iba-1 and ankG in three dimensions using the confocal z-stack, creating a bounding
rectangle around each co-localization. Only contact points in which the microglial cell
body and the full AIS could be identified were quantified. Contact points along the six
edges of the z-stacks were excluded from analysis. To obtain the number of microglia per
image, lba-1 positive cell bodies were identified using volume restrictions and objects
touching the six edges of the z-stacks were excluded. Likewise, the number of AISs was
obtained by quantifying ankG positive objects using shape and volume exclusion criteria
to distinguish AIS ankG labeling from nodal ankG labeling. AIS numbers were compared
to values obtained through automated ankG analysis using FIJI (described above) to
validate the Volocity™ method. Data are reported as the number of microglial contacts,
number of microglial cells, percent of microglia making contact, and percent of AlSs

contacted per FOV for each experimental group.

For neuronal nuclei analysis (NeuN labeling), four confocal images per mouse
were collected using a 20X objective with a numerical aperture of 1.4 and a pinhole of 1
Airy disc unit. Images were processed and analyzed using FIJI (n=3 mice per treatment
group). Settings were optimized by comparing manual NeuN counts (previously described
(Clark et al., 2016)) and FIJI automated counts; no significant difference was found

between methods (data not shown). Thresholds of maximum intensity projections of
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NeuN labeling were automatically set using the Otsu threshold method (Otsu, 1979), and
neuronal nuclei were quantified using the Analyze Particles plugin (size: 10-150 pm?;
circularity: 0-1; objects touching edges excluded). No differences in NeuN* cell counts
were detected among any treatment groups (NOX2** Saline, NOX2** LPS-injected,

NOX27- Saline, or NOX27 LPS-injected, Table 2.1).

Cortical volume analysis was performed using the Cavalieri principle as previously
described (modified from (Hahn et al., 2015; Mouton, 2013)). Briefly, unbiased stereology
was performed using every fifteenth section from the total sections spanning the cortical
region 1.1 mm anterior to Bregma to 2.5 mm posterior to Bregma and analyzed to
estimate cortical volume. Each reference space was outlined with a 2X objective and
analyzed using a point-grid analysis, sampling 100% of the regions of interest. Samples
were counted in a blind manner and volumes calculated using an Olympus BX51
microscope (Center Valley, PA) and newCAST software (Visiopharm, Hoersholm,
Denmark). (n=3-4 mice per treatment group). No differences in cortical volumes were
detected among any treatment groups (NOX2** Saline, NOX2** LPS-injected, NOX2

Saline, or NOX2”- LPS-injected, Table 2.1).

Microglial Isolation

Adult cortical microglia were isolated using MACS magnetic bead separation
(Miltenyi Biotec, San Diego, CA) as described previously (Clark et al., 2016; Taetzsch et
al., 2015). Briefly, saline treated and LPS treated mice were deeply anesthetized with
2.5% avertin and transcardially perfused with 50mL ice-cold PBS. After removal of the

meninges, cerebral cortices of two mice were harvested and pooled per sample (2
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mice =1 n) and suspended in Hank's Balanced Salt Solution (HBSS) without CaCl2 and
MgClz (Corning, Corning, NY). A single-cell suspension was prepared using the Miltenyi
Neural Tissue Dissociation Kit according to manufacturer’s instructions. The cells were
depleted of myelin by suspension in 3 mL of 30% isotonic Percoll™ (GE Healthcare Life
Sciences, Pittsburgh, PA) followed by a 10 min centrifugation at 700 x g at 4°C. The cell
pellet was washed in 5 mL HBSS without CaClz and MgCL2 and isolation of microglia was
performed with magnetic CD11b microbeads (Miltenyi) and MACS magnetic separator

(Miltenyi) according to manufacturer's instructions.

RNA isolation and gene expression analysis

To assess microglial phenotype throughout the LPS-mediated response | used a
multiplexed assay to quantify messenger RNA (MRNA) expression of 248 inflammation-
associated genes. The Nanostring nCounter gene expression analysis system allows for
direct labeling of mRNAs with molecular barcodes called nCounter Reporter Probes
without the use of reverse transcription or amplification (Geiss et al., 2008). Total RNA
was extracted from isolated CD11b* cells using a Qiagen RNeasy mini kit (Qiagen,
Germantown, MD) and treated with Ambion DNase | (Invitrogen Life Technologies, Grand
Island, NY) (n=3 samples per experimental group). RNA concentrations were determined
using a NanoPhotometer (Implen, Los Angeles, CA) and purity was assessed by the ratio
of absorbance at 260 and 280 nm (ODz2sor280 > 1.8). Extracted RNA (40 ng/ul) was sent
for analysis to the J.S. and Bobbi Allen Gene Expression Analysis Laboratory at the
University of Tennessee Health Science Center (Memphis, Tennessee). The nCounter®

Mouse Inflammation v2 Panel (NanoString Technologies, Seattle, WA) was used to
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profile 254 genes; 248 inflammation-related genes + 6 internal reference (housekeeping)
controls. Background subtraction was performed using the maximum value across
samples of the negative controls and data normalization was performed using the
geometric mean expression of 6 internal reference genes: Clathrin Heavy Chain (CLTC),
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), Glucuronidase Beta (Gusb),
Hypoxanthine Phosphoribosyltransferase (Hprt), Phosphoglycerate Kinase 1 (Pgkl),
Tubulin Beta Class (Tubb5). Reporter probe counts reflecting the numbers of mRNA
transcript in the RNA sample, were analyzed and quantified using the nSolver™ Analysis
Software (Version 2.5, NanoString Technologies). Normalized data were used to
calculate differentially expressed genes which were up-regulated or down-regulated at
least 2-fold or greater among experimental groups. Differentially expressed genes were
used for Gene Ontology-Biological Process (GO-BP) enrichment analysis using the
Database for Annotation, Visualization and Integrated Discovery (DAVID software v6.8,
Frederick, MD) (Huang et al., 2009a, 2009b). The GO-BP term, percentage, and
Benjamini score is presented. A GO-BP term is presented if that biological process
(function) was enriched within the list of genes input for analysis. The percentage
represents the sample frequency or the number of genes annotated to that GO term from
the input list. The Benjamini score is a globally corrected enrichment P-value. This is an
indicator of the significance of gene-term enrichment such that genes which were input
are significantly more enriched than by random chance. The smaller the P-value, the
more significant it is; default cutoff was set to 0.1 as suggested by DAVID (Huang et al.,

2009b).
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RT-gPCR was used to confirm mRNA expression changes detected by the
Nanostring system for a subset of genes. Oligo-dT-primed cDNAs were synthesized from
0.25 pg of RNA for each sample using the iScript Reverse Transcription Supermix
(BioRad) according to the manufacturer's guidelines. RT-gPCR reactions with at least two
technical replicates per sample were performed on a CFX96 real-time PCR detection
system (BioRad) using 1 yL of cDNA, SsoFast Evagreen Supermix (BioRad), and forward
and reverse primers (500 nM). Cycling parameters were one cycle at 95°C (5 min), 40
cycles of 95°C (5 s) and 56°C (5 s) followed by a melt curve measurement consisting of
5 s 0.5°C incremental increases from 65°C to 95°C. Relative changes in gene expression
were calculated by the 222t method (Livak and Schmittgen, 2001) using cyclophilin A
and PGK1 as internal reference controls. Gene-specific primers were designed and
checked for specificity using National Center for Biotechnology Information/Primer-
BLAST (basic local alignment search tool; (Ye et al., 2012)) (Primer sequences are
presented in Table 2.2). Primers were generated by Integrated DNA Technologies (San

Diego, CA).

Calpain Activity Assay

To quantify the levels of calpain activity and to determine the effect of Calpeptin
on inhibition of calpain activity, vehicle, LPS + vehicle, or LPS + Calpeptin treated mice
were deeply anesthetized and transcardially perfused with 50mL ice-cold 0.9% saline at
3d post-LPS injection. Cerebral cortices (10mg) were harvested and immediately
homogenized in ice-cold extraction buffer (Calpain activity kit- ab65308, Abcam,

Cambridge, MA). Samples were centrifuged for 5 minutes at 4°C at 15,000 x g to remove
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insoluble material. Calpain activity was quantified using a fluorometric calpain activity
assay kit according to manufacturer’s protocol. All samples were analyzed in triplicate
and calpain activity was measured using a Tecan M1000 PRO microplate reader
(Mannedorf, Switzerland). Changes in calpain activity were normalized to saline control

levels and expressed as Relative Fluorescent Units (RFU).

Statistical Analysis

For AIS counts and gene expression data, graphing and statistical analyses were
performed using GraphPad Prism version 6.03 (GraphPad Software, San Diego, CA).
Data were analyzed by a one-way or two-way analysis of variance and where mean
differences were significant, assessed using Tukey’s Honest Significance Difference post
hoc analysis. Treatment groups were presented as percent of saline control (% Control £

SEM) and p < 0.05 was considered statistically significant.

For AIS ion channel sub-domain quantitation, graphing was performed using
GraphPad Prism version 6.03 and statistical analyses were performed using JMP Pro
version 12.2.0 (a distribution of SAS). To determine statistically significant differences
among AIS Nav1.6 and Kv1.2 structure in ankG-positive neurons between saline or LPS-
injected groups, | employed multilevel modeling (Aarts et al., 2014; Vascak et al., 2017).
Multilevel modeling was constructed using the experimental condition at the animal level
(saline- or LPS-injected), where the outcome variable (e.g., AIS domain length) consists
of multiple measurements per animal (i.e., nested data). This modeling accounts for both
intra-animal variability (variability among independent AIS measurements) and the

variability between animals (outcome measure as a function of each animal) to preserve
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Type | error rate (a = 0.05) (Aarts et al., 2014). To conduct multilevel modeling, an F test
was used to determine if the multilevel model accounted for the variability in the data set.
If the F test yielded p < 0.05, | concluded that the model fit the data and continued our
analysis. Next, multiple contrasts were used to compare the least squares mean of each
experimental group to that of saline control with the threshold for significance set at a <
0.05. AIS summary statistics (t ratio, degrees of freedom, and p-value) and outcome
measures (mean £ SEM) were calculated from nested data sets (e.g., N = 60 AlSs total,
20 AISs nested per animal, n = 3 mice). Treatment groups were presented as mean *

SEM.

2.4 Results
LPS-induced inflammation disrupts AIS ankG clustering

Studies from our laboratory (Clark et al., 2016) and others (Baalman et al., 2015;
Hinman et al., 2013; Schafer et al., 2009) have shown that AIS protein clustering is
disrupted during chronic inflammation and disease. To determine if acute
neuroinflammation alters AIS integrity, | used a LPS-induced neuroinflammatory model
and assessed AIS ankG protein clustering (Fig. 2.1). AlSs were immunolabeled for ankG
in saline- and LPS-treated mice at 6h, 24h, 3d, and 1wk post-injection. Disruption of ankG
labeling was first observed 24h post-LPS injection (71.6% £ 3.7, p < 0.01) compared to
saline controls (100% * 5.8) (Fig. 2.1C&G). The number of AlSs detected in LPS-injected
mice remained significantly decreased at both 3d and 1wk post-injection (72.7% + 2.5, p
< 0.01 and 65.3% * 5.1, p < 0.0001, respectively) compared to saline controls (Fig.

2.1D,E,G). To determine if loss of ankG-positive AISs was a consequence of neuronal
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loss or changes in cortical volume, | quantified NeuN immunolabeling and cortical volume
and found no difference among saline or LPS treated groups (Table 2.1). These data
suggest that acute neuroinflammation caused a significant disruption in AIS structural

organization, but altered ankG detection was not associated with neuronal loss.

AIS structural disruption is reversible

The AIS is the site of action potential initiation and thus is critical for neuronal
function (Buffington and Rasband, 2011). Studies have shown that the AIS can undergo
structural plasticity in development and in response to pathological insults to sustain
proper signaling within neuronal networks (Grubb and Burrone, 2010; Gutzmann et al.,
2014; Kuba et al., 2010, 2015b). To determine in vivo if inflammation-induced AIS
disruptions are reversible, ankG clustering of AlSs in saline- and LPS-treated mice was
assessed 2wks post-injection (Fig. 2.1). AnkG immunolabeling revealed that the number
of AISs in LPS-treated mice 2wks post-injection returned to baseline and was not
significantly reduced compared to saline controls (91.3% * 2.8) (Fig. 2.1F-G).
Furthermore, AlISs at 2wks post-LPS injection were significantly increased compared to
LPS 1wk treated mice (mean difference: 25.9% + 5.7, p <0.01) (Fig. 2.1E-G). Thus, LPS-

induced disruption of AIS ankG clustering is reversible.

LPS-induced inflammation disrupts AIS functional domains

AnkG is not only critical for the molecular organization but also for proper function

of the AIS, as loss of ankG disrupts action potential initiation and axonal identity
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(Hedstrom et al., 2008; Jenkins and Bennett, 2001; Zhou et al., 1998). However, to
investigate whether neurons, which maintain AIS ankG clustering (71.6% + 3.7, Fig. 2.1),
are also affected during inflammation, | assessed the integrity of AIS functional sub-
domains. The polarized distribution of ion channel subtypes within the AIS are important
for the initiation and modulation of APs (Baranauskas et al., 2013; Hu et al., 2009; Kole
et al., 2008; Palmer and Stuart, 2006; Van Watrt et al., 2007). Nav1.6 channels are distally
clustered at the AIS and are the primary ion channels contributing to spike initiation at the
AIS (Colbert and Pan, 2002; Hu et al., 2009; Kole et al., 2008; Van Wart et al., 2007);
thus, a change in density or distribution of these channels alters neuronal firing properties.
Similarly, Kv1.2 channels influence neuron firing frequency and action potential half-width,
and thus a change in their distribution can also impact neuronal signaling (Dodson et al.,
2002; Goldberg et al., 2008; Kole et al., 2007; Kuba et al., 2015b). The length and location
relative to soma of Nav1.6 and Kv1.2 ion channel sub-domains were quantified in ankG-
positive neurons from saline- and LPS-treated mice at 6h, 3d, 1wk, and 2wks post-
injection (Fig. 2.2 - 2.4)(Table 2.3-5). At 6h post-LPS injection, AIS ankG length is
significantly decreased compared to saline controls (20.36 uM + 0.6 and 22.5 uM + 0.6,
respectively, p < 0.05, Fig. 2.4A-C). This shortening remains at both 3d and 1wk post-
injection (19.9 uM = 0.6, p < 0.05 and 18.5 uM + 0.6, p < 0.0001, respectively); however,
ankG length is restored and significantly increased at 2wks post-LPS injection (24.5 uM
+ 0.6, p < 0.05) compared to saline controls (Fig. 2.4A-C). For Nav1.6 AlS sub-domain, a
significant decrease in length was first detected at 3d post-LPS injection (15.5 uM + 1.1,
p < 0.01) compared to saline controls (20.4 uM + 1.1) (Fig. 2.4D-F). This length was

recovered by 1wk post-injection and maintained at 2wks post-LPS injection (17.3 pM =
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1.1,p=0.07and 19.4 uyM = 1.1, p = 0.51, respectively, Fig. 2.4D-F). Similarly, a significant
decrease in Kv1.2 domain length was observed in LPS injected mice at 6h (14.9 pM %
1.0, p < 0.05) and 3d (14.2 uM £ 1.0, p < 0.05) compared to saline controls (18.1 uM =
1.0). This reduction was recovered by 1wk post-injection and maintained at 2wks post-
LPS injection (16.6 pM + 1.0, p = 0.31 and 17.3 uM = 1.0, p = 0.61, respectively)( Fig.
2.4G-1). No significant changes were detected in the start position of ankG, Nav1.6 or
Kv1.2 domains in any of the experimental groups (Fig. 2.4A,D,G); however, a significant
shift in the end positions of domain labeling was observed (Fig. 2.4B,E,H) demonstrating
the overall decrease in domain length occurred from the distal end of the AIS. These data
show that acute inflammation drives changes in both structural and functional AIS

domains and, importantly, these disruptions are reversible.

Increased Inflammatory Insult does not Prevent AIS Recovery

To better understand the level of insult after which the AIS cannot recover, |
performed a small study with an LPS dose (10mg/kg) that is reported in the literature to
be a lethal dose (LD) 50 (von Drygalski et al., 2013; Ma et al., 2017; Warren et al., 2010).
Mice received a single IP LPS 10mg/kg or saline injection and AlSs were quantified 2 wks
post-injection (Sup. Fig. 2.3), a time point that showed reversibility with the lower LPS
dose (5mg/kg)(Fig. 2.1). No difference in AlS number was found between saline and LPS
10mg/kg mice (Sup. Fig. 2.3) demonstrating that an increase in initial inflammatory insult

is not sufficient to prevent AIS recovery.
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AIS Disruption Coincides with Microglial Inflammatory Response

Previous studies demonstrated that chronic neuroinflammation in EAE resulted in
disruption of the AIS, and this disruption coincided with microglial reactivity and increased
microglial/AlS contact (Clark et al., 2016). Quantitation of microglial/AlS contact during
acute neuroinflammation revealed that while microglia make contact with AISs, there
were no differences in the number of microglial/AlS contacts or percent of microglia
making contact in LPS-injected mice (Fig. 2.5) suggesting that rather the microglial
phenotype, at the time of contact, may contribute to AIS disruption. Therefore, to better
understand how microglial inflammation contributes to AIS integrity in LPS-induced
neuroinflammation, | examined microglial reactivity and gene expression of inflammatory
mediators in saline- and LPS-treated mice. AIS disruption was first observed 6h post-LPS
injection and remained significantly disrupted until recovery 2wks post-injection.
Therefore, | assessed microglial reactivity 6h, 24h, 3d, 1wk, and 2wks post-injection. Iba-
1 immunostaining revealed that at 6h post-LPS injection microglia display a reactive
phenotype that is maintained 1wk post-LPS injection (Fig. 2.6B-E). By 2wks post-LPS
injection (Fig. 2.6F) microglia morphology returned to a surveying phenotype similar to

that of saline-injected mice (Fig. 2.6A).

To characterize microglial gene expression throughout the LPS-mediated
response, | used Nanostring gene array technology to quantify mRNA expression of 248
inflammation-associated genes from saline- and LPS-injected mice. This revealed that 55
genes were significantly altered at 6h in LPS-injected mice (LPS 6h vs. saline). 42 of
these genes were significantly up-regulated and GO-BP function analysis revealed that

these genes were involved in functions related to positive regulation of the inflammatory
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response, production of Tnfa, nitric oxide biosynthetic process, chemotaxis and
chemokine signaling (Table 2.6). Conversely, 13 inflammation-associated genes were
down-regulated at 6h post-LPS injection and the associated functions involved regulation
of TGF-B receptor signaling, cell proliferation, cell migration, and regulation of
transcription (Table 2.7). While the 13 genes were associated with these pathways,
Benjamini values suggest that these functions are not significantly enhanced for the input
list (p >0.1). A gene expression pattern reflecting resolution of inflammation was detected
at 1wk post-LPS injection, a time-point preceding recovery of AlS ankG loss. At 1wk post-
LPS injection, 17 genes were significantly up-regulated compared to saline controls and
those genes are involved in functions similar to those seen at 6h (positive regulation of
the inflammatory response, Tnfa production, and chemotaxis) (Table 2.8); however, 74
genes were significantly down-regulated at 1wk post-LPS injection compared to the LPS
6h time point. These genes were also associated with pathways involving immune
response, chemokine-mediated signaling, NF-kB activity, and response to Tnfa (Table
2.9). Thus, while some genes associated with the pro-inflammatory response remained
elevated compared to saline controls, the majority of gene expression changes at 1wk
revealed a down-regulation of those involved in the pro-inflammatory response
suggesting a resolution of this phenotype. Consistent with this premise, functions related
to growth factor production were significantly increased at 1wk compared to 6h (Table
2.10). Furthermore, microglial gene expression at LPS 2wks is similar to saline controls
demonstrating that a return to baseline expression is consistent with recovery of AIS
disruption. These data demonstrate that at 6h post-LPS injection, microglia mount a pro-

inflammatory response characterized by increased NF-kB activity and increased
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chemokine and reactive species-producing pathways while downregulating functions
involved in production of neurotrophic factors and migration. These changes in microglial

phenotype were concomitant with induction of AIS disruption.

gPCR analysis confirmed changes in gene expression of a subset of inflammatory
mediators. Gene expression of Tnfa, COX-2, and NOX2 was significantly upregulated 6h
post-LPS injection (p < 0.05, Fig. 2.7G-1). mRNA expression of NOX2, the enzyme
responsible for extracellular release of ROS and amplification of microglial pro-
inflammatory response (Wang et al., 2013b), was significantly increased at 6h (p < 0.01)
and remained elevated 3d post-LPS injection (p < 0.05), returning to control levels prior
to AIS recovery (Fig. 2.71). Furthermore, gene expression of resolving factors Mrcl, TGF-
B, and Fizz-1 was significantly decreased by 24h post-LPS injection and returned to
control levels by 1 week post-injection, coincident with AIS disruption and recovery,
respectively (p < 0.05, Fig. 2.7J-L). Thus, the microglial inflammatory response coincided

with the disruption and recovery of AIS clustering.

Treatment with the Anti-inflammatory Didox Reverses AIS Disruption

In LPS-induced inflammation microglia rapidly respond, displaying dramatic
morphological alterations and significantly increasing expression of pro-inflammatory
genes while significantly downregulating expression of pro-resolution factors (Fig. 2.8).
MRNA expression of microglial inflammatory markers remained elevated and was not
resolved until 1wk post-LPS injection. However, 35% of neurons maintain a loss of ankG
clustering at the AIS and neurons, which are positive for ankG clustering, remain

significantly shortened at 1wk post-injection and these disruptions do not recover until
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2wks post-injection (Fig. 2.1 -2.4). To determine if AlS recovery could be accelerated by
a therapeutic approach, | treated LPS-injected mice with the anti-inflammatory and free-
radical scavenger Didox (Inayat et al., 2002, 2010; Matsebatlela et al., 2015; Mayhew et
al., 2002). Didox administration was initiated 24h post-LPS injection (Fig. 2.8E), when
microglia were reactive and there was a significant loss of AlS ankG clustering. Following
treatment of saline- and LPS- injected mice, neurons, which maintained AIS ankG
labeling at 24h and 1wk post-injection, were quantified. At 24h post-injection, ankG
clustering in LPS-treated mice (71.6% + 3.7, p < 0.01, Fig. 2.8B,F) was significantly
disrupted compared to saline controls. The number of AISs in LPS-injected mice
remained significantly decreased 1wk post-injection (65.3% + 5.1, p <0.001, Fig. 2.8C,F)
compared to saline controls. However, in LPS+Didox mice, the number of neurons with
AISs was significantly higher compared to LPS 1wk untreated mice (96.3% + 2.8, p <
0.01) and was not significantly different from saline controls (Fig. 2.8D,F). Thus, treatment

with Didox reversed loss of AIS ankG and increased the rate of AIS recovery.

AIS sub-domain analysis was performed in neurons that remained ankG-positive
(Fig. 2.9); LPS+Didox mice had a significant distal shift in AIS ankG end position (22.4
MM £ 0.62, p <0.01) and overall ankG length (21.2 uM £ 0.62, p < 0.01) compared to LPS
1wk untreated mice (18.9 + 0.61 and 18.5 uM £ 0.61, respectively). Interestingly, a distal
shift in the ankG start position of LPS+Didox treated mice was also detected compared
to LPS 1wk untreated mice (1.1 uM + 0.14 and 0.43 pM = 0.14, respectively, p < 0.01)(Fig.
2.9A-C). Initial ion channel sub-domain analysis of Nav1.6 and Kv1.2 revealed a significant
shortening of domain lengths in LPS mice and this length was recovered to saline control

levels by 1wk post-injection (Fig. 2.9F,l). Likewise, when these domains were quantified
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in ankG-positive neurons of LPS+Didox mice, no significant changes in length (18.4 uM
+ 1.1, p = 0.49) or location (3.2 uM £ 1.0, p = 0.18) was detected with Didox treatment at
1wk post-LPS injection (Fig. 2.9D-I). These data demonstrate that AIS structural

disruptions are reversible and can be therapeutically modulated.

Treatment with Didox Alters Microglial NOX2 Expression

Didox is a ribonucleotide reductase inhibitor that modulates the inflammatory
response through inhibition of NF-kB activation, reduction of ROS producing enzymes,
and reduction of oxidative injury (Elford et al., 2007; Matsebatlela et al., 2015; Turchan et
al., 2003). To determine the effect of the treatment of anti-inflammatory and free-radical
scavenger Didox on microglial inflammatory response and AIS integrity following LPS
treatment, | analyzed microglial NOX2 expression, which is dependent on, and induced
by, NF- kB (Anrather et al., 2006; Morgan and Liu, 2011). NOX2 is a ROS-producing
enzyme primarily expressed by microglia and has been implicated as the primary
producer of extracellular ROS and oxidative stress in the CNS (Guemez-Gamboa et al.,
2011; Kumar et al.; Nayernia et al., 2014; Qin et al., 2004). Quantitation of NOX2
immunolabeling (Fig. 2.10A-D) in cortical microglia from saline and LPS-treated mice with
or without Didox treatment revealed that NOX2 immunoreactivity was significantly
enhanced in microglia 24h post-LPS injection (Fig. 2.10B, E) and remained significantly
elevated 1wk post-LPS injection (Fig.2.10C,E) compared to saline controls (p < 0.0001,
Fig. 2.10A, E). However, NOX2 immunoreactivity was decreased in LPS-injected mice

treated with the anti-inflammatory and free-radical scavenger Didox (p < 0.0001, Fig.
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2.10D, E). Thus, Didox treatment significantly decreased microglial NOX2 back to saline

control levels, and this decrease corresponded with the reversal of AIS disruption.

Ablation of NOX2 Prevents AIS Disruption

Although Didox is a known free radical scavenger and the data demonstrate a
reduction in NOX2 expression resulting from Didox treatment, it is possible that Didox
targets other inflammatory factors and that the observed AIS recovery was only
coincidental with inhibition of NOX2 expression. Therefore, to more specifically
investigate the role that NOX2 plays in AlS disruption, | exploited NOX2” mice. | injected
NOX2** and NOX27 mice with saline or LPS and assessed AIS integrity 24h and 1wk
post-injection. AnkG clustering in NOX2** LPS-injected mice was significantly disrupted
at 24h (Fig. 2.11B) and 1wk (Fig. 2.11C) post-injection resulting in an ~30% loss of AlSs,
compared to saline controls (p < 0.01, Fig. 2.11G). Strikingly, ankG clustering in LPS-
injected NOX27- mice was not significantly different at either 24h or 1wk post-injection
compared to saline-injected NOX27- mice (Fig. 2.11E, F). However, ankG clustering was
significantly higher at both 24h and 1wk compared to NOX2** LPS-injected mice (p <
0.01, Fig. 2.11G). To confirm that NOX27- mice still exhibit a pro-inflammatory response
after LPS injection, IHC and quantitative RT-PCR was used (Sup. Fig. 2.4). Analyses
revealed that microglia from LPS-injected NOX2"- mice displayed reactive morphologies,
enhanced contact with AISs, and up-regulated mRNA expression of Tnfa and COX2 (Sup.
Fig. 2.4). Thus, ablation of NOX2-derived ROS prevented inflammation-induced AIS

disruption.
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Inhibition of Calpain Prevents AIS Disruption

To further elucidate the mechanism of inflammation-induced AIS disruption, |
investigated the calcium-activated protease calpain. Calpain activity has been implicated
in AIS structural changes and the targeted proteolysis of AIS proteins (Benned-Jensen et
al., 2016; Del Puerto et al., 2015; Schafer et al., 2009). To determine if calpain activity is
involved in inflammation-induced loss of AlS ankG clustering, | treated LPS-injected mice
with the calpain inhibitor Calpeptin. Calpeptin administration was initiated 30 minutes prior
to LPS injection and continued once daily for two days (Fig. 2.12D). Following treatment,
AISs were immunolabeled for ankG at 3d post-LPS injection. AnkG clustering in LPS-
treated mice (72.7% + 2.5, p < 0.01, Fig. 2.12B,E) was significantly disrupted compared
to saline controls (100% + 5.8, Fig. 2.12A,E). However, in LPS + Calpeptin treated mice
the number of AlSs was significantly greater compared to LPS 3d vehicle treated mice
(90.2% + 2.3 and 72.8% =+ 2.5, respectively, p < 0.05, Fig. 2.12C,E) and was not
significantly different from saline controls. Inhibition of calpain activity by Calpeptin was
determined by a fluorometric calpain activity assay on mouse cortical homogenates 3d
post-LPS injection (Fig. 2.12F). Calpain activity was significantly increased in LPS 3d
mice (132.9% * 3.0, p < 0.01, Fig. 2.12F) compared to saline controls (100% = 5.3) and
treatment with Calpeptin significantly reduced calpain activity in cortical homogenates
(84.1% + 3.1, p < 0.001, Fig. 2.12E). Thus, inhibition of calpain activity prevents

inflammation-induced disruption of AIS ankG clustering in cortical neurons.
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2.5 Discussion

In this study, | demonstrate that LPS-induced neuroinflammation disrupts protein
clustering at the AIS concomitant with the microglial inflammatory response resulting in a
loss of AIS detection in ~30% of cortical neurons. Additionally, neurons that maintain
ankG labeling also exhibit disrupted AIS Navl.6 and Kv1.2 functional sub-domains.
Importantly, | found that inflammation-induced AIS disruptions were reversed concomitant
with resolution of microglial inflammation and loss of AIS ankG clustering is NOX2-
mediated and dependent on calpain activity. Thus, in the presence of acute microglial
inflammation, AIS structural and functional domains undergo an adaptive change which
is reversible, underscoring the dynamic capabilities of this domain in the presence of a

pathological insult.

The AIS has the Capacity to Adapt and Recover

The AIS is targeted for disruption in injury and disease emphasizing its need for
homeostatic adaptations. Indeed, many studies (Baalman et al., 2015, 2013; Clark et al.,
2016; Hamada and Kole, 2015; Harty et al., 2013; Kaphzan et al., 2011) have shown that
the AIS is plastic, undergoing change in response to various stimuli. However, few studies
have demonstrated that these changes are reversible. Alterations in AlS length (Evans et
al., 2015) and location (Grubb and Burrone, 2010) caused by changes in neural activity
were reversible in vitro; however, loss of AIS protein clustering due to ischemic insults in
vitro were not, even in the absence of cell death (Schafer et al., 2009). A previous study
examining AlS integrity after stroke observed axonal sprouting resulting in an increase of

small, immature AISs demonstrating reparative potential of this domain (Hinman et al.,
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2013). Furthermore, our laboratory previously reported that shortening of AIS length is
reversible following treatment with the anti-inflammatory Didox (Clark et al., 2016). Here,
| provide evidence that loss of AIS protein clustering is spontaneously reversible,
independent of axonal sprouting. Moreover, | show that by modulating the
neuroinflammatory response using therapeutic intervention, the rate of AlS recovery can
be increased, even after significant AIS disruption has occurred. These data suggest that
while insults at the AIS, such as ischemia (Schafer et al., 2009), can cause irreversible
damage, the AIS has the capacity to adapt and recover after insult. The mechanism by
which this occurs or what the extent of injury is after which the AIS cannot recover,

remains to be determined.

Functional Consequences of Inflammation-induced AIS Disruptions

The intricate structural-functional architecture of the AIS determines the firing
properties of an individual neuron that can then influence circuit activity among its many
cortical connections. Here, | show that in the presence of acute neuroinflammation, ~30%
of cortical neurons lose detection of AIS ankG (24h ->1wk). The remaining neurons
maintain ankG detection; however, their ion channel sub-domains Nay1.6 and Ky1.2 are
altered and these changes are detected preceding loss of ankG (6h ->1wk). These data
provide indirect evidence that LPS-induced inflammation may drive initial changes in
neuronal activity, as early as 6h post-injection, inducing changes to the AIS structural-
functional architecture. While it has been established that dramatic loss of ankG disrupts
spike initiation (Hedstrom et al., 2008; Jenkins and Bennett, 2001; Zhou et al., 1998),

recent studies have shown that more subtle changes in AIS architecture also have
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significant functional consequences (Harty et al., 2013; Vascak et al., 2017). Vascak et
al. (2017) found that in a model of mild traumatic brain injury (mTBI) a 1.9um decrease in
ankG from the distal AIS coincided with a significant disruption in AIS AP acceleration
measured by whole-cell patch clamp. Furthermore, they detected a change in AP
threshold reflecting a disruption in Nav1.6 clustering, though using immunofluorescence
they did not detect a structural change. Consistent with these findings, | report a
significant shortening of AIS ankG; however, | also detected a significant change in the
Navl.6 domain. Importantly, | found that these changes occurred from the distal AlS.
Nav1.6 channels set AP threshold and these channels are densely clustered at the distal
AIS, forming the site of AP spike initiation (“trigger zone”) (Kole and Stuart, 2012b; Kole
et al., 2008); therefore, a reduction in Na* conductance at the distal AIS would suggest
decreased AP generation. Additionally, | found a significant distal shortening of Kv1.2
channels. Kv1.2 channels control AP waveform and can suppress AP generation by
counteracting Nav channels (Dodson et al., 2002; Goldberg et al., 2008; Kole et al., 2007).
While a reduction in available Kvl1 channels could, therefore, lower AP threshold and
increase AP generation (Kole et al., 2007; Kuba et al., 2015b), | observed a proportional
change in Kv1.2 and Nav 1.6 sub-domains. Based on this data, | posit that the effect of
the overall shortening of the AIS could dominate leading to a reduction in excitability. This
could occur because the overall decrease in Na* conductance reduces the ability of the
AIS to overcome the effects of somato-dendritic loads making it difficult to depolarize the

AIS above the AP threshold (reviewed in (Kuba et al., 2015b; Yamada and Kuba, 2016).

Here, | show that as early as 6h after peripheral LPS injection layer 5 cortical

neurons alter AIS functional sub-domains by shifting their distal clustering closer to the

50



soma. These data suggest that in the presence of acute neuroinflammatory insults the
AIS displays plasticity, undergoing rapid structural-functional remodeling as a potential
means to modulate excitability. While the alteration and return of AlS structural-functional
domains suggests a mechanism of homeostatic plasticity, whether these changes are
adaptive or maladaptive remains to be determined. Furthermore, immunofluorescent
analysis provides indirect evidence of functional plasticity at the AIS; however,
electrophysiological recordings are needed to determine the true functional
consequences and potential recovery both on the level of individual neurons and

throughout the circuit.

Microglial Phenotype Influences AIS Integrity

Although AIS plasticity can be triggered by both pathological and non-pathological
stimuli, the events that drive plasticity remain largely unknown. Recently, Baalman et al.
(2015) established a relationship between microglia and the AlS, revealing that microglia
contact AlSs early in development and throughout adulthood in the uninjured brain
suggesting an important interaction that may influence neuronal excitability. In a model of
chronic neuroinflammation, reactive microglia increased contact with AISs, and this
contact both preceded AIS disruption and increased with disease progression suggesting
that in a chronic inflammatory environment increased microglial contact may drive AIS
disruptions (Clark et al., 2016). Consistent with previous findings, | found that reactive
microglia contact the AISs during LPS-induced neuroinflammation. However, contrary to
findings in the chronic inflammatory model, the amount of contact made by microglia did

not increase throughout the course of inflammation and did not correlate with AIS
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disruption (Fig. 2.5). The microglial inflammatory profile, however, did correspond with
AIS disruption and recovery. The expression of numerous pro-inflammatory factors by
microglia peaked at 6h, a time point prior to loss of ankG-positive AISs but concomitant
with decreased length in ankG-positive AlSs and distal shortening in ion channel sub-
domains, and remained elevated until 3d post-LPS injection. These data show that in the
presence of peak inflammation ankG clustering is initially shortened but sustained
exposure results in loss of ~30% of ankG-positive AlSs. Furthermore, as microglial genes
associated with reparative functions return to control levels, AIS ion channel clustering
recovers (1wk) and ankG loss recovers (2wks). Additionally, modulation of the
inflammatory profile using anti-inflammatory treatment increased the rate of AIS recovery.
Though my findings suggest that changes in microglial inflammation correspond with AIS
alterations, it is possible that these changes do not directly influence AIS integrity.
However, the direct association of microglia with the AIS suggests that this axonal domain
may be particularly vulnerable to changes in microglial reactivity. Thus, my findings
suggest that AIS integrity may be influenced by microglial phenotype, with a pro-
inflammatory phenotype driving AIS disruption while a resolving phenotype hastens

repair.

Consistent with this premise, Klapal et al. (2016) showed that incubation of
hippocampal cultures with activated microglia or the pro-inflammatory cytokine Tnfa
increased neuronal excitability. In contrast, incubation with the pro-resolution factor TGF-
B decreased Na* current density to control levels. Together, these findings suggest that
neuroactive factors released by microglia augment neuronal excitability, which drives AIS

structural changes (Evans et al., 2015; Grubb and Burrone, 2010; Kuba et al., 2010).
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Here, | demonstrate that AIS structure is altered following significant increases in
microglial expression of Tnfa. Furthermore, this AIS alteration is reversed after expression
of microglial TGF-B is enhanced. Thus, my findings are consistent with microglial

neuroactive factors driving changes in neuronal activity and AIS structural plasticity.

NOX2-mediated ROS, Calpain, and AIS Changes

During insult, pro-inflammatory microglia increase expression of inflammatory
mediators and ROS producing enzymes (Block et al., 2007; Bordt and Polster, 2014; Qin
et al.,, 2004; Taetzsch et al., 2015). ROS are highly reactive and diffuse signaling
molecules that regulate cell functions through redox modification of target proteins. ROS
can result in further production of reactive species (Feissner et al., 2009; Peng and Jou,
2010) and elevated calcium levels (Hudasek et al., 2004), which have been implicated in
AIS disruption. In this study, | show that changes in microglial expression of ROS-
producing enzymes corresponds with AIS disruption and recovery suggesting a role for
microglial ROS in inflammation-driven AIS disruption. Consistent with this premise,
ablation of NOX2 prevented AIS disruption. Though NOX2 is primarily expressed by
microglia, NOX2 is also present in cortical neurons where it plays a role in ROS regulation
and calcium dynamics (Wang et al., 2013a). Therefore, NOX2 ablation may preserve AIS
integrity through both the prevention of microglial ROS release and neuronal NOX2 ROS

production both of which may converge on pathways resulting in AIS changes.

Reactive species such as hydrogen peroxide and nitric oxide influence calcium-
permeable channels including L-type calcium (Hool, 2008; Hool and Arthur, 2002;

Hudasek et al., 2004) and transient receptor potential M (TRPM) ion channels (Aarts and
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Tymianski, 2005; Wehage et al.,, 2002). Upon activation, intracellular calcium
concentrations rise, resulting in the subsequent activation of calcium-regulated proteins
such as calpain (Benned-Jensen et al., 2016; Del Puerto et al., 2015; Schafer et al.,
2009), calcium/calmodulin-dependent protein kinase type Il (CamKIl) (Evans et al., 2013),
and calcineurin (Evans et al., 2013, 2015), which have been implicated in AIS disruption.
Consistent with previous studies (Benned-Jensen et al., 2016; Del Puerto et al., 2015;
Schafer et al., 2009), my data implicate the calcium-dependent protease calpain as a
mediator of AIS structural changes. In this study, | demonstrate that acute
neuroinflammation increases calpain activity consistent with disruption of AIS ankG
clustering and inhibition of calpain prevents inflammation-induced disruptions. Together,
my data suggest that NOX2-derived ROS and calpain activity are drivers of AIS structural

disruption during acute neuroinflammation.

Conclusion

In conclusion, | demonstrate that in the presence of acute neuroinflammation
protein clustering at the AIS is altered. | reveal that inflammation-driven plasticity at the
AIS is mediated by NOX2 and calpain activity. Importantly, my data demonstrate that this
AIS disruption is reversible and that the AIS has the capacity to adapt and spontaneously

recover.
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Figure 2.1. LPS-induced Inflammation Disrupts AISs. A-E, AISs in layer V of the
cerebral cortex identified by ankG immunolabeling in saline- (A) and LPS-treated (B-E)
mice. AIS detection is lost with time in LPS treated mice through 1wk post injection.
However, by 2 weeks post injection (F), AIS number returns to control levels
demonstrating a reversibility of AIS disruption. Scale bar = 20uM. G, The mean + SEM
of AISs/FQV in saline- and LPS-treated mice as a percent of saline controls. An asterisk
indicates significant difference (p < 0.05) from saline, and a ¥ indicates a difference

between time points.
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Figure 2.2
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Figure 2.2. LPS-induced Inflammation Disrupts AIS Navl.6 Functional Sub-
domains. A-E, Representative images of AlSs in layer V of the cerebral cortex identified
by ankG and Navl1.6 immunolabeling in saline- (A) and LPS-injected mice (B-E). F-J,
representative fluorescent intensity profiles of Nav1.6 labeling (A’-E’) demonstrate a
proximal shift in the Nav1.6 end position towards the NeuN* soma 6h (B, G), 3d (C””, H),
and 1wk (D, |) post-LPS injection revealing an overall shortening of the Navl.6

functional sub-domain.
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Figure 2.3
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Figure 2.3. LPS-induced Inflammation Disrupts AIS Kv1.2 Functional Sub-domains.
A-E, Representative images of AISs in layer V of the cerebral cortex identified by ankG
and Kv1.6 immunolabeling in saline- (A) and LPS-injected mice (B-E). F-J, representative
fluorescent intensity profiles of Kv1.6 labeling (A’-E’) demonstrate a proximal shift in the
Kv1.6 end position towards the NeuN* soma 6h (B, G) and 3d (C”, H) post-LPS injection

revealing an overall shortening of the Kv1.6 functional sub-domain.
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Figure 2.4
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Figure 2.4. LPS-induced Inflammation Disrupts AIS Functional Sub-domains. The
mean + SEM of ankG (A-C), Nav 1.6 (D-F), and Kv1.2 (G-I) start and end positions relative
to soma edge and total length are presented. A significant shift in the distal location of
ankG, Navl.6, and Ky1.2 was detected at both 6h and 3d post-LPS injection; however,
the distal location of these proteins returned to control positions by 2wks post injection
(B,E,H). No differences in the start position of ankG, Nav 1.6, or Ky1.2 were detected
(A,D,G) demonstrating that significant shortening of AIS sub-domain lengths (C,F,l)
occurs from the distal AIS. An asterisk indicates significant difference (p < 0.05) from

saline.
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Figure 2.5
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Figure 2.5. Microglial-AIS Contact does not coincide with AIS Disruption in LPS-
Injected mice. A-F, Double immunolabeling of Iba-1 and ankG revealed that microglia
(Iba-1, green) contact AlSs (AnkG, red) (white arrows) in saline and LPS injected mice.
No change in the number of microglial contacts (A) or percent of microglia making contact
(C) per field of view was observed. A significant increase in the number of microglia was
observed at 3d post-LPS injection (B) and a significant increase in the percent of AlISs
contacted at 3d and 1wk post-LPS injected was detected (D). However, these were at
time points where a significant decrease in the number of AlSs was detected (Fig. 2.1);
thus, since the amount of total contact did not change (A), it is unlikely that the amount
microglia-AlS contact alone was responsible for disruption. An asterisk indicates

significant difference (p < 0.05) from saline.
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Figure 2.6
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Figure 2.6. AIS Integrity Coincides with Microglial Reactivity. A-F, Microglia,
visualized by Iba-1 immunolabeling, displayed a surveying phenotype with long, highly
branched processes in saline-treated mice (A). As early as 6 hr post LPS injection,
microglia displayed a reactive morphology with retracted, thickened processes (B), this
morphology was maintained at 24h (C), 3d (D), and 1wk (E) post-LPS injection. Microglia

returned to a surveying morphology at 2wk (F) post-LPS. Scale bar = 10uM.
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Figure 2.7
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Figure 2.7 AIS Integrity Coincides with Microglial Inflammatory Response. A-F, In
addition to the morphologic changes presented by microglia following LPS injection
(compare A to B-F), mRNA expression was used to further analyze inflammatory
mediators in isolated cortical microglia from saline- and LPS-treated mice (G-L).
Consistent with microglial morphologies, inflammatory markers were significantly
upregulated at 6 hours post LPS injection (G-l). Maintenance of this pro-inflammatory
phenotype was supported by the persistence of significantly elevated NOX2 expression,
which did not return to baseline levels until 1 week post injection (). Similarly, markers
associated with resolution of inflammation were reduced following LPS injection and
expression of these markers did not return to control levels until 1 week post injection (J-
L). mRNA expression was evaluated by quantitative RT-PCR, values were normalized
using the 2722¢T method and were reported as mean expression + SEM. An asterisk
indicates significant difference (p < 0.05) from saline, and a ¥ indicates a difference

between time points post-LPS injection.
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Figure 2.8
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Figure 2.8. Treatment with Didox Reverses AIS Disruption. A-D, the number of AlSs,
as identified by immunolabeling for ankG, was reduced through 1wk post injection. LPS-
injected mice that received Didox treatment beginning at 24 h post injection and continued
for 5 subsequent days, displayed no loss in ankG+ labeled AlSs (D). Scale bar = 20uM.
E, schematic of LPS and anti-inflammatory Didox administration. F, the mean + SEM of
AISs/FOV in saline-, LPS-treated, and LPS+Didox mice as a percent of saline controls.
An asterisk indicates significant difference (p < 0.05) from saline, and a ¥ indicates a

difference between treatment groups.
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Figure 2.9
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Figure 2.9. Treatment with Didox Reverses AIS Distal Shortening. AlSs in layer V of
the cerebral cortex were identified by ankG immunolabeling in saline-, LPS-, and
LPS+Didox treated mice. The mean £ SEM of ankG (A-C), Nav1.6 (D-F), and Kv1.2 (G-I)
start and end positions relative to soma edge and total length are presented. AISs have
a significant shift in the distal location of ankG and Nav1.6 (closer to soma) through 1
week post-LPS injection (B,E,H). LPS-injected mice that received Didox treatment
beginning at 24 h post injection and continued for 5 subsequent days (LPS+Didox)
displayed no change in the distal location of ankG, Nav1.6, or Kv1.2 compared to saline
controls (B,E,H) demonstrating a reversal of disrupted AIS sub-domain clustering with
anti-inflammatory administration. An asterisk indicates significant difference (p < 0.05)

from saline.
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Figure 2.10
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Figure 2.10. Treatment with Didox Alters Microglial NOX2 Levels. A-D, Microglia,
visualized by Iba-1 immunolabeling, displayed enhanced NOX2 immunoreactivity in mice
24h (B’) and 1wk (C’) post LPS injection compared to control mice, which received saline
only injections (A’). Anti-inflammatory Didox treatment decreased microglial NOX2
immunoreactivity (D’) to saline control levels (A’). Scale bar = 30uM. E, the mean
percentage + SEM of NOX2 positive microglia in saline-, LPS-treated, and LPS+Didox
mice. An asterisk indicates significant difference (p < 0.05) from saline, and a ¥ indicates

a difference between treatment groups.
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Figure 2.11
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Figure 2.11. Ablation of NOX2 Prevents AIS Disruption. A-F, AlISs in layer V of the
cerebral cortex from NOX2** (A-C) and NOX2”7 (D-F) mice were identified by ankG
immunolabeling after saline (A, D) or LPS (B-C, E-F) treatment. AISs were disrupted in
LPS treated NOX2** mice, but were preserved in LPS treated NOX2” mice. Scale bar =
20uM. G, The mean = SEM. of AISs/FOV in NOX2** and NOX27 mice treated with saline
or LPS as a percent of saline controls. An asterisk indicates significant difference (p <

0.05) from saline, and a ¥ indicates a difference between genotypes.
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Figure 2.12
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Figure 2.12. Treatment with Calpain Inhibitor Prevents AIS Disruption. A-C, AlISs,
immunolabeled for ankG, were reduced 3d post-LPS injection (B, E). LPS-injected mice
that received Calpeptin treatment (calpain inhibitor), beginning 30min prior to LPS
injection and continued once daily for 2 days (D), displayed no loss in ankG* labeled AISs
(C, E). Scale bar =20uM. D, schematic of LPS and Calpeptin administration. E, The mean
+ SEM of AISs/FOV in saline-, LPS+vehicle, and LPS+Calpeptin mice as a percent of
saline controls. F, The mean + SEM of calpain activity levels in relative fluorescent units
in saline-, LPS+vehicle, and LPS+Calpeptin mice as a percent of saline controls. An
asterisk indicates significant difference (p < 0.05) from saline, and a ¥ indicates a

difference between treatment groups.
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Table 2.1. Neuronal Density and Cortical Volume Measurements from Saline and

LPS-injected Mice

Average NeuN Count Average Cortical Volume = SEM
Treatment (% Saline + SEM) (um?3) X10°
Group
NOX2** NOX2" NOX2** NOX2"

Saline 100% + 3.2 100% = 7.3 1.4+£0.2 1.14+0.3
LPS 6h 103% + 5.9 - 1.1+£0.2 -
LPS 24h 98% + 0.8 109% + 4.9 1.1+£0.1 1.15+0.3
LPS 3d 108.1% + 2.5 - 1.4+£0.1 -

LPS 1w 97.7% £ 2.5 110% + 3.4 1.2+0.1 1.27+0.1
LPS 2w 108% + 3.9 - 1.5+0.1 -

Table 2.1. No significant difference was detected with regard to density of neuronal cell
bodies or cortical volume among any of the treatment groups in either NOX2** or NOX2-

mice.
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Table 2.2. Oligonucleotide Primer Pairs Used for RT-qPCR

Gene

Tnfa

COX-2 (Ptgs2)

NOX2 (Cybb)

Mrcl

Fizz-1 (Retnlb)

TGF-B

iNOS

Cyclophilin A

PGK1

Accession #

NM_013693.1

NM_009367.1

NM_023965.1

NM_008625.2

NM_020509.3

NM_009367.2

NM_010927.4

NM_008907.1

NM_008828.3

Forward Primer

5-GCCCACGTCGTAGCAAACCACC-3

5-TTGCTGGCCGGGTTGCTGG-3

5-GGGAACTGGGCTGTGAATGA-3’

5’-GGCTGATTACGAGCAGTGGA-3’

5’-CAGCTGATGGTCCCAGTGAAT-3’

5-"CTCCCCTCCGAAAATGCCA-3’

5’-TCCAGAATCCCTGGACAAGCTGC-3

5’-CTAGAGGGCATGGATGTGGT-3’

5- ATGCAAAGACTGGCCAAGCTA C-3

80

Reverse Primer

5-CCCATCGGCTGGCACCACTA-3’

5-CAGGGAGAAGCGTTTGCGGT-3’

5-CAGTGCTGACCCAAGGAGTT-3

5-"CATCACTCCAGGTGAACCCC-3’

5-'AGTGGAGGGATAGTTAGCTGG-3

5-'GTTTTGCAAGCGGAAGACCC-3

5-TGCAAGTGAAATCCGATGTGGCCT-3

5-TGACATCCTTCAGTGGCTTG-3’

5-AGCCACAGCCTCAGCATATTTC -3’



Table 2.3. AnkG Start and End Positions and Length Measurements

AnkG
Treatment group Start (UM) End (uM) Length (uM)
Saline 0.25+0.14 22.79£0.61 22.52 £ 0.62
LPS 6h 0.06 +0.14  20.31+0.61* 20.36 +0.62*
LPS 3d 0.29+0.14 20.30+0.61* 19.87 £0.62*
LPS 1wk 0.43+0.14 18.95+0.61** 18.50 + 0.62***
LPS 2wk 0.23+0.14 24.61 £ 0.61 24.49 £+ 0.62*

LPS + Didox  1.07+0.14* 2237+062  21.24+0.62

Table 2.3. The mean + SEM of ankG start and end positions relative to soma edge and
overall length measurements from Saline or LPS-injected Mice. An asterisk indicates

significant difference (*p < 0.05; **p <0.01; ***p < 0.001) compared to saline.
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Table 2.4. Nav1.6 Start and End Positions and Length Measurements

Navl.6

Treatment group Start (uUM)

Saline 175+ 1.03
LPS 6h 1.62 % 1.02
LPS 34 3.41%1.02
LPS 1wk 1.18 % 1.02
LPS 2wk 3.72+1.02
LPS + Didox 3.23+1.03

End (UM) Length (uM)
22.14+0.73 20.38 £1.08

19.65 + 0.73* 18.12 +1.08

19.09 +0.73* 15.55 + 1.08**

18.48 £+0.73** 17.30 +1.08

2297 £0.73 19.37 +1.08
21.69+0.74 18.38 +1.08

Table 2.4. The mean + SEM of Na,1.6 start and end positions relative to soma edge and

overall length measurements from Saline or LPS-injected Mice. An asterisk indicates

significant difference (*p < 0.05; **p <0.01; ***p < 0.001) compared to saline.
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Table 2.5. Kv1.2 Start and End Positions and Length Measurements

Kvl.2

Treatment group Start (uUM)

Saline 3.14 +£0.49
LPS 6h 4.02 +0.49
LPS 3d 4.72 +£0.49

LPS 1wk 3.47 £ 0.49
LPS 2wk 4.00 £ 0.50
LPS + Didox 4.05+0.49

End (UM)
21.20+0.71

18.90 + 0.71*
18.72 £ 0.71*
20.06 £ 0.71
21.15+0.72
21.49+0.71

Length (uM)
18.1 +0.99
14.93 + 0.99*
14.21 + 1.0*
16.61+1.0
17.34+1.0
17.44 + 0.99

Table 2.5. The mean + SEM of Kv1.2 start and end positions relative to soma edge and

overall length measurements from Saline or LPS-injected Mice. An asterisk indicates

significant difference (*p < 0.05; **p <0.01; ***p < 0.001) compared to saline.
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Table 2.6. GO-BP enrichment analysis of 42 genes significantly up-regulated 2-fold or

greater in LPS 6h mice compared to saline controls.

Term % Benjamini
positive regulation of inflammatory response 43.9 1.8E-16
immune response 36.6 9.3E-14
cellular response to interleukin-1 29.3 5.4E-15
positive regulation of transcription from RNA polymerase Il promoter 29.3 2.2E-4
response to lipopolysaccharide 26.8 1.7E-9
G-protein coupled receptor signaling pathway 26.8 3.9E-2
positive regulation of ERK1 and ERK2 cascade 24.4 2.0E-8
signal transduction 24.4 1.9E-2
chemotaxis 22.0 4.3E-10
chemokine-mediated signaling pathway 19.5 2.9E-9
cellular response to interferon-gamma 19.5 1.2E-8
cellular response to tumor necrosis factor 195 2.6E-7
positive regulation of apoptotic process 195 2.4E-4
positive regulation of cell proliferation 195 3.2E-3
positive regulation of NF-kappaB transcription factor activity 17.1 6.3E-6
positive regulation of GTPase activity 17.1 2.8E-5
negative regulation of cell proliferation 17.1 3.5E-3
positive regulation of gene expression 17.1 4.1E-3
positive regulation of tumor necrosis factor production 14.6 8.2E-6
cytokine-mediated signaling pathway 14.6 4.4E-4
positive regulation of cytosolic calcium ion concentration 14.6 4.5E-4
positive regulation of I-kappaB kinase/NF-kappaB signaling 14.6 4.5E-4
positive regulation of nitric oxide biosynthetic process 14.6 1.0E-5
positive regulation of interleukin-1 beta secretion 9.8 4.2E-4
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http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0008284
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http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0043547
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0008285
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0010628
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http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0043123

Table 2.7. GO-BP enrichment analysis of 13 genes significantly down-regulated 2-fold or

greater in LPS 6h mice compared to saline controls.

Term % Benjamini
positive regulation of cell migration 25.0 7.6E-1
inflammatory response 25.0 8.6E-1
immune system process 25.0 8.0E-1
positive regulation of gene expression 25.0 7.3E-1
positive regulation of cell proliferation 25.0 8.5E-1
apoptotic process 25.0 8.2E-1
protein phosphorylation 25.0 7.8E-1
transforming growth factor beta receptor signaling pathway 16.7 4.2E-1
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Table 2.8. GO-BP enrichment analysis of 17 genes significantly up-regulated 2-fold or

greater in LPS 1wk mice compared to saline controls.

Term % Benjamini
inflammatory response 62.5 5.3E-10
positive regulation of ERK1 and ERK2 cascade 50.0 1.4E-8
immune response 43.8 2.8E-6
G-protein coupled receptor signaling pathway 43.8 2.3E-2
positive regulation of inflammatory response 37.5 1.7E-7
chemotaxis 37.5 2.1E-6
chemokine-mediated signaling pathway 31.2 5.1E-6
cellular response to interferon-gamma 31.2 1.1E-5
cellular response to interleukin-1 31.2 1.9E-5
cellular response to tumor necrosis factor 31.2 6.1E-5
positive regulation of angiogenesis 31.2 7.6E-5
positive regulation of GTPase activity 31.2 1.3E-4
positive regulation of protein phosphorylation 31.2 2.9E-4
positive regulation of gene expression 31.2 4.4E-3
lipopolysaccharide-mediated signaling pathway 25.0 6.8E-5
protein kinase B signaling 25.0 1.1E-4
monocyte chemotaxis 25.0 1.2E-4
MAPK cascade 25.0 4.9E-4
transforming growth factor beta receptor signaling pathway 25.0 4.6E-2
positive regulation of vascular endothelial growth factor production 18.8 3.1E-3
positive regulation of calcium ion transport 18.8 4.4E-3
positive regulation of cell adhesion 18.8 1.5E-2
positive regulation of tumor necrosis factor production 18.8 1.6E-2
cellular calcium ion homeostasis 18.8 3.7E-2
cytokine-mediated signaling pathway 18.8 6.5E-2
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Table 2.9. GO-BP enrichment analysis of 74 genes significantly down-regulated 2-fold or

greater in LPS 1wk mice compared to LPS 6h mice

Term % Benjamini

immune response 38.7 1.60E-28

cellular response to interleukin-1 258 4.50E-21

positive regulation of GTPase activity 25 8 2.80E-11

positive regulation of nitric oxide biosynthetic process 258 2 30E-05

chemokine-mediated signaling pathway 226 4.70E-20

response to molecule of bacterial origin 22 6 5.10E-06

lymphocyte chemotaxis 19.4 4.50E-15

cellular response to tumor necrosis factor 19.4 3.50E-14

cellular response to interferon-beta 19.4 1.60E-05

cellular response to interferon-gamma 16.1 7.20E-17

monocyte chemotaxis 16.1 2.50E-12

positive regulation of NF-kappaB import into nucleus 16.1 2.20E-05

positive regulation of interleukin-1 beta secretion 16.1 3.80E-05

positive regulation of fever generation 16.1 4.80E-05

response to glucocorticoid 16.1 2 40E-04

positive regulation of cell adhesion 12.9 2.90E-06

positive regulation of ERK1 and ERK2 cascade 9.7 1.40E-12

positive regulation of interleukin-12 production 9.7 1.80E-06

response to cytokine 9.7 2.10E-05

positive regulation of cytosolic calcium ion concentration 9.7 4.50E-05
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Table 2.10. GO-BP enrichment analysis of 32 genes significantly up-regulated 2-fold or

greater in LPS 1wk mice compared to LPS 6h mice

Term % Benjamini
positive regulation of transcription from RNA polymerase Il promoter 25.8 2.90E-02
protein phosphorylation 25.8 1.90E-03
signal transduction 25.8 8.40E-02
phosphorylation 22.6 1.60E-02
positive regulation of ERK1 and ERK2 cascade 22.6 1.00E-04
apoptotic process 194 5.90E-02
intracellular signal transduction 19.4 1.70E-02
positive regulation of gene expression 16.1 8.70E-02
positive regulation of peptidyl-tyrosine phosphorylation 16.1 1.50E-03
transforming growth factor beta receptor signaling pathway 16.1 1.00E-03
positive regulation of cell migration 12.9 8.70E-02
cellular response to transforming growth factor beta stimulus 9.7 8.60E-02
positive regulation of histone acetylation 9.7 1.70E-02
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Supplementary Figure 2.1. Automated AIS Counts Using FIJlis an Accurate Method
for Quantifying AlISs. Method comparison of manual AIS tracings and automated AlIS
counts using FIJI shows no difference in AIS counts between methods. Mean £+ SEM of
ankG™* AIS counts in saline- and LPS-injected mice. Significant treatment effects (LPS)
were detected compared to saline controls (p < 0.0001) as expected; however, no

significant difference was found between methods (p = 0.795).
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Supplementary Figure 2.2

U u
[TR-R T T =R T TR T] o
aH 888 SHAS8 88 =
A o o A el
oo oA -
o o oo o o O o @
n nwmw o wmwnwm v
-g . = . -? - = - -
nkEnnn nEnnn n
-3 [ -3 = =
:5633 QgﬁBB -]
BumAN BumAd o
nwmnnnrwm wmwmMmw W v
B B B A A == =9
=1 3 =3 3 3 a3 a =]

Illa
Cebpb
Nod2
Ifit3
Relb
Ific2
Das2
Dasla
Cls
Ill2a
Ifnbl
Ill8rap
Hsh2d
Ccla
Ccl3
Tnfaip3
Tlx2
Ccll9
I110
Irf7
Ifi44
I17 Illrl
Ltbh4drl cdse
Chi3l3 cz
Mup9 Pdgfa
Cda Hifla
Tnfsfld shel
Cds5s onbl
Cclz24 Clab
Ptger3 Ager
Fasl Hdac4
Cxcr2 Tollip
C3 Mapzk4
Illb I115
Cxcl3 PlaZgda
Cxcl9 Tradd
Ccll? Nr3cl
Ccl2o Stat3
Ptgs2 Nlrp3
Cclll Map2kl
Ificl Tlré

Tnt Rela
Ccl2 Bcl2ll
Ptgerd Defa-rsl
Iigpl Illrap
Ptgir Hafk
Maff Ripk2
Ccl? Ptk2
Mup3 Ptgfr
Argl Nox1l
Retnla Clra
CxcllO Cysltr2
Ifng Bclé
Dasll CEfll
Ccls Aloxl5
Cxcl2 Hugnl
Cd4o Areqg
Ctb Myc
Cclzz C8b
Illrn Gngrl
Cxcrl Ifnal
I112b I123x
Cxcll I15
Ccr? I13
Csf3

Daxx
Mydss
Nfkbl
I111
Map3k7
Mapks
Rapgef2
Irf3
Il17a
Il23a
Gpr44
Rafl
Traf2
Nodl
Max
Mapkl
Ddit3
Ppplrl2b
Tlr8
Birc2
Nfe2lz

Saline
SJaline
Jaline
SJaline

LP5 24h wvs.
LP5 3d wvs.

LP5 lw vs.

LP3 2w vs.

Plchbl
Crebl
Tgfb3
Hrasl
CclZla
Mylz
Tgfbrl
TremZz
Cd4
Mrcl
Mefia
Map3k9
Fltl
Tlr5
Prkca
Tslp

Rpstkas

Ptgsl
Map2k6

Alox5
Cxcrd
Ptger2
Ccls
Fxyd2

Ifiz712

116
Masp2
H2-Ebl
Hspb2
Ltbhd4r2
Maspl

Mapkapk 5|

Cxcls

Mapkapk?2

Nos2
Irfl

Cysltrl

Saline
Saline
Saline
Saline
Saline

LPS 6h vs.
LPS 24h ws.
LPS 3d vs.
LPS lw vs.
LPS 2w vs.

He
Ptgerl
I1z1

I1z
Ilz2ra2
Cd40lg
Twist2
MefZb
Pik3c2g
I19

Lta

cé

Mbl2
HZ-Ea-ps
Cfd
Ccr4
I1z2
c7
c9
Csf2
I14
Aloxl2
Jun
Mknk1l
Map3k5
Tgfbl
Atf2
Mafg
Map3kl
Engl
I113
Mapkld
Mapk3
Tyrobp
Ripkl
Clga
Itgb2
Prkch
T1lr9
Ill0xrb
Tlr4
Ly96
Lth
Ccr2
Tcfd
Racl
Irfs
I118
Nfatc3
Grb2
T1lr7
Rhoa
Limkl
Keapl
Elkl
T1lr3
Rock2
Mef2d
Gnas
Cdc4z
Gnag
Hugbl
Ccr3
Thxa2r
Crp
Hspbl
Céa
Tgtbh2
Swmad7
Mefic_Mum

Il6ra
rA1A2

91




Supplementary Figure 2.2. Heat map of Differentially Expressed Genes in Microglia
of LPS-Injected Mice. Quantitative nCounter expression profiling of 248 inflammation
related genes was performed in microglia isolated from saline and LPS-injected mice.
The fold change of each differentially regulated gene (rows) within each LPS group
compared to saline controls (column) is presented. Each column represents the group
average (n = 3) fold change compared to saline controls. 3 mice were pooled for each n
at each time point. The relative fold change of transcripts is indicated by a color (red,

higher; black, median; green, low).

92



Supplementary Figure 2.3
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Supplementary Figure 2.3. AISs Spontaneously Recovered 2wks post-LPS
Injection. Didox paradigm was used to investigate reversibility of AIS disruption: Didox
(250 mg/kg solubilized in 0.9% saline) or vehicle (0.9% saline, 10 mL/kg) was
administered intraperitoneally beginning at 1 week post-LPS injection and continued for
6 days. Animals were analyzed 2 weeks post-LPS injection (E). A-D, The number of AISs,
immunolabeled for ankG, was reduced through 1 week post-LPS injection (B). LPS-
injected mice that received either vehicle or Didox displayed no loss in ankG* AISs
(C,D,F). Scale bar = 20uM. F, the mean + SEM of AISs/FOV in saline, LPS 1wk, LPS 2wk
vehicle and LPS 2wk Didox mice as a percent of saline controls. An asterisk indicates
significant difference (p < 0.05) from saline. These data revealed spontaneous AIS

recovery in the LPS 2wk vehicle controls.
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Supplementary Figure 2.4
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Supplementary Figure 2.4. NOX2-deficient Mice Mount a Pro-inflammatory
Response after LPS-Injection. A-B, Microglia, visualized by Iba-1 immunolabeling,
displayed a reactive morphology in NOX2 -/- mice 24h (B) post LPS injection compared
to surveying morphology present in saline injected NOX2 -/- mice (A). Microglia enhanced
contact with AlISs in LPS injected NOX2 -/- mice (A”,B”, white arrows). Consistent with
microglial morphologies, inflammatory markers were significantly upregulated at 6 hours
post LPS injection in NOX2 -/- mice compared to NOX2 +/+ saline controls (C). As
expected, NOX2 transcript was not amplified in NOX2 -/- mice (C). mRNA expression
was evaluated by quantitative RT-PCR, values were normalized using the 2 22T method
and were reported as mean expression + SEM. An asterisk indicates significant difference

(p < 0.05) from saline.
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Supplementary Figure 2.5
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Supplementary Figure 2.5. LPS 10mg/kg Injection Does Not Result in Sustained
Disruption of AlSs 2wks post-injection. Mice received a single LPS 10mg/kg or saline
injection and AISs were quantified 2 weeks post-injection, a time point that showed
reversibility with the lower LPS dose (5mg/kg). 8 mice were injected with LPS 10mg/kg
and 3 mice were used as saline controls. 3 of the 8 LPS mice (38%) survived to the 2wk
time point. No difference in AIS number was found between saline and LPS 10mg/kg
mice demonstrating that an increase in initial inflammatory insult is not sufficient to

prevent AIS recovery.
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CHAPTER THREE

NOVEL EXPRESSION OF NEUROFASCIN IN MICROGLIA: A CANDIDATE FOR
MICROGLIA-AIS INTERACTION

3.1 Abstract

Microglia dynamically interact with neurons influencing the development, structure,
and function of neuronal networks. Recent studies suggest that microglia may also
influence or respond to neuronal activity by directly contacting and wrapping around
the axonal domain responsible for action potential initiation, the axon initial segment
(AIS). The molecules that mediate this interaction, however, remain unknown. This
portion of my work aimed to identify a candidate molecule that facilitates microglial-
AIS contact. Here, | identify and characterize a novel isoform of the cell adhesion
molecule neurofascin (Nfasc) expressed by microglia. Sequencing experiments
revealed that microglial Nfasc excludes three small alternatively spliced domains in
the extracellular region: 1. neuron specific sequence at the extreme N-terminus (mini-
exon 6), 2. the Ig2 — 1g3 linker sequence present in Nfasc 155 of myelinating glia
(exon 11), and 3. a hinge domain located between the Ig like and FNIII domains (exon
20). Microglia Nfasc also excludes the Nfasc 186 specific mucin and 5" FNIII domains
while including the 3@ FNIII repeat unique to Nfasc 155. Microglial Nfasc localized to
microglial processes and was enriched at the microglial-AlS interface. Furthermore,
its expression is up-regulated during chronic inflammation and parallels disease

severity consistent with increased contact between microglia and the AIS.
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3.2 Introduction

Microglia are the innate immune cells of the CNS and play important roles in brain
development, homeostasis, plasticity, and function (von Bernhardi et al., 2016b).
Microglia actively survey the brain environment by extending and retracting their
processes (Nimmerjahn et al.,, 2005), and this process can be altered by sensory
experience, ATP, or neurotransmitters (Davalos et al., 2005; Fontainhas et al., 2011;
Tremblay et al., 2010). Consistently, microglia respond to changes in and alter neural
activity. In the zebrafish optic tectum, microglia preferentially contacted highly active
neurons and after contact, these neurons decreased activity (Li et al., 2012). Furthermore,
in cortical brain slices of mice, microglial processes contacted axons of hyperactive
neurons induced by repetitive stimulation. After microglial contact, rapid soma membrane
repolarization was detected and neuronal cell death was prevented (Kato et al., 2016).

Thus, microglial-neuronal interaction is important for neuronal integrity and function.

It was recently reported that microglia also contact AlSs during development and
this contact is maintained throughout life implicating a role for these cells in the regulation
of AIS structure and/or function in both the developing and mature CNS (Baalman et al.,
2015). Moreover, our laboratory (Clark et al., 2016) showed that in the diseased state
microglia-AlS contact is increased both with regard to the number of AlSs contacted and
the extent of contact (e.g. microglial process completely surround the AIS). Since the AIS
is the axonal domain where action potentials are generated, this consistent microglial-AlS
contact in both health and disease strongly implicates microglia as a regulator of neuronal

function.
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Molecules mediating microglia-AlS interactions remain to be identified; however,
chemokine fractalkine receptor (CX3CR1) is known to mediate microglial contact with
other neuronal domains (Rogers et al., 2011). Mice with fractalkine receptor CX3CR1-
deficient microglia have impaired synaptic pruning and reduced functional connectivity
(Paolicelli et al., 2011; Zhan et al., 2014) implicating the fractalkine receptor as not only
a mediator of microglial-somal and microglial-dendritic interactions but also identified the
receptor as a candidate molecule for mediating AIS interactions. However, Baalman et
al. (2015) reported that the absence of microglial CX3CR1 receptors did not disrupt
contact with the AIS suggesting that microglial-AlS interactions are not mediated through
the fractalkine receptor. In an effort to identify AlS-specific molecules microglia are
targeting, Baalman and colleagues (2015) investigated brevican and versican, members
of the specialized extracellular matrix (ECM) at the AIS (Baalman et al., 2015); however,
loss of the specialized ECM surrounding the AIS did not disrupt contact. These data
suggest that microglial-AlS interactions are not mediated by CX3CR1 or the specialized
ECM components brevican and versican, and that microglia may interact with a molecule
present in the AIS membrane (Baalman et al., 2015). Consistent with microglia-AlS
contact occurring through AIS membrane proteins, loss of the AIS master scaffolding
protein ankG led to a significant decrease in the frequency of microglia-AlS interactions,
confirming that molecules normally restricted to the AIS are important for microglia-AlS

contact (Baalman et al., 2015).

In order to determine the importance of microglial-AlS contact, the molecules that
mediate contact either at the AIS or on the microglia need to be identified. To identify AIS

candidate proteins, one approach could be the knockout of AIS proteins; however, loss
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of ankG and other AIS proteins significantly disrupts axonal and AIS identity, and
consequently neuronal activity, an important component of known microglial-neuronal
interactions (Davalos et al., 2005; Fontainhas et al., 2011; Kato et al., 2016; Li et al.,
2012; Tremblay et al., 2010). Thus, it could be difficult to determine whether loss of
interaction is due to loss of a microglial binding partner or loss of neuronal integrity.
Therefore, identifying novel candidates expressed by microglia that mediate cell adhesion
may provide a better approach. Candidates that mediate microglia-AlS contact should
include molecules expressed by microglia and molecules involved in glial-neuronal
communication. Therefore, | investigated the Nfasc cell adhesion molecule as a candidate

mediator of microglia-AlS contact.

Nfasc proteins are cell adhesion molecules implicated in a wide spectrum of
functions including process extension and neurite outgrowth, axonal domain
maintenance, and axo-glial contact (Ango et al., 2004; Charles et al., 2002; Davis et al.,
1996; Ebel et al., 2014; Hassel et al., 1997; Pruss et al., 2004; Rathjen et al., 1987; Tait
et al., 2000; Zhang et al., 2015). As part of the L1 subgroup of the immunoglobulin (Ig)
superfamily of cell adhesion molecules (CAMs), Nfasc contains six aminoterminal 1g-like
domains, followed by five fibronectin type 1l (FNIIl) repeats, a single-pass
transmembrane region, and a short, highly conserved cytoplasmic domain (Davis et al.,
1993; Hassel et al., 1997; Volkmer et al., 1992). Nfasc is expressed in a highly complex
temporally- and spatially-regulated pattern, where complexity is achieved by extensive
alternative splicing and posttranslational modifications. Nfasc has numerous exons that
can be alternatively spliced resulting in the expression of multiple isoforms that are cell

type specific (Hassel et al., 1997; Kriebel et al., 2012).
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Four Nfasc polypeptides of 186, 155 high and 155 low, and 140 kDa have been
described in the rodent nervous system (Davis et al., 1993; Hassel et al., 1997; Pomicter
et al., 2010; Rathjen et al., 1987; Zhang et al., 2015). Neuronal isoforms 186 and 140
differ primarily in the combination of FNIII domains as well as the alternative splicing of a
mucin domain. Nfasc186 is expressed mainly at the AIS and nodes of Ranvier, where it
is implicated in clustering of Nav channels and stabilization of axo-axonic synapses
(Desmazieres et al., 2014; Lonigro and Devaux, 2009; McEwen and Isom, 2004).
Nfasc140 is targeted to the node of Ranvier and the AIS where its expression is abundant
during embryonic development but declines relative to Nfasc186 in the embryo until birth
(E13-P1) (Zhang et al., 2015). In Nfasc null mice, transgenic expression of Nfasc140 can
rescue nodal complexes and restore electrophysiological function (Zhang et al., 2015)
suggesting Nfasc140 may complement the function of Nfascl86 in initial stages of
assembly and stabilization of the nodal complex.

To date, only one glial isoform has been characterized. Nfasc 155 is expressed by
myelinating cells and is composed of the 15t — 4" FNIII domains and the Ig2 — 1g3 linker
sequence (mini-exon 11) and excludes the Nfasc 186-specific mucin and 5" FNIII
domains (Davis et al., 1996; Tait et al., 2000). Nfasc155 is found in oligodendrocytes and
Schwann cells where it plays an important role in mediating axo-glial contact by forming
paranodal septate-like junctions (Pillai et al., 2009; Sherman et al., 2005; Zonta et al.,
2008). Interestingly, our laboratory identified a second Nfasc 155 form present in
myelinating glia (Pomicter et al., 2010), where extended electrophoresis revealed that the
initially characterized Nfasc 155 protein band actually consisted of two distinct bands.

These were identified as Nfasc 155 high and Nfasc 155 low. Both Nfasc 155 forms are
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expressed by myelinating cells and their expression coincides with the onset of
myelination (Pillai et al., 2009; Sherman et al., 2005; Zonta et al., 2008). However, the
composition and function of these two forms are yet to be defined.

The differences in expression of alternatively spliced domains among Nfasc
isoforms account for distinct protein-protein interactions, and thus regulate how Nfasc
isoforms exert essential functions in the nervous system. In this study, | demonstrate that
microglia express a Nfasc isoform and that this isoform is unique from previously
described isoforms. Sequencing experiments revealed that microglial Nfasc excludes the
small alternatively spliced domains in the extracellular region (mini-exons 6, 11 and 20),
the mucin and 5" FNIII domains while including the 3 FNIII domain. IHC analysis
revealed that expression of this novel Nfasc isoform localized to microglial processes and
was enriched at the microglial-AlS interface. Furthermore, protein expression of microglial
Nfasc was up-regulated in neuroinflammatory conditions where increased microglial-AlS
contact is observed (Clark et al., 2016), consistent with the potential of microglial Nfasc

mediating microglial-AlS contact.

3.3 Methods

Animals

All animals for these studies were maintained in the AAALAC accredited McGuire
Veterans Affairs Medical Center (VAMC) vivarium with access to food and drink ad
libitum. All procedures were conducted in accordance with the National Institutes of
Health guidelines for the care and use of laboratory animals and were approved by the

McGuire VAMC Institutional Animal Care and Use Committee.
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To evaluate Nfasc expression in chronic inflammatory conditions (Fig. 3.1, 3.2),
naive C57BL/6J mice and C57BL/6J mice induced with experimental autoimmune
encephalomyelitis (EAE) were used. The chronic model of (EAE) was induced as
previously described (Clark et al., 2016; DeVries et al., 2012). Briefly, 11-12 weeks old
female C57BL/6J mice were injected subcutaneously over each shoulder with 50 uL of a
solution containing 3 mg/mL myelin oligodendrocyte glycoprotein peptide 35-55 (MOG3s-
55, MEVGWYRSPFSRVVHLYRNGK) (AnaSpec, Inc., Fremont, CA) emulsified with
complete Freund’s adjuvant containing 2 mg/mL of heat-killed M. tuberculosis (Invitrogen
Life Technologies, Grand Island, NY). Mice were also injected intraperitoneal (i.p.) on the
same day with 300 ng Pertussis toxin (PT) (List Biological Labs, Campbell, California) in
200 pL phosphate buffered saline (PBS) with a booster PT injection 48 hours later.
Clinical motor symptoms were scored daily and recorded as follows: 0 = no signs, 1 =
limp tail, 2 = loss of righting reflex, 3 = paralysis of single hind limb and 4 = paralysis of
both hind limbs. Mice achieved peak clinical symptoms at ~15 days post injection.
Immunohistochemical and western blot analyses were conducted a late inflammatory
time point (9 days post peak clinical symptoms; ~24 days post induction). Microglia of

EAE mice with scores of 3 or 4 were pooled (3 each per n, n = 3) for western blot analysis.

For determination of Nfasc transcript sequence in microglia, female C57BL/6J
mice purchased from Jackson Laboratories (Bar Harbor, ME) were used, and to confirm
Nfasc gene product in microglia we used sunflower seed oil or 4-hydroxy tamoxifen (4-
HT) injected CX3CR1¢eER*-/Nfasc™ and CX3CR1°¢ER"/Nfasc™ mice. We established a
breeding colony of Nfasc-floxed mice (Nfasc™: provided by Dr. Manzoor Bhat, University

of Texas San Antonio Health Science Center, Pillai et al., 2009) mated with CX3Crl-cre
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estrogen receptor (ER) mice (Yona et al., 2013) (Jackson Laboratories; 020940). Using
CX3CR1°¢ER*-/Nfasc™ mice, temporal and microglia-specific ablation of Nfasc was
induced by i.p. administration of 4-HT. 4-HT was solubilized in 100% ethyl alcohol (EtOH)
to yield a 20mg/ml solution. Then 50ul of 20mg/ml 4-HT was diluted in 250ul of sunflower
seed oil, emulsified, and vacuum centrifuged to evaporate the EtOH. Thus, each mouse
received 1mg of 4-HT in 250ul sunflower seed oil for 3 days, skipping a day between
injections 1 and 2, beginning at P14. CX3CR1°ER*-/Nfasc™ mice that received sunflower
seed oil-only or CX3CR1°ER"/Nfasc’ mice served as controls. Microglia were isolated

2 weeks post 4-HT administration.

To confirm cre-mediated recombination, genomic DNA was extracted from
magnetic bead-CD11b isolated cells using a Qiagen DNeasy Blood and Tissue kit
(Qiagen, Germantown, MD) according to manufacturer’s instructions. DNA fragments
spanning genomic target sites were amplified by PCR using the following primer pair:
NullNfasc Forward (5 TTT ACG GTA TCG CCG CTC CCG ATT 3’) NullNfasc Reverse
(5 CCC TGT TCT GCT CCT GGT TCA GTC 3’). The NullNfasc Forward primer targets
upstream of the first flanking loxP site and NullNfasc Reverse primer targets downstream
of the second flanking loxP site, such that when recombination does not occur, the
distance between these primer targets is too far to amplify. However, after cre-mediated
recombination the distance between these primer target sites is shortened and a 630bp
band is detected (Thaxton et al., 2011). Cycling parameters were one cycle at 94°C (3
min), 35 cycles of 94°C (30 s), 55°C (30 s), and 72°C (1 min), then 72°C (3 min), and a

final hold at 4°C. PCR amplified products were analyzed by agarose gel electrophoresis.
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Tissue Preparation, Inmunohistochemistry, and Imaging

Mice were deeply anesthetized using 0.016 mL/gm body weight of a 2.5% solution
of avertin (2, 2, 2 tribromoethanol; Sigma-Aldrich; St. Louis, MO) in 0.9% sodium chloride
(Sigma-Aldrich), and transcardially perfused with 4% paraformaldehyde (Ted Pella,
Redding, CA) (Benusa et al., 2017; Clark et al., 2016; Dupree et al., 1999). Following
perfusion, brains were removed and immersed in 0.1 M PBS containing 30% sucrose for
48h and frozen in Optimal Cutting Temperature compound (Sakura, Tokyo, Japan).
Brains were serially sectioned into 40um thick coronal sections spanning 1.1mm anterior
to Bregma to 2.5mm posterior to Bregma using a Leica CM 1850 cryostat. Fifteen sets of
six sections were collected and placed on ProbeOn Plus slides (Fisher Scientific,

Loughborough, UK) and stored at -80°C.

Sections were immunostained using the following antibodies: mouse monoclonal
anti-ankyrin G (AnkG; NeuroMab, Davis, CA; N106/36, 1:500), rabbit polyclonal anti-Ibal
(Wako Chemicals, Richmond, VA; 019-19741; 1:1,000), and rat anti-pan-Nfasc (gift of Dr.
Manzoor Bhat, UTSA HSC; 1:200). All secondary antibodies were obtained from
Invitrogen Life Technologies (Grand Island, NY; Alexa™ Fluor) and used at a dilution of
1:500. Immunolabeling was performed as previously described (Clark et al., 2016; Dupree
et al., 1999; Pomicter et al., 2010) with some modifications: 0.5% Triton X-100 and 10mM
sodium-citrate buffer oven retrieval (30 minutes at 80°C) was used for antigen retrieval.
Nuclei were stained with BisBenzimide (Sigma-Aldrich, 1:1000). Slides were mounted
with Vectashield™ (Vector Laboratories, Burlingame, CA); and imaged using confocal

microscopy.
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Imaging was performed on a Zeiss LSM 710 confocal laser scanning microscope
(Carl Zeiss Microscopy, LLC, Thornwood, NY) housed in the VCU Department of
Anatomy and Neurobiology Microscopy Facility. Images were collected as previously
described (Benusa et al., 2017; Clark et al., 2016). Briefly, confocal z-stacks spanning an
optical thickness of 25um, using a pinhole of 1 Airy disc unit and Nyquist sampling (optical
slice thickness, 0.48um) were collected from neocortical layer V. Images were collected
using single channel acquisition in a sequential fashion (3 pass, sequential). Furthermore,
Alexa™ Fluor 488 anti-rat secondary was used to detect Nfasc; Alexa™ Fluor 568 anti-
mouse IgG2a was used to detect ankG; and Alexa™ Fluor 647 anti-rabbit was used to
detect Iba-1. Co-localization of Nfasc*lba-1* microglia with ankG+ AISs was confirmed

using Volocity™ 3D Image Analysis Software version 6.3.

Western blot analysis

Western blot analysis was performed as previously described (Pomicter et al.,
2010). Briefly, whole brain or FACS-isolated microglia were homogenized in ice-cold
RIPA buffer (1% Nonidet P-40, 0.5% Sodium Deoxycholate, 0.1% SDS, 98.4% 1X PBS)
including Proteinase Inhibitor Cocktail (10ul/ml, ThermoFisher, Rockford, IL).
Homogenates were centrifuged for 10 min at 600 x g at 4°C. Supernatant concentrations
were determined using the Micro BCA Protein Assay Kit (Pierce, Rockford, IL, USA). 5ug
of whole brain homogenate or 20ug of microglial isolate in Laemmli sample buffer
(BioRad, Hercules, CA, USA) containing 5% B-mercaptoethanol were subjected to SDS—
polyacrylamide gel electrophoresis for 30min at 70V followed by 180V using 4-15% gels

(BioRad) and transferred to methanol-activated Immobilon-P PVDF membrane (EMD
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Millipore) for 2h at 100V. The membranes were then blocked with 5% non-fat dry milk
(Bio-Rad) in PBS containing 0.05% Tween 20 (Sigma-Aldrich) prior to incubation with
primary and secondary antibodies horseradish peroxidase (HRP)-conjugated, Sigma-
Aldrich), and the same solution was utilized for antibody incubations. Primary antibodies
to detect pan-Nfasc (FIGQY, rabbit polyclonal, 1:1,000, gift of Dr. Matt Rasband (Ogawa
et al., 2006) and GAPDH (mouse monoclonal, 1:10,000, EMD Millipore-MAB374) were
used. Immunoreactive bands were visualized with HRP chemiluminescent substrate
(EMD Millipore, Billerica, MA, USA) using a ChemiDoc detection system (BioRad).
Quantitation of Nfasc protein band density in microglial samples was performed using
FIJI. Densitometry was quantified using the 3 prominent Nfasc protein bands as a ratio of
the GAPDH protein band for each microglial sample. Data are presented as percent of

naive microglia.

CD11b magnetic bead isolation

Adult cortical microglia were isolated using MACS magnetic bead separation
(Miltenyi Biotec, San Diego, CA) as described above (Chapter 2, page 132). Briefly, 4-HT
or sunflower injected CX3CR1°¢ER*/Nfasc’ mice were deeply anesthetized with 2.5%
avertin and transcardially perfused with 50mL ice-cold PBS. After removal of the
meninges, cerebral cortices of each mouse was harvested and suspended in Hank's
Balanced Salt Solution (HBSS) without CaCl2 and MgCl2 (Corning, Corning, NY). A
single-cell suspension was prepared using the Miltenyi Neural Tissue Dissociation Kit
according to manufacturer’s instructions. The cell solution was depleted of myelin by

suspension in 3 mL of 30% isotonic Percoll™ (GE Healthcare Life Sciences, Pittsburgh,
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PA) followed by a 10 min centrifugation at 700 x g at 4°C. The cell pellet was washed in
5 mL HBSS without CaCl2 and MgCL2 and isolation of microglia was performed with
magnetic CD11b microbeads (Miltenyi) and MACS magnetic separator (Miltenyi)

according to manufacturer's instructions.

FACS isolation of microglia and macrophages

Mice were deeply anesthetized with 2.5% avertin and transcardially perfused with
50mL ice-cold PBS. After removal of the meninges, cerebral cortices of each mouse was
harvested and suspended in HBSS without CaClz and MgClz (Corning). A single-cell
suspension was prepared using the Miltenyi Neural Tissue Dissociation Kit according to
manufacturer’s instructions. The cell solution was depleted of myelin by suspension in
3mL of 30% isotonic Percoll™ (GE Healthcare Life Sciences, Pittsburgh, PA) followed by
a 10 min centrifugation at 700 x g at 4°C. The cell pellet was washed with cold wash buffer
(0.5% BSA, 2mM EDTA in PBS) and cells were incubated for 5min, at 4°C with 5uL Mouse
Fc Receptor Block (CD16/CD32; BD Pharmingen, San Diego, CA) followed by a 20min
incubation at 4°C in the dark with APC-conjugated anti-mouse CD11b (ThermoFisher,
17-0112-81) and BB515-conjugated anti-mouse CD45 (BD Biosciences-564590, San
Diego, CA) or APC-conjugated rat IgG2b k isotype (ThermoFisher, 17-4031-81) and
BB515-conjugated rat 1gG2b k isotype (BD Biosciences, 564421) . Cell viability was
determined using Zombie Violet™ staining (BioLegend, 423113, San Diego, CA). Cells
were washed and resuspended in cold wash buffer and passed through a 40um filter and
then through a BD FACSAria Il flow cytometer (BD Biosciences). Gates were demarcated

to sort CD11b*/CD45" (macrophages) and CD11b*/CD45'" (microglia) cells. Cells were
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suspended in either protein lysis buffer (RIPA, western blot analysis) or RNA extraction

buffer (Qiagen RNeasy kit, sequencing or gPCR analysis).

RNA extraction

Total RNA was extracted from FACS-isolated microglia using a Qiagen RNeasy
mini kit (Qiagen) and treated with Ambion DNase | (Invitrogen Life Technologies, Grand
Island, NY) (n=3 samples per experimental group). RNA concentrations were determined
using a NanoPhotometer (Implen, Los Angeles, CA) and purity was assessed by the ratio
of absorbance at 260 and 280nm (ODz2sozs0 > 1.8). Oligo-dT-primed cDNAs were
synthesized from 50 ng of RNA for each sample using the Sensiscript RT Kit (Qiagen)
according to the manufacturer’s guidelines. Samples with no reverse transcriptase added

served as controls.

PCR analysis

Gene-specific primers were designed and checked for specificity using National
Center for Biotechnology Information/Primer-BLAST (basic local alignment search tool;
(Ye et al., 2012) (Primer sequences are presented in Table 3.1). Some primers (as
indicated in Table 3.1) were previously published (Basak et al., 2007; Bennett et al.,
2016); specificities for these primers were also confirmed using NCBI-BLAST. Additional

primers were generated by Integrated DNA Technologies (San Diego, CA).

RT-gPCR reactions with at least two technical replicates per sample were
performed on a CFX96 real-time PCR detection system (BioRad) using 1uL of cDNA,
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SsoFast Evagreen Supermix (BioRad), and forward and reverse primers (500nM).
Cycling parameters were one cycle at 95°C (5 min), 40 cycles of 95°C (5 s) and 56°C (5
s) followed by a melt curve measurement consisting of 5s 0.5°C incremental increases
from 65°C to 95°C. Relative changes in gene expression were calculated by the 27AACt
method (Livak and Schmittgen, 2001) using cyclophilin A and PGK1 as internal reference

controls.

End-point PCR reactions were performed on a Veriti™ 96-well thermal cycler
(Applied Biosystems, Foster City, CA) using 4uL of cDNA, Platinum™ Tag DNA
Polymerase (Invitrogen), dNTP mix (0.2mM each, ThermoFisher), and forward and
reverse primers (0.2uM). Cycling parameters were one cycle at 94°C (2 min), 40 cycles
of 94°C (30 s), 56°C (30 s), and 72°C (1 min), and a final hold at 4°C. PCR amplified
products were analyzed by agarose gel electrophoresis. For sequencing, each amplified
product was excised and DNA was extracted using the QIAquick Gel Extraction Kit
(Qiagen) according to manufacturer’s instructions. Gel-purified products (25ng/ul) were

commercially sequenced by GenScript (Piscataway, NJ).

Sequence analysis

Sequences of microglial Nfasc products were analyzed via VectorNTI advanced
software (ThermoFisher). Chromatogram data files were loaded, processed, and
assembled to create a contiguous sequence. Sequences of multiple microglial sample
replicates were analyzed to ensure specificity of sequencing results and to create the

finished microglial Nfasc consensus sequence. The consensus sequence for microglial
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Nfasc was translated and the protein-coding region was identified using VectorNTI, then
using AlignX, microglial Nfasc was aligned with published sequences of Nfasc variants 1-
4 from NCBI (Accession numbers: NM_182716.4, NM_001160316.1, NM_001160317.1,

NM_001160318.1).

Statistical analysis

Graphing and statistical analyses were performed using GraphPad Prism version
6.03 (GraphPad Software, San Diego, CA). Data were analyzed by a Student’s t test or
one-way analysis of variance and where mean differences were significant, assessed
using Tukey’s Honest Significance Difference post hoc analysis. Treatment groups were
presented as percent of control (% Control £+ SEM) and p < 0.05 was considered

statistically significant.

3.4 Results

Nfasc is expressed in Microglia and Clusters at the Microglia-AlS Interface

Microglia make direct contact with the AIS during development and throughout
adulthood (Baalman et al., 2015). Furthermore, our laboratory found that this contact is
enhanced during chronic inflammation consistent with AIS disruption suggesting an
important interaction in regulating AIS stability (Clark et al., 2016). In order to elucidate
the significance of this interaction, the ultimate goal is to inhibit contact and quantitatively
assess the consequence on AIS structure and function. To this end, the first step is to
identify candidate molecules that potentially mediate this interaction, which defines the
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goal of this portion of my work. | determined that the neurofascin family of proteins exhibit
criteria that candidate molecules would need to exhibit including glial cell expression and
mediators of glial-neuronal interactions (Kriebel et al., 2012). Additionally, the neurofascin
family presents with multiple isoforms that are cell type specific (Zonta et al., 2008), which
is consistent with the possibility that microglia may express a novel isoform. Therefore, to
determine if a Nfasc isoform is expressed in microglia and has the potential to regulate
microglial-AlS contact during chronic inflammation, cortical brain sections from EAE-
induced mice were triple immunolabeled for the AIS (ankG, red), microglia (Iba-1, green),
and Nfasc (white) (Fig. 3.1). | used a pan-Nfasc antibody targeting the c-terminal domain
that is highly conserved among Nfasc isoforms. IHC analysis revealed that microglia (Fig.
3.1 A-B’, Iba-1" cells, green) label robustly for Nfasc (Fig. 3.1 A-B”, grey) and this labeling
is enhanced in microglial processes and clusters at the AIS interface (Fig. 3.1 A-B”,

merged, white arrows, inset). These data suggest that Nfasc is expressed in reactive

microglia and clusters at the point of contact between microglia and the AlS.

Microglial Nfasc is Up-regulated in Neuroinflammation

Our laboratory demonstrated that microglial-AlS contact is enhanced with
microglial reactivity and disease progression in the chronic neuroinflammatory model EAE
(Clark et al., 2016). Not only was the amount of microglial contact increased, but the type
of contact was enhanced with reactive microglia frequently aligning along the entire
domain and often surrounding the AIS coinciding with disease severity (Clark et al., 2016).
To determine if expression of microglial Nfasc coincides with disease progression, IHC

and western blot analyses were employed (Fig. 3.2). IHC analysis revealed Nfasc

114



immunoreactivity (C-term, gift of Dr. Bhat) was weakly detected in microglia of Naive mice
(Fig. 3.2 A-A’), but greatly enhanced in microglia of EAE-induced mice (Fig. 3.2 B-B’),
where labeling was observed in the cell bodies and peripheral processes (Fig. 3.2 B,
arrows). Western blot analysis using a second pan-Nfasc antibody targeting the
conserved cytoplasmic domain (FIGQY, gift of Dr. Rasband) revealed three Nfasc
isoforms in whole brain homogenate (5ug) (Fig. 3.2C, lane 1): Nfasc186 (neuron specific),
Nfascl155 (myelin specific), and Nfasc140 (immature neuron specific) (Collinson et al.,
1998; Davis et al., 1993; Hassel et al., 1997; Zhang et al., 2015; Zonta et al., 2008).
Homogenates (20ug) of isolated microglia from cortices of Naive and EAE mice revealed
three Nfasc bands of unique molecular weights that displayed increased density
corresponding with disease (Fig. 3.2C, lanes 2-5). Densitometric analysis was used to
determine if Nfasc expression was up-regulated in EAE (Fig. 3.2D). The calculated
intensities of the three prominent bands present in microglial isolates were combined and
normalized to GAPDH demonstrating a significant increase in microglial Nfasc during
neuroinflammation (149.9% + 16.24 EAE versus 100% * 6.1 naive, n=3, p < 0.05, Fig.

3.2D).

Microglia Express Nfasc mRNA and contain Nfasc binding domains Ig 5 and 6

Western blot analysis revealed that Nfasc protein is present in cortical microglial
isolates; however, to confirm that Nfasc protein was not due to phagocytosis and to
confirm that microglia express Nfasc mRNA, | amplified primer pairs designed to target
two conserved Nfasc domains (Fig. 3.3). Two primer sets were designed against the

highly conserved cytoplasmic domain (Fig. 3.3A, red arrows) and a primer set
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encompassing the Ig-like 5 and 6 domains (Fig. 3.3A, blue arrows), which play a role in
Nfasc homophilic binding (Itoh et al., 2004; Thaxton et al., 2010). PCR amplification of
cDNA isolated from microglia revealed the presence of both cytoplasmic and Ig-like
domains of Nfasc (Fig. 3.3 B,C, respectively). To confirm that Nfasc detection was not
due to cell contamination in the microglial isolates (such as neurons or oligodendrocytes)
or amplification of other L1 family members expressed by microglia, | employed microglial
Nfasc null mice. CX3CR1°eER*-/Nfasc? mice were injected with 4-HT to induce cre-
mediated recombination of the loxP flanked Nfasc sequence in CX3CR1* cells
(microglia). CX3CR1°¢ER*/Nfasc’ mice injected with sunflower seed oil (vehicle) served
as controls. Using previously published primers designed to amplify a 630bp Nfasc
product, which is only amplified after cre-mediated recombination (Thaxton et al., 2011),
PCR amplification revealed that recombination of the Nfasc allele took place in CX3CR1*
cells (microglia) in 4HT-injected mice, but not in sunflower controls or cre-negative
(CX3CR1ceER"/Nfasci™ mice (Fig. 3.3 D). qPCR analysis of cDNA isolated from
microglia of 4-HT- or sunflower-injected CX3CR1%¢ER*-/Nfasci® or cre-negative
(CX3CR1ceER"/Nfascl™) mice demonstrated reduced Nfasc mRNA levels in 4-HT-
injected microglia (28.02% + 6.9) versus sunflower controls (132.9% + 12.7, n=3, p <
0.01) (Fig. 3.3 E). No difference was detected between cre-negative and sunflower-
injected CX3CR1°ER*-/Nfasci mice (100% + 4.3 vs. 132.9% + 12.7, p = 0.16) (Fig. 3.3
E). These data confirm the presence of a Nfasc gene product in microglia and that
microglial Nfasc isoform(s) contain highly conserved domains and domains implicated in

Nfasc binding.
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Microglial Nfasc maintains conserved FNIIl and cytoplasmic domains and excludes

the alternatively spliced mucin and 5™ FNIIl domain

Western blot analysis revealed that microglia express Nfasc bands of unique
molecular weights (Fig. 3.2C). In an effort to determine if microglial Nfasc isoform(s) is
unique from major known isoforms, | employed RT-gPCR techniques. Nfasc has
numerous alternatively spliced domains (Fig. 3.4A, grey diagonal squares) generating
numerous cell-specific isoforms, which differ mainly in the alternative expression of the
various fibronectin type Il domains (Fig. 3.4A, F). Primers were designed against both
conserved and alternatively spliced FNIII domains (Fig. 3.4A, black arrows). RT-qgPCR
analysis using homogenates from whole brain, isolated oligodendrocytes, and isolated
microglia, revealed that, as expected, oligodendrocytes expressed the 3™ FNIII repeat
(Fig. 3.4B) but did not express the mucin domain or the 5" FNIII repeat (Fig. 3.4C,D),
which are domains specific for the neuron-associated isoform (Nfasc 186). However, all
three domains were present in the whole brain homogenate (Fig. 3.4B-D). Interestingly,
microglia also did not express the mucin domain or the 5™ FNIII repeat (Fig. 3.4C,D), but
did contain the 3@ FNIII repeat (Fig. 3.4B,E) and the conserved FNIII 1t, 2" and 4%
repeats (Fig. 3.4E). These data suggest that microglial Nfasc has a similar domain
composition in the FNIII domain region compared to Nfasc 155 expressed by

oligodendrocytes (Fig. 3.4F).
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Microglial Nfasc transcript is unique from Nfasc 186 and Nfasc 155

FNIII domain analysis revealed that microglial Nfasc has similar composition to
Nfasc 155. However, to determine if the remaining ectodomain of the microglial Nfasc
transcript is also similar to Nfasc 155, | amplified and sequenced the microglial Nfasc
transcript. Primers were designed targeting ~300-1000bp regions specific to the Nfasc
gene in stepwise fashion that overlapped by at least 100bp. PCR amplified products were
subjected to agarose gel electrophoresis (Fig. 3.5B-G) and purified for DNA sequencing.
These experiments revealed that microglia express Nfasc products of similar size to
Nfasc 186 (neurons) and Nfasc 155 (oligodendrocytes) in exons 7-9 and exons 13-17
(Fig. 3.5B, E, respectively). For exons 8-15 (Fig. 3.5B), Nfasc appears slightly larger in
oligodendrocytes than in neurons or microglia suggesting that microglia exclude an exon
that is maintained in oligodendrocytes. This finding is consistent with published
sequences demonstrating oligodendrocytes (Nfasc 155) maintain exon 11 whereas
neurons do not (Nfasc 186) (Davis et al., 1996; Tait et al., 2000). Likewise, microglia
exhibit a smaller PCR product for exons 15-21 (Fig. 3.5C). PCR primer sets, which
targeted exon 30, were not amplified in oligodendrocytes or microglia, further confirming
the absence of the mucin and 5" FNIII domain in these cell types (Fig. 3.5G). A primer
set that spans exons 27-36 demonstrated that, as expected, microglia exhibit a PCR
product of similar size to oligodendrocytes (Fig. 3.5D). Interestingly, two other amplified
products were detected in microglial samples (Fig. 3.5D). These bands were sequenced
and were also determined to be Nfasc products. For exons 19-27 (Fig. 3.5F), Nfasc
appears larger in microglia than oligodendrocytes, however, sequencing did not reveal

differences in the amplified targets.
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Using VectorNTI software, the nucleotide sequences were processed and a
contiguous nucleotide sequence for microglial Nfasc was obtained and the amino acid
sequence translated. Sequence alignment with the NCBI published sequences of major
Nfasc isoforms (Nfasc 186, Nfasc 155, and unidentified variant 4) revealed that, indeed,
microglia express a specific Nfasc transcript (Fig. 3.5H, partial sequence and Supp. Fig.
3.1, full sequence) and while it has similarity to the known isoforms (Fig. 3.5 H, yellow
regions), it exhibits a unique sequence compared to Nfasc 186 and Nfasc 155 (Fig. 3.5
H, blue region). This unique exclusion corresponded with the sequence of exon 20 (45
bp, amino acids 629-643) demonstrating that microglia express a unique Nfasc isoform
that excludes alternatively spliced hinge domains in the N-terminal region, the mucin and
the 5" FNIII domain, but includes the 3™ FNIII repeat (Fig. 3.6). The inclusion/exclusion
of the Nfasc domains was further confirmed using gPCR analysis utilizing microglial Nfasc
null mice (Fig. 3.7). RT-gPCR of isolated microglia of 4-HT or sunflower injected
CX3CR1ceER*-/Nfasc™ mice revealed reduced Nfasc cytoplasmic (Fig. 3.7A, mean
difference 0.49 + 0.11, p < 0.05), 1%t FNIII (Fig. 3.7B, mean difference 0.60 + 0.14, p <
0.05), and 3 FNIII (Fig. 3.7C, mean difference 0.61 + 0.03, p < 0.05) mRNA levels in 4-
HT-injected microglia versus sunflower controls demonstrating that these domains are
present in microglial Nfasc and were diminished in the microglial-specific Nfasc knockout

mouse.

Microglial Nfasc protein is not reduced 45 days after 4HT induction

PCR analysis of microglia of 4-HT- or sunflower-injected CX3CR1°¢ER*-/Nfasc™

mice confirmed Nfasc gene recombination and Nfasc mMRNA reduction in microglia of 4-
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HT-injected mice (Fig, 3.3); therefore, to determine if Nfasc protein levels were also
reduced, western blot analysis was used. Western blot analysis using the pan-Nfasc
FIGQY antibody revealed Nfasc bands in isolated microglia from cortices of sunflower-
injected mice (Fig. 3.8A, lane 1), and these bands were not diminished 30 days post-4-
HT induction in 4-HT-injected mice (Fig. 3.8A, lane 2). Conditional ablation of Nfasc 155
revealed that Nfasc 155 protein levels are not significantly reduced, however, until 40
days post-tamoxifen induction (Pillai et al., 2009). Therefore, we investigated microglial
Nfasc protein levels 45 days post-4HT induction and found that Nfasc protein was not
diminished in microglia from 4-HT-injected CX3CR1°¢¢ER*-/Nfasc™ mice (Fig. 3.8B). Both
Nfasc gene recombination (Fig. 3.8C) and reduced Nfasc mRNA levels (Fig. 3.8C) were
detected at 45 days post-4-HT induction, however, demonstrating that persistent Nfasc

protein levels was not due to lack of cre-recombination.

3.5 Discussion

Microglia interact with the AIS beginning early in development and throughout
adulthood (Baalman et al., 2015) and this interaction is enhanced during
neuroinflammatory conditions (Clark et al., 2016) suggesting an important interaction in
regulating AIS stability. The cell adhesion molecule Nfasc and its various isoforms are
important for regulating axonal domain stability as well as regulating axo-glial interactions
(Hedstrom and Rasband, 2006; Sherman et al., 2005; Zonta et al., 2008). In this study,
we utilized IHC, PCR, and western blot analyses and determined that a unique isoform
of the cell adhesion molecule Nfasc is expressed by microglia, and employed conditional
ablation strategies of Nfasc in microglia to validate these novel findings. Furthermore, |
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identified microglial Nfasc as a candidate molecule that may regulate the interaction

between microglia and the AlIS.

Microglial Nfasc Contains Conserved Ig Binding Domains: Implications for

Homophilic Binding

Sequence analysis revealed that conserved Ig domains essential for protein
binding are present in microglial Nfasc (Fig. 3.3, 3.6). Ig domains are important for
mediating interactions of Nfasc and other L1 family CAMs (Itoh et al., 2004; Liu et al.,
2011; Thaxton et al., 2010) and analysis of Ig domain conformation suggested that these
proteins could preferentially interact in a homophilic manner (i.e. with other L1 family
CAMSs). The crystallized structure of Nfasc 155 Ig 1-4 domains revealed that Nfasc exists
in a horseshoe conformation (Liu et al., 2011) similar to that reported for LICAM and L1
homologs (Hall et al., 2000; Schirmann et al., 2001; Wei and Ryu, 2012). In this
conformation the first and second Ig domains (Igl and Ig2) fold back to interact with the
fourth and third Ig domains (Ig4 and 1g3), respectively. The authors predicted that
homophilic interactions occur through a dimeric interaction between the edges of Ig2
domains with a perpendicular association between the edges of Ig 2 and 3 domains (Liu
etal., 2011). While the horseshoe conformation was determined using Nfasc155, the high
degree of conservation of the Ig like domains among Nfasc isoforms suggests that other
Nfasc isoforms likely exhibit this conformation as well. Furthermore, due to the strength
of the interaction that was measured between Ig domains in the horseshoe structure, the
authors proposed that other L1 CAMs likely exist in the horseshoe conformation instead

of the previously proposed extended conformation (Schirmann et al., 2001). If this is true,
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the authors suggest that this would increase the likelihood of homophilic interactions
among L1 family molecules (Liu et al., 2011). Indeed, this has been shown for Nfasc,
NrCAM and L1CAM (Desmazieres et al., 2014; Feinberg et al., 2010; Labasque et al.,
2011; Lambert et al., 1997; McEwen and Isom, 2004; Ogawa et al., 2006; Ratcliffe et al.,
2001; Volkmer et al., 1996). Interestingly, NrfCAM and Nfasc186, which are potential

binding partners of microglial Nfasc, are clustered at the AlS.

While studies have shown that the first four Ig domains participate in the horseshoe
structure and potentially in homophilic binding, other studies have revealed that the Ig5
and 6 domains are also important for mediating homophilic adhesion. Deletion of 1g6 in
mice interfered with LLCAM homophilic binding (Itoh et al., 2004) and knockout of Ig5 and
6 domains in Nfasc 155 in mice resulted in a lack of paranodal septate junctions and
juxtaparanode disruption mimicking the total loss of Nfascl55 (Thaxton et al., 2010).
These data demonstrate that while the horseshoe region may be important for homophilic
interactions, it is not the only region involved. Nevertheless, microglial Nfasc contains all

6 Ig like domains implicating L1 family molecules as potential binding partners.

Microglial Nfasc excludes the Ig2-l1g3 linker sequence: Implications for Horseshoe

Conformation

The extracellular region of Nfasc and other L1 family molecules contains the
characteristic Ig like and FNIII domains, but it also includes peptide sequences that are
not included in either of these types of domains. One such peptide sequence is a linker

peptide located between Ig2 and 3 (Nfasc exon 11, Fig. 3.4). This sequence is thought to
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be provide flexibility, allowing Igl and 2 to pivot independently of the rest of LLCAM
(Bateman et al., 1996) and allowing the Ig domains to adopt the horseshoe conformation
(De Angelis et al., 2002). Nfasc 155 includes the Ig2-Ig3 linker and its crystallized
structure revealed a horseshoe conformation. Furthermore, Nfasc 155 interacts with
contactin (Gollan et al., 2003), a member of the Ig superfamily, underscoring the
possibility that the Ig2-lIg3 linker peptide is critical for homophilic interactions. However,
Nfasc 186 lacks the Ig2—Ig3 linker and reported binding partners for Nfasc 186 include
NrCAM (Lustig et al., 2001; Volkmer et al., 1996), a homophilic binding partner
suggesting that the 1g2-Ig3 linker peptide is not necessary for such associations.
Interestingly, in the CNS, NrCAM-Nfasc binding occurs in cis, and Nfasc 186 binding
partners in trans have not yet included other L1 CAMs, but rather ECM molecules
(Hedstrom et al., 2007; Labasque et al., 2011; Volkmer et al., 1998). Perhaps lack of the
Ig2-1g3 linker sequence in Nfasc 186 and, consequently, a lack of horseshoe
conformation provides rationale for this observation. If so, a similar interaction with ECM

molecules is possible for microglial Nfasc, which also lacks the 1g2-1g3 linker sequence.

Microglial Nfasc also lacks a hinge domain, located between the Ig like and FNIII
domains, which is included in other Nfasc isoforms. When this domain was excluded
using site-directed mutagenesis, quantitation of Nfasc-Fc protein aggregation
demonstrated less homophilic binding (Basak et al., 2007). These data suggest that
microglial Nfasc, while capable of interacting homophilically, may instead participate in

heterophilic interactions.
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Microglial Nfasc Contains the RGD Integrin Binding Motif: Implications for

Heterophilic Interactions

Consistent with microglial Nfasc participating in heterophilic interactions, microglial
Nfasc contains a specific Arg-Gly-Asp (RGD) integrin binding motif in its ectodomain. This
sequence is located in the third FNIII repeat of microglial Nfasc and Nfasc 155 and in the
Ig6 domain of LLCAM. The RGD amino acid sequence mediates binding with RGD-
specific integrins including B1 integrins, VLA-5, and a5B3, which are important for
promoting cell adhesion and directional motility (Felding-Habermann et al., 1997; Hortsch
et al., 2014; Koticha et al., 2005; Montgomery et al., 1996; Ruppert et al., 1995; Thelen
et al., 2002; Yip et al., 1998). Microglia express integrins that, upon binding, regulate the
inflammatory response and cell motility such as CD11b, VLA-4, and VLA-5. These are
up-regulated in microglia during pro-inflammatory conditions and play a role in microglial
NOX2-mediated activation, migration, and recruitment (Kim et al., 2014; Milner and
Campbell, 2003; Zhang et al., 2018). Nfasc molecules may interact with integrins to
enhance clustering and initiate downstream signaling cascades. This has been shown for
L1CAM, which interacts with B1 integrins, resulting in increased clustering and initiation
of signal transduction through activation of PI3 kinase and ERK, thereby promoting cell
adhesion to ECM proteins (Maness and Schachner, 2007; Silletti et al., 2004; Thelen et

al., 2002).

Integrin binding also initiates signaling cascades with growth factor signaling
networks to promote motility. For example, expression of a chick Nfasc isoform that lacks
the mucin/5™ FNIII domain induced association with the fibroblast growth factor receptor

1 (FGFR1) in neurons resulting in the regulation of process extension, whereas the Nfasc
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isoform maintaining the mucin/5" FNIII domain did not interact with FGFR1 (Kirschbaum
et al., 2009). Furthermore, direct binding of fibroblast growth factor receptor 1 to integrin
a5B3 was necessary for proper FGFR1 signaling (Mori et al., 2008). Likewise,
simultaneous stimulation of integrin by L1 and platelet derived growth factor receptor in
HEK293 cells caused sustained activation of the MAP kinase pathway, which activated
transcription of cell motility genes. Application of RGD-containing peptides blocked
interaction with the ECM and migration demonstrating this interaction is dependent on the
RGD sequence (Thelen et al., 2002). These findings suggest a common mechanism
among IgCAMs to modulate integrin activated pathways. The integrin binding RGD
domain in the 3™ FNIII repeat is maintained in oligodendrocyte Nfasc 155 and microglial
Nfasc, but excluded from neuronal Nfasc 186 and 140, thus integrin-mediated signaling

may be a unique function specific to glial Nfascs.

Microglial Nfasc Contains Conserved Ankyrin-Binding Domains: Implications for

Intracellular Interactions

Clustering of L1-type CAMs occurs not only through extracellular interactions, but
also through the binding of intracellular scaffolding proteins. The cytoplasmic segment
consists of 110 amino acid residues and contains characteristic tyrosine-containing amino
acid motifs. Two of these motifs, LVDY and FIGQY, exhibit the highest degree of
sequence conservation throughout the L1 family and comprise the ankyrin-binding site
(Garver et al.,, 1997; Hortsch, 1996, 2000; Tuvia et al., 1997; Zhang et al., 1998).
Specifically, the phosphorylation/dephosphorylation of the FIGQY motif regulates the

reversible binding of L1-type proteins to ankyrin (Garver et al., 1997), an adaptor protein
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that links L1 molecules, ion channels, and calcium-release channels to the spectrin-based
membrane skeleton (Bennett and Baines, 2001; Davis and Bennett, 1994; Garver et al.,
1997; Jenkins and Bennett, 2002). The presence of the highly conserved LVDY and
FIGQY (Supplementary Fig. 3.1) and high conservation of the L1-ankyrin interaction
throughout the L1 family suggests that recruitment of membrane skeletal elements is an
important aspect of L1 function and, thus, microglial Nfasc. Interestingly, increased ANK1,
the ankyrinR coding gene, has been associated with disease pathogenesis in Alzheimer’s
disease (De Jager et al., 2014; Lunnon et al., 2014) and a recent study utilized laser
capture microdissection to reveal that microglia in the hippocampus of patients with
Alzheimer’s disease increased expression of ankyrin (ANK1) 4-fold, but not astrocytes or
neurons (Mastroeni et al., 2017). They found a similar increase in ANK1 in microglia from
tissue of patients with Parkinson’s disease suggesting that microglial alterations of
ankyrin may not be disease specific, but rather a response to a common pathway in
neurodegenerative conditions (e.g. inflammation or oxidative stress) (Mastroeni et al.,
2017). It will be interesting to determine if the highly conserved Nfasc/ankyrin interaction
is present in microglia and if this interaction could play an important role in the microglial
response during inflammatory conditions. Indeed, western blot and IHC analyses
presented here revealed a significant upregulation of microglial Nfasc in inflammatory

conditions (Fig. 3.2).

Nfasc in Microglia: Multiple isoforms or Post-Translational Processing?

Western blot analysis revealed three immunoreactive Nfasc bands (Fig. 3.2). One

explanation for this finding is contamination from other cellular sources; however,
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microglia for western blot analysis were isolated via FACS (Supp. Fig. 3.2) and gPCR
analysis of cell specific markers in FACS-isolated samples revealed that microglial
isolates were enriched for microglial marker colony stimulating factor 1 receptor (CSFL1r),
but not the oligodendrocyte marker cyclic nucleotide phosphodiesterase (CNP) or the
neuronal marker RNA binding fox-1 homolog 3 (RbFox3) (Supp. Fig. 3.3). Thus, another
explanation is that microglia express multiple Nfasc isoforms, consistent with reports for

other cell types (Charles et al., 2002; Zhang et al., 2015).

An alternative explanation for multiple Nfasc bands is posttranslational
modifications. Posttranslational modification of Nfasc CAMs include palmitoylation (Ren
and Bennett, 1998), o-mannosylation (Pacharra et al., 2012), phosphorylation (Tuvia et
al., 1997), and glycosylation (Davis et al., 1993; Labasque et al., 2014; Maier et al., 2005;
Volkmer et al., 1992) . In particular, Nfasc isoforms and other Ig type CAMs can be
extensively N-linked glycosylated, which can account for 25% of total protein mass
(Haspel and Grumet, 2003; Salton et al., 1983; Stallcup and Beasley, 1985); thus, N-
linked glycosylations could also explain the size difference among the three bands in

microglia.

Microglial Nfasc protein: highly stable or increased microglial proliferation?

Pillai and colleagues (2009) demonstrated that Nfasc 155 levels persist at 40 days
after tamoxifen induction and near-complete absence of Nfasc 155 is not seen until 90
days after injection (Pillai et al., 2009). These findings indicate that Nfasc 155 is quite

stable once expressed. In this study, we examined microglial Nfasc protein levels at 45
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days post-induction and found that Nfasc bands were not diminished in Nfasc null mice
(Fig. 3.8). However, DNA and RNA analysis confirmed that gene recombination and
reduction of Nfasc transcript took place suggesting that lack of protein reduction may be

due to protein stability.

Persistent Nfasc protein levels could also be due to new protein production. Cre-
mediated gene recombination is not 100% efficient and complete loss of Nfasc transcript
is not detected after 4-HT induction (Fig. 3.3 and 3.8). Therefore, proliferation of microglia
that have not undergone gene recombination could result in increased production of
Nfasc in 4HT-injected mice, and thus, overall protein levels could maintain. Interestingly,
guantitation of Nfasc transcript levels in this study revealed that at 14 days post-4-HT
induction there was an approximate 70% reduction of Nfasc mRNA; however, at 45 days
post-4-HT there was a 45% reduction detected (Fig. 3.8D). These findings suggest that
there may be a preferential proliferation of cells in which Nfasc is not disrupted; though,

further studies investigating cell proliferation are needed to clarify this.

Sequence of Microglial Nfasc Aligns with Previously Unidentified Variant 4

Complete sequence alignment with published Nfasc sequences from NCBI yielded
a surprising find: while the microglial Nfasc isoform was unique compared to Nfasc 186
and Nfasc 155, it strongly aligned with the sequence for variant 4 (Supp. Fig. 3.1). Variant
4 is a Nfasc sequence for a Nfasc isoform with an unidentified cellular origin. A study
performing large-scale sequencing analysis on whole brain homogenate identified and

published sequences for four Nfasc variants (Okazaki et al., 2003; Strausberg et al.,
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2002). Two of these sequences correspond to characterized isoforms: variant 1 — Nfasc
186, variant 2 — Nfasc 155; however, the cellular source for variants 3 and 4 had not been
determined. Here, | found that the sequence of microglial Nfasc aligns with variant 4
(Supp. Fig. 3.1)(Fig. 3.5A), which has a domain composition excluding alternatively
spliced hinge domains in the N-terminal and central region, the mucin domain and 5%

FNIII repeat while including the 3™ FNIII repeat (Fig. 3.6).

Conclusion

Here, | have demonstrated that microglia express a novel Nfasc isoform and this
isoform is enriched in microglial processes and at the interface of microglia-AlS contact.
Furthermore, expression of microglial Nfasc is upregulated in neuroinflammatory
conditions paralleling disease-dependent increase in microglia-AlS contact. Therefore,
these findings identify a candidate that may regulate the contact between microglia and
the AIS, though previous findings of functions and interactions of other IgCAM family
members suggest that this protein may have numerous interacting partners consistent

with the diverse roles microglia play in the CNS.
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Figure 3.1
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Figure 3.1. Microglial Nfasc Clusters at the Microglia-AlS Interface. Microglia,
visualized by Iba-1 immunolabeling (A-B’, green), from cortical brain sections of EAE-
induced mice have robust Nfasc labeling (A-B”, grey, white arrows) that clusters in

microglial processes and at the microglia/AlS interface (A-B’”, white arrows).
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Figure 3.2
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Figure 3.2. Microglial Nfasc is Up-regulated in EAE. A-B, Cortical brain sections from
naive mice reveal microglia (A-B, lIba-1, green) lack detectable levels of Nfasc (A, red);
however, microglia in EAE-induced mice have robust Nfasc labeling (B”, red). C-D,
Western blot analysis using a FIGQY pan-Nfasc antibody revealed 3 Nfasc isoforms in
whole brain homogenate (5ug) (C): Nfascl86 (neuron specific), Nfascl55 (myelin
specific), and Nfasc140 (immature neuron specific). Homogenates (20ug) of isolated
microglia from cortices of Naive and EAE mice revealed Nfasc bands of unique molecular
weights that displayed increased density corresponding with increased disease severity
(C). D, Densitometric analysis of prominent Nfasc bands present in isolated microglia (C,
3 bands, combined) as a ratio of GAPDH expression revealed a significant increase in
Nfasc expression in EAE-induced mice. An asterisk indicates significant difference (n=3,

p < 0.05) from naive.

133



Figure 3.3
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Figure 3.3. Microglia Express Nfasc mRNA, Contain Nfasc binding domains Ig 5
and 6, and Generation of Microglia-specific Nfasc null mice Confirms Presence of
Nfasc Gene Product. A, schematic diagram depicting Nfasc exons (A, grey) and the
coding exons for Ig-like, FN type 1, and cytoplasmic protein domains (A, red). Nfasc has
numerous alternatively spliced exons represented by grey squares with diagonal lines
(A). Two well-characterized Nfasc isoforms, Nfasc 186 (A, green) and Nfasc 155 (A,
yellow), are shown. White squares indicate exons that are alternatively spliced in that
isoform. Primer pairs were designed against two domains conserved between Nfasc
isoforms: Ig 5 and 6 (A, blue arrows) and cytoplasmic domain (A, red arrows, two sets).
B, PCR amplification of cDNA from FACS-isolated microglia of WT mice revealed that
isolated microglia contain both the conserved Nfasc cytoplasmic domain (B) as well as
the conserved Nfasc binding domain Ig 5 and 6 (C). D, CX3CR1°eER*-/Nfasc’ mice
confirmed that Nfasc mRNA detected in microglial isolates were Nfasc gene products.
PCR amplification of genomic DNA isolated from microglia of 4HT or sunflower injected
CX3CR1ceER*-/Nfasc™ mice and CX3CR1°¢eER//Nfasc mice using specific primers
recognizing the excision product of the Nfasc allele. The presence of the 630bp band
confirmed that cre-mediated recombination of the Nfasc allele took place in CX3CR1-
positive cells (microglia) in 4HT-injected mice, but not in sunflower (vehicle) controls or
cre-negative (CX3CR1®ER’/Nfasc™™) mice. E, RT-qPCR of cDNA isolated from whole
brain or microglia of 4HT or sunflower injected CX3CR1°¢¢ER*-/Nfasc™ mice demonstrates
reduced Nfasc mRNA levels in 4HT-injected microglia versus sunflower controls;

however, Nfasc levels in other cell types (whole brain homogenate) are not diminished.
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Figure 3.4
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Figure 3.4. Microglial Nfasc Maintains Conserved FNIIl and Cytoplasmic Domains
and Excludes the Alternatively Spliced Mucin and 5" FNIIl Repeat. A, schematic
diagram depicting Nfasc exons (A, grey) and the coding exons for Ig-like, FN type Ill, and
cytoplasmic protein domains (A, red). Nfasc has numerous alternatively spliced exons
represented by grey squares with diagonal lines (A). Two well-characterized Nfasc
isoforms, Nfasc 186 (A, green) and Nfasc 155 (A, yellow), are shown. White squares
indicate exons which are alternatively spliced in that isoform. Nfasc 186 (A, green), a
neuronal-specific isoform, begins coding in the 5" exon, excludes exons 11 and 25-26
(FNIIl 3 repeat), and maintain exons 30, 32, and 33 (FNIIl 5" repeat and mucin
domains). Conversely, Nfasc 155, the myelin-specific isoform, maintains exons 11 and
the FNIII 3 repeat, while excluding the FNIII 5" repeat and mucin domains. Primer pairs
were designed against the conserved cytoplasmic domain and several fibronectin type Il
(FNII) domains which are either conserved among isoforms or alternatively spliced (A,
black arrows). B-D, RT-qPCR analysis of whole brain homogenate, isolated
oligodendrocytes, and FACS-isolated microglia revealed that the Nfasc cytoplasmic
domain was amplified in all samples (B); however, the mucin (C) and 5" FNIII repeat (D)
was not detected in oligodendrocytes or microglia demonstrating that microglial Nfasc
has similar domain composition in the FNIIl region to Nfasc 155 present in
oligodendrocytes. E, RT-gPCR amplified Nfasc products from microglia were analyzed
by agarose gel electrophoresis confirming the presence or absence of various FNIII
domains. F, schematic depicting protein domain composition of Nfasc 186, Nfasc 155,
and microglial Nfasc demonstrating that microglial Nfasc has similar composition to Nfasc

155 in the FNIII region.
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Figure 3.5
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Nfasc 186 (584) ERDQGSYTCMASTELDQDLAKAYLTVL.DQATPTNRLAALPKGRPDRPRD
Nfasc 155 (595) ERDQGSYTCMASTELDQDLAKAYLTVL.DQATPTNRLAALPKGRPDRPRD
Microglia (428) ERDQGSYTCMASTELDQDLAKAYLTVLI ——————————————— RPDRPRD

651 700
Nfasc 186 (634) LELTDLAERSVRLTWIPGDDNNSPITDYVVQFEEDQFQPGVWHDHSREPG
Nfasc 155 (645) LELTDLAERSVRLTWIPGDDNNSPITDYVVQFEEDQFQPGVWHDHSREPG
Microglia (463) LELTDLAERSVRLTWIPGDDNNSPITDYVVQFEEDQFQPGVWHDHSREPG

701 750
Nfasc 186 (684) SVNSAVLHLSPYVNYQFRVIAVNEVGSSHPSLPSERYRTSGAPPESNPSD
Nfasc 155 (695) SVNSAVLHLSPYVNYQFRVIAVNEVGSSHPSLPSERYRTSGAPPESNPSD
Microglia (513) SVNSAVLHLSPYVNYQFRVIAVNEVGSSHPSLPSERYRTSGAPPESNPSD

751 800
Nfasc 186 (734) VKGEGTRKNNMEITWTPMNATSAFGPNLRYIVKWRRRETRETWNNVTVWG
Nfasc 155 (745) VKGEGTRKNNMEITWTPMNATSAFGPNLRYIVKWRRRETRETWNNVTVWG
Microglia (563) VKGEGTRKNNMEITWTPMNATSAFGPNLRYIVKWRRRETRETWNNVTVWG
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Figure 3.5. PCR Amplification and Sequencing Reveals Microglial Nfasc Transcript
is Unique from Nfasc 186 and Nfasc 155. A, schematic diagram depicting Nfasc exons
(A, grey) and the coding exons for Ig-like, FN type 1ll, and cytoplasmic protein domains
(A, red). Nfasc has numerous alternatively spliced exons represented by grey squares
with diagonal lines (A). Two well-characterized Nfasc isoforms, Nfasc 186 (A, green) and
Nfasc 155 (A, yellow), and newly identified microglial Nfasc (A, blue) are shown. White
squares indicate exons which are alternatively spliced in that isoform. Microglial Nfasc (A,
blue) has some differences in the 5° UTR but maintains the same coding exon as Nfasc
186 and 155. Microglial Nfasc excludes exon 20 demonstrating its uniqueness compared
to other described isoforms. B-G, PCR amplification of cDNA from FACS-isolated
microglia, neurons, oligodendrocytes, or whole brain homogenate. Primer pairs were
designed to span ~300-1000bp regions of the coding region of the Nfasc gene with at
least 100bp of overlap. Amplified products were analyzed by agarose gel electrophoresis
and gel-purified products were commercially sequenced. H, Sequence alignment
revealed microglial Nfasc is highly similar to known Nfasc isoforms (G, yellow regions):
however, microglial Nfasc has a unique region compared to neuronal Nfasc 186 and
myelin Nfasc 155 (H, blue regions) as it excludes exon 20, a small domain present at the
hinge region between Ig-like and FNIII domains. Full sequence alignment is present in

Supplementary Figure 3.1.
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Figure 3.6
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Figure 3.6. Proposed Domain Composition of Microglial Nfasc. Proposed domain
composition based on the sequenced transcript of microglial Nfasc demonstrates the exclusion
of a small domains present at the N-terminus and a hinge domain between the Ig-like and FNIII

domains.
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Figure 3.7
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Figure 3.7. RT-qPCR Analysis using microglial Nfasc null mice confirms that
Microglial Nfasc Transcript has the Conserved Cytoplasmic and 1St FNIIl Repeat
and the Alternatively Spliced 3™ FNIII Repeat. A-C, relative expression levels of Nfasc
mRNA in FACS-isolated microglia from 4HT or sunflower injected CX3CR1¢¢ER*/Nfascf
mice demonstrates reduced levels of Nfasc cytoplasmic (A), 15t FNIII (B), and the 3™ FNII|
domains in 4HT-injected microglia. These data confirm the presence of these domains in
microglial Nfasc. An asterisk indicates significant difference (n=3, p < 0.05) from

sunflower control.
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Figure 3.8
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Figure 3.8. Protein levels are not reduced 45 days post-4-HT induction in
CX3CR1°eER*-Nfasc™ mice. A-B, Western blot analysis using a FIGQY pan-Nfasc
antibody revealed Nfasc immunoreactive bands are not diminished in isolated microglia
from 4-HT injected CX3CR1°¢¢ER*-/Nfasc™ mice compared to vehicle sunflower injected
CX3CR1°¢eER*-/Nfasc™ mice at either 30 (A) or 45 (B) days post-4-HT induction. C, PCR
amplification of genomic DNA isolated from microglia of 4-HT or sunflower injected
CX3CR1ceER*-/Nfasc™ mice using primers recognizing the excision product of
the Nfasc allele. The presence of the 630bp band confirmed that cre-mediated
recombination of the Nfasc allele took place in CX3CR1-positive cells (microglia) in 4-HT-
injected mice, but not in sunflower (vehicle) control mice at 45 days post-4-HT induction.
D, RT-gPCR of cDNA isolated from microglia of 4-HT or sunflower injected CX3CR1°/¢ER+-
INfasc™ mice demonstrates reduced Nfasc mRNA levels in 4-HT-injected microglia
versus sunflower controls. An asterisk indicates significant difference (n=3-5, p < 0.05)

from sunflower control.
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Table 3.1. Oligonucleotide Primer Pairs Used for RT-qPCR and end-point PCR

Gene Forward Primer Reverse Primer Expected
5'> 3) (5'> 3) Size (bp)
Nfasc cyto 2 GTGATGAGGACAACAAGCCC CTCTCCTGCTGCVTTGATGGT 70
Nfasc cyto 1 CAAGTACCCAGTGCGGGAAA CTCTCCTGCTGCTTGATGGT 150
Nfasc 15t FNIII AGTGTGAGGCTGACCTGGAT TGGGAACCTGGAGTGGTCA 120
nd
(';'Zf:kit aIA,22007) FNIIT| ATTeTCAAGTGGCGACGGA CCAAAGTCATTTTCAGCCTGG 134
Nfasc 39 FNIII
(Basak ot al, 2007) TCAGTGGAACCGAGTCTACTC | ACCACCACCATCTCCAGCTTG 201
Nfasc 4™ FNII
(Basath ot 4l 2007) TTTCAGAGTCCGACAGCCCAA | TTCCACCATCTGCTTTCCCAG 139
Nfasc 5" FNIII
(Bacak ot al. 2007) TGGAAGCACAATTTCAGGCC AATACACCCGCAACGTGTACG 151
Nfasc Mucin
(Basak ot al., 2007) TTCTCCCTCAGTGCCAGGAC TGGGATGATGGGAACTGTTGT 201
Cyclophilin A CTAGAGGGCATGGATGTGGT TGACATCCTTCAGTGGCTTG 78
PGK1 ATGCAAAGACTGGCCAAGCTAC | AGCCACAGCCTCAGCATATTTC 104
Nfasc exons 7-9 AGAATGAGCTGACCCAACCC CGACGGGGTCTAGGTTTTCC 351
Nfasc exons 8-15 | TGCAGGTGTCCAAATCTCCC CCAGCAGGTAGCCATGTTCA 855
Nfasc exons 13-17 | GCACACGATCTCGGTGAGAG TTTTCGGCTTTGCCCAGGAT 558
Nfasc exons 15-21 | CAGCAGGGCAGTGTACCAAT CTCACACTCCTCTCAGCCAG 732
(Ilg 5 and 6)
Nfsac exons 19-30 | GCAAAGGCCTACCTCACTGT GGAGGAGCTGCAGTTGGAGT 983
Nfasc exons 27-36 | GCTACTCCAACTGCAGCTTACAC | TTCATTTCCTTGGGGAGAGCC 939
Nfasc exons 30-36 | AACTGCAGCTCCTCCCAC TCATTGCCCTCCGTTTCCTC 800
Nfasc exons 19-27 | GCAAAGGCCTACCTCACTGT GCAAGGGCAGTAGCATCAGT 1048
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GAPDH

AACTTTGGCATTGTGGAAGG ATCCACAGTCTTCTGGGTGG 69
(QRT-PCR)

GAPDH TGATGGGTGTGAACCACGAG GCCTCTCTTGCTCAGTGTCC 661
(end-point PCR)

RbFox3 GTTGCCTACCGGGGTGCACAC TGCTCCAGTGCCGCTCCATAAG 110
(NeuN)

CNP TTCTGTGACTACGGGAAGGC TCTCTTCACCACCTCCTGCT 63
(Bennett et al., 2016)

CSF1r TGAGCAAGACCTGGACAAGGA CCGCTGGTCAACAGCACGTTT 153

(Bennett et al., 2016)
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Supplementary Figure 3.1
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1 50
MARQOAPPWVHIALILFLLSLGGAIEIPMDPSIQONELTQPPTITKQSVKD
MARQOQAPPWVHIALILFLLSLGGAIEIPMD-——-—--- LTQPPTITKQSVKD
MARQQOAPPWVHIALILFLLSLGGAIEIPMD-——-—--- LTQPPTITKQSVKD
MARQQOAPPWVHIALILFLLSLGGAIEIPMD------ LTQPPTITKQSVKD
———————————————————————————————————— LTQPPTITKQSVKD
51 100

HIVDPRDNILIECEAKGNPAPSFHWTRNSREFNIAKDPRVSMRRRSGTLV
HIVDPRDNILIECEAKGNPAPSFHWTRNSREFNIAKDPRVSMRRRSGTLV
HIVDPRDNILIECEAKGNPAPSFHWTRNSREENIAKDPRVSMRRRSGTLV
HIVDPRDNILIECEAKGNPAPSFHWTRNSREFEFNIAKDPRVSMRRRSGTLV
HIVDPRDNILIECEAKGNPAPSFHWTRNSREEFNIAKDPRVSMRRRSGTLV
101 150
IDFRSGGRPEEYEGEYQCFARNKFGTALSNRIRLOVSKSPLWPKENLDPV
IDFRSGGRPEEYEGEYQCFARNKFGTALSNRIRLOQVSKSPLWPKENLDPV
IDFRSGGRPEEYEGEYQCFARNKFGTALSNRIRLOQVSKSPLWPKENLDPV
IDFRSGGRPEEYEGEYQCFARNKFGTALSNRIRLOQVSKSPLWPKENLDPV
IDFRSGGRPEEYEGEYQCFARNKFGTALSNRIRLOVSKSPLWPKENLDPV
151 200
VVQEGAPLTLOCNPPPGLPSPVIFWMSSSMEPITQDKRVSQGHNGDLYFES
VVQEGAPLTLOCNPPPGLPSPVIFWMSSSMEPITQDKRVSQGHNGDLYFES
VVQEGAPLTLOCNPPPGLPSPVIFWMSSSMEPITQDKRVSQGHNGDLYFES
VVQEGAPLTLOCNPPPGLPSPVIEFWMSSSMEPITQODKRVSQGHNGDLYFE'S
VVQEGAPLTLOCNPPPGLPSPVIFWMSSSMEPITQODKRVSQGHNGDLYFE'S
201 250
NVMLODMQTDYSCNARFHFTHTIQOKNPFTLKVLTI--—-——-—-—————-—
NVMLODMQTDYSCNARFHFTHTIQOKNPEFTLKVLTNNPYNDSSLRNHPDI
NVMLODMOTDYSCNARFHETHT IQOKNPEFTLKVLTNNPYNDSSLRNHPDI
NVMLODMOTDYSCNARFHFTHT IQQKNPFTLKVLTT-—--—-—--——=-———-——
NVMLODMQTDYSCNARFHFTHTIQOKNPFTLKVLTI--———-—-—————-—
251 300
—-—-—-RGVAERTPSFMYPQGTSSSOMVLRGMDLLLECIASGVPTPDIAWYKK
YSARGVAERTPSFMYPQOGTSSSQOQMVLRGMDLLLECIASGVPTPDIAWYKK
YSARGVAERTPSFMYPQOGTSSSOQMVLRGMDLLLECIASGVPTPDIAWYKK
—-—-—-RGVAERTPSFMYPQGTSSSOMVLRGMDLLLECIASGVPTPDIAWYKK
—-——-RGVAERTPSFMYPQGTSSSQMVLRGMDLLLECIASGVPTPDIAWYKK
301 350
GGDLPSNKAKFENFNKALRITNVSEEDSGEYFCLASNKMGSIRHTISVRV
GGDLPSNKAKFENFNKALRITNVSEEDSGEYFCLASNKMGSIRHTISVRV
GGDLPSNKAKFENFNKALRITNVSEEDSGEYFCLASNKMGSIRHTISVRV
GGDLPSNKAKFENFNKALRITNVSEEDSGEYFCLASNKMGSIRHTISVRV
GGDLPSNKAKFENFNKALRITNVSEEDSGEYFCLASNKMGSIRHTISVRV
351 400
KAAPYWLDEPKNLILAPGEDGRLVCRANGNPKPTVQWMVNGEPLQSAPPN
KAAPYWLDEPKNLILAPGEDGRLVCRANGNPKPTVQWMVNGEPLQSAPPN
KAAPYWLDEPKNLILAPGEDGRLVCRANGNPKPTVQWMVNGEPLQSAPPN
KAAPYWLDEPKNLILAPGEDGRLVCRANGNPKPTVQWMVNGEPLQSAPPN
KAAPYWLDEPKNLILAPGEDGRLVCRANGNPKPTVQWMVNGEPLQSAPPN
401 450
PNREVAGDTIIFRDTQISSRAVYQCNTSNEHGYLLANAFVSVLDVPPRML
PNREVAGDTIIFRDTQISSRAVYQCNTSNEHGYLLANAFVSVLDVPPRML
PNREVAGDTIIFRDTQISSRAVYQCNTSNEHGYLLANAFVSVLDVPPRML
PNREVAGDTIIFRDTQISSRAVYQCNTSNEHGYLLANAFVSVLDVPPRML
PNREVAGDTIIFRDTQISSRAVYQCNTSNEHGYLLANAFVSVLDVPPRML
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451 500
SARNQLIRVILYNRTRLDCPFFGSPIPTLRWEFKNGOGSNLDGGNYHVYEN
SARNQLIRVILYNRTRLDCPFFGSPIPTLRWEKNGQGSNLDGGNYHVYEN
SARNQLIRVILYNRTRLDCPFFGSPIPTLRWEFKNGQGSNLDGGNYHVYEN
SARNQLIRVILYNRTRLDCPFFGSPIPTLRWEFKNGOGSNLDGGNYHVYEN
SARNQLIRVILYNRTRLDCPFFGSPIPTLRWEFKNGOGSNLDGGNYHVYEN
501 550
GSLEIKMIRKEDQGIYTCVATNILGKAENQVRLEVKDPTRIYRMPEDQVA
GSLEIKMIRKEDQGIYTCVATNILGKAENQVRLEVKDPTRIYRMPEDQVA
GSLEIKMIRKEDQGIYTCVATNILGKAENQVRLEVKDPTRIYRMPEDQVA
GSLEIKMIRKEDQGIYTCVATNILGKAENQVRLEVKDPTRIYRMPEDQVA
GSLEIKMIRKEDQGIYTCVATNILGKAENQVRLEVKDPTRIYRMPEDQVA
551 600
KRGTTVQLECRVKHDPSLKLTVSWLKDDEPLY IGNRMKKEDDSLTIFGVA
KRGTTVQLECRVKHDPSLKLTVSWLKDDEPLYIGNRMKKEDDSLTIFGVA
KRGTTVQLECRVKHDPSLKLTVSWLKDDEPLYIGNRMKKEDDSLTIFGVA
KRGTTVQLECRVKHDPSLKLTVSWLKDDEPLYIGNRMKKEDDSLTIFGVA
KRGTTVQLECRVKHDPSLKLTVSWLKDDEPLY IGNRMKKEDDSLTIFGVA
601 650
ERDQGSYTCMASTELDQDLAKAYLTVLIDQATPTNRLAALPKGRPDRPRD
ERDQGSYTCMASTELDQDLAKAYLTVLIDQATPTNRLAALPKGRPDRPRD

ERDQGSYTCMASTELDOQDLAKAYLTVLG---—-—-————-—-————— RPDRPRD
ERDQGSYTCMASTELDOQDLAKAYLTVLG--—-——-———-——————— RPDRPRD
ERDQGSYTCMASTELDOQDLAKAYLTVLG--—-——-———-——————— RPDRPRD
651 700

LELTDLAERSVRLTWIPGDDNNSPITDYVVQFEEDQFQPGVWHDHSREPG
LELTDLAERSVRLTWIPGDDNNSPITDYVVQFEEDQFQPGVWHDHSREPG
LELTDLAERSVRLTWIPGDDNNSPITDYVVQFEEDQFQPGVWHDHSREPG
LELTDLAERSVRLTWIPGDDNNSPITDYVVQFEEDQFQPGVWHDHSREPG
LELTDLAERSVRLTWIPGDDNNSPITDYVVQFEEDQFQPGVWHDHSREPG
701 750
SVNSAVLHLSPYVNYQFRVIAVNEVGSSHPSLPSERYRTSGAPPESNPSD
SVNSAVLHLSPYVNYQFRVIAVNEVGSSHPSLPSERYRTSGAPPESNPSD
SVNSAVLHLSPYVNYQFRVIAVNEVGSSHPSLPSERYRTSGAPPESNPSD
SVNSAVLHLSPYVNYQFRVIAVNEVGSSHPSLPSERYRTSGAPPESNPSD
SVNSAVLHLSPYVNYQFRVIAVNEVGSSHPSLPSERYRTSGAPPESNPSD
751 800
VKGEGTRKNNMEITWTPMNATSAFGPNLRY IVKWRRRETRETWNNVTVWG
VKGEGTRKNNMEITWTPMNATSAFGPNLRY IVKWRRRETRETWNNVTVWG
VKGEGTRKNNMEITWTPMNATSAFGPNLRYIVKWRRRETRETWNNVTVWG
VKGEGTRKNNMEITWTPMNATSAFGPNLRY IVKWRRRETRETWNNVTVWG
VKGEGTRKNNMEITWTPMNATSAFGPNLRYIVKWRRRETRETWNNVTVWG
801 850
SRYVVGQTPVYVPYEIRVQAENDFGKGPEPDTIIGYSG————-——=-———-——
SRYVVGQTPVYVPYEIRVQAENDFGKGPEPDTIIGYSGEDYPRAAPTEVK
SRYVVGQTPVYVPYEIRVQAENDFGKGPEPDTIIGYSGEDYPRAAPTEVK
SRYVVGQTPVYVPYEIRVQAENDFGKGPEPDTIIGYSGEDYPRAAPTEVK
SRYVVGQTPVYVPYEIRVOQAENDFGKGPEPDTIIGYSGEDYPRAAPTEVK
851 900
IRVLNSTAISLOWNRVYSDTVQGQLREYRAYYWRESSLLKNLWVSQKRQQ
IRVLNSTAISLOWNRVYSDTVQGQLREYRAYYWRESSLLKNLWVSQKRQQ
IRVLNSTAISLOWNRVYSDTVQGOQLREYRAYYWRESSLLKNLWVSQKRQQ
IRVLNSTAISLOWNRVYSDTVQGOQLREYRAYYWRESSLLKNLWVSQKRQQ
901 950

ASFPGDRPRGVVARLEFPYSNYKLEMVVVNGRGDGPRSETKEFTTPEGVPS
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ASFPGDRPRGVVARLEPYSNYKLEMVVVNGRGDGPRSETKEFTTPEGVPS
ASFPGDRPRGVVARLEPYSNYKLEMVVVNGRGDGPRSETKEFTTPEGVPS
ASFPGDRPRGVVARLFPYSNYKLEMVVVNGRGDGPRSETKEFTTPEDIPS
951 1000
APRRFRVROPNLETINLEWDHPEHPNGILIGYILRYVPENGTKLGKQOMVE
APRRFRVROPNLETINLEWDHPEHPNGILIGYILRYVPENGTKLGKQOMVE
APRRFRVROPNLETINLEWDHPEHPNGILIGYILRYVPENGTKLGKQMVE
APRRFRVROPNLETINLEWDHPEHPNGILIGYILRYVPENGTKLGKQOMVE
APIRFIVRHPNLETINLEWDHPEHPNGILIGYILRYVPFNGTKLGKQMVE
1001 1050
NESPNQTKESVQRADPVSRYRFSLSARTQVGSGEAATEESPAPPNEATPT
NESPNQTKESVQRADPVSRYRFSLSARTQVGSGEAATEESPAPPNEATPT
NESPNQTKEFSVORADPVSRYRESLSARTQVGSGEAATEESPAPPNEATPT
NESPNQTKEFSVQORADPVSRYRESLSARTQVGSGEAATEESPAPPNEATPT
NESPNQTKEFSVQRADPVSRYRFSLSARTQVGSGEAATEESPAPPNEATPT
1051 1100
AAPPTLPPTTVGTTGLVSSTDATALAATSEATTVPIIPTVVPTTVATTIA

1101 1150

1151 1200

1201 1250
VYSRDNEGISSTVI TFMT.AYTNNQADIATQGWFI GLMCAIALLVLILL
—————————————————— TAAYTNNQADIATQGWFIGLMCAIALLVLILL
—————————————————— TAAYTNNQADIATQGWFIGLMCAIALLVLILL
—————————————————— TAAYTNNQADIATQGWEFIGLMCAIALLVLILL
—————————————————— .AYTNNQAD IATQGWFIGLMCAIALLVLILL
1251 1300
IVCFIKRSRGGKYPVREKKDVPLGPEDPKEEDGSEFDYSDEDNKPLOGSQT
IVCFIKRSRGGKYPVREKKDVPLGPEDPKEEDGSEFDYSDEDNKPLOGSQT
IVCFIKRSRGGKYPVREKKDVPLGPEDPKEEDGSEFDYSDEDNKPLOGSQT
IVCFIKRSRGGKYPVREKKDVPLGPEDPKEEDGSEFDYSDEDNKPLOGSQT
IVCFIKRSRGGKYPVREKKDVPLGPEDPKEEDGSEFDYSDEDNKPLOGSQT
1301 1350
SLDGTIKQQESDDSLVDYGEGGEGQEFNEDGSFIGQYTVKKDKEETEGNES
SLDGTIKQQESDDSLVDYGEGGEGQFNEDGSFIGQYTVKKDKEETEGNES
SLDGTIKQQESDDSLVDYGEGGEGQFNEDGSFIGQYTVKKDKEETEGNES
SLDGTIKQQESDDSLVDYGEGGEGQEFNEDGSFIGQYTVKKDKEETEGNES
SLDGTIKQQESDDSLVDYGEGGEGQFNEDGSFIGQYTVKKDKEETEGNES
1351 1364

SEATSPVNAIYSLA

SEATSPVNAIYSLA

SEATSPVNAIYSLA

SEATSPVNAIYSLA

SEATSPVNAIYSLA
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Supplementary Figure 3.1. Sequence Alignment of Translated Nucleotide
Sequence of Microglial Nfasc with Published Sequences from NCBI. Microglial Nfasc
is similar to Nfasc 186 and Nfasc 155 (yellow), but contains some unique regions (blue).

Microglial Nfasc is highly similar to previously identified variant 4 sequence.
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Supplementary Figure 3.2
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Supplementary Figure 3.2. Microglia are Distinguished from Macrophages and
Isolated by FACS. Single-cell suspensions from mouse cortices were stained with
BB515-anti-CD45 and APC-anti-CD11b then sorted on a FACS Aria Il by gating for
CD11b and CD45 high/low expression. A-B, Flow cytometric analysis using isotype
controls (A) demonstrated lack of non-specific binding of target antibodies in cortical
sample. B, CD11b*CD45"° microglia (red) and CD11b*CD45" macrophages (blue) were

sorted from EAE-induced mice.
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Supplementary Figure 3.3
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Supplementary Figure 3.3. Isolated Microglia are Enriched for Microglial Markers
but not Oligodendrocyte or Neuronal Markers. Relative expression levels of CSF1r
(microglial marker), CNP (oligodendrocyte marker), Fox3 (Neuronal marker) mRNA in
FACS-isolated microglia demonstrate isolated cells are enriched for microglia and do not

appear to have oligodendrocyte or neuronal contamination.
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CHAPTER FOUR

DISCUSSION

4.1Synopsis

The AIS was characterized and identified as the site of action potential initiation
over 50 years ago (Conradi, 1966; Palay et al., 1968); however, it was not until 2006 that
the dynamicity of this domain began to be appreciated when Kuba and colleagues (2006)
demonstrated in the nucleus laminaris of the chick that the position of the AIS could be
regulated for optimal neuron function (Kuba et al., 2006). In 2010, two hallmark papers
(Grubb and Burrone, 2010; Kuba et al.,, 2010) demonstrated that the AIS, though
comprised of numerous densely clustered and highly organized proteins, was capable of
undergoing significant structural changes. Grubb and Burrone (2010) demonstrated that
chronic depolarization of cultured hippocampal neurons induced a distal relocation of the
AIS and altered neuronal function. Kuba and colleagues (2010) found that deprivation of
auditory input in avian auditory neurons increased AIS length demonstrating that
presynaptic activity modulates the properties and structure of the AIS. Since these
studies, the structural reorganization and relocation of the AIS have been studied both in
the context of development and disease where the AIS has been demonstrated to
undergo a number of forms of plasticity such as ion channel switching, changes in ion
channel distribution, and altered length and location relative to the soma (Benned-Jensen
et al., 2016; Del Puerto et al., 2015; Gutzmann et al., 2014, Hu et al., 2009; Kole et al.,
2007; Kuba et al., 2006, 2010, 2015b). AIS plasticity has been observed during
development of the avian auditory system where length of AISs is dependent on the

sound frequency to which each neuron responds (Kuba et al., 2006). Similarly, in the

156



rodent visual cortex, AlS length is dynamically regulated throughout development where
AlSs shorten with the onset of activity (eye opening) and then slowly elongate until the
end of the critical period (Gutzmann et al., 2014). These changes suggest that the neuron
responds to its environment and fine-tunes excitability, a process described as
homeostatic plasticity (Leterrier et al., 2015; Wefelmeyer et al., 2016; Yamada and Kuba,

2016).

In addition to plasticity during developmental, AIS structural changes have also
been reported in pathological conditions. In 2009, Schafer et al. showed that AIS integrity
was lost following middle cerebral artery occlusion due to irreversible calpain-mediated
proteolysis of AIS proteins (Schafer et al., 2009). AIS disruption also occurs in mTBlI,
Alzheimer’s disease, stroke, and MS models (Baalman et al., 2013; Clark et al., 2016;
Hinman et al., 2013; Marin et al., 2016; Sohn et al., 2016; Vascak et al., 2017). Similar to
the findings of Schafer and colleagues (2009), these studies also reported no reversibility
of AIS pathology. A common component of these neuropathological conditions is
neuroinflammation; thus, my studies aimed to investigate AIS dynamics throughout
various phases of the inflammatory response. Specifically, my studies were designed 1.
to provide a better understanding of the neuroinflammatory environment with associated
AIS pathology, 2. to identify the underlying mechanisms driving AIS disruption, and 3. to
determine if AIS disruption is reversible. My findings revealed that AIS ankG and
functional sub-domains are significantly shortened within 6h of the onset of acute
inflammation. This alteration precedes the loss of ankG clustering, which occurs in nearly
one third of the cortical neurons with sustained inflammation. mMRNA and IHC analyses,

as well as the use of an anti-inflammatory and free-radical scavenger, implicated ROS
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producing enzymes as a potential mediator of AIS disruption. Analyses utilizing NOX2
knockout mice confirmed that NOX2, a major producer of ROS in the CNS, is a mediator
of inflammation-induced AIS disruption. Furthermore, using a pharmacological approach
| identified the calcium-dependent protease calpain as a mediator of AIS structural
disruption. Transcript characterization of the microglial inflammatory profile and analysis
of microglia-AlS contact implicated microglia as potentially pivotal regulators of AIS
stability; however, no mediator of microglia-AlS contact had been identified. Therefore, |
addressed this void in our understanding by identifying the cell adhesion molecule Nfasc

as a candidate protein that regulates microglial-AlS interaction.

The studies presented here add to the body of literature investigating AlS plasticity
and identify ROS as a novel mediator of AIS disruption. | have identified progressive
changes in the AIS architecture including changes to AIS functional sub-domains that
correspond to the rise, peak, and resolution of the inflammatory environment. | also
describe the novel expression of a cell adhesion molecule, Nfasc, in microglia.
Interestingly, the clustering pattern of this novel protein suggests that Nfasc may regulate
the interaction of microglia with the AlS, an interaction that may be critical for AIS stability.
Furthermore, | have identified a model in vivo that allows for the investigation of

mechanisms underlying both the disruption and recovery of AIS stability.

4.2 AIS Plasticity in Inflammation: Microglial Contact and Microglial Inflammation

Previous work from our laboratory demonstrated that AISs are disrupted with

disease progression and severity in an animal model of Multiple Sclerosis known as EAE
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(Clark et al., 2016). Disruption was independent of myelin loss but paralleled inflammation
progression. Furthermore, we identified AIS pathology in normal appearing grey matter
of post-mortem tissue from patients with MS (Davenne and Lubetzki, unpublished; Clark
and Dupree, unpublished). These findings suggest that AIS disruption is a primary axonal
pathology in EAE and MS and may be a novel therapeutic target. However, it is important
to remember that AIS disruption is not limited to MS and its models, since this axonal
pathology occurs in other neuropathological environments (Harty et al., 2013; Hinman et
al., 2013; Marin et al., 2016; Schafer et al., 2009; Sohn et al., 2016; Vascak et al., 2017)
and can be induced in vitro by altering axonal activity or by exposure to pathological
stressors (Benned-Jensen et al., 2016; Clark et al., 2017; Del Puerto et al., 2015; Evans

et al., 2013, 2015; Grubb and Burrone, 2010).

Although numerous studies have shown the loss of AIS integrity using both in vivo
and in vitro models, the investigation of reversibility or recovery of AlS disruption has been
limited to in vitro systems (Evans et al., 2015; Grubb and Burrone, 2010); thus, it remained
to be shown that recovery occurred in vivo. My work addressed this question by using an
acute inflammatory model as a tool to investigate how neuroinflammation affects AIS
structure/stability. | found that early in the inflammatory response, subtle changes in AIS
functional sub-domains are induced; Nav1.6 and Kv1.2 AIS sub-domains are shortened
consistent with changes seen in response to enhanced neuronal activity (reviewed in
Jamann et al., 2017). Furthermore, following peak microglial inflammation, loss of AIS
ankG detection suggested a progressive and continued AIS disruption. Importantly, AlS
disruption was reversed following resolution of the microglial inflammatory response and

amelioration of the inflammatory environment using anti-inflammatory treatment, which
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together identified the AIS as a potential therapeutic target in neuropathological

conditions.

In addition to determining the reparative potential of AIS structure, my work aimed
to understand the driving factors of inflammation-induced AIS disruption. Previous work
from our lab suggested that microglia play a role in AIS stability and contribute to
pathology during chronic inflammation. We demonstrated that AISs are increasingly
contacted by microglia in inflammatory conditions present in both EAE and cuprizone
models of MS; however, disruption to the AIS only occurred in the EAE model suggesting
that contact alone does not drive AIS disruption (Clark et al., 2016). Utilizing an acute
neuroinflammatory model, | elucidated that while microglia contact AlSs, alterations in the
microglial inflammatory profile correlated with AlS disruption and recovery suggesting that
rather than contact itself, the phenotype of the microglia in close proximity drive AIS
changes. This possibility is supported by my experiments that demonstrated microglial
NOX2 expression correlated with AlIS changes and that NOX2 knockout mice exhibit
microglial-AlS contact; however, LPS-induced AIS disruption was prevented.
Furthermore, in vitro studies from our laboratory indicated that ROS induced AIS
disruption in cortical neurons in a calpain-dependent manner (Clark et al., 2017) similar
to that observed in my study (Chapter 2; (Benusa et al., 2017). Interestingly, microglial
contact (Yamasaki et al., 2014), ROS (Guemez-Gamboa et al., 2011; Haider et al., 2011;
Ohl et al., 2016), and calpain- (Das et al., 2013; Guyton et al., 2005; Trager et al., 2014)
dependent mechanisms have also been implicated in other axonal pathologies described
in MS suggesting that a common mechanism may underlie axonal disruptions. These

findings of microglia driving neuronal pathology are consistent with literature that has
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implicated pro-inflammatory microglia in the progression of a number of neuropathological
environments (Edison et al., 2008; Gomez-Nicola and Perry, 2015; Johnson et al., 2013;
Ohl et al., 2016; Russo and McGavern, 2016).

While pro-inflammatory microglia interact with neurons and exert deleterious
effects, the presence of microglia at the AIS may instead confer protection. Microglia are
highly dynamic cells rapidly extending processes and surveying their environment and
microglial process dynamics are altered following changes in neuronal activity. For
example, microglial-synapse contact in the zebrafish tectum increased with neuronal
activity. Contacted neurons exhibited decreased activity, while noncontacted neurons
maintained an increased firing rate (Li et al., 2012). In a model of kainate-induced seizure
activity, microglia extended their processes to sites of ATP release and increased
neuronal contact with enhanced firing, and inhibition of the microglial response in mice
lacking P2Y12 exacerbated seizures (Eyo et al., 2014). Additionally, when repeated
stimulations were used to induce neuronal hyperexcitability, microglia extended their
processes and wrapped around axons (Kato et al., 2016). This induced a rapid
repolarization in the neuron back to resting value and when microglial migration was
pharmacologically blocked, activity-induced depolarization continued until cell death
ensued (Kato et al., 2016). These studies suggest that microglial-neuronal contact is
neuroprotective in cases of neuronal hyperexcitation. Interestingly, our AIS structural
findings indicated a change that is consistent with alterations seen in response to

hyperexcitable environments (reviewed in Jamann et al., 2017).
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4.3 Future Directions

It remains to be determined the nature of microglial-AlS contact and whether loss
of contact would improve or worsen AlS pathology. To begin to address this overarching
guestion, a candidate molecule mediating the interaction between microglia and the AIS
needed to be identified. My experiments revealed that a novel isoform of Nfasc, a CAM
important in regulating axonal domain stability and axo-glial interactions (Pillai et al.,
2009; Sherman et al.,, 2005), is expressed by microglia. Furthermore, Nfasc was
upregulated concomitant with enhanced microglial-AlS association and localized to the
microglial-AlS interface identifying this microglia protein as a novel candidate in AIS
contact. Further studies investigating the effects of loss of microglial Nfasc will begin to
elucidate its role, if any, in microglial-AlS interaction and whether this interaction is

important for stabilizing AlS activity.

We have described AIS structural plasticity in the presence of acute
neuroinflammation where both ankG clustering and functional sub-domain clustering is
altered and restored. These kinds of changes are consistent with homeostatic plasticity
where neurons fine tune their excitability by altering AlS structure. While our data indicate
a response to enhanced neuronal input, which occurs as a means to decrease neuronal
activity, we do not know if there are functional consequences of the observed structural
changes. Therefore, future experiments measuring function throughout the inflammatory
response will be of value. To do this, electrophysiological recordings of cortical neurons
from control or LPS-injected mice at time points investigated here would allow us to pair
inflammation-induced AIS structural changes with functional consequences both at the

cellular level and circuitry level.
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While we have established that loss of AIS protein clustering is reversible after an
acute neuroinflammatory insult, it is unclear whether the capability to recover is
diminished after a greater insult or repeated insults. | attempted to answer one of these
guestions by using a larger inflammatory insult induced by administering an LPS dose of
10mg/kg.; however, at 2 weeks post-injection, loss of AIS ankG clustering was still
reversed. These data suggested that inflammation induced by increased bacterial insult
in the periphery was not sufficient to induce irreversible AIS damage. A future experiment
investigating the effects of repeated insult would be interesting. This would mimic a
relapse-remitting phenotype present in MS patients who experience multiple
inflammatory attacks throughout disease course where recovery potential is lessened as
disease progresses. To do this, multiple low dose LPS injections could be used or an
animal model of EAE that displays a relapse-remitting phenotype would allow a chronic

evaluation that is more disease specific.

4.4 Concluding Remarks

My work identifies the AIS as a viable therapeutic target in neuroinflammatory
conditions and identifies ROS as an important mediator of inflammation-induced AIS
disruption. Furthermore, my work establishes microglia as a potentially pivotal mediator
of AIS stability. | show that microglia make direct contact with the AIS, changes in their
inflammatory profile tracks closely with changes in AIS structure, and microglial
inflammatory factors such as NOX2 drive AIS alterations. Future studies are needed to
address the nature of microglia-AlS association and whether AIS structural changes are

adaptive or maladaptive. These answers will be important in honing our search for novel
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therapeutics in inflammatory conditions present in neurodegenerative disease such as

multiple sclerosis.
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