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Abstract

Microglia are resident immune cells of the central nervous system, which in concert with astrocytes
and peripherally recruited immune cells initiate a pro-inflammatory response after injury and
disease that results in oligodendroglial death and myelin damage. We have shown that down-
regulation of a neuronally-derived growth factor, neuregulin-1, in demyelinating lesions of the
spinal cord is an underlying mechanism for insufficient spontaneous oligodendrogenesis and
remyelination. Recent evidence suggests that Nrg-1 treatment positively regulates the repair
process and remyelination by modulating neuroinflammation. The goal of the present study was
to determine the role of Nrg-1 in regulating microglia response in normal and injury state. In
primary in vitro systems, we demonstrate a positive role for Nrg-1 in regulating microglia activity
and the impact of Nrg-1 treatment on the effects of microglia on the behavior of neural precursor
cells (NPCs). Using an array of cellular and molecular assays, we found that Nrg-1 attenuated the
transcript expression of several pro-inflammatory markers such as tumor necrosis factor- (TNF-)
a, interleukin- (IL-) 6, CD86 and the production of nitric oxide (NO). In addition, Nrg-1 restored
the suppressed phagocytic ability in M1-polarized microglia cultures. Our findings showed that
microglia conditioned media (MCM) from Nrg-1 treated M1-polarized microglia cultures
promoted migration and proliferation of NPCs. Hence, our findings suggest that Nrg-1 therapy
could be exploited to foster a pro-regenerative phenotype in microglia, which is supportive of

repair and regeneration following CNS injuries and diseases.
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Chapter I: Introduction

1. Microglia in the central nervous system

Overview

Microglia are the resident immune cells of the central nervous system (CNS). They reside
within the brain and spinal cord parenchyma and are closely associated with the perivascular
extracellular matrix (ECM), and blood vessels (perivascular microglia) (Antony et al., 2011).
Microglia were first identified in 1899 by Pio del Rio-Hortega as reactive neuroglia and named
“Staebchenzellen” meaning cells with the rod-shaped nucleus (Nissl, 1899; Robertson, 1900). He
described microglia as a distinct population in the CNS with the capacity to adopt both ramified
and amoeboid morphologies (Del Rio-Hortega, 1920; Del Rio-Hortega and Penfield, 1927; Del
Rio-Hortega, 1932). Moreover, microglia are distinguished from other CNS cell types such as
neurons, astrocytes and oligodendrocytes due to their distinct origin, morphology and function
(Ransohoff and Perry, 2009; Kettenmann et al., 2011). Depending on the CNS region, microglia
constitute 5-20% of the total number of glial cells in rodents (Lawson et al., 1990; Perry and
Gordon, 1991). Given the pivotal role of microglia in normal and pathologic CNS, efforts have

been made to unravel the underlying mechanisms of microglia regulation (Saijo and Glass, 2011).

Microglia origin

Microglia are considered the CNS macrophages as they share several structural and functional
characteristics (Prinz et al., 2014). Microglia serve as the front line of the host defense in the CNS
due to their ability for detecting foreign antigens and communication with other immune cells
(Olson et al., 2001; Gottfried-Blackmore et al., 2009). While macrophages have a myeloid origin,

microglia are originated from yolk sac-derived erythromyeloid precursors that invade the CNS
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parenchyma via leptomeninges and lateral ventricles, and migrate into the all CNS regions with
varying proliferation rates (Kettenmann et al., 2011; Swinnen et al., 2013). At later stages of the
development, microglia are preferentially found in the areas of cell death, near developing vessels
and the radial glial cells (Cuadros et al., 1993; Rezaie et al., 1999; Rigato et al., 2011). Proliferating
myeloid-derived cells can be identified in the mice CNS at embryonic day 8 prior to vasculature
development (Alliot et al., 1999). In Zebrafish, tissue-specific macrophages derived from
progenitor cells in the yolk sac populate the brain and retina and undergo further cellular changes
to differentiate into immature microglia. Interestingly, differentiation of microglia is through a
pathway independent of hematopoietic transcription factor PU.1 which controls myeloid cells

differentiation (Lichanska et al., 1999; Herbomel et al., 2001).

Although the origin of microglia was identified in developing CNS during embryogenesis,
it was not clear how these cells are maintained and proliferate in the adult CNS. In 1997, studies
on bone marrow-transplanted adult mice showed that microglia can originate derive from
hematopoietic cells outside the CNS (Eglitis and Mezey, 1997). A study in 2004 demonstrated that
bone marrow-derived stem cells in transplanted irradiated mice have the capacity to migrate across
the blood brain barrier (BBB) and reside in the tissue with morphological characteristics of
ramified microglia (Simard and Rivest, 2004). Subsequent studies also supported these findings
and showed that circulating monocytes can preferably enter the CNS lesions and differentiate into
functional microglia in the adult brain following tissue irradiation (Mildner et al., 2007).

Since transplant models cannot accurately recapitulate physiological states, long-term
studies were performed on parabiotic mice in which circulatory systems of two adult congenic
mice are physically linked to investigate microglia origin under hemostasis conditions (Ajami et

al., 2007; Ginhoux et al., 2010; Ajami et al., 2011; Hashimoto et al., 2013). These studies unraveled



that microglia undergo cell division throughout adulthood (homeostasis or disease) to maintain
their own population. Thus, the current evidence supports the view that blood monocytes or bone
marrow-derived cells do not considerably contribute to repopulation of microglia in adult CNS
(Ajami et al., 2007; Ginhoux et al., 2010; Ajami et al., 2011; Hashimoto et al., 2013). However,
these cells have shown the capacity to contribute to microglia repopulation under non-
physiological conditions such as knock-out mice, irradiation, myeloablation or CNS pathology in
which the integrity of BBB is compromised (Beers et al., 2006; Mildner et al., 2007; Ajami et al.,
2011). Therefore, the ability of blood monocyte/ bone marrow-derived stem cells in microglia
repopulation can provide invaluable therapeutic approaches for CNS-related diseases in which

microglia are dysfunctional or depleted (Ginhoux et al., 2013).

1.2. Microglia functions in the normal CNS

In healthy CNS, microglia are described as quiescent cells of the nervous tissue with amoeboid
morphology (Ashwell, 1990). The amoeboid microglia have the capacity for migration,
proliferation and phagocytosis. Upon reaching their final destination in CNS parenchyma,
amoeboid microglia differentiate into mature microglia and acquire a ramified morphology with a
small cell body, thin cytoplasm and several long cellular processes (Davalos et al., 2005;
Nimmerjahn et al., 2005; Harry and Kraft, 2012). The resting microglia with ramified morphology
actively survey the CNS microenvironment through their processes and physically monitor
different aspects of the CNS (Nimmerjahn et al., 2005; Kettenmann et al., 2011). Thus, microglia

play a key role in physiological conditions throughout CNS development and adulthood.



1.2.1. Microglia functions in the developing CNS

Microglia populate all CNS regions before BBB is completely formed during early embryogenesis
and before other neural cells are born (Ajami et al., 2007; Kriegstein and Alvarez-Buylla, 2009).
This early colonization indicates the importance of microglia in building the developing CNS
(Tremblay et al., 2011; Kettenmann et al., 2013; Schafer et al., 2013; Wake et al., 2013; Salter and
Beggs, 2014). For example, microglia are involved in programmed cell death (PCD) in the
developing CNS (Bessis et al., 2007; Logan and Freeman, 2007; Peri and Nusslein-Volhard, 2008;
Kurant, 2011; Sierra et al., 2013). During CNS maturation, nearly 50% of newly born neurons
undergo PCD (Schafer and Stevens, 2015). Early imaging evidence revealed that microglia engulf
apoptotic neurons and remove cellular debris during development (Ferrer et al., 1990; Bessis et
al., 2007). Subsequently, the active role of microglia in initiating PCD was shown in vitro where
the absence of microglia in the optic cups of the chick retina attenuated cell death (Frade and
Barde, 1998). In these retinal cultures, addition of purified microglia induced cell death in optic
cups through the binding of microglial-derived nerve growth factor (NGF) to the neurotrophin
receptor P75 (Frade and Barde, 1998). In similar in vitro studies, presence of microglia in
cerebellar and spinal cord cultures initiated PCD of purkinje cells and motoneurons by releasing
superoxide and tumor necrosis factor- (TNF-)a (Marin-Teva et al., 2004; Sedel et al., 2004).
Moreover, in vivo studies suggest that microglia regulate PCD during neurogenesis (Sierra et al.,
2010). Microglia progressively proliferate within the developing CNS, especially in the ventricular
zone (VZ) and subventricular zone (SVZ) of the brain where neural stem/progenitor cells (NPCs)
differentiate into neurons in the process of neurogenesis in rodents, primates and humans (Antony
et al., 2011; Cunningham et al., 2013; Swinnen et al., 2013; Squarzoni et al., 2014). Microglia are

known to shape the CNS development through phagocytosis. Phagocytosis is defined as a cellular



process of recognition, engulfment and digestion of whole cells or cellular parts (Wolf et al., 2017).
Microglia perform different types of phagocytosis in the developing CNS, including phagocytosis
of synapses (known as synaptic pruning or synaptophagy), axons and dendrites, and neuronal
precursors (Cunningham et al., 2013; Bahrini et al., 2015; Schuldiner and Yaron, 2015). Synapse
pruning or elimination contributes to refinement of neuronal networks and learning from birth until
late adolescence in humans (Neniskyte and Gross, 2017). On the other hand, phagocytosis of viable
axons and dendrites results in reorganization of neuronal architecture and connections during
development (Riccomagno and Kolodkin, 2015; Schuldiner and Yaron, 2015). Microglia also
phagocytize apoptotic and live neural precursors residing within the proliferative areas of the
primate and rat cortex in both neurogenic and gliogenic stages of cortical development
(Cunningham et al., 2013). Inactivation or depletion of activated microglia in utero using
doxycycline and in vitro using minocycline induces the number of NPCs in the CNS (Cunningham
et al., 2013). Conversely, activation of microglia using lipopolysaccharide (LPS) reduces the
number of precursors in the model of maternal immune activation (MIA) (Cunningham et al.,
2013). In this study, progesterone pretreatment of animals resulted in an increase in the number of
neural progenitors back to the normal by reducing microglia activation (Tronnes et al., 2016). In
addition to neurogenesis, microglia have important roles in shaping laminar cortex structure

through regulation of new neuronal migration and positioning (Squarzoni et al., 2014).

Microglia-derived secretory factors also regulate NPC properties such as survival,
proliferation and maturation in the developing CNS. For instance, microglia conditioned media
induces the proliferation of NPCs and promotes the survival and maturation of neurons (Nagata et
al., 1993; Chamak et al., 1994; Morgan et al., 2004). Depletion of resting microglia during

embryogenesis in PU.1-deficient mice results in decreased NPC proliferation and differentiation



into astrocytes (Antony et al., 2011). Conversely, addition of resting microglia restored the reduced
proliferation and astrogenesis in the transgenic mice (Antony et al., 2011). Microglia have been
also suggested to modulate development of other glial cells in the CNS. In vitro studies have shown
that IL-6 and leukemia inhibitory factor (LIF) expressed by microglia promotes NPC
differentiation into astrocytes (Nakanishi et al., 2007). Furthermore, resting microglia stimulate
activation of signal transducer and activator of transcription 3 (STAT3)-mediated astrogliogenesis
in embryonic NPCs through paracrine effects, but not through their physical interactions (Zhu et
al., 2008). In another study, pharmacological inhibition of microglia activation reduced cytokine
secretion and inhibited oligodendrogenesis in the SV (Shigemoto-Mogami et al., 2014). Microglia
also enhance survival of oligodendrocyte precursor cells (OPCs) and their differentiation into
mature oligodendrocytes by activation of insulin-like growth factor 1 (IGF-1), IL-1p and IL-6 and
nuclear factor-kappaB (NF-«kB) expression (Nicholas et al., 2001; O'Kusky and Ye, 2012; Lu et
al., 2013; Shigemoto-Mogami et al., 2014). In addition, microglia have been implicated in
regulating myelination through iron supplementation to oligodendrocytes (Cheepsunthorn et al.,
1998; Zhang et al., 2006; Clemente et al., 2013). However, the accumulation of Iron in the brain
can cause neuronal degeneration through the generation of ROS (e.g. hydroxyl radicals, hydroxyl
anions and peroxyl/alkoxyl radicals) and consequently damage to DNA, proteins and lipids (Mills
etal., 2010).

Live-cell imaging techniques have identified a regulatory role for microglia in neural
activity through expression of neurotransmitter receptors (Pocock and Kettenmann, 2007;
Tremblay, 2011; Schafer and Stevens, 2015; Wu et al., 2015). For instance, mobility and growth
of microglia processes are modulated by the amount of ATP released from neurons (Davalos et

al., 2005; Nimmerjahn et al., 2005; Li et al., 2012; Dissing-Olesen et al., 2014). Regulation of



neural activity in the visual cortex of the brain results in dramatic changes in microglia
communication with synapses (Wake et al., 2009; Tremblay et al., 2010). Furthermore, reduced
microglia number in the brain of CX3 chemokine receptor 1 (CX3CR1) knock-out mice delays
synapse maturation (Paolicelli et al., 2011; Hoshiko et al., 2012). Thus, microglia appear to
regulate development and maturation of synapses via activity-mediated mechanisms (Frost and
Schafer, 2016). Microglia also phagocytize axonal debris in the embryonic brain which supports
axonal remodeling and the initial wiring of the CNS (Berbel and Innocenti, 1988). Accordingly,
microglia play pivotal roles in maturation and remodeling of neural circuits throughout the
developing CNS (Paolicelli et al., 2011; Schafer et al., 2012). Recent studies have also unraveled
that altered microglia reactivity during development can influence memory and social behavior in
adulthood. These observations emphasize the importance of microglia regulatory roles in the
developing CNS that can ultimately modulate behaviors in adults (Bilbo et al., 2005; Bilbo et al.,

2007; Williamson et al., 2011; Giovanoli et al., 2013).

1.2.2. Microglia functions in the adult CNS

Microglia are a self-renewing cell population with the ability to divide throughout the adulthood
(Ajami et al., 2007). In the normal adult CNS, resting microglia exert regulatory effects on
hippocampal neurogenesis by pruning newborn neurons and removing apoptotic cells without
inducing inflammation (Figure 1A). Thus, resting microglia play critical roles in learning and
memory by continuous shaping of the hippocampus through phagocytosis of apoptotic neuroblasts
in the SGV (Altman and Das, 1965; Eriksson et al., 1998; Roy et al., 2000; Deng et al., 2010;

Sierra et al., 2010). Resting microglia engulf apoptotic neurons in phagocytic pouches formed in



terminals or en passant branches in a cell body-independent process, different from phagocytosis

during CNS diseases (Sierra et al., 2010).

In the healthy CNS, activated microglia have been found as a morphologically and
immunologically distinct subpopulation of cells accommodating the SVZ and rostral migratory
stream (RMS). In these CNS regions, microglia are activated by anti-inflammatory cytokines, IL-
4, 1L-10, and IL-13, to express STAT6-regulated genes, which supports NPC survival,
proliferation, migration and differentiation into neurons and glial cells (Biswas and Mantovani,
2010; Boche et al., 2013; Ribeiro Xavier et al., 2015). In vitro studies have also supported the idea
that microglia can induce the differentiation of adult mouse NPCs into neurons (Aarum et al.,
2003). In another study, microglia conditioned media increased the formation of new neuroblasts
in SVZ cultures (Walton et al., 2006). In support of the role of microglia in NPC proliferation,
addition of microglia conditioned media to NPC cultures results in an increase in the number of
newborn neurons as compared to non-treated cultures (Aarum et al., 2003). Furthermore, the
conditioned media of non-activated microglia cultures increases the survival of cerebellar granule
neurons in vitro (Figure 1A) (Morgan et al., 2004). Interestingly, evidence has shown that
microglia can promote neurogenesis in the hippocampus of rodents exposed to environmental
enrichment (Ziv et al., 2006; Choi et al., 2008).

In the adult CNS, microglia also regulate synapses (Blinzinger and Kreutzberg, 1968).
Microglia activation in facial motor nerves injury results in ensheathment of injured neurons and
synapse displacement, a process termed as synaptic stripping (Figure 1A) (Blinzinger and
Kreutzberg, 1968). Unlike phagocytosis, Microglia do not internalize neuronal components during
synaptic stripping (Chen et al., 2014). In addition, synapse stripping is reversible and synapses can

be re-established when microglia are polarized to a resting state (Chen et al., 2012).



1.3. Microglia in pathologic CNS
1.3.1. Neuroinflammation

The CNS is an immune privileged site with effective strategies to prevent the invasion of immune
components and activation of immune response within the nervous tissue (Klein and Hunter,
2017). This concept was first discovered by Sir Peter Medawar in the 20" century. CNS immune
privilege is now considered to be a more relevant phenomenon to the CNS parenchyma and less
relevant to other areas of the CNS including the choroid plexus, meninges and ventricles (Amor et
al., 2010; Becher et al., 2017). Immune privilege refers to the tight regulation of immune responses
in the brain and spinal cord which partially depends on the BBB as a diffusion barrier composed
of endothelial cells, astrocyte end-feet, and pericytes (Janzer and Raff, 1987; Armulik et al., 2010).
In the BBB, tight junctions (TJs) of endothelial cells block the penetration of blood-derived
materials into the brain (Amor et al., 2010). The end-feet at the terminus of astrocyte processes
cover the walls of blood vessels and secrete vasoactive agents onto the smooth muscle cells of
blood vessels for regulation of vascular tone to preserve the TJs (Watkins et al., 2014). Thus, the
connection between BBB components provides a proper environment for optimizing CNS function
(da Fonseca et al., 2014). However, following systemic immunization, aging and CNS-related
disorders, the BBB becomes compromised that results in many pathological conditions (Obermeier

et al., 2013; Becher et al., 2017).

Neuroinflammation is defined as the inflammation of the brain and spinal cord in response
to disturbed hemostasis (DiSabato et al., 2016). Neuroinflammation is a pathological hallmark of
several leading neurological conditions of the CNS including neurotrauma, stroke and multiple

sclerosis (MS) (Alexander and Popovich, 2009b; David and Kroner, 2011; Alizadeh et al., 2015).



Neuroinflammation is a common phenomenon in many different pathological disorders, ranging
from changes in glial cell morphology to a large invasion and destruction of the nervous tissue by
leukocyte infiltration (Streit and Graeber, 1993; Heppner et al., 2015). Since CNS is a stress-
sensitive area with limited self-renewal potential and high vulnerability to injury, acute
neuroinflammatory response, including microglia activation, occurs in the nervous tissue to
minimize neuronal damage. However, long-term activation of microglia and sustained production
of pro-inflammatory mediators cause chronic neuroinflammation which is most often detrimental

to the CNS (Chen et al., 2016).

1.3.2. Microglia functions in neuroinflammation

Microglia play crucial roles in CNS pathology through their mobilization at early stages of the
disease. Microglia mobilization causes major changes in their phenotype (named microglia
activation) which allows them to adapt to an altered environment, react in a particular manner and
exert either neuroprotective or neurotoxic effects (Streit, 2002; Mosser et al., 2017). Activation of
microglia is the first indication of neuroinflammation in the brain or the spinal cord (Carson et al.,
2006). Upon exposure to a stimulus, microglia undergo an activation stage which induces dramatic
changes in their morphology from ramified to amoeboid (Taves et al., 2013). Following activation,
microglia migrate to the site of injury and undergo microgliosis. Activation of microglia enable
them to respond to the injury, conduct phagocytosis of cellular debris, and secrete inflammatory
factors which commence and propagate neuroinflammation (Taves et al., 2013; Li and Zhang,

2016).

Acutely activated microglia perform beneficial functions, including scavenging

neurotoxins which attenuates inflammation and releasing trophic factors which support neuronal
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survival (Neher et al., 2011b). Activated microglia also serve as phagocytic cells (Stence et al.,
2001). The phagocytic microglia highly proliferate and migrate towards the injury site to
accommodate the areas with massive neuronal death in a process called chemotaxis (Eugenin et
al., 2001). Activated microglia have the capacity to engulf and internalize apoptotic cells and
debris in a wide range of neurological conditions such as Alzheimer’s disease (AD) Parkinson’s
disease (PD), MS, stroke and CNS trauma (Gehrmann et al., 1995; Long-Smith et al., 2009;
Neumann et al., 2009; Loane and Byrnes, 2010; Napoli and Neumann, 2010; Yenari et al., 2010;
Prokop et al., 2013). To engulf the particles, activated microglia express different types of
receptors, including toll-like receptors (TLRS), triggering receptor expressed on myeloid cells 2
(TREM-2), scavenger receptor (SR) and mannose receptor (MR) (Fu et al., 2014). Acute activation
of microglia can be regulated in pathologic CNS through pro-inflammatory cytokines and
mediators released by infiltrating immune cells, demyelination-derived myelin debris and various
pathogens or cellular proteins which then cause the activation of TLR pathway (Sriram, 2011).
The chronic activation of microglia may compromise the permeability of the BBB and augment
infiltration of peripheral immune cells which lead to chronic neuroinflammation and disease
progression (Schmid et al., 2009; Lyman et al., 2014). Furthermore, chronically activated
microglia are implicated in demyelination by presenting antigen to infiltrating immune cells and
producing inflammatory mediators (Alizadeh et al., 2015). Demyelination, which is loss of myelin
sheaths around the axons, results in axonal and neuronal degeneration and functional deficits in
conditions such as MS and SCI (Caprariello et al., 2012). Since chronic activation of microglia
acts as a convergence point for divergent factors that cause demyelination (Lyman et al., 2014),
immunomodulatory therapies with the potential to target neuroinflammation can be promising for

attenuating the progression of demyelinating conditions (Frank-Cannon et al., 2009).
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1.3.3. M1 versus M2 microglia

Activation of microglia can be classified into two phenotypes: classical proinflammatory (M1)
phenotype and alternative anti-inflammatory (M2) phenotype (Taves et al., 2013). In response to
TLR ligands such as LPS or pro-inflammatory cytokines such as IFN-y and TNF-q, resting
microglia (termed as MO0) polarize to an M1 phenotype (Wang et al., 2014). Once stimulated, M1-
polarized microglia secrete pro-inflammatory cytokines such as TNF-o and IL-1p, produce
reactive oxygen species (ROS) and nitric oxide (NO) and express a variety of chemokines to recruit
immune cells from periphery to the site of injury or insult. M1-polarized microglia also have the
capacity to present antigens to other immune cells to assist in the adaptive immune response and
to amplify inflammatory responses (Kettenmann et al., 2011; Carniglia et al., 2017). M1-polarized
microglia upregulate respective receptors such as major histocompatibility complex class Il
(MHC-I11) and cluster of differentiation 86 (CD86) to act as antigen presenting cells (APC) and to
communicate with other immune cells (Taylor et al., 2005). To distinguish M1 microglia from M2
microglia and other immune cells, their expression level of cell surface markers and cytokines is
used, for example, M1 microglia express high levels of IL-12 and low levels of IL-10 (Skeen et
al., 1996; Mantovani et al., 2004). There is accumulating evidence showing that M1-polarized
microglia are involved in the pathophysiology of many neurodegenerative disorders such as PD,
MS and dementia, in which prolonged inflammatory response is associated with neuronal

dysfunction (Figure 1B) (Zhang et al., 2017; Du et al., 2018; Luo et al., 2018; Zhang et al., 2018).

The resolution phase of inflammation is an essential step for tissue repair and regeneration
after a stimulus. During this step, M1-polarized microglia adopt an alternative M2 phenotype,
which was originally classified based on the expression of mannose receptor (Stein et al., 1992;

Franco and Fernandez-Suarez, 2015). The M2-polarized microglia have been implicated in tissue

12



repair and wound healing through phagocytosis of death or dying cells and myelin debris (Miron
et al., 2013). Although phagocytic ability of microglia is critical for reconstructing neuronal
networks and axonal regeneration after injury, it has still remained controversial whether
phagocytosis is beneficial or detrimental in different CNS disorders (Weldon et al., 1998; Ito et

al., 2007; Sierra et al., 2010).

The Mz2-polarized microglia are also characterized by secretion of several anti-
inflammatory mediators such as transforming growth factor- (TGF-) B, IL-10, and Arginase-1
(Arg-1) (Miron et al., 2013; Taylor et al., 2017). The enzyme Arg-1 competes with inducible nitric
oxide synthase (iNOS) for the amino acid I-arginine and converts it to polyamines, ornithines and
proline that contribute to tissue repair and matrix deposition (Rath et al., 2014). M2 microglia can
also delay or mitigate glial scar formation and thereby further support regeneration or repair in

CNS injury (Figure 1B) (Rohl et al., 2007).

Phenotype and function of M2 microglia can be sub-classified into M2a, M2b and M2c
based on the type of cytokine(s) that is used for their polarization. The microglia exposed to IL-4
or IL-13 are characterized as M2a cells, which suppress inflammatory response through NF-xB
inhibition and phagocytosis activity (Gadani et al., 2012; Sica and Mantovani, 2012). Upon
exposure to 1L-10, TGF-B and glucocorticoids, activated microglia are polarized to M2c
phenotype, which appears to be important in wound healing and matrix remodeling after down-
regulation of inflammatory responses (Cherry et al., 2014). Following activation with immune
complexes, microglia/macrophages switch into M2b phenotype that express high IL-10 and low
IL-12 (Filardy et al., 2010). Although M2b microglia release MHCII and CD86 molecules to
stimulate T cells (Edwards et al., 2006), they appear to promote T helper 2 (Th2) differentiation,

which further supports the suppression of immune responses (Figure 1B) (Filardy et al., 2010).
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Collectively, M1 microglia are mainly characterized by their pro-inflammatory response,
whilst M2 microglia are involved in the resolution of pro-inflammatory response and clearance of
debris that is required for CNS homeostatic balance (Franco and Fernandez-Suarez, 2015). Thus,
M2 microglia have neuroprotective properties and regenerative capacity, which mitigate excessive
tissue degeneration in the injured and diseased CNS (Kigerl et al., 2009; Liao et al., 2012; Miron
et al., 2013; Franco and Fernandez-Suarez, 2015). Given the fact that M2-polarized microglia are
critical players for tissue repair and regeneration, redirecting microglia response towards a M2

phenotype can be a pivotal therapeutic approach in neuroinflammatory disorders.
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Figure 1. Role of microglia in the normal and pathologic adult CNS. (A) Schematic diagram
illustrates the role of resting microglia (termed as MO) in the normal brain and spinal cord. MO
microglia prune newborn neurons, remove apoptotic cells, and regulate synaptic stripping in the
adult brain (Altman and Das, 1965; Blinzinger and Kreutzberg, 1968; Eriksson et al., 1998; Roy
et al., 2000; Deng et al., 2010; Sierra et al., 2010). Microglia can induce differentiation,
proliferation, survival and migration of adult NPCs (Aarum et al., 2003; Morgan et al., 2004; Liu
et al., 2013a). (B) Schematic diagram shows role and characteristics of M1/M2 microglia in
neuroinflammation. LPS, IFN-y or TNF-a induces M1 polarization resulting in production of TNF-
a, IL-1B, ROS, NO and chemokines to recruit peripheral immune cells to the site of injury
(Kettenmann et al., 2011; Wang et al., 2014; Carniglia et al., 2017). M1 microglia upregulate
MHC-11 and CD86 to act as APC cells and to communicate with T cells (Taylor et al., 2005). Thus,
M1 microglia are considered to be involved in the pathogenesis of CNS-related diseases (Zhang

etal., 2017; Du et al., 2018; Luo et al., 2018; Zhang et al., 2018). In contrast, IL-4, IL-10 or I1L-13
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diverts microglia polarization toward M2 phenotype, which is characterized by production of TGF-
B, IL-10, Arg-1, and phagocytosis of cell and myelin debris (Miron et al., 2013). Thus, M2
microglia are implicated in tissue repair and regeneration (Kitayama et al., 2011). M2 microglia
phenotype and function can be sub-classified into M2a, M2b and M2c (Mosser and Edwards, 2008;
Gadani et al., 2012; Sica and Mantovani, 2012; Cherry et al., 2014). Abbreviations: CNS, central
nervous system; NPCs, neural precursor cells; LPS, lipopolysaccharide; IFN-y, interferon gamma;
TNF-a, tumor necrosis factor alpha; IL-1p, interleukin beta; ROS, reactive oxygen species; NO,
nitric oxide; MHC-II, major histocompatibility complex Il; CD86, cluster of differentiation 86;
APC, antigen presenting cells; IL-4, interleukin 4; IL-10, interleukin 10; IL-13, interleukin 13;

TGF-B, transforming growth factor beta; Arg-1, arginase 1.
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1.3.4. Role of microglia in cell death in CNS injuries and diseases

Following injury, microglia play an important role in wound healing by removing cell debris and
myelin clearance in the injured CNS (Neumann et al., 2009; Walter and Neumann, 2009).
Microglia phagocytosis is critical for maintenance of CNS homeostasis and stimulation of tissue
repair (Neumann et al., 2009; Walter and Neumann, 2009). Studies have shown that impaired
microglia phagocytosis in the aged CNS diminishes neural regeneration and increases the
frequency of pathological conditions (von Bernhardi et al., 2010). In addition to their traditional
role in phagocytosis, microglia have been implicated in cell life/death processes in the injured
CNS. Depending on the type of neurotoxic or neurotrophic factors released by microglia, these
cells can promote or attenuate neuronal death, respectively (Mallat and Chamak, 1994; Hanisch
and Kettenmann, 2007). Complementary in vitro and in vivo studies have shown that depletion of
microglia or inhibition of their inflammatory response can mitigate or completely block neuronal
death in Parkinson’s disease (Mount et al., 2007; Gao et al., 2011). Microglia activation is required
for producing damage in pathological conditions such as retinal detachment or LPS exposure (Qin
et al., 2004; Nakazawa et al., 2007; Liu and Bing, 2011; Neher et al., 2011b). Moreover, activated
microglia can induce degeneration in neurons in vitro and following ischemia (Flavin et al., 2000;
Hur et al., 2010). It has been suggested that damaged neurons initiate a degeneration cascade
through activation of microglia and other glial cells, such as astrocytes (llieva et al., 2009;
Cameron and Landreth, 2010). Indeed, an initially-damaged neuron releases damage-associated
molecular patterns (DAMPs) and TNF-a through necrosis, which result in chronic activation of
microglia and reactive microgliosis (Block and Hong, 2007; Lull and Block, 2010; Gao et al.,
2011). Neuronal degeneration can also be attributed to direct phagocytosis of neurons by activated

microglia (Figure 2) (Neher et al., 2011a; Neniskyte et al., 2011). Moreover, defects in regulatory
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mechanisms of microglia activation have shown to exaggerate neurodegeneration in CNS diseases

(Marin-Teva et al., 2011).

Microglia can also affect cell life/death by releasing inflammatory mediators such as ROS,
NO, pro-/anti-inflammatory cytokines and chemokines after injury (Hanisch, 2002; Block et al.,
2007; Brown, 2010; Brown and Neher, 2010). Microglia-derived TNF-o and IL-1p are shown to
induce cell death in CNS injuries and disease (Hanisch and Kettenmann, 2007; Loane and Byrnes,
2010). It has been shown that MS disease severity is correlated with the level of TNF-a that can
be detected in the serum, cerebrospinal fluid, and demyelinating lesions of affected patients
(Maimone et al., 1991; Rieckmann et al., 1995). TNF-a can activate pro-apoptotic proteins to
induce neuronal death, while it also stimulates NF-«xB signaling to promote neuronal survival (Liu
et al., 1996; Mattson, 2005; Mettang et al., 2018). It is proposed that initial expression of pro-
inflammatory cytokines prevents further injury to the nervous tissue; however long-term microglia
activation and pro-inflammatory cytokines expression contribute to neurotoxicity in chronic
inflammatory response (Smith et al., 2012). Microglia have also been shown to diminish
neurodegeneration by releasing anti-inflammatory cytokines such as IL-4 and 1L10 (Figure 2)

(Park et al., 2005; Henry et al., 2009; Xiong et al., 2011).

In addition to neurons, excessive activation of microglia results in oligodendroglial death,
myelin defects and demyelination (Pfeiffer et al., 1993). Since oligodendrocytes are metabolically
active and require high energy for their function in the CNS, they are highly susceptible to
inflammatory factors produced by M1 microglia (Pang et al., 2003; Chew et al., 2013). Several
pro-inflammatory cytokines such as IL-1p, IL-2, IL-3, IFN-y, and TNF-a expressed by microglia
have been found in MS lesions, showing a close correlation between microglia activity and

oligodendrocyte cell death in MS pathology (Benveniste, 1997). For example, IL-1B binding to
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IL-1R1 stimulates the mitogen-activated protein kinase (MAPK) signaling leading to reduced
number of developing oligodendrocytes and hypomyelination in neonatal rats (Han et al., 2017).
Moreover, microglia-derived IL-1B delays the remyelination processes during CNS disease
(Gosselin and Rivest, 2007; Deng et al., 2008). Ectopically expression of IFN-y in transgenic mice
can provoke oligodendrocytes cell death and prevent remyelination through endoplasmic
reticulum (ER)-modulated signaling pathways (Lin et al., 2006). In vitro studies have shown that
IFN-y-exposure of oligodendrocytes induces mRNA expression of caspases 1, 4, 7 and 8, and Fas
leading to cell death and increases TNF-R1 expression in oligodendrocytes making them more
responsive to TNF-a (Buntinx et al., 2004; Lin et al., 2006; Lin and Lin, 2010). The activation of
INOS gene was reported to be one of the underlying mechanisms of IFN-y, TNF-a or IL-1p-
induced oligodendrocyte damage. During inflammation, iNOS catalyzes NO production from L-
arginine which results in cytolysis, cytostasis, inhibition of Krebs’s cycle, and eventually
oligodendrocyte death (Merrill et al., 1993; Nave, 2010). NO-induced CNS damage is also
mediated by ROS production and oxidation during oxidative stress (Figure 2) (Peferoen et al.,

2014).

It has been proposed that early activation of microglia mainly eliminates damaged cells
and probably some healthy cells, whilst the late microglia activation predominantly contributes to
tissue repair and reconstitution. This dual role of microglia has been attributed to the balance
between M1 and M2 activation state of microglia. Accordingly, M1-polarized microglia would be
mainly involved in early stages of inflammation, whereas M2-polarized cells would participate in
later stages (Loane and Byrnes, 2010; David and Kroner, 2011). However, the mechanisms of
microglia activation are complicated that can be simply explained by M1 (neurotoxic)/M2

(neuroprotective) phenotypes (Marin-Teva et al., 2011).
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Figure 2. Role of microglia in cell death in CNS injuries and disease. Schematic diagram shows
that an initial damage to a neuron initiates a degeneration cascade through activation of microglia
and other glial cells leading to neuronal degeneration and demyelination (llieva et al., 2009;
Cameron and Landreth, 2010). Indeed, the demyelinated neuron releases DAMPs and TNF-a
through necrosis which results in chronic activation of microglia and reactive microgliosis (Block

and Hong, 2007; Lull and Block, 2010; Gao et al., 2011). Neuronal degeneration can also be
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attributed to direct phagocytosis of neurons by activated microglia (Neher et al., 2011a; Neniskyte
et al., 2011). M1 microglia induce peripheral immune cells activation and recruitment leading to
further neuronal damage by releasing ROS, NO, IL-1B, TNF-o, and chemokines after injury
(Hanisch, 2002; Block et al., 2007; Brown, 2010; Brown and Neher, 2010). TNF-a can activate
pro-apoptotic proteins to induce neuronal death, while it also stimulates NF-xB signaling to
promote neuronal survival (Liu et al., 1996; Mattson, 2005; Mettang et al., 2018). M2 microglia
can also diminish neurodegeneration by expressing IL-4 and I1L10 and phagocytosis of myelin
debris (Park et al., 2005; Henry et al., 2009; Xiong et al., 2011). In addition to neurons, excessive
activation of microglia results in oligodendroglial death and demyelination through the expression
of IL-1B, IL-1, IL-2, IL-3, IFN-y, TNF-o and iNOS (Pfeiffer et al., 1993),(Merrill et al., 1993;
Benveniste, 1997; Buntinx et al., 2004; Lin et al., 2006; Gosselin and Rivest, 2007; Deng et al.,
2008; Lin and Lin, 2010; Nave, 2010; Kaur et al., 2013). Abbreviations: DAMPs, damaged-
associated molecule patterns; TNF-a, tumor necrosis factor alpha; ROS, reactive oxygen species;
NO, nitric oxide; IL-1p, interleukin 1 beta; NF-xB, nuclear factor-kappa beta; IL-1, 2, 3, 4, 10,

IFN-y, interleukin 1, 2, 3, 4,10; interferon gamma; iNOS, inducible nitric oxide synthase.
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1.3.5. Role of microglia in endogenous cell replacement in CNS injuries and diseases

Following demyelination, spontaneous remyelination occurs to form new myelin sheaths around
demyelinated axons and to protect neurons from degeneration (Franklin and Goldman, 2015)
OPCs and NPCs are two endogenous cell populations with the capacity for oligodendrocyte
replacement and remyelination (Beattie et al., 1997; Eftekharpour et al., 2008; Meletis et al., 2008;
Barnabe-Heider et al., 2010). In adulthood, NPCs reside along the neuraxis notably in the SVZ of
the lateral ventricles of the brain, the subgranular zone (SGZ) of the dentate gyrus (DG) in the
hippocampus, ependymal layer of the spinal cord and white matter tissue of the brain and spinal
cord (Martino and Pluchino, 2006; Jandial and Chen, 2012). Under normal conditions, NPCs are
quiescent in most areas of the adult CNS indicating their slow turnover (Palmer et al., 1999).
However, in the SVZ and SGZ regions, neurons can be continuously generated from NPCs that
contribute to neurogenesis in these regions (lIhrie and Alvarez-Buylla, 2011; Morrens et al., 2012).
A small subpopulation of NPCs produces OPC, which migrate towards the white matter and cortex
(Suzuki and Goldman, 2003; Menn et al., 2006). These OPCs contributes to the turnover of
oligodendrocytes, which maintain myelin sheaths around the axons to allow rapid saltatory
conduction and to provide support to axons (Nave and Werner, 2014). Following injury,
proliferation of NPCs is significantly induced in the SVZ and SGZ of the injured brain
(Chirumamilla et al., 2002; Gao et al., 2009). In ischemic conditions, the proliferating NPCs
predominantly differentiate into neurons (Sun, 2014). Moreover, the potential of the SVZ NPCs-
derived OPCs for migration and oligodendrocytes formation is considerably enhanced to
compensate for oligodendrocytes and myelin loss (Menn et al., 2006). In addition to NPCs-derived
OPCs, the resident population of adult OPCs in the brain parenchyma contributes to

oligodendrogenesis in the injured brain (Gensert and Goldman, 1997; Menn et al., 2006). In
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contrast to the brain, NPCs residing within the ependymal/subependymal regions of the intact
spinal cord only have self-renewal capacity to maintain their own population during adulthood
(Barnabe-Heider et al., 2010). Following injury, spinal cord-derived NPCs become activated and
increase their proliferation, however, they primarily differentiate into astrocytes with limited
number giving rise to new oligodendrocytes (Meletis et al., 2008; Karimi-Abdolrezaee et al.,
2012). Importantly, in contrast to the brain, neurogenesis is a rare event in the spinal cord and
NPCs in the spinal cord they mainly have gliogenic capacity (Barnabe-Heider et al., 2010; Karimi-
Abdolrezaee et al., 2012). Interestingly, when brain derived NPCs with intrinsic neurogenic
potential were transplanted into the injured spinal cord, they mainly differentiated into glial cells
with rare neurogenesis indicating the critical role of the stem cell niche in instructing the fate

specification of NPCs (Karimi-Abdolrezaee et al., 2006).

Although neurons and oligodendrocytes can be endogenously replaced from the SVZ of
the damaged brain, the regenerative potential of the brain is not enough to improve functional
recovery in neurological disorders. For example, only 0.2% of the dead neurons in the striatum
can be replaced by newly formed neurons after stroke (Arvidsson et al., 2002). In the injured spinal
cord, regenerative response of NPCs is not balanced and constructive for repair. Majority of NPCs
differentiate to astrocytes and contribute to astrogliosis and glial scar formation (Barnabe-Heider
etal., 2010; Karimi-Abdolrezaee and Billakanti, 2012; Karimi-Abdolrezaee et al., 2012). Reactive
astrocytes highly express chondroitin sulfate proteoglycans (CSPGs), which inhibit
oligodendrogenesis and favor astrocyte differentiation leading to insufficient remyelination after
SCI (Karimi-Abdolrezaee et al., 2010; Karimi-Abdolrezaee et al., 2012). In summary, adult brain
and spinal cord contain precursor cells with the capacity for cell replacement and spontaneous

remyelination after injuries or diseases; however, the efficacy and quality of remyelination is
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compromised and limited in a hostile microenvironment surrounding the demyelinating lesions
(Alizadeh et al., 2015).

Studies have shown that post-injury microenvironment influences microglia phenotype and
function, which leads to altered properties of progenitor cells (Morrens et al., 2012). For example,
the expression of connexin 43 (Cx43) and the presence of gap junctions in both NPCs and activated
microglia in the lesion provide anatomical coupling between these two cell types that facilitates
cellular communication (Talaveron et al., 2014). In addition to cell-cell interactions, microglia
products can regulate fate specification of adult NPCs through paracrine mechanisms (Butovsky
et al., 2006). Following injury, M2 polarization of microglia exerts positive effects on
remyelination through the secretion of IGF-I and TGF-p1 which promote oligodendrocyte
differentiation (Hinks and Franklin, 1999; Ousman and David, 2000). Exposure of Microglia to
IL-4 or a low dose of IFN-y can favour the fate of NPCs towards oligodendrogenesis or
neurogenesis through IGF-I1 expression, while LPS-induced M1 microglia block NPCs
differentiation via TNF-a expression (Butovsky et al., 2006). Microglia-derived IGF-1 is also a
potent regulatory factor for NPC proliferation. IGF-1 knock-out mice show a significant reduction
in the number of granule cells resulting in the reduced size of the brain, whereas IGF-1 over-
expression induces neurogenesis and synaptogenesis in the hippocampal dentate gyrus (Beck et
al., 1995; O'Kusky et al., 2000). In vitro studies have shown that the beneficial role of IGF-1 in
the proliferation of precursor cells is mediated through the MAPK pathway (Aberg et al., 2003).
In addition to IGF-I, microglia affect NPCs properties via a combination of cytokines (IL-1p, IL-
6, TNF-a, and IFN-y) in an IGF-1-independent manner (Shigemoto-Mogami et al., 2014).

There is also a supportive role of M2-polarized microglia in promoting endogenous NPC

activation and migration. The expression of IL-10 by M2 microglia promotes neurogenesis and
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oligodendrogenesis leading to functional recovery in experimental autoimmune encephalomyelitis
(EAE) model (Pluchino and Martino, 2005; Butovsky et al., 2006; Guan et al., 2008; Yang et al.,
2009). It has been shown that the supernatant of IL-4-induced M2 microglia promotes NPC
differentiation into neurons and oligodendrocytes with a lower number of NPC differentiating into
astrocytes (Yuan et al., 2017). Indeed, M2-polarized microglia highly express an anti-
inflammatory prostaglandin, 15-Deoxy-Delta-12,14-prostaglandin J2 (15d-PGJ;), which activates
peroxisome proliferator-activated receptor gamma (PPARY) signaling pathway in NPCs to induce
their differentiation (Yuan et al., 2017). In contrast, LPS+IFN-y activated microglia promotes
astrogenesis with limited neurogenesis and oligodendrogenesis (Yuan et al., 2017). Inhibition of
neurogenesis by M1 microglia leads to cognitive dysfunction in the hippocampal areas of adult
rats with AD, chronic MS or LPS-induced inflammatory injuries (Ekdahl et al., 2003). In vitro
studies have also shown that chronically activated microglia express lower level of
proinflammatory cytokines such as IL-1a, IL-1pB, IL-6 and TNF-o, but higher level of anti-
inflammatory cytokines like IL-10 and immunomodulatory prostaglandin E2 (PGE2) compared to
acutely activated microglia (Cacci et al., 2008). In the presence of chronically activated microglia
or their conditioned medium, there is a strong increase in neurogenesis by embryonic and adult
NPCs accompanied by a significant reduction in gliogenesis, while acutely activated microglia
increase gliogenesis and reduce neurogenesis (Cacci et al., 2008). Recently, our group has shown
that conditioned media of microglia exposed to IFN-y and TNF-a (M1-polarized cells)
significantly reduce the proliferation of spinal cord NPCs and significantly induce their
differentiation into astrocytes (Dyck et al., 2018). In contrast, conditioned media of microglia
exposed to IL-10 (M2-polarized cells) promote a significant increase in NPC proliferation and

induces oligodendrogenesis (Dyck et al., 2018). Furthermore, our group has also found that the
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paracrine effect of M2 microglia on NPC differentiation into oligodendrocytes is 1L-10 dependent,
whereas the effect on NPC proliferation seems to be IL-10 independent (Dyck et al., 2018).

Microglia also regulate OPC differentiation. Conditioned media of non-activated microglia
stimulate differentiation of OPCs into oligodendrocytes (Pang et al., 2013). Non-activated
microglia produce and release high levels of IGF-1, E-selectin, fractalkine (CX3CL1 chemokine,
neurotactin), neuropilin-2, IL-2, IL5, and vascular endothelial growth factor (VEGF) (Pang et al.,
2013). M2 microglia-derived oligodendrogenesis has been shown to be essential for effective
remyelination in cuprizone-induced demyelinating model that is partially mediated through
activin-A, a member of TGF-B superfamily (Miron et al., 2013). Conversely, LPS-induced
microglia activation prevents OPCs differentiation by NO-mediated oxidative stress and TNF-a
expression (Pang et al., 2010).

Collectively, microglia can have diverse effects on cell differentiation depending on their
phenotype and the state of their activity (Morrens et al., 2012; Shigemoto-Mogami et al., 2014).
Current evidence indicates that while an uncontrolled local pro-inflammatory response prevents
remyelination and repair processes, a properly controlled inflammation can promote repair and
recovery (Hauben and Schwartz, 2003; Butovsky et al., 2005). Therefore, it is important to
understand how microglia are regulated in their environment to identify new immunomodulatory

strategies that can harness the potential of microglia for CNS repair.
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1.3.6. Regulation of microglia in CNS injuries and diseases

Several pathways and mediators have been identified that regulate microglia activity following
CNS injury. Among the mediators controlling microglia activity in the CNS, neurons, glial cells

and progenitor cells are discussed below.

1.3.6.1. The interactions between microglia and neurons

Previously, we discussed how a damaged neuron plays a critical role in microglia-mediated cell
life/death processes following CNS injury. Here, we discuss the role and mechanisms of neurons
in modulating microglia activity via paracrine effects or direct cellular contact (Tian et al., 2009).
Paracrine effects of neurons on microglia are mediated via cytokines, chemokines, neuropeptides,
neurotrophins, neurotransmitters and purines that can influence microglia activity and chemotaxis
(de Haas et al., 2007; Biber et al., 2008). Neurons constitutively express TGF-p in the CNS
(Lacmann et al., 2007; Wu et al., 2007). TGF-B is a cytokine important for down-regulating
microglia pro-inflammatory response, which is substantially increased in TGF-B-deficient mice
(Brionne et al., 2003). In addition, neurons express fractalkine, which controls microglia function
by binding to microglia CX3CR1 receptor (Harrison et al., 1998). Studies on CX3CR1-deficient
mice revealed that fractalkine down-regulates LPS-induced microglia response and thereby
modulates inflammatory neurotoxicity (Cardona et al., 2006). Neurons also produce
neurotrophins, which induce M2 phenotypes in microglia and consequently reduce damage to the
CNS. As examples, brain-derived neurotrophic factor (BDNF) has been shown to reduce the
expression of B7 and CD40 as co-stimulatory molecules in microglia, and NGF prevents the

expression of MHC class Il in microglia (Neumann et al., 1998; Wei and Jonakait, 1999).

27



Neuropeptides are another group of regulatory factors expressed by neurons to modulate microglia
function. For example, vasoactive intestinal peptide (VIP) prevents the release of pro-
inflammatory mediators such as IL-6, TNF-a, IL-12 and NO in microglia following CNS trauma
and cerebral ischemia (Delgado et al., 2008). Moreover, the biophase level of norepinephrine (NE),
a hormone and neurotransmitter in the catecholamine family, has been shown to be negatively
correlated with LPS-induced TNF-a production by microglia (Szelenyi and Vizi, 2007). This study
showed higher expression of TNF-a. in NE-deficient depression model and lower levels of TNF-a
when NE was over-expressed in chemically-disrupted NE reuptake model (Szelenyi and Vizi,
2007). Furthermore, the major inhibitory neurotransmitter in the CNS, y-aminobutyric acid

(GABA), attenuates IL-6 production in LPS-activated microglia (Figure 3) (Bjurstom et al., 2008).

Microglia function can also be modulated through direct interactions with neurons (Tian et al.,
2012). Evidence shows that neuronal glycoproteins regulate microglia activity through microglia
receptor-mediated mechanisms (Hoek et al., 2000; Meuth et al., 2008). Amongst neuronal
glycoproteins, CD200 is predominately expressed in the cell bodies of neurons that interacts with
CD200 receptor (CD200R) on the membrane of microglia and myeloid cells (Shrivastava et al.,
2012). Microglia-neuron interactions through CD200/CD200R play an important role in
maintaining microglia in their resting non-activated state (Denieffe et al., 2013). The reduced
expression of CD200 has been associated with microglia activation and pro-inflammatory
cytokines expression in the CNS (Denieffe et al., 2013). Studies on CD200-defiecient mice
revealed induced expression of TLR4 and NFkB pathway and M1 microglia polarization following
LPS challenge compared to wild-type mice (Denieffe et al., 2013). Interestingly, alternatively
activated M2 microglia also express CD200 glycoprotein to maintain their M2 phenotype through

an autocrine pathway (Figure 3) (Yi et al., 2012). It has been proposed that IL-4 induces M2
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microglia polarization by increasing CD200 expression in microglia (Yi et al., 2012). Likewise,
the up-regulation of CD200R expression in activated microglia exert neuroprotection through
attenuating IL-1p and IL-6 secretion and inducing IL10 levels in the injured brain (Hernangomez
et al., 2012). Studies have also shown the anti-inflammatory role of CD200/CD200R signaling
pathway in modulating neuroinflammation in EAE model and the aged rat hippocampus (Chitnis

et al., 2007; Cox et al., 2012).
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Figure 3. Neuronal mechanism of microglia regulation. Neuron-derived mediators, including
anti-inflammatory cytokines, chemokines, neuropeptides, neurotransmitters and neurotrophins
regulate microglia activation (Reinke and Fabry, 2006; Wahl et al., 2006; Kerschensteiner et al.,
2009). Neurons express TGF-B and CXCL1 which down-regulate microglia pro-inflammatory
response through binding to their respective receptors (Lacmann et al., 2007; Wu et al., 2007)
(Harrison et al., 1998). In addition, neuronally-derived BDNF reduces the expression of B7 and
CD40 as co-stimulatory molecules in microglia, and NGF prevents the expression of MHC class
I1in microglia (Neumann et al., 1998; Wei and Jonakait, 1999). Neurons also express vasoactive

intestinal peptide (VIP) which prevents the release of IL-6, TNF-a, IL-12 and NO by M1 microglia
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following CNS injury (Delgado et al., 2008). The neurotransmitters, NE and GABA expressed by
neurons attenuate TNF-a and IL-6 production in M1 microglia, respectively (Delgado et al., 2008)
(Bjurstom et al., 2008). CD200, predominately expressed by neuronal cell bodies, interacts with
CD200 receptor (CD200R) on the membrane of MO and M2 microglia (Shrivastava et al., 2012).
Microglia-neuron interactions through CD200/CD200R play an important role in maintaining
microglia in their resting state (Denieffe et al., 2013). Following injury, reduced expression of
CD200 by neurons is associated with induced M1 microglia polarization (Denieffe et al., 2013).
M2 microglia also express CD200 glycoprotein to maintain their M2 phenotype through an
autocrine pathway (Yi et al., 2012). Abbreviations: TGF-B, transforming growth factor beta;
CXCL1, chemokine (C-X-C motif) ligand 1, BDNF, Brain-derived neurotrophic factor; CD40,
cluster of differentiation 40; NGF, nerve growth factor; MHC-II, major histocompatibility
complex II, VIP, vasoactive intestinal peptide; IL-6, interleukin 6; TNF-a, tumor necrosis factor
alpha; IL-12, interleukin 12; NO, nitric oxide; CNS, central nervous system; NE, Norepinephring;
GABA, y-aminobutyric acid; CD200, cluster of differentiation 200; CD200R, cluster of

differentiation 200 receptor.
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1.3.6.2. The crosstalk between microglia and other glial cells

Astrocytes and oligodendrocytes play important roles in the normal and pathologic CNS (Petrovic-
Djergovic et al., 2016). It has been shown that astrocytes and oligodendrocytes modulate
neuroinflammation by direct expression of inflammatory mediators or communication with
microglia and neurons (Siglienti et al., 2007). For example, astrocyte-mediated TGF-f signaling
reduces expression of MHC-II and co-stimulatory molecules in activated microglia and
subsequently affects their antigen presenting function (Siglienti et al., 2007). In Alzheimer’s
disease, B-amyloid peptide (AB) aggregation within neurons triggers secretion of complement C3
by astrocytes and its binding to microglia C3a receptors resulting in impaired phagocytic activity
of microglia (Lian et al., 2016). In response to a stimulus, activated astrocytes produce TNF and
colony-stimulating factor 1 (CSF1), which further stimulate M1 microglia polarization and
proliferation (Saijo and Glass, 2011). The cross-talk between microglia and astrocytes further
induce pro-inflammatory mediators contributing to the CNS pathology (Saijo et al., 2009; Saijo

and Glass, 2011).

Oligodendrocytes also contribute to microglia regulation. One example of oligodendrocyte
regulatory effect is through oligodendrocyte-derived CD200 glycoprotein and microglia CD200R
receptor signaling (Koning et al., 2009). Spontaneous activation of microglia has been shown in
CD200-deficient mice, which are more susceptible to develop EAE (Koning et al., 2009). This
study provided evidence that CD200/CD200R interactions between oligodendrocytes and
microglia can also regulate the activation of microglia in addition to neuron-microglia interactions
(Koning et al., 2009). Furthermore, oligodendrocyte-derived cytokines such as CCL2, IL-6 and
IL-8 have an important impact on microglia and other immune cells in CNS infection and diseases

such as Lyme Neuroborreliosis, MS, Alzheimer’s disease and schizophrenia (Ramesh et al., 2012).
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For example, IL-8 and CCL2 production by oligodendrocytes influence microglia recruitment
during the acute stage of neuroinflammation (Ramesh et al., 2012). A study in 2007 demonstrated
that oligodendrocytes exposed to IFN-y express CCL2, CCL3, CCL5 and CXCL10
chemoattractants (Balabanov et al., 2007). Studies on MS have shown that IL-18 expressed by
oligodendrocytes binds to IL-18R on microglia in which stimulate IFN-y production causing
damage to oligodendrocytes (Cannella and Raine, 2004). Additionally, oligodendrocytes
undergoing necrosis/apoptosis-mediated cell death produce extracellular nucleotides, which bind
to purinergic receptors expressed on microglia resulting in microglia activation (Figure 4)
(Peferoen et al., 2014). Altogether, this evidence suggests that microglia are regulated by the CNS

network.

1.3.6.3. Microglia interactions with neural precursor cells

Microglia and NPCs regulate each other’s activity and function through paracrine and cell-cell
interactions. For example, addition of NPCs conditioned media to primary microglia cultures and
BV2 microglia cell line induces microglia phagocytosis in a dose-dependent manner (Mosher et
al., 2012). Complementary in vivo studies on C57BL/6 mice also revealed that injection of primary
mouse NPCs into the striatum improved microglia proliferation and phagocytosis (Mosher et al.,
2012). NPCs are shown to modulate the immune response through various mechanisms.
Intrathecal injection of NPCs into the CSF of EAE mice results in a switch in microglia activation
profile with significant decrease in M1 microglia and parallel increase in M2 microglia (Peruzzotti-
Jametti et al., 2018). This study showed that interactions between microglia derived-succinate and
succinate receptor 1 on transplanted NPC stimulate the secretion of PGE2, which induces an anti-

inflammatory response (Peruzzotti-Jametti et al., 2018). VEGF expression has shown to be a
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critical mechanism for NPC regulation of microglia proliferation, chemotaxis and phagocytosis
(Mosher et al., 2012). Depletion of VEGF from the conditioned media of NPCs mitigates the
effects of NPCs on the properties of microglia (Mosher et al., 2012). The impact of VEGF on
microglia was supported by another study in which VEGF injection into the striatum was sufficient
to induce microglia proliferation (Mosher et al., 2012). NPCs also mitigate LPS-induced-microglia
activation by attenuating the release of TNF-a, IL-1B, NO and chemokines, and reducing
phagocytosis activity (Yan et al., 2013). Similar to oligodendrocytes, NPCs also modulate
microglia activity through CD200/CD200R signaling pathway. Co-culturing of NPCs with
microglia results in upregulation of CD200 in NPCs accompanied by CD200R over-expression in
microglia (Liu et al., 2013a). Inhibition of CD200/CD200R interactions between NPCs and
microglia reduces TGF-p expression by NPCs, which subsequently decrease the survival of

phagocytic microglia (Figure 4) (Clark et al., 2008; Ryu et al., 2012; Memarian et al., 2013).
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Figure 4. Astrocytes, oligodendrocytes and NPCs regulate microglia activity. Astrocyte-
mediated TGF-B signaling reduces expression of MHC-I1 and co-stimulatory molecules in M1
microglia and subsequently affects their antigen presenting function (Siglienti et al., 2007).

Activated astrocytes produce C3, CSF1, and TNF, which further stimulate M1 microglia
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polarization and proliferation (Saijo et al., 2009; Saijo and Glass, 2011). Oligodendrocyte-derived
CD200 glycoprotein and microglia CD200R receptor down-regulate microglia activity (Koning et
al., 2009). Oligodendrocytes exposed to IFN-y express CCL2, CCL3, CCL5 and CXCL10
chemoattractants, which influence microglia recruitment during the acute stage of
neuroinflammation (Balabanov et al.,, 2007; Ramesh et al., 2012). IL-18 expressed by
oligodendrocytes binds to IL-18R on microglia in which stimulate IFN-y production causing
damage to oligodendrocytes (Cannella and Raine, 2004). Damaged oligodendrocytes produce
extracellular nucleotides, which bind to purinergic receptors expressed on MO microglia and
activate microglia (Peferoen et al., 2014). Interactions between microglia derived-succinate and
transplanted NPC succinate receptor 1 stimulate the secretion of PGE2, which induces an anti-
inflammatory response (Peruzzotti-Jametti et al., 2018). VEGF expression is a critical mechanism
for NPC regulation of microglia proliferation, chemotaxis and phagocytosis (Mosher et al., 2012).
NPCs also modulate microglia activity through CD200/CD200R signaling pathway (Liu et al.,
2013a). Abbreviations: CCL2,3,5,10, the chemokine (C-C motif) ligand 2,3,5,10; TNF, tumor
necrosis factor alpha; C3, complement component 3; CSF1, colony stimulating factor 1; IFN-y,
interferon gamma; IL-8, interleukin 8; IL-8R, interleukin 8 receptor; TGF-B2, transforming growth
factor beta 2; VEGF, vascular endothelial growth factor; MHC-II, major histocompatibility

complex II; CD200, cluster of differentiation 200; CD200R, cluster of differentiation 200 receptor.
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1.4. Neuregulin-1 and ErbB network

Neuregulins (NRGs) are a large family of proteins consisting of four members, Nrg-1, Nrg-2, Nrg-
3 and Nrg-4. NRGs are related to the epidermal growth factor (EGF) protein superfamily since
they share an EGF-like domain (Lemke, 1996). Structurally-related NRG proteins are expressed
in the CNS, heart, gastrointestinal tract and mammary glands (Burden and Yarden, 1997; Garratt
et al., 2000; Garratt, 2006; Zhao, 2013). For cell-cell communication in the CNS, NRGs signal
through the transmembrane ErbB tyrosine kinase receptors (Lemke, 1996; Burden and Yarden,
1997). NRG-ErbB receptor signaling stimulates intracellular pathways, which elicit different
cellular responses including proliferation, differentiation, migration and survival (Burden and

Yarden, 1997; Adlkofer and Lai, 2000).

Nrg-1, -2, -3 and -4 are encoded by individual genes which undergo alternative splicing to
generate different isoforms for an isolated protein (Falls, 2003). All the NRG isoforms share an
extracellular EGF-like domain for activation of ErbB receptors and the consequent cellular
responses. However, the affinity of the EGF-like domain differs among different types of proteins
due to an alternative splicing of a single gene which gives rise to EGF-like domain variants,
including a and 3 (Burden and Yarden, 1997). The extracellular motifs in NRG proteins consist of
a single peptide, N-terminal domain variants including cysteine-rich domain (CRD) or kringle
motif-related domain, transmembrane and glycosylation domains and an Ig-like loop (Figure 5).
NRG proteins can be transmembrane or secretory based on the presence or absence of the
transmembrane domain (Burden and Yarden, 1997).

Among the members of NRG family, Nrg-1 is the best characterized protein. In the CNS,

and peripheral nervous system (PNS), Nrg-1 is a neuronally-derived growth factor (Mei and
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Xiong, 2008). Nrg-1 consists of six proteins (I-V1) and 31 isoforms including Neu differentiation
factor (NDF), heregulin (HRG) and acetylcholine-receptor-inducing activity (ARIA) as type | Nrg-
1, glial growth factor (GGF) as type I, and sensory and motoneuron-derived factor (SMDF) and

CRD Nrg-1 as type Il (Bao et al., 2003; Mei and Xiong, 2008).
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Figure 5. Nrg-1 isoforms and their structures. The gene encoding Nrg-1 undergoes alternative
splicing to generate different isoforms for an isolated protein (Falls, 2003). All the Nrg-1 isoforms
share an extracellular EGF-like domain for activation of ErbB receptors. EGF-like domain variants
include o and B (Burden and Yarden, 1997). The extracellular motifs in Nrg-1 proteins consist of
a single peptide, N-terminal domain variants including cysteine-rich domain (CRD) or kringle
motif-related domain, transmembrane and glycosylation domains and an Ig-like loop (Burden and

Yarden, 1997).
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Nrg-1 isoforms are initially produced as precursor proteins that are anchored to the cell
membrane. Nrg-1 precursor protein, also known as pro-Nrg-1 contains a functional EGF-like
domain extracellularly. The juxta-membrane region of pro-Nrg-1 is then proteolytically cleaved
on the C-terminus of EGF-like domain to release Nrg-1 ligand by TNF-a converting enzymes
(TACE or ADAML17) (Loeb et al., 1998; Montero et al., 2007), B-site of amyloid precursor protein
cleaving enzyme (BACE) (Hu et al., 2006; Willem et al., 2006), and meltrin beta (ADAM19). All
Nrg-1 isoforms, except type Il1, are released to the extracellular space as a diffusible and mature
protein (Yokozeki et al., 2007).

Nrg-1 ligand signals through activation of ErbB receptors. ErbB family of receptors
comprises four structurally-homologous transmembrane protein tyrosine kinases, including ErbB1
(EGFR, HER1), ErbB2 (Neu or HER?2), ErbB3 (HER3) and ErbB4 (HER4) (Bublil and Yarden,
2007). Among these ErbB receptors, ErbB3 and ErbB4 contain Nrg-1 binding domain. Binding of
Nrg-1 EGF-like domain stimulates ErbB3 or ErbB4 receptors, which leads to ErbB4 homodimer
or their heterodimers with ErbB2 and thereby tyrosine phosphorylation (Yarden and Sliwkowski,
2001; Esper et al., 2006; Talmage, 2008). Since ErbB4 has both Nrg-1 binding site and intracellular
tyrosine kinase domain, it can both interact with Nrg-1 and become phosphorylated. However,
ErbB2 lacks the binding site for the ligand, thus it only acts as a co-receptor for ErbB3 and ErbB4
to form heterodimers (Tzahar et al., 1996). On the other hand, ErbB3 possesses an impaired kinase

domain and therefore its homodimers are catalytically inactivated (Figure 6) (Guy et al., 1994).
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Figure 6. Nrg-1 signaling through ErbB receptors. Nrg-1 binding to the functional EGF-like
domain of ErbB receptors stimulates ErbB3 or ErbB4 receptors which leads to ErbB4 homodimer
or their heterodimers with ErbB2 and thereby tyrosine phosphorylation (Yarden and Sliwkowski,
2001; Esper et al., 2006; Talmage, 2008). ErbB2 lacks the binding site for the ligand, thus it only
acts as a co-receptor for ErbB3, which possesses an impaired kinase domain, or ErbB4 to form

heterodimers (Guy et al., 1994; Tzahar et al., 1996).
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1.5. Role of Nrg-1 in the normal CNS

Nrg-1 is an important growth factor for multiple organs. The studies in mice show that Nrg-1-null
mutant mice die at mid-gestation stage due to cardiac defects indicating that Nrg-1 is essential for
cardiac development and life (Gassmann et al., 1995; Lee et al., 1995; Kramer et al., 1996). In the
normal CNS, Nrg-1 and its receptors are ubiquitously expressed in neurons and glial cells in
regions where gliogenesis or neurogenesis occurs during development and adulthood (Corfas et

al., 1995; Steiner et al., 1999).

In the developing CNS, Nrg-1 signaling plays an important role in neuronal migration
(Anton et al., 1997; Rio et al., 1997). Nrg-1, which is expressed by migrating neurons, promotes
radial glial cell formation and extension through ErbB2 and ErbB3 receptors (Rio et al., 1997).
Furthermore, Nrg-1-ErbB4 signaling promotes NPCs migration from the SVZ into the olfactory
bulbs through the RMS to replace interneurons in the adult brain of rodents (Luskin, 1993). A
subsequent study on ErbB4-deficient mice indicated a regulatory role for ErbB4 in migration and
organization of neuroblast chains and differentiation of new interneurons in olfactory bulbs (Anton
et al., 2004). Nrg-1 Type I11-ErbB4 signaling also mediates migration of GABAergic interneurons
from the medial ganglionic eminence to postnatal cortex (Flames et al., 2004). Nrg-1 is also
implicated in the formation of neuronal networks by participating in axon guidance. Studies using
recombinant Nrg-1 have shown induction of neurite outgrowth in hippocampal, thalamic, retinal
and cerebellar neurons (Bermingham-McDonogh et al., 1996; Rieff et al., 1999; Gerecke et al.,
2004; Lopez-Bendito et al., 2006).

Nrg-1-ErbB signaling controls the development of oligodendrocytes in the CNS (Barres
and Raff, 1999). Nrg-1 promotes the proliferation, survival, and maturation of oligodendrocytes

in the CNS (Vartanian et al., 1994; Fernandez et al., 2000; Miller, 2002; Makinodan et al., 2012).
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Nrg-1 expression in the SVZ coincides with oligodendrocyte differentiation in rats (Vartanian et
al.,, 1994). Nrg-1 promotes differentiation of NPCs and bipotential glial progenitors,
oligodendrocyte-type-2 astrocyte (O2A), into oligodendrocytes (Vartanian et al., 1994). Our group
and others have shown that addition of recombinant Nrg-1 to NPC cultures significantly induces
oligodendrocyte differentiation (Calaora et al., 2001; Gauthier et al., 2013). Importantly, In vitro
studies have unraveled an essential role for Nrg-1 in oligodendrocyte differentiation as
oligodendrogenesis failed in the Nrg-1-null mutant embryos (Vartanian et al., 1999). Interestingly,
exogenous Nrg-1 treatment was able to rescue oligodendrogenesis in these experiments (Vartanian
et al., 1999). The knock-down of ErbB2 results in oligodendrocyte apoptosis and widespread
hypomyelination in mice (Kim et al., 2003). These studies suggest that Nrg-1-ErbB2 signaling is
a key player in regulating the timing that OPCs exit their proliferation state and differentiate into
myelinating oligodendrocytes (Kim et al., 2003). This notion was further supported by studies
using ErbB2-null mutant mice in which development of oligodendrocytes was stopped at a pre-
oligodendroblast stage (Park et al., 2001). This study showed that disruption of Nrg-1-ErbB has
no effect on the number of myelinated vs unmyelinated axons in the CNS, supporting the idea that
Nrg-1 is necessary for the final stage of oligodendrocytes differentiation (Park et al., 2001). Nrg-
1-ErbB signaling has also been reported to support differentiation, migration, and expansion of
oligodendrocytes precursors (Miller, 2002; Azim et al., 2012; Ortega et al., 2012). For example,
Nrg-1-ErbB4 interactions regulate OPC migration from the neural tube to the optic nerve and OPC
colonization during early CNS development (Ortega et al., 2012). Nrg-1 is important for the quality
of myelination. Studies on dominant-negative (DN) transgenic animals have shown a reduction in
myelin thickness associated with reduced axonal conduction velocity in DN-ErbB4 mice compared

to wide-type animals (Roy et al., 2007). In spinal cord injury, combination of glial growth factor
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2 (GGF2, Nrg-1B3) and fibroblast growth factor 2 (FGF2) induces remyelination processes
through OPC and Schwann cell recruitment (Lytle et al., 2009; Whittaker et al., 2012). In focal
demyelinating lesions, our groups has also demonstrated that Nrg-1 therapy accelerates
remyelination and promotes myelin thickness (Kataria et al., 2018).

Nrg-1 is implicated in synapse formation during the development and adulthood (Jessell et
al., 1979; Falls et al., 1993). In the developing CNS, acetylcholine receptor (AChR) synthesis is
influenced by Nrg-1 type 11, while GABAA receptors expression are altered by Nrg-1 type | and
Il isoforms (Rieff et al., 1999; Liu et al., 2001; Okada and Corfas, 2004). However, glutamate
receptors such as N-methyl-D aspartate (NMDA) and a-amino-3-hydroxyl-5-methyl-4-isoxazole
propionic acid (AMPA) are altered by three isoforms of Nrg-1 (Ozaki et al., 1997; Bjarnadottir et
al., 2007). Studies on Nrg-1*" mice have shown a considerable reduction in the number of
functional NMDA receptors in forebrain. In the adult brain, Nrg-1/ErbB4 signaling is also critical
for controlling excitatory and inhibitory synaptic transmissions such as glutamatergic, GABAergic
and dopaminergic neurotransmissions (Harrison, 2004; Moghaddam, 2004; Lewis and
Moghaddam, 2006; Neddens et al., 2009; Balu and Coyle, 2011). Altogether, depending on the
type of Nrg-1 expressed in the CNS regions, glutamate receptors, which are involved in regulation
of synaptic transmissions, are differentially modulated (Stefansson et al., 2002; Niswender and

Conn, 2010).

1.6. Role of Nrg-1 in pathologic CNS

While the role of Nrg-1 has been studied for decades in the normal developing and adult CNS, its
role in CNS pathology has been explored in recent years by our group and others. Our group has

performed extensive investigations and provided the first evidence that Nrg-1 is dysregulated in
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traumatic SCI and focal demyelinating lesions of the spinal cord (Gauthier et al., 2013; Kataria et
al.,, 2018). Outcomes of these studies have identified a significant role for Nrg-1 in

pathophysiology of SCI and demyelination, which will be discussed in the following sections.

1.6.1. Nrg-1 and endogenous cell response after injury and demyelinating disease

As discussed earlier, spinal cord and brain precursor cells show a restricted capacity to replace
oligodendrocytes and remyelinate injured axons in the hostile dysregulated microenvironment of
demyelinating lesions (Lau et al., 2012; Alizadeh et al., 2015). This is partly attributed to injury-
induced downregulation of essential growth factors for oligodendrogenesis, oligodendrocytes
maturation and axon-oligodendrocytes signaling for myelination (Alizadeh et al., 2015). Our group
has shown for the first time that Nrg-1 expression is dysregulated in lesions of SCI and focal
demyelination (Gauthier et al., 2013; Kataria et al., 2018). In rat SCI, Nrg-1 protein and transcript
is rapidly and persistently reduced in the lesion with no restoration in its levels at later stages of
injury (Gauthier et al., 2013). We have made similar observations in focal demyelinating lesions
induced by administration of lysophosphatidyl-choline (lysolecithin, LPC) into the spinal cord of
rats (Kataria et al., 2018). In these studies, we have established a strong correlation between
dysregulation of Nrg-1-ErbB signaling and inadequate oligodendrocytes replacement in these
lesions. Additionally, these studies have shown a strong association between reduced Nrg-1 levels
and induced astrogliosis, which leads to glial scar formation and inhibition of remyelination
following injury (Kataria et al., 2018). Interestingly, the delivery of recombinant human Nrg-1
consisting of the EGF-like functional domain to the injured spinal cord enhances oligodendrocyte
differentiation and preservation, and reduces astrocyte differentiation in a compressive/contusive

model of SCI in the rat (Gauthier et al., 2013). Nrg-1 restoration also mitigates SCI-induced axonal
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degeneration, which results in tissue preservation and functional recovery in rats with SCI
(Gauthier et al., 2013). Another group has also shown that Nrg-1 signaling induces endogenous
remyelination and functional recovery in mice with SCI by trans-differentiation of OPCs into PNS-

like Schwan cells (Bartus et al., 2016).

In LPC-induced focal demyelinating lesions of spinal cord, we have demonstrated that a
sustained release of human recombinant Nrg-1bl (rhNrg-1R1) into the spinal cord for 28 days
using poly lactic-co-glycolic acid microcarriers promotes oligodendrogenesis, oligodendrocytes
maturation, and remyelination in focal demyelinating lesions (Kataria et al., 2018). In addition,
intraspinal delivery of Nrg-1 accelerates oligodendrocyte and Schwann cell-mediated
remyelination and induces the thickness of new myelin sheath around the remyelinated axons
(Kataria et al., 2018). This is particularly important as remyelinated axons show myelin thinning
and suboptimal function compared to normally myelinated axons. Our in vitro results have also
revealed a significant role for Nrg-1 in promoting morphological complexity of oligodendrocytes
and their maturation into myelinating cells (Kataria et al., 2018). Collectively, these studies have
established an important role for Nrg-1 in supporting oligodendrogenesis and remyelination after

CNS injury.

1.6.2. Nrg-1 and neuroinflammation

There is also an increasing body of evidence indicating a neuroprotective role for Nrg-1 in
ischemic stroke models that it is attributed to its ability in reducing the release of pro-inflammatory
cytokines (Xu et al., 2006; Mencel et al., 2013; Li et al., 2015). Nrg-1 pre-treatment of animals
with cerebral ischemia considerably reduces the transcript expression of pro-inflammatory

cytokines, IL-1p and IL-6 but not TNF-o. compared to non-treated animals (Li et al., 2015). In
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vitro studies by our group and others have also shown the ability of Nrg-1 in reducing the
expression of pro-inflammatory cytokines in rat SCI and in LPS-activated microglia in vitro
(Mencel et al., 2013; Alizadeh et al., 2017). Another study on N9 microglia cell line has shown
anti-inflammatory effects of GGF2 on production of free radicals in activated microglia cultures
(Dimayuga et al., 2003). Immunomodulatory effects of Nrg-1 have also been demonstrated in other

inflammatory models such as cerebral malaria model (Solomon et al., 2014).

Our group has recently provided strong evidence that Nrg-1 can induce the expression of
IL-10 by activated microglia/macrophages and regulatory T cells in SCI and LPC-induced focal
demyelination models (Alizadeh et al., 2017; Alizadeh et al., 2018; Kataria et al., 2018). 1L-10 is
highly expressed by alternatively-activated M2 microglia and plays positive roles in
oligodendrogenesis and remyelination (Alizadeh and Karimi-Abdolrezaee, 2016). In primary NPC
cultures, IL-10 directly drives their fate toward oligodendrocyte lineage (Dyck et al., 2018).
Interestingly, IL-10 expression is dramatically declined in MS-affected patients as compared to
healthy individuals (Salmaggi et al., 1996; Ozenci et al., 1999). Injection of adult NPCs expressing
IL-10 in EAE mice attenuates inflammatory responses and disease severity (Yang et al., 2009).
Likewise, direct administration of IL-10 prevents EAE development (Rott et al., 1994).
Immunomodulatory effects of IL-10 are shown to be mediated through down-regulation of MHC
class Il molecules in monocytes and suppressing the production of NO, IFN-y, TNFa, IL-1, IL-6
and GM-CSF by activated microglia/macrophages (Howard and O'Garra, 1992; Oswald et al.,
1992; Conti et al., 2003).

In SCI, our group has identified that intrathecal or systemic delivery of Nrg-1 fosters an
M2 phenotype in microglia/macrophages characterized by increased expression of IL-10 and

arginase-1, while reduces expression of pro-inflammatory mediators including NO, IL-1p and
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TNF-a, matrix metalloproteinase (MMP)-2 and -9 in both primary cultures of microglia and severe
compressive SCI in rats. Additionally, our studies have identified that Nrg-1 treatment promotes
the populations of regulatory T cells (Tregs) and regulatory B cells (Bregs) in the blood and spinal
cord following SCI (Alizadeh et al., 2018). These cell populations are known to exert beneficial
roles in the injured spinal cords by increasing the levels of IL-10 (Chung et al., 2007; Walsh et al.,
2014; Puntambekar et al., 2015). Interestingly, Nrg-1 treatment induces the expression of CCL11
which is known to induce NPC migration and proliferation after cerebral ischemic injury (Wang
et al., 2017; Alizadeh et al., 2018). On the other hand, Nrg-1 mitigates the expression of pro-
inflammatory cytokines, IL-6, IFN-y and chemokines, CXCL1, CXCL2, and CXCL3 in rat SCI
(Alizadeh et al., 2018). Other groups have shown that Nrg-1 attenuates inflammatory responses
and induces neuroprotection in ischemic models of stroke and neuroinflammation (Xu et al., 2005;
Li et al., 2007; Li et al., 2015). Immunomodulatory effects of Nrg-1 on microglia are shown to be
mediated through mitigating NF-«xB pathway, which is a key regulatory pathway in
neuroinflammation (Simmons et al., 2016).

Our studies has also unraveled a positive role for Nrg-1 in regulating astrocyte activity in
response to injury (Alizadeh et al., 2017). We have shown that increased bio-availability of Nrg-1
in rat SCI or cultures of activated rat astrocytes moderates astrogliosis (Alizadeh et al., 2017).
More importantly, Nrg-1 treatment results in a remarkable decrease in production of inhibitory
CSPGs by activated astrocytes. Of note, CSPGs are a negative regulator of inflammation after SCI
and EAE (Dyck et al., 2018; Stephenson et al., 2018). Moreover, studies in our laboratory has
identified that CSPGs inhibit several properties of NPCs including their potential for
oligodendrogenesis (Dyck et al., 2015). Mechanistically, our earlier studies showed that Nrg-1

binding at the cell surface of rat astro-microglia causes ErbB3/ErbB2 heterodimerization and
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ErbB2 tyrosine phosphorylation. Subsequently, activation of Nrg-1/ErbB signaling leads to
downregulation of MyD88, an adaptor protein in TLR/NF-xB pathways while promoting ErK1/2
and STAT3 phosphorylation (Alizadeh et al., 2017).

In summary, evidence from our group and others suggest a positive role for Nrg-1 in
regulating glial cells as well as infiltrating leukocytes after SCI and demyelinating lesions. Our
laboratory has demonstrated that intrathecal and systemic delivery of Nrg-1 into the injured spinal
cord of rats positively modulates post-injury microenvironment and improves neurological
recovery from SCI. Therefore, my thesis is focused on understanding how Nrg-1 influences the
activity of microglia under normal and injury states, and determine whether the presence of Nrg-

1 can harness the potential of microglia in promoting a regenerative response by NPCs.
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Chapter I1: Study rationale, hypothesis and research objectives

2.1. Study rationale

Neuroinflammation is a pathological hallmark of several neurological conditions of the CNS,
including neurotrauma, stroke and MS (Alexander and Popovich, 2009a; David and Kroner, 2011,
Alizadeh et al., 2015). Microglia are the main innate immune cells of the CNS that in concert with
other infiltrating cells initiate neuroinflammatory responses leading to oligodendroglial death and
myelin damage in demyelinating conditions (Zimmerman, 1956). Demyelination results in
permanent degeneration of axons and functional deficit (Zimmerman, 1956; Caprariello et al.,
2012). Thereby, replacement of damaged oligodendrocytes is a vital repair strategy for improving

neurological functions after demyelinating conditions.

Adult brain and spinal cord contain precursor cells with the capacity to replace
oligodendrocytes and remyelinate injured axons; however the efficacy of this process is limited in
the hostile inflammatory environment of demyelinating lesions (Lau et al., 2012; Alizadeh et al.,
2015). Our lab has demonstrated that injury-induced downregulation of Nrg-1 underlies the
inadequate replacement of oligodendrocytes in demyelinating lesions of the spinal cord (Gauthier
et al.,, 2013). Nrg-1 is a neuronally-derived growth factor that plays essential roles in
oligodendrocyte differentiation, survival, maturation, and myelination during the development and
in the adulthood (Vartanian et al., 1999; Mei and Xiong, 2008). Our evidence from preclinical
models of SCI and focal demyelinating-MS like lesions indicate that Nrg-1 level is robustly and
persistently decreased in demyelinating lesions (Gauthier et al., 2013; Kataria et al., 2018). We
also observed the same results in the animal model of MS, EAE, as well as human brain MS tissues

(unpublished data). In our previous studies, we also showed that Nrg-1 therapy can promote
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oligodendrocyte replacement following SCI (Gauthier et al., 2013). In LPC-induced demyelination
model, we also have demonstrated that a sustained release of rhNrg-1bl using poly lactic-co-
glycolic acid microcarriers to the spinal cord promotes oligodendrogenesis, oligodendrocytes
maturation, and remyelination in focal demyelinating lesions (Kataria et al., 2018). Importantly,
our lab has also identified a positive immunomodulatory role for Nrg-1, which induces a switch
from a pro-inflammatory to an anti-inflammatory immune response (Alizadeh et al., 2017,
Alizadeh et al., 2018). Altogether, this evidence suggests an immunomodulatory role for Nrg-1 in
CNS injury. The present study will provide us with further insight into the direct effects of Nrg-1

on the activity of microglia using primary in vitro systems.

2.2. Hypothesis: Availability of Nrg-1 promotes a supportive phenotype in microglia that can

enhance the regenerative response of neural precursor cells.

2.3. Research objectives

1. To investigate the role of Nrg-1 treatment in regulating the activity of microglia under normal
and injury states using in vitro systems.
2. To investigate the paracrine effects of Nrg-1 treated microglia on the properties of neural

precursor cells (NPCs) in vitro.
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Chapter I11: Material and methods

3.1. Materials and animals

3.1.1. Animals

All experimental procedures in the present study were approved by the University of Manitoba
Animal Ethics Committee in accordance with the Canadian Council of Animal Care guidelines
and policies. We used a total of 137 enhanced yellow fluorescent protein-tagged (EYFP Tg (strain
129-Tg (ACTB-EYFP) 2Nagy/J) mice pups (1-3 days old) for microglia and NPC cultures from
a colony (CAG-EYFP tg) maintained at local facility of the University of Manitoba, Winnipeg,
Canada. Adult mice were housed in standard plastic cages for their newborn pups at 22°C with a

12 hour light/dark cycle. Pelleted food and drinking water were available ad libitum.
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3.1.2. Materials

Table 1. Reagents

Product Source
Acrylamide (30% Ac/Bis sol. 29:1) Bio-Rad
APS powder Sigma
Agarose Invitrogen
B-mercaptoethanol Sigma
BrdU Sigma
BSA (albumin from bovine serum) Sigma
BSA protein standart (2mg) Sigma
Calcium chloride dihydrate Sigma
cDNA synthesis kit Abm
Chloroform Sigma
DAPI Sigma
D-Glucose Sigma
DMEM (powder) NPC Invitrogen
DNA ladder 100bp NEB
Dulbecco's PBS GIBCO
ECL kit (Supersignal West Pico) Thermo Scientific Fisher
ECL-Frogga Bio FroggaBio
Fetal bovine serum Invitrogen
F12 nutrient (powder) Invitrogen
Folin & Ciocalteu's Phenol Reagent Sigma

100% Ethanol

Commercial Alcohol

Gibco fetal bovine serum (FBS)

Fisher scientific

Glycine Amresco
Greiss nitrite kit Fisher (Promega)
HEPES (powder) Sigma
HEPES (1M solution) Invitrogen
Horse serum Sigma
Latex beads, amine-modified

polystyrene, fluorescent red Sigma
L-Glutamin (100x) Invitrogen
Lowry reagent powder (2gr) Sigma
Magnesium chloride hyxahydrate Sigma
Matrigel BD-VWR
Methanol Fisher
Milk powder (Blocking grade) BioRad
Mowiol Sigma
NaHCO3 Sigma
Paraformaldehyde Sigma
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Penicilin/streptomycin/neomycin Invitrogen
Phenol red Sigma

Poly (D,L-lactide-co-glycolide) Sigma
Polyethylenimine (PEI) Sigma

Ponceau powder - 509 - MP Biomedicals
Potassium chloride Sigma

Recombinant human Nrg-1

Shenandoah Biotechnology

Recombinant mouse IFN-y

Shenandoah Biotechnology

Recombinant mouse TNF-a

Shenandoah Biotechnology

Rnase free water (Ultrapur) Invitrogen
SDS Sigma
sterile BSA 7.5% (gradient) Sigma
Stripping Buffer Gentle review VWR
Sodium Chloride Sigma
Sodium Pyruvate Sigma
Sodium Tetraborate Decahydrate Fisher scientific
SYBER GREEN Invitrogen
TEMED Sigma
Triton® X-100X Sigma
Trizma Base Cell culture Tested Sigma
TRIzol® reagent Invitrogen
Tween Fisher
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Table 2. Antibodies

Antibody Source Application | Dilution
factor

Alexa Fluor® 568 goat | Invitrogen (Chicken) | ICC 1:600
anti-Chicken
Alexa Fluor® 568 goat | Invitrogen (Mouse) ICC 1:600
anti-mouse
Alexa Fluor® 568 goat | Invitrogen (Rabbit) ICC 1:600
anti-Rabbit
Alexa Fluor® 647 goat | Invitrogen (Mouse) ICC 1:600
anti-Mouse
Alexa Fluor® 647 goat | Invitrogen (Rabbit) ICC 1:600
anti-Rabbit
BrdU BD (Mouse) ICC 1:400
ErbB2 Santa Cruz (Rabbit) | ICC 1:100
ErbB3 Santa Cruz (Rabbit) | ICC 1:100
ErbB4 Santa Cruz (Rabbit) | ICC 1:100
GAPDH Santa Cruz (Rabbit) | WB 1:1000
GFAP DAKO (Rabbit) ICC 1:800
Iba-1 Wako (Rabbit) ICC 1:500
IFN-y R&D (Rat) WB 1:1000
Nestin AVES (Chicken) ICC 1:500
NG2 Chemicon (Rabbit) ICC 1:300
0X42 (CD11b) Cederlane (Mouse) ICC 1:100
TNF-o Serotec (Rabbit) WB 1:1000
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Table 3. Primers

Genes Primer Size

CD86 F: GAAGCCGAATCAGCCTAGCAG 132
R: CACTCTGCATTTGGTTTTGCTGAAG

ErbB2 F: CTTTGGGGCCAAACCTTACG 139
R: GGAGTCAATCATCCAACATTTGACC

ErbB3 F: GACGAGAATATTCGCCCAACCT 99
R: CCCACTCGCTCTCTTGATGAC

ErbB4 F: CTGATGGTGGCAAGATGCCAAT 135
R: CATAGGGCTTTCCTCCAAAGGT

H2afz F: CTCACCGCAGAGGTACTTGA 95
R: CCACGTATAGCAAGCTGCAAG

IL-6 F: TCCTCTCTGCAAGAGACTTCC 96
R: AGTCTCCTCTCCGGACTTGT

IL10 F: ACTTGGGTTGCCAAGCCTTA 160
R: AGAAATCGATGACAGCGCCT

TNF-a F: GTAGCCCACGTCGTAGCAAAC 99
R: GTCTTTGAGATCCATGCCGTTG
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3.2. Methods
3.2.1. Microglia isolation and culture

Primary microglia cultures were prepared from the cerebral cortex of postnatal EYFP Tg mice (1-
3 days of age) as we described previously (Alizadeh et al., 2017). Briefly, meninges were stripped
away from cerebral cortices. Tissues were mechanically dissociated in artificial cerebrospinal fluid
solution (aCFS) (containing 124 mM NaCl, 3 mM KCI, 1 mM NaHPO4, 26 mM NaHCO3, 1.5
mM MgSO4, 1.5 mM CaCl2, and 10 mM glucose) with 1% PSN by 50—60 pipetting strokes. Cells
were isolated by centrifugation at 1,000 rpm for 5 min, and the pellet was dissolved in complete
DMEM supplemented with 10% heat inactivated fetal bovine serum, 1% penicillin—streptomycin—
neomycin PSN. Dissociated cells were plated into 75 cm? flasks coated with 1mg/ml
polyethylenimine (PEI) diluted in borate buffer (pH=8.3) (Michel et al., 1997; Rousseau et al.,
2013). Then, flasks were washed 4 times with PBS before cell seeding. After 48h, eight milliliters
of medium was removed to eliminate floating debris and 12 ml of fresh medium was added. No
additional medium change was done until the cultures were shaken to separate microglia from any
remaining astrocytes (10-14 days). In this method, PEI coating limits the growth of astrocytes and
thereby increases the purity and the number of microglia in primary cultures. Of note, we isolated
microglia from EYFP mice to be consistent with the strain of the mice that were utilized in our

NPC culture.

3.2.2. Microglia polarization

Microglia polarization was performed as described in our previous studies (Dyck et al., 2018).

Primary mouse microglia were plated in 24 well plates (1.25x10° cells per well) in 50% glia
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conditioned media (CM) (collected and filter sterilized after shaking) and 50% complete DMEM
with 10% FBS media. Cells were allowed one day to attach and spread their processes. Media was
then changed to serum free media (SFM) to rule out the influence of serum compositions. One day
following serum deprivation, microglia were treated with the combination of IFN-y and TNF-a.
To determine the effective concentration of IFN-y for microglia polarization into M1 phenotype,
pure microglia culture were treated with the combination of 50 ng/ml of TNF-a and 10, 20, 40
ng/ml of IFN-y, representing as low, mid, and high dosages. Microglia condition media (MCM)
was collected at 24 h and 72 h after polarization and assessed for its nitrite content using Griess
assay. The most effective combination of IFN-y and TNF-a for microglia polarization into M1
phenotype was determined to be 50 ng/ml of TNF-a and 40ng/ml of IFN-y. M1 polarization was
confirmed using Griess assay, real-time qPCR, and immunocytochemical analyses for M1

markers.

3.2.3. Optimization of Nrg-1 concentration in microglia cultures

We performed an in vitro assay to determine an optimal concentration for Nrg-1 in our microglia
study. Our dosing assay included 10, 25, 50, 200 ng/ml of Nrg-1 that is representative of low (10
and 25 ng/ml), medium (50 ng/ml), and high (200 ng/ml) concentration in vitro. The effects of
Nrg-1 on microglia polarization were then assessed by Griess assay for nitrite levels in MCM at
24 h and 72 h after Nrg-1 treatment as well as and real-time PCR on microglia cell lysate at 24 h
time point. Our dose-response assay identified the efficacy of both 50 ng/ml (low dose) and 200
ng/ml (high dose) concentration of Nrg-1 in various assessments (Figure 4A,B). Our experimental
conditions included (1) non-activated resting microglia termed as MO, (2) Nrg-1 50 ng/ml-treated

MO microglia termed as “MO0+Nrg-1 50 ng/ml”, (3) Nrg-1 200 ng/ml-treated MO microglia as
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“MO-+Nrg-1 200 ng/ml”, (4) IFN-y+ TNF-a-activated microglia termed as “M1”, (5) Nrg-1 50
ng/ml-treated M1 microglia as “M1+ Nrg-1 50 ng/ml”, (6) Nrg-1 200 ng/ml-treated M1 microglia
as “M1+Nrg-1 200 ng/ml”. At 72 h following treatment, MCM were collected and stored in -80

for future experiments.

3.2.4. Griess assay for detection of nitrite

Nitrite level was measured as a representative of iINOS activity in MCM collected at 24 h and 72
h following M1 polarization and Nrg-1 treatment using an Griess assay kit (Promega corp. USA)
according to the manufacturer instructions (Hu J, 1996). These experiments were performed in

phenol red free media to remove possible color interference in measurement of nitrite levels.

3.2.5. RNA extraction and real time PCR

One day following microglia polarization and Nrg-1 (50, 200 ng/ml) treatment, microglia RNA
was extracted using Trizol-based manual method and first strand cDNA was synthesized using
Reverse Transcriptase (Applied Biological Materials Co.). Quantitative analysis of mRNA
expression was performed using quantitative PCR (ABI, Perkin-Elmer PE Biosystems, USA),
fluorophore SYBR Green | kit (Invitrogen, Canada) and delta-delta Ct method as we previously
described (Gauthier et al., 2013). List of the designed primers in our studies is illustrated in Table

1.

3.2.6. Western blot analysis for cytokine expression in microglia conditioned media

For Western analysis, microglia conditioned media (MCM) was concentrated 30 times using
centrifugal column with molecular weight cutoff at 3 kDa (VWR). The concentration of each
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sample was measured using the modified Lowry assay. The blocking and antibody solution
contained 5% nonfat milk in Tris-buffered saline with 0.5% Tween-20 (TBST). A list of the
antibodies used in immunoblotting is provided in Table 2. Specificity of the used anti-bodies in
detecting the protein of interest was verified by its specified molecular weight. Fifty pug of MCM,
100 ng/ml and 1pg/ml of recombinant TNF-a and 50 ng/ml of recombinant IFN-y were loaded
onto SDS-PAGE gels and transferred onto nitrocellulose membranes (Bio-Rad). To control for
equal protein loading, the membranes were then stained with Ponceau S staining. After washing
the membrane, it was blocked in 5% non-fat milk in Tween Tris buffered saline (TTBS) for 1h at
room temperature and then incubated with primary antibodies overnight at 4°C (Table 2). After
one day, the membrane was washed and incubated with horseradish peroxidase-conjugated goat
anti-mouse or anti-rabbit secondary antibodies (1:4000; BioRad) for 1h at room temperature. For
developing the membrane, it was incubated in enhanced chemiluminescent immunoblotting

detection reagents (FroggaBio, Canada) according to kit’s instructions.

3.2.7. Microglia phagocytosis assay

Microglia phagocytosis assay was performed as described in previous studies (Lian et al., 2016;
Dyck et al., 2018). One one pl of green fluorescent latex beads with 1pum diameter (Sigma, L1030)
was added to 5ul of FBS and kept in incubator for 1hour. The mixture of FBS and beads was then
diluted in microglia SFM and added to cell culture at the final concentration of 0.01% (v/v). After
1 hour, media was removed and cells were washed one time with PBS (1x). The cells were fixed
with paraformaldehyde (PFA) (3%) and then stained with DAPI and imaged. For quantitative

analysis, the number of DAPI+ cells containing fluorescent beads was counted. Fluorescent bead
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engulfment was confirmed by Z-stacking and co-localization of cells positive for Iba-1 with green

fluorescent signal emitted from beads.

3.2.8. Microglia mobility assay

Microglia mobilization was performed as described in previous studies (Miron et al., 2013; Dyck
et al., 2018). Microglia were plated onto a non-coated (0.1mg/ml) 24-well plate in SFM. One day
after plating, microglia were either polarized into M1 phenotype by IFNy+TNF-a or remained as
non-activated MO. At 24h after polarization, M0 and M1 microglia were collected, centrifuged and
plated onto a PDL-coated poly-carbonate transwell culture inserts (Corning, 30,000 cells per
transwell) in SFM in a 24-well plate. Nrg-1 (50, 200 ng/ml) was added to the bottom chamber.
Cells were then incubated for 16 hours at 37°C to allow for their mobilization to the bottom
chamber. After 16h mobilization, cells were fixed with 3% PFA for 20 minutes and stained for
DAPI (1:5000). The remaining cells on the upper side of the transwell were gently scraped off
with a cotton swab. Cells mobilizing to the bottom side of the transwell membrane were then
visualized by DAPI as described previously. The total number of DAPI+ mobilized microglia were

determined by taking eight images at 40x magnification.

3.2.9. Immunocytochemistry, imaging and analysis

For immunocytochemistry, cultures were fixed with 3% PFA for 20 min at room temperature and
washed with PBS. Cells were incubated in a blocking solution containing 5% non-fat milk, 1%
BSA, and 0.5% Triton X-100 in 0.1 M PBS for 1 h. Cultures then underwent an immunostaining
procedure as described in our previous studies (Dyck et al., 2018). For BrdU immunodetection,
prior to blocking, the slides were incubated in 2 N HCI and 0.5% Triton for 30 min at 37 °C, and
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then washed with 0.1 M sodium borate in PBS for 10 min. During this step (referred as DNA
denaturing step), DNA is hydrolyzed to make the anti-BrdU antibody accessible to the BrdU within
the DNA. After blocking, the slides were incubated with primary antibodies overnight and
secondary antibodies were added as previously described (Table 2) (Dyck et al., 2018). For
immunocytochemistry quantification, 5-6 separate fields (under x 20 objective) containing an
average of 200-250 cells for each condition were randomly imaged using a Zeiss Imager 2 epi-
fluorescence microscope. For each condition, first the total number of DAPI-positive cells was
assessed, and then the number of cells which were positive for Nestin, GFAP, or BrdU and DAPI
were counted. Under each experimental condition, the percentage of abundance of each cell type
was calculated by dividing the number of positive cells for a specific marker by the total number

of DAPI+ cells. For relative comparison, values were then normalized to control condition.

3.2.10. Isolation and culture of adult neural precursor cells

Isolation of adult NPCs was performed from SVZ of Sprague Dawley (SD) male rats (6-8 weeks
old) as we described previously (Karimi-Abdolrezaee et al., 2006; Kataria et al., 2018). Briefly,
mice were euthanized by decapitation after being deeply anesthetized with 40% isoflurane and
60% propylene glycol in a bell jar. Under sterile conditions, the brain was then excised and
transferred to aCSF solution. SVZs of each brain were dissected and digested with 1 ml of enzyme
mix (1.25 mg/ml trypsin, 0.6 mg/ml hyaluronidase, 0.13 mg/ml kynurenic acid; Sigma) at 37°C
for 45 min. Quenching of trypsin activity was performed using three volumes of inhibitor solution
(2 mg/ml; Sigma). Cellular components were then spun for 5 min at 1,500g and the pellet was
resuspended in growth medium. Resuspended cells were then plated onto uncoated tissue culture

flasks (Biolite, Fisher Scientific) in final volume of 10 ml of serum free media (SFM) containing:
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(Neurobasal-A medium (Invitrogen), 30% glucose, 7.5% NaHCO3, 1 M HEPES, 10 mg of
transferrin, 2.5 mg of insulin, 0.96 mg of putrescine, 1 pl of selenium, 1 pl of progesterone, 1% L-
glutamine, 1% penicillin/streptomycin/neomycin), and growth factors (I pg of FGF2, 2 ug of EGF,
and 200 pg of heparin). The neurospheres generated were passaged weekly by mechanical
dissociation in growth media. SFM plus growth factors will be referred to as "growth media™ in

the text.

3.2.11. Assessment of the effects of microglia conditioned media on NPCs proliferation

NPC proliferation assay was performed as we described previously (Dyck et al., 2018). NPC
neurospheres were dissociated into single cells and plated onto matrigel coated multi-chamber
glass slides (25,000 cells per chamber) (LabTek I1) in growth media. At 24h following cell seeding,
media was changed to 50% fresh NPC SFM and 50% microglia CM (MCM collected at 72 h time-
point). For BrdU assay, microglia were polarized and treated with Nrg-1 in SFM to rule out the
effect of serum on NPCs proliferation. The experimental conditions were as follows: (1) control
media (50% NPC SFM+ 50% incubated microglia SFM); (2) MO MCM (50% NPC SFM+ 50%
MO0 MCM); (3) MO+Nrg-1 50 ng/ml MCM (50% NPC SFM+ 50% Nrg-1 50 ng/ml-treated MO
MCM); (4) MO+Nrg-1 200 ng/ml MCM (50% NPC SFM+ 50% Nrg-1 200 ng/ml-treated MO
MCM); (5) M1 MCM (50% NPC SFM+ 50% M1 MCM); (6) M1+ Nrg-1 50 ng/ml MCM (50%
NPC SFM+ 50% Nrg-1 50 ng/ml-treated M1 MCM) and (7) M1+ Nrg-1 200 ng/ml MCM (50%
NPC SFM+ 50% Nrg-1 200 ng/ml-treated M1 MCM). Fresh and 72 h pre-incubated Nrg-1 were
also used as controls at their defined concentrations. For assessing NPCs proliferation, BrdU
(20uM, Sigma) was added to the cultures 4h before NPCs processing for immunocytochemistry

as described above.
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3.2.12. Assessment of the effects of microglia conditioned media on NPCs differentiation

NPC differentiation assay was performed as described in our previous studies (Dyck et al., 2018).
Dissociated NPCs were plated onto matrigel coated multi-chamber glass slides (15,000 cells per
chamber) (LabTek I1) in growth media. At 24h following cell plating, media was changed to 50%
fresh NPC SFM and 50% MCM. For differentiation assay, microglia were polarized and treated
with Nrg-1 in microglia regular media. The experimental conditions were as described above.
NPCs were then kept in incubator at 37°C for 7 days to induce differentiation and media was
refreshed after 3 days. NPCs differentiation was assessed using immunocytochemistry against the
NPCs specific marker, Nestin, the astrocyte specific marker, glial fibrillary acidic protein (GFAP),

and the OPC specific marker, NG2.

3.2.13. Assessment of the effects of microglia conditioned media on NPCs migration

Dissociated NPCs were seeded over the right-sided well in upper compartment of each micro-
device (Ananda), which was placed on a PDL-coated dish (5000 cells per well) (Corning) in NPCs
SFM. Cells were allowed to migrate to lower compartment through capillaries for 20 h. Lower
compartments contained (1) microglia SFM as the baseline control (control media), (2,3) fresh and
72 h pre-incubated Nrg-1 50 ng/ml, (4,5) fresh and 72 h pre-incubated Nrg-1 200 ng/ml, (6) MO
MCM, (7) MO+ Nrg-1 50 ng/ml MCM, (8) MO+ Nrg-1 200 ng/ml MCM, (9) M1, (10) M1+ Nrg-
150 ng/ml MCM, or (11) M1+ Nrg-1 200 ng/ml MCM. Incubated Nrg-1 (50 and 200 ng/ml) were
added to the lower compartment to eliminate the possibility of Nrg-1 effects per se on NPCs
migration. Addition of more medium to the wells of upper compartment makes a gradient slope

that directs movement of NPCs downward the lower compartment through capillaries. Migrated
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cells were imaged and counted in capillaries and lower compartment which connects two wells in

each micro-device (Figure 7).
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Ananda micro-device

Upper compartment

Capillaries
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Figure 7. NPC migration path in Ananda migration micro-device. A few NPCs migrate from
right-sided well to left-sided well in upper compartment of each Ananda micro-device. However,
majority of cells move from right-sided well in upper compartment (lower gradient slope) toward
lower compartment (higher gradient slop) through capillaries. NPCs passing through capillaries
can enter right-sited well or the area between two wells in lower compartment. NPCs also move

from right sided well toward left-sided well in lower compartment.
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3.2.14. Statistical Analysis

Using SigmaStat Software (4.0), we performed one-way analysis of variance (ANOVA) followed
by Holm-Sidak post-hoc test in all immunocytochemistry. Student t-test was used when two
groups were compared. The data was reported as means = standard error of the mean (SEM). P<

0.05 was considered statistically significant.
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Chapter 1V: Results

4.1. Defining the role of neuregulin-1 in regulation of primary mouse microglia

4.1.1. Characterization of primary microglia cultures

In this study, we utilized primary cultures of microglia harvested from the cortex of postnatal
EYFP Tg mice as described in the method section. We assessed the purity and quality of these
cultures. Assessment of microglia culture with bright-field microscopy indicated the presence of
resting microglia with ramified morphology (Figure 8A). To determine the purity of microglia
cultures, we performed double labeling immunocytochemistry for the microglia specific marker,
Iba-1 and the astrocyte specific marker, GFAP (Figure 8B, C). DAPI counterstaining was also
used to identify nuclei. Quantitative analysis of Iba-1+/DAPI+ cells verified the presence of 98%

microglia in these cultures with only 2% of GFAP+/DAPI+ astrocytes (Figure 8B-D).
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Figure 8. Characterization of primary microglia cultures from postnatal CAG-EYFP Tg
mouse. (A) The bright-field microscopy shows resting microglia with ramified morphology and
rare presence of astrocytes. (B-D) Quantitative analysis of Iba-1+/DAPI+ microglia and
GFAP+/DAPI+ astrocytes revealed that the number of microglia exceeds over 98% with less than
2% contaminating astrocytes confirming the high purity of our microglia cultures. The data

represent meanz SEM, N=4 independent cultures.
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4.1.2. Mouse microglia express ErbB receptors to respond to Nrg-1 bioavailability

For studying the effects of Nrg-1, we next investigated whether mouse microglia express Nrg-1
receptors using co-immunostaining of OX42 (a known marker for microglia) with ErbB2, ErbB3
and ErbB4. These immunohistochemical assessments confirmed that OX42+/DAPI+ microglia
express all three Nrg-1 receptors indicating their responsiveness to Nrg-1 treatment (Figure 9A-

C).
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Figure 9. Primary mouse microglia express ErbB receptors (A-C) Co-immunostaining of
microglia (OX42) with ErbB 2, 3, 4 receptors confirmed the expression of all three Nrg-1 receptors

in microglia.
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4.1.3. M1 microglia polarization induces nitrite production in a dose-dependent manner

To study the effects of Nrg-1 on the pro-inflammatory response of microglia, we polarized primary
microglia to an M1 phenotype by a combination of IFN-y and TNF-a, two relevant cytokines
involved in activation of microglia in CNS neuroinflammation (Barcia et al., 2012; Goldmann and
Prinz, 2013). We optimized and verified M1 polarization by assessment of nitrite levels in
microglia conditioned media (MCM) of cultures treated with IFN-y and TNF-a. Induced nitrite
levels is a known property of M1 microglia that implicate them in oxidative stress and
neurotoxicity (Wang et al., 2000; Bal-Price and Brown, 2001). Our dosing assay with various
concentration of IFN-y (10ng/ml, 20ng/ml or 40 ng/ml) identified that a concentration of 40 ng/ml
of IFNy in conjunction with 50ng/ml of TNFa was the most optimal concentration to induce nitrite
production in M1 MCM at both 24 h and 72 h time-points compared to other concentrations of
IFNy (10 and 20 ng/ml) and to non-treated (MO0) condition. The optimal concentration of IFNy
resulted in a significant 2.6- and 7-fold increase in the nitrite content of MCM at 24 h and 72 h
time-points, respectively (p<0.01, one-way ANOVA, N=3) (Figure 10A,B). We verified M1
polarization by assessing microglia morphology using bright-field microscopy. Our observations
confirmed M1 polarization by transitioning from resting microglia morphology with branches in
MO primary cultures (non-activated microglia) to a round-shaped microglia in activated M1
cultures (Figure 10C-D). Moreover, we performed co-immunostaining for OX42 and the M1
microglia specific marker, CD86 which confirmed M1 polarization of mouse microglia through
induction of CD86 expression in IFNy and TNFa treated M1 microglia (Figure 10E-L). We
employed this culture system to examine the effects of Nrg-1 on M1 microglia polarization. We
will refer to IFNy and TNFa co-treated microglia as M1-polarized microglia and to non-treated

(resting) microglia as MO-polarized microglia in the rest of this study.
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Figure 10. M1 microglia polarization significantly increases nitrite production in a
dose-dependent manner. (A-B) Griess nitrite assay determined the combination of 40 ng/ml of

IFN-y and 50 ng/ml of TNF-a as an effective concentration for M1 polarization of mouse microglia
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when compared to MO condition at 24 h and 72 h time-points. (C-D) The bright-field microscopy
indicated resting microglia with branches in MO condition and round-shaped microglia in M1
cultures. (E-L) Co-immunostaining of microglia (OX42) with CD86 antibody showed the induced
expression of CD86 in M1-polarized microglia as compared to M0-polarized microglia with no
detectable expression of CD86. The data represent mean+ SEM, ***p<0.001, **p<0.01, *p<0.05,

N=3 independent cultures, one-way ANOVA, followed by Holm—Sidak post hoc test.
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4.1.4. Nrg-1 attenuates nitrite production in M1-polarized microglia cultures

Modulating microglia polarization has been demonstrated to be a promising therapy for CNS
neuroinflammatory disorders (Carta and Pisanu, 2013; Alizadeh et al., 2017; Song and Suk, 2017;
Dyck et al., 2018). Here, we investigated whether bio-availability of Nrg-1 at the time of microglia
activation can influence their phenotype. First, to determine the best concentration of human
recombinant Nrg-1pB1 in our purified mouse microglia cultures, we treated MO and M1-polarized
microglia with various concentrations including 10, 25, 50, and 200 ng/ml representing low,
medium, and high concentrations. Nrg-1 treatment was added at the time of M1 polarization with
IFNy and TNFa. At 24 h post-Nrg-1 200ng/ml treatment there was a significant decrease in nitrite
levels in the MCM of Nrg-1-treated MO microglia in relation to non-treated MO condition
indicating that Nrg-1 200 ng/ml reduced the baseline level of nitrite in MO microglia (p<0.01, one-
way ANOVA, N=3 cultures) (Figure 11A). However, there was a trend towards a reduction in
nitrite production in the MCM of Nrg-1-treated MO cultures (p>0.05, N=3) (Figure 11A). M1
polarization of microglia induced nitrite levels significantly by 2 folds compared to M0 microglia
at 24 h (p<0.001, one-way ANOVA, N=3) (Figure 11A). Treatment with 200 ng/ml of Nrg-1
resulted in a significant 1.7-fold reduction in nitrite levels in M1 MCM. We found a decreasing
trend in nitrite levels in M1 MCM with Nrg-1 50ng/ml, however the difference was not statistically
significant (p>0.05, N=3) (Figure 11A). We also found no change in nitrite level in MCM of M1-
polarized microglia treated with 10 ng/ml and 25 ng/ml when compared to non-treated M1 cells
(p<0.001, one-way ANOVA, N=3) (Figure 11A). At 72 h time-point, M1 polarization resulted in
a significant 15.5-fold induction in nitrite production when compared with non-activated MO
condition (p<0.001, one-way ANOVA, N=3) (Figure 11B). Treatment of M1-polarized microglia

cultures with 50 ng/ml (1.2 folds) and 200 ng/ml (1.4 folds) of Nrg-1 significantly attenuated nitrite
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production at 72 h time-point (p<0.001, one-way ANOVA, N=3) (Figure 11B). However, there
was a significant increase in the production of nitrite when M1-polarized microglia were treated
with 25 ng/ml of Nrg-1(p<0.01, one-way ANOVA, N=3) (Figure 11B). Considering the outcomes
of our dosing study for Nrg-1 effect at both 24 h and 72 h time-points, the best dosing for Nrg-1
was determined to be 50 ng/ml (low dose) and 200 ng/ml (high dose) for the subsequent

experiments.
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Figure 11. Effects of M1 polarization and Nrg-1 treatment on pure microglia cultures. (A,
B) M1 polarization significantly increased nitrite production in MCM as compared to MO
microglia cultures. Four concentrations of Nrg-1 were assessed at 24 h and 72 h time-points. Greiss
assay identified that the most effective concentrations of Nrg-1 in attenuating nitrite production by
MIl-polarized microglia were 50 ng/ml and 200 ng/ml. The data represent meant SEM,
*E%p<0.001, **p<0.01, *p<0.05, N=3 independent cultures, one-way ANOVA, followed by

Holm-Sidak post hoc test.
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4.1.5. Nrg-1 attenuates the induced expression of pro-inflammatory mediators in M1-

polarized microglia

Activated microglia are involved in neuronal injury and death by producing pro-inflammatory
cytokines and mediators (Ramesh et al., 2013). Microglia also act as APC through the expression
of co-stimulatory molecules (CD86 receptors), which activate other immune cells (Chastain et al.,
2011). In our pure microglia cultures, we sought to determine whether Nrg-1 at low and high
concentrations can modulate microglia transcript expression of pro-inflammatory cytokines, TNF-
a and IL-6, anti-inflammatory cytokine, IL-10, and CD86 receptor at 24 h after M1 polarization
and Nrg-1 treatment. Quantitative real-time PCR revealed a significant increase in mRNA
expression of TNF-a (9 folds) and 1L-6 (7.2 folds) in M1-polarized microglia compared to rather
low basal levels of these cytokines in MO cells (p<0.001, one-way ANOVA, N=4) (Figure 12A-
B). Interestingly, Nrg-1 at 200 ng/ml significantly attenuated the transcript levels of TNF-a (2.6
folds) and IL-6 (3 folds) in M1-polarized microglia in relation to non-treated M1 cells (p<0.001,
one-way ANOVA, N=4) (Figure 12A-B). We also found a significant 7.2-fold increase in the
MRNA level of CD86 in M1-polarized microglia, which was significantly reduced by 2.8 folds
after treatment with Nrg-1 200 ng/ml (Figure 5C, p<0.001, one-way ANOVA, N=4). Analysis of
IL-10 transcript levels indicated that M1 polarization significantly reduces (4.5 folds) IL-10 gene
expression in pure microglia cultures (p<0.001, one-way ANOVA, N=4) (Figure 12D).
Interestingly, Nrg-1 50 ng/ml partially recovered the suppressed gene expression of 1L-10 (p<0.01,
Student t-test, N=4) (Figure 12D). However, Nrg-1 200 ng/ml did not change IL-10 gene

expression in M1-polarized microglia (p>0.05, N=4) (Figure 12D).
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Figure 12. Nrg-1 treatment positively modulates transcript expression of cytokines and CD86
receptor in microglia. (A-D) M1 polarization significantly increased the mRNA expression of
TNF-a, IL-6 and CD86 at 24 h time-point. Nrg-1 treatment at 200 ng/ml significantly attenuated
the induced expression of TNF-a, IL-6 and CD86, while Nrg-1 50ng/ml had no effect on the
transcript levels. Analysis of IL-10 transcript levels indicated that M1 polarization caused a
significant reduction in gene expression. Nrg-1 at 50 ng/ml partially recovered the suppressed

mRNA level of IL-10 (p<0.01, Student t-test). Results were normalized to the mRNA level of
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H2afz as a housekeeping gene prior to the subsequent normalization to the control values. The data
represent mean+ SEM, ***p<(0.001, **p<0.01, *p<.05, N=4 independent cultures, t-test and one-

way ANOVA, followed by Holm—Sidak post hoc test.
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4.1.6. The effects of M1 polarization and Nrg-1 treatment on the expression of ErbB

receptors

We next investigated the effects of M1 polarization and Nrg-1 treatment on transcript levels of
Nrg-1 receptors (ErbB2, ErbB3 and ErbB4) in mouse microglia cultures. At 24 h time-point, real-
time PCR analysis of ErbB2 receptor showed that Nrg-1 treatment at 200 ng/ml resulted in a
significant 1.4-fold reduction in mRNA expression of ErbB2 in MO microglia cultures, while Nrg-
1 50 ng/ml treatment had no effect on ErbB2 transcript levels (Figure 13A) (p<0.01, one-way
ANOVA, N=3). Following M1 polarization, there was a significant 2.7-fold reduction in ErbB2
receptor expression (p<0.001) in microglia, which was not altered after Nrg-1 treatment (50 and
200 ng/ml) (p>0.05, N=3) (Figure 13A). Our quantitative analysis showed that Nrg-1 at 200 ng/ml
significantly induced the gene expression of ErbB3 receptor by 2.4 folds in MO microglia (p>0.05,
N=3) (Figure 13B). In contrast, M1 polarization had no effect on mRNA level of ErbB3 (p>0.05,
N=3) (Figure 13B). Of note, we found a significant 1.9-fold increase in transcript level of ErbB3
in Nrg-1 200 ng/ml treated M1-polarized microglia as compared to non-treated M1 cells (p<0.05,
N=3) (Figure 13B). We also found that the gene expression of ErbB4 was significantly down-
regulated (1.3 folds) in Nrg-1 200 ng/ml treated MO microglia compared to MO condition (p<0.001,
one-way ANOVA, N=3), while Nrg-1 50 ng/ml had no effect on mRNA level of ErbB4 receptors
in control MO microglia cultures (p>0.05, N=3) (Figure 13C). Quantitative analysis of ErbB4
indicated a significant 1.2-fold reduction in mRNA expression in M1-polarized microglia (p<0.01,
one-way ANOVA, N=3) (Figure 13C). Nrg-1 treatment at 200 ng/ml further reduced ErbB4
MRNA levels by 4.6 folds in M1-polarized microglia cultures (p<0.001, one-way ANOVA, N=3);
however, there was no change in transcript level of ErbB4 with N rg-1 50 ng/ml treatment (p>0.05,

N=3) (Figure 13C).
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Figure 13. Effects of M1 polarization and Nrg-1 treatment on mRNA levels of ErbB
receptors. (A-C) M1-polarization in microglia significantly decrease mRNA levels of ErbB2 and
ErbB4 compared to MO cultures, while had no effect on the transcript level of ErtbB3. However,
we found that Nrg-1 (200 ng/ml) significantly increased the gene expression of ErbB3 in M0 and
M1 -polarized microglia, while resulted in a significant reduction in mRNA level of ErbB2 in M0
microglia and ErbB4 in MO and MIl-polarized microglia. The data represent meant SEM,
*E%p<0.001, **p<0.01, *p<0.05, N=3 independent cultures, one-way ANOVA, followed by

Holm-Sidak post hoc test.

82



4.1.7. Nrg-1 treatment significantly induces proliferative activity of MO microglia

Following injury to the CNS, activated microglia proliferate and migrate toward the injury site
contributing to neuroinflammation (Loane and Byrnes, 2010; Li and Zhang, 2016). In our pure
microglia culture, we showed that Nrg-1 200 ng/ml significantly increases proliferation of MO
microglia, while there was no effect on M1-polarized microglia (14A-G). Our quantitative
immunocytochemical analysis of microglia proliferation using BrdU assay revealed a significant
2.4-fold increase in the percentage of proliferating MO microglia (BrdU+/DAPI+ cells) after Nrg-
1 (200 ng/ml) treatment compared to non-treated MO microglia (p<0.001, one-way ANOVA,
N=4). It is noteworthy that the Nrg-1 induced increase in microglia proliferation was observed in
4.3% of MO microglia as compared to 1.7% of baseline proliferation in these cultures indicating a
relatively low proliferative activity in these cells. At 24 h following M1 polarization, there was no
difference in the number of BrdU+/DAPI+ microglia between M1 and MO conditions. We also
found that Nrg-1 treatment (50 and 200 ng/ml) had no effect on microglia proliferation in M1-

polarized cultures.

83



*kKk

54 u Microglia proliferation

[ ] MO
MO+ Nrg-1 50 ng/ml
MO+ Nrg-1 200 ng/ml

m M
= ] M1+ Nrg-150 ng/ml
B M1+ Nrg-1200 ng/ml

MO MO+ Nrg-1 50 ng/ml

% of BrdU+ to DAPI+ cells
w

MO+ Nrg-1 200ng/ml

BrdU+ DAPI

M1 M1+ Nrg-1 50 ng/ml M1+ Nrg-1 200 ng/ml

Brdu+ DAPI

Figure 14. Nrg-1 200 ng/ml significantly increases proliferation of M0 microglia. (A-G)
Immunocytochemical analysis of BrdU in microglia after 24h exposure to Nrg-1 200 ng/ml
showed a small but significant increase in microglia proliferation in MO condition, while there was
no significant effects on the percentage of BrdU+/DAPI+ cells under Nrg-1 50 ng/ml treatment.
Quantitative analysis of BrdU+/DAPI+ microglia demonstrated no apparent difference in
proliferation between M0 and M1 conditions with and without Nrg-1 treatment. The data represent
meant SEM, ***p<0.001, **p<0.01, *p<0.05, N=4 independent cultures, one-way ANOVA,

followed by Holm—Sidak post hoc test.
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4.1.8. Nrg-1 treatment significantly restores the suppressed phagocytic activity of M1-

polarized microglia

In CNS inflammatory conditions, TNF-o. and IFN-y drive microglia polarization into M1
phenotype that is associated with their reduced phagocytic activity (Mills et al., 2000; Kettenmann
et al., 2011; Dyck et al., 2018). In contrast, M2 microglia represent increased ability for
phagocytosis of cellular debris which promotes wound healing and tissue repair (Peress et al.,
1993; Hu et al., 2012). Here, we examined whether Nrg-1 can promote the phagocytic activity of
M1-polarized microglia. Phagocytosis was assessed in cultures of MO and M1-polarized microglia
using serum pre-opsonized red-fluorescent beads. Extent of phagocytosis was determined by
quantifying the number of Iba-1+/DAPI+ cells containing beads normalized to the total number of
Iba-1+/DAPI+ microglia. Our quantitative analysis of phagocytosis in M1-polarized microglia at
24 h after polarization indicated a significant 1.9-fold reduction in their phagocytosis.
Interestingly, Nrg-1 50 ng/ml (2.7 folds) and Nrg-1 200 ng/ml (1.8 folds) was able to significantly
restore the reduced ability of M1-polarized microglia for phagocytosis (p<0.001, one-way
ANOVA, N=4) (Figure 15A). Likewise, M1-polarized microglia activated for 72 h showed
significantly diminished phagocytic activity by 2.4 folds compared to their MO counterparts in
which was significantly restored with Nrg-1 50 ng/ml (4 folds) and 200 ng/ml (2.1 folds) (p<0.001,
one-way ANOVA, N=4) (Figure 15B). Our studies showed no apparent effect of Nrg-1 50 ng/ml
treatment on the ability of MO microglia for phagocytosis. However, there was a significant
reduction in phagocytosis in Nrg-1 200 ng/ml-treated MO microglia cultures at 72 h time-point
(p<0.01, one-way ANOVA, N=4) (Figure 15B). We verified the specificity of phagocytosis
through the detection of intracellular red fluorescent beads in Iba-1+/DAPI+ microglia using z-

stack imaging (Figure 15C,D).
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Figure 15. Nrg-1 treatment significantly restored the suppressed phagocytosis of MI1-
polarized microglia. (A-B) Immunocytochemical analysis of Iba-1+/DAPI+ microglia containing
red-fluorescent beads indicated a significant reduction in phagocytic ability of M1-polarized
microglia at 24 h and 72 h after M1 polarization. Co-treatment of M1-polarized microglia with

Nrg-1 significantly restored the percentage of phagocytic cells. (C-D) Representing images

86



showing our phagocytosis assay. To verify phagocytosis success, intracellular red fluorescent
beads in Iba-1+/DAPI+ microglia was detected using z-stack imaging. The data represent mean+

SEM, ***p<0.001, **p<0.01, *p<0.05, N=4 independent cultures, one-way ANOVA, followed by

Holm-Sidak post hoc test.
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4.1.9. Nrg-1 treatment does not influence microglia mobility

Injury to the CNS elicits microglia mobilization to the site of injury, where they contribute to the
neuroinflammatory process through production of inflammatory mediators and phagocytosis of
cellular debris (Hu et al., 2014). Thus, we investigated whether Nrg-1 treatment plays a role in
regulation of microglial cell mobility using transwell cell mobility assay. We quantified the total
number of DAPI+ microglia which had mobilized to the bottom chamber of culture inserts. We
found no apparent difference in the mobility of MO and M1-polarized microglia. We also found
no change in microglia mobilization under Nrg-1 treatment in MO or M1-polarized microglia (One-

way ANOVA, N=4) (Figure 16).
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Figure 16. Nrg-1 treatment had no effect on the mobility of M0 and M1-polarized microglia.
Quantitative analysis of DAPI+ microglia mobilizing to the bottom chamber of poly-carbonate
transwell culture inserts indicated no apparent difference in the mobility of MO and M1-polarized
microglia cultures with and without Nrg-1 (50 and 200 ng/ml) treatment. The data represent mean+

SEM, N=3 independent cultures, one-way ANOVA.
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4.2. The effects of microglia conditioned media on the properties of neural precursor cells

4.2.1. Nrg-1 promotes a supportive phenotype in microglia, which positively modulates NPC

proliferation

We sought to investigate whether Nrg-1-modulation of microglia may influence the properties of
adult NPCs including their capacity for proliferation, differentiation and migration. Three days
following microglial polarization and Nrg-1 treatment, microglia conditioned media (MCM) was
collected and added to brain-derived NPCs in culture for assessment of proliferation,
differentiation and migration. We utilized defined NPC serum free media in these experiments as
described in the method section. Dissociated NPCs were treated with MCM collected from the
following conditions: M0, MO+ Nrg-1 50 ng/ml, MO+ Nrg-1 200 ng/ml, M1, M1+ Nrg-1 50 ng/ml,
and M1+ Nrg-1 200 ng/ml. Our BrdU proliferation assays indicated that microglia treated with
Nrg-1 showed the ability to increase NPC proliferation (Figure 17A-0). Nrg-1 50ng/mi-treated
MO MCM induced a significant 1.7-fold and 1.5-fold increase in the percentage of proliferating
NPCs, marked as BrdU+/DAPI+, compared to non-treated control media and MO MCM treated
cultures, respectively (p<0.001, one-way ANOVA, N=4). Following treatment with M1 MCM, we
found a significant 3.2-fold and 3.7-fold reduction in the percentage of BrdU+ NPCs as compared
to control media and MO MCM conditions, respectively (p<0.001, one-way ANOVA, N=4). Our
quantitative analysis showed that M1 treated with Nrg-1 50 ng/ml and 200 ng/ml significantly
recovered (1.7 folds) NPCs proliferative activity evident by increased number of BrdU+/DAPI+
cells normalized to the total DAPI+ NPCs (p<0.01, one-way ANOVA, N=4). To rule out the
possibility that the effects of MCM from Nrg-1 treated MO and M1-polarized microglia on NPCs
proliferation is not due to Nrg-1 peptide per se, we treated NPCs with fresh and 72 h incubated

Nrg-1 at 50 ng/ml and 200 ng/ml concentrations. Previous studies by our group and others have
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shown that Nrg-1 stimulates NPCs proliferation (Lai and Feng, 2004; Gauthier et al., 2013). Here,
as anticipated, we confirmed that fresh Nrg-1 (50 and 200 ng/ml) significantly increased the
percentage of proliferating BrdU+ NPCs as compared to control media (p<0.001, one-way
ANOVA, N=4). We also tested Nrg-1 incubated for 72 h prior to its addition to NPC culture to
more closely determine the effects and potency of any residual Nrg-1 treatment in MCM. Our
quantitative analysis showed that treating NPCs directly with 72 h incubated Nrg-1 (50 and 200
ng/ml) had no apparent effects on NPCs proliferative activity (p>0.05, one-way ANOVA, N=4)
(Figure 17P-X). This evidence confirmed that the effect of MCM that we observed in NPC cultures

was due to the Nrg-1-modulated microglia secretion and not the original Nrg-1 treatment per se.
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Figure 17. Availability of Nrg-1 fosters a phenotype in microglia that promotes NPC
proliferation. (A-O) Exposure of NPCs to M1 MCM significantly decreased the proliferative
activity of brain-derived NPCs. MCM from M1-polarized cells treated with Nrg-1 (50 and 200
ng/ml) significantly increased the reduced proliferative ability of NPCs. (P-X) Addition of fresh
Nrg-1 significantly increased NPCs proliferation (BrdU+/DAPI+) as anticipated. However, 72-pre
incubated Nrg-1 had no apparent effect on the proliferative ability of NPCs cultures. The data
represent meant SEM, ***p<(0.001, **p<0.01, *p<0.05, N=4 independent cultures, one-way

ANOVA, followed by Holm—Sidak post hoc test.
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4.2.2. M1-polarized microglia conditioned media does not contain the original IFN-y and

TNF-a peptides

Next, we determined whether M1 MCM contained any residual of the original IFN-y and TNF-a
peptides, which were used for M1 polarization. We assessed the presence of IFN-y and TNF-a
recombinant peptides as well as the endogenous expression of the cytokines in MCM using
Western blotting (Figure 18A,B). This analysis was performed to rule out the potential effects of
IFN-y and TNF-o recombinant peptides in MCM on NPCs activities. In addition to MO and M1
MCM, in our Western blotting we included IFN-y and TNF-a recombinant peptides (100 ng/ml
and 1 pg/ml) as well as spinal cord tissue samples from EAE (experimental autoimmune
encephalomyelitis) mouse tissue as positive controls. Our analysis showed the expression of pro
and active TNF-a in M1 MCM as compared to undetectable levels of both TNF-a isoforms in MO
MCM. We also detected TNF-a recombinant peptide with the same molecular weight as active
TNF-0. However, the detected active TNF-a in M1 MCM was much more prominent than
100ng/ml TNF-o peptide. Considering we used 50ng/ml of TNF-a peptide in our microglia
polarization, which is less than 100ng/ml, and the presence of pro TNF-a only in M1-polarized
microglia CM, this data indicates the endogenous expression of TNF-a in M1 cultures. Conversely,
we found no detectable expression of IFN-y in MO and M1 MCM, while there was considerable
levels of IFN-y in the spinal cord tissue samples of EAE mice as positive controls. Our Western
blot also unraveled that IFN-y peptide was not present in M1 MCM at 24 h and 72 h time-points.
Specificity of IFN-y antibody was confirmed by detection of IFN-y recombinant peptide (50 ng/ml)
and IFN-y cytokine in EAE tissue as positive controls. Altogether, these analyses confirmed that

M1 MCM cultures do not contain the original IFN-y and TNF-a recombinant peptides. Moreover,
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these experiments revealed that our M1-polarized microglia endogenously release TNF-o but not

IFN-y in the conditioned media.
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Figure 18. M1-polarized microglia conditioned media does not contain the original IFN-y

and TNF-a peptides. (A,B) Western blot analysis of MCM at 24 h and 72 h after M1 polarization

showed endogenous expression of pro and active forms of TNF-a, but not IFN-y in M1 MCM. We

also found that TNF-a and IFN-y recombinant peptides used for M1 polarization were not present

in M1 MCM as compared to the detected peptides in our positive controls. Representative blots

are illustrated for each experimental condition. GAPDH and Ponceau S were used as loading

controls for cell lysate and conditioned media, respectively.
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4.2.3. M1-polarized microglia suppress the differentiation of neural precursor cells

Next, we investigated whether MO and M1 MCM with or without Nrg-1 treatment influence NPC
differentiation. To allow differentiation, NPCs were grown in a medium composed of NPC
medium (growth factor and serum free) and microglia medium containing fetal bovine serum (1:1
ratio) for 7 days. We treated NPCs with MO, MO+ Nrg-1 50 ng/ml, MO+ Nrg-1 200 ng/ml, M1,
M1+ Nrg-1 50 ng/ml, and M1+ Nrg-1 200 ng/ml MCM. NPCs were plated in control media served
as the baseline control for quantitative analysis of differentiation. We performed
immunocytochemical analysis using Nestin (NPCs lineage marker), GFAP (astrocyte specific
marker), and NG2 (OPC specific marker) (Figure 19A-W). After 7 days of differentiation, our
quantification for Nestin showed that NPCs differentiated in the control media and MO MCM with
and without Nrg-1 at both concentrations we studied. Under control condition, 62% of NPCs
differentiated into astrocytes while 23% were NG2 expressing OPCs as anticipated. Addition of
MO MCM into NPC cultures significantly increased the percentage of NG2+/DAPI+ OPCs at the
expense of GFAP+/DAPI+ astrocytes as compared to control media. Moreover, Nrg-1 (50 and 200
ng/ml)-treated MO MCM significantly increased the percentage of NG2+/DAPI+ OPCs while
reducing the percentage of GFAP+/DAPI+ astrocytes as compared to MO MCM. However,
interestingly, M1 MCM entirely suppressed NPC differentiation as evident by Nestin expression
in NPCs compared to all other conditions. Treatment of M1-polarized microglia with Nrg-1 (50
and 200 ng/ml) did not change their inhibitory effects on NPC differentiation. Of note, Nestin is
expressed by undifferentiated multipotent NPCs (N=4, ***p<0.001, **p<0.01, one-way ANOVA.
We rarely found GFAP+ astrocytes or NG2+ OPCs in M1 and M1+ Nrg-1 MCM-treated NPC

cultures.
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Figure 19. Ml-polarized microglia blocks differentiation of adult NPCs. (A-W)
Immunocytochemistry for NPCs specific marker, Nestin, the astrocyte specific marker, GFAP, and
the OPC specific marker, NG2, indicated that NPCs differentiated in control media, MO and M0+
Nrg-1 MCM conditions. However, nearly all NPCs remained Nestin+ undifferentiated cells under
M1 and M1+ Nrg-1 MCM treatment. Black arrows show M1 MCM with and without Nrg-1 (50
and 200 ng/ml). The data represent mean+SEM, ***p<(0.001, **p<0.01, N=4 independent

cultures, one-way ANOVA, followed by Holm—Sidak post hoc test.
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4.2.4. Nrg-1 promotes a supportive phenotype in microglia, which fosters the migration of

NPCs

Evidence shows that Nrg-1-ErbB signaling induces the migration of OPCs during development
(Ortega et al., 2012). Nrg-1 has also shown to play an important role in NPC migration from the
SVZ into the olfactory bulbs through the RMS to replace interneurons in the adult brain of rodents
(Luskin, 1993). Here, we sought to investigate whether MCM of Nrg-1-treated microglia may
influence the migration of adult NPCs. Three days following microglia polarization, MCM was
collected from the following conditions: (1) MO, (2) M0+ Nrg-1 50 ng/ml, (3) MO+ Nrg-1 200
ng/ml, (4) M1, (5) M1+ Nrg-1 50 ng/ml, and (6) M1+ Nrg-1 200 ng/ml. MCM was added to lower
compartment of each micro-device for migration assessment (as illustrated in Figure 7).
Dissociated NPCs were plated onto the right-sided well in upper compartment of micro-device and
cells were allowed to migrate from upper compartment through capillaries toward lower
compartment for 20 h. Our quantification showed that MCM of Nrg-1 treated microglia stimulates
the migration of NPCs in a concentration dependent manner (Figure 20A-H). MCM of Nrg-1
200ng/ml treated MO microglia induced a significant 3.2-fold increase in the proportion of NPCs
migrated toward lower compartments compared to control media (p<0.01, one-way ANOVA,
N=3). We also found that the MCM of Nrg-1 (50 and 200 ng/ml) treated M1 microglia resulted in
a significant increase in the number of migrated NPCs as compared to control media, MO and M1
MCM conditions (p<0.001, one-way ANOVA, N=3). Our quantitative analysis showed a
significant 1.5-fold increase in the number of migrated NPCs in M1+ 200ng/ml MCM condition
as compared to M1+ Nrg-1 50 ng/ml MCM condition (p<0.001, one-way ANOVA, N=3). To rule
out the possibility that residual of Nrg-1 recombinant peptide in MCM may affect NPC migration,

we also added fresh and 72 h pre-incubated Nrg-1 (50 and 200 ng/ml) to wells in lower
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compartment of micro-devices. We found that fresh Nrg-1 200 ng/ml significantly induced the
proportion of migrated NPCs as compared to control media (p<0.001, one-way ANOVA, N=3).
However, there was no difference between 72 h incubated Nrg-1 (at two concentrations) and
control media in terms of NPC migration (p>0.05, one-way ANOVA, N=3) (Figure 201-M). This
evidence confirmed that the effect of MCM that we observed in NPC cultures was due to the Nrg-

1-modulated microglia secretion and not the original Nrg-1 treatment per se.
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Figure 20. Nrg-1-modulated microglia promotes NPC migration. (A-H) MCM from MO
microglia treated with Nrg-1 200 ng/ml significantly increased the number of migrated NPCs.
Addition of Nrg-1 (50, 200 ng/ml) treated M1 MCM to the lower compartment significantly
induced migration of NPCs. (I-M) In response to fresh Nrg-1 200 ng/ml, NPC migration was
significantly increased. However, fresh Nrg-1 50 ng/ml and 72-pre incubated Nrg-1 had no
apparent effect on migration of NPCs. White arrows indicate migrated cells. The data represent
meant SEM, ***p<0.001, **p<0.01, *p<0.05, N=3 independent cultures, one-way ANOVA,

followed by Holm—Sidak post hoc test.
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Chapter V: Discussion

5.1. General Overview of findings and discussion

In the present study, we demonstrate a beneficial role for Nrg-1 in regulating microglia response.
Using relevant primary culture systems and microglia polarization strategy, we found that
availability of Nrg-1 in the microenvironment of M1-polarized microglia moderates their pro-
inflammatory phenotype. Nrg-1 was able to positively modulate cytokine and receptor expression
profile of M1-polarized microglia as well as their ability for proliferation and phagocytosis.
Importantly, our findings unravel that microglia treated with Nrg-1 can promote the regenerative
abilities of NPCs in primary cultures. Collectively, our study suggests that presence of Nrg-1 can

harness the potential of microglia in facilitating cellular repair process in injury conditions.

Following injury and demyelinating conditions, resident NPCs and OPCs have restricted
regenerative capacity to replenish endogenous oligodendrocytes, which limits spontaneous
remyelination (Cao et al., 2002; Mason et al., 2004; Zai and Wrathall, 2005; Horky et al., 2006;
Almad et al., 2011). This limitation has been attributed to the hostile milieu of the injured CNS
including the pro-inflammatory response of microglia and astrocytes (Alizadeh and Karimi-
Abdolrezaee, 2016). Previous studies in our laboratory identified that dysregulation of Nrg-1/ErbB
signaling within the lesions of SCI and focal demyelinating conditions contributes to the
imbalanced microenvironment of injury and underlies the inadequate oligodendrocyte replacement
(Gauthier et al., 2013; Kataria et al., 2018). Neuregulin-1 is an axonally-localized growth factor
that with its signaling receptors, ErbB2, 3 and 4, plays critical roles in oligodendrocyte
development, survival, maturation, and myelination (Vartanian et al., 1999; Flores et al., 2000;

Gauthier et al., 2013; Kataria et al., 2018). Previously, our group reported that the protein and
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MRNA levels of Nrg-1 are down-regulated acutely within one day after compressive SCI and in
LPC-induced focal demyelinating lesions in rats without any recovery to its basal levels at later
time-points (Gauthier et al., 2013; Kataria et al., 2018). These studies identified that
downregulation of Nrg-1 is likely attributed to degeneration of neurons, axons and
oligodendrocytes, which are the endogenous source of Nrg-1 expression. Interestingly, restoring
the deficient levels of Nrg-1 through recombinant peptide therapy was able to enhance
oligodendrogenesis and remyelination in both SCI and focal demyelinating lesions (Gauthier et
al., 2013; Kataria et al., 2018).

Parallel in vitro studies also identified that exogenous Nrg-1 enhances the capacity of spinal
cord-derived NPCs for proliferation and oligodendrocyte differentiation while reducing the
number of NPC-derived astrocytes (Gauthier et al., 2013). Moreover, our recent studies showed
that Nrg-1 increases the morphological complexity of OPCs and supports their differentiation into
mature myelinating oligodendrocytes through an ErbB2/ErbB4 dependent mechanism (Kataria et
al., 2018). These studies have collectively uncovered an important role for Nrg-1 in regulating the
activity of endogenous precursor cells and their ability for oligodendrocyte replacement in the
spinal cord.

Additionally, recent work from our group has identified a role for Nrg-1 in regulating
immune response as well as astrocyte activity and scar formation after SCI (Alizadeh et al., 2017;
Alizadeh et al., 2018). In rat SCI and primary cultures, we showed that activated astrocytes can
respond to Nrg-1 and change their otherwise scar forming phenotype to a more supportive one in
an ErbB2/3 dependent mechanism. It is known that microglia also respond to injury. Our studies
and that of others have shown that microglia also express ErbB 2, 3, and 4 receptors and thereby

are responsive to Nrg-1 bioavailability (Calvo et al., 2010; Alizadeh et al., 2017). The goal of my

105



thesis was to understand how Nrg-1 influences microglia activity and their effects on neural
precursor cells.

Effects of Nrg-1 on cytokine expression of M1-polarized microglia: Classically activated
microglia (pro-inflammatory M1 phenotype) are known to contribute to demyelination and the
inadequate spontaneous remyelination through their expression of proinflammatory cytokines, IL-
B, IL-6 and TNF-a, promoting oxidative stress, antigen presenting ability and ineffective clearance
of myelin debris (Mack et al., 2003; Voss et al., 2012; Miron et al., 2013; Fenn et al., 2014;
Lampron et al., 2015). LPS-induced M1 microglia block NPC differentiation through the
expression of TNF-o (Butovsky et al., 2006). TNF-a is also known to contribute to the hostile
post-injury microenvironment by altering microglia from pro-regenerative to pro-inflammatory
through upregulation of microglia iron levels (Kroner et al., 2014). Upregulation of TNF-a by
LPS-activated microglia induces apoptosis in mouse NPCs via NF-kB signaling pathway
(Guadagno et al., 2013). TNF-a also triggers the production of glutamate in primary rat and human
neurons, which leads to neurotoxicity (Ye et al., 2013). Another study demonstrated that IL-6
inhibits hippocampal neurogenesis (Monje et al., 2003). Following SCI, upregulation of IL-6 is
involved in secondary injury mechanisms and promotes tissue damage (Nakamura et al., 2005). In
contrast to M1 pro-inflammatory cells, microglia polarization into a pro-regenerative M2
phenotype fosters repair and recovery after CNS injuries. M2 polarization of microglia exerts
positive neuroprotective effects on remyelination through phagocytosis of myelin debris and
secretion of IGF-1 and TGF-B1 which promote oligodendrocytes differentiation (Hinks and
Franklin, 1999; Ousman and David, 2000). Microglia exposure to IL-4 can favor NPC

oligodendrogenesis or neurogenesis through the expression of IGF-I (Butovsky et al., 2006).
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Accordingly, a balance between M1/M2 microglia phenotypes has been considered as a
determining factor for tissue degeneration/repair following CNS injuries or diseases.

Our studies on SCI and LPC-induced focal demyelination models demonstrated that Nrg-
1 treatment provides a pro-regenerative microenvironment by attenuating the pro-inflammatory
response of activated astrocytes and microglia as well as peripherally recruited immune cells
(Gauthier et al., 2013; Alizadeh et al., 2017; Alizadeh et al., 2018; Kataria et al., 2018). Previously,
we showed that Nrg-1 bioavailability efficiently mitigates the tissue level of TNF-a, IL-f3 and IL-
6 after compressive SCI (Gauthier et al., 2013; Alizadeh et al., 2017; Alizadeh et al., 2018).
Moreover, Nrg-1 treatment considerably reduces the expression and activity of MMP-2 and MMP-
9 following SCI (Alizadeh et al., 2017). Here, we demonstrate that 200 ng/ml of Nrg-1 directly
affects mouse M1-polarized microglia in culture and mitigates the transcript levels of pro-
inflammatory markers, TNF-a, IL-6 and CD86. Interestingly, evidence shows that the basal levels
of Nrg-1p in the serum of healthy individuals are ranged from 30 ng/ml to 473 ng/ml (mean = 217
+170 ng/mL) suggesting that the 200 ng/ml dose of Nrg-1 used in our in vitro studies could be a
physiologically achievable dose (Moondra et al., 2009). Importantly, our recent studies in rat spinal
cord injury have shown that systemic Nrg-1 treatment (up to 2 ug per day) can effectively modulate
microglia/macrophages response without any detectable side effects during a 42-day treatment
period (Alizadeh et al., 2017; Alizadeh et al., 2018).

M1 microglia upregulate CD86 receptors to act as APCs and to communicate with other
immune cells (Taylor et al., 2005). During EAE progression, the expression of CD86 correlates
with an increase in clinical scores (Issazadeh et al., 1998). Moreover, CD86 is upregulated in
activated microglia following brain injury (Bechmann et al., 2001). Following nerve axotomy in

transgenic mice with IL-6-specific astrocytes, upregulation of 1L-6 triggers the expression of CD86
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in activated microglia/macrophages, which leads to increased recruitment of pro-inflammatory T
cells and neuronal death (Almolda et al., 2014). Thus, the ability of Nrg-1 to moderate the pro-
inflammatory activity of M1 microglia is potentially beneficial for the repair process.

Previously, we identified that Nrg-1 treatment remarkably increases the protein levels of
IL-10 after SCI and LPC-induced focal demyelination (Alizadeh et al., 2017; Kataria et al., 2018).
We further showed that Nrg-1 induced release of IL-10 in the injured spinal cord is attributed to
an increase in the populations of M2 microglia/macrophages as well as T and B regulatory cells
(Alizadeh et al., 2018; Kataria et al., 2018). IL-10 is a pro-regenerative cytokine essential for
oligodendrocyte differentiation and remyelination (Yang et al., 2009). Evidence shows that 1L-10
expressed by microglia/macrophages and T regulatory cells prevents the expression of IFN-y,
TNF-a IL-1, and IL-6 by T helper cells (Conti et al., 2003; Saraiva and O'Garra, 2010). IL-10
expression is also decreased in the MS-afflicted patients compared to healthy individuals
(Salmaggi et al., 1996; Ozenci et al., 1999). Moreover, intraperitoneal injection of adult neural
stem cells engineered to secrete 1L-10 during EAE attenuates demyelination and enhances repair
and regeneration (Yang et al., 2009). Administration of exogenous I1L-10 into animals inhibits EAE
development (Rott et al., 1994). IL-10 suppresses cytotoxic function of activated
microglia/macrophages by reducing the production of NO (Howard and O'Garra, 1992; Oswald et
al., 1992). IL-10 further supports would healing and regeneration by improving phagocytosis of
myelin debris by activated microglia/macrophages (Puntambekar et al., 2015). Thus, the induced
expression of 1L-10 by Nrg-1 treatment in our previous SCI and LPC-induced demyelination
studies suggest a beneficial role for Nrg-1 in promoting tissue repair and regeneration following
injury (Yang et al., 2009; Mantovani et al., 2013). In the present study, we demonstrate that M1

polarization of mouse microglia cultures under IFN-y and TNF-o treatment reduces IL-10
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expression compared to MO microglia. Although Nrg-1 treatment significantly reduced the
transcript levels of pro-inflammatory cytokines, it was not able to significantly restore reduced IL-
10 expression in M1-polarized microglia. This observation suggests that the increased IL-10
expression after Nrg-1 treatment in SCI may be largely attributed to the increase in monocyte
derived macrophages as well as T and B regulatory cells. Furthermore, the results of this study
show that the effects of Nrg-1 on pure microglia cultures seems to be primarily mediated through
modulation of transcript expression of pro-inflammatory cytokines, rather than the anti-
inflammatory cytokine, IL-10. It is also plausible that Nrg-1 modulates other anti-
inflammatory/pro-regenerative mediators expressed by microglia that were not studied in our

experiments.

Microglia Phagocytosis: For the first time, we provide evidence that Nrg-1 fosters a pro-
regenerative phenotype in microglia through improvement of phagocytosis. We demonstrate that
M1 polarization suppresses phagocytosis in microglia cultures. Interestingly, a lower
concentration of Nrg-1 treatment was not only able to recover the impaired ability of M1-polarized
microglia for phagocytosis, but also to make it better than MO microglia. It is known that efficient
microglia phagocytosis of cell and myelin debris is required for repair and regeneration (Boekhoff
etal., 2012; Redondo-Castro et al., 2013). Thus, the impaired ability of microglia for phagocytosis
has been suggested as an underlying cause for the limited tissue regeneration and remyelination
after CNS injury (Neumann et al., 2009). In AD brain, pro-inflammatory environment impairs
microglia phagocytosis of AP peptide causing neuronal death, while the expression of anti-
inflammatory factors improves the clearance of A (Koenigsknecht-Talboo and Landreth, 2005).

Additionally, direct in vitro studies show that LPS, IL-1p, TNF-a, or IFN-y treatment suppress the
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capacity of microglia to phagocytose AP peptides (Koenigsknecht-Talboo and Landreth, 2005). In
contrast, BV2 cell lines exhibit stronger phagocytic ability under the treatment of anti-
inflammatory cytokines, IL-4 and IL-10 (Koenigsknecht-Talboo and Landreth, 2005). Moreover,
anti/pro-inflammatory environment positively/negatively influences microglia ability for
phagocytosis of degenerated myelin in demyelinating conditions (Smith, 1999). Given that
clearance of myelin debris is essential to foster a beneficial microenvironment for repair and axonal
regeneration following demyelination, restoration of microglia ability for phagocytosis can be
critical for recovery from CNS injury (Smith, 1999). Of note, our findings suggest that Nrg-1
reduced phagocytosis of MO microglia particularly at higher concentration. This observation
indicates that Nrg-1 may exert differential effects on microglia phagocytosis depending on their
state of activation at least under our in vitro conditions. Further elucidation is required to
understand the underlying mechanism(s) by which Nrg-1 regulates microglia phagocytosis under

different microglia polarization.

Microglia proliferation and mobilization: Following CNS injuries/diseases, resident
microglia rapidly proliferate and mobilize to the site of injury at early stages, which leads to their
polarization and morphological changes (Kawabori and Yenari, 2015; Mosser et al., 2017). Here,
we demonstrate that M1 polarization of microglia cultures with the combination of IFN-y and
TNF-a does not induce microglia proliferation and Nrg-1 does not change this response. However,
our data also indicate that Nrg-1 stimulates the proliferative activity of MO microglia at higher
concentration. Our results are in agreement with previous findings that showed Nrg-1 stimulates
proliferation of MO microglia (Calvo et al., 2010). We also demonstrate that both M1 polarization
and Nrg-1 treatment do not influence mobilization of mouse microglia cultures. Evidence shows

that microglial mobilization is induced by adenosine triphosphate (ATP), complement component
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5a (C5a), and fraktalkine in post-injury microenvironment (Harrison et al., 1998; Miller and Stella,
2009).

ErbB receptors: Recently, our lab showed that Nrg-1 modulates the activity of glial cells
through hetero-dimerization of ErbB2 with ErbB3 receptors in mixed rat astro-microglia cultures
(Alizadeh et al., 2017). ErbB2 is known to lack the ligand-binding domain, while ErbB3 does not
have the kinase domain (Guy et al., 1994; Tzahar et al., 1996). Thus, ErbB2 and ErbB3 need to
form hetero-dimers to transduce Nrg-1 signals. In the present study, we show the effects of M1
polarization and Nrg-1 treatment on mRNA levels of ErbB2, ErbB3 and ErbB4 receptors in pure
mouse microglia cultures. We demonstrate that ErbB2 and ErbB4 receptors are significantly
downregulated in microglia cultures upon M1 polarization, while there is no change in ErbB3
receptor mRNA expression. Interestingly, Nrg-1 treatment of M1-polarized microglia further
reduces mRNA levels of ErbB4, which has both ligand binding and kinase domains. This suggests
either ErbB4 receptor is not involved in Nrg-1 signal transduction in microglia or Nrg-1
modulation of ErbB4 receptor is a more energy-consuming pathway for microglia. We also show
that Nrg-1 treatment in both MO and M1 microglia cultures stimulates mMRNA expression of ErbB3
receptor. However, we found no change in mRNA levels of ErbB2 in Nrg-1-treated compared to
non-treated M1-polaried cells. Our findings collectively show that Nrg-1 treatment upregulates
transcript expression of ErbB3 receptor in microglia. However, further genetic and
pharmacological studies are required to identify ErbB receptor(s) involved in Nrg-1 regulation of

microglia.

Paracrine effects of Nrg-1 treated microglia on the properties of NPCs: We recently
showed that Nrg-1 directly exerts positive effects on remyelination and repair processes by

promoting NPC proliferation and their differentiation into oligodendrocytes in vitro and following
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SCI (Gauthier et al., 2013). Moreover, we unraveled that Nrg-1 treatment enhances maturation of
NPCs and OPCs-derived oligodendrocytes and promotes axonal myelination in vitro and
following LPC-induced focal demyelination (Kataria et al., 2018). Our lab also provided strong
evidence that Nrg-1 positively modulates the response of glial and peripheral immune cells
following SCI and LPC-induced focal demyelination (Alizadeh et al., 2017; Alizadeh et al., 2018;
Kataria et al., 2018). It is known that pro-inflammatory M1 and pro-regenerative M2 microglia
regulate the ability of NPCs for repair and regeneration following CNS injuries or diseases (Wang
et al., 2007; Kokaia et al., 2012). A recent work in our lab indicated that M1-polaried microglia
reduces the proliferation of spinal cord-derived NPCs (Dyck et al., 2018). Others showed that pro-
inflammatory cytokine, IL-1P prevents NPC proliferation in a dose-dependent manner (Wang et
al., 2007). Moreover, TNF-a binding to TNF receptor I (TNFRI) inhibits the proliferative ability
of adult NPCs (losif et al., 2006). On the other hand, M2 microglia-derived growth factor, TGF-f
induces proliferation of NPCs following ischemic damage to the SVZ (Ma et al., 2008).

Here, we provide direct evidence that Nrg-1 treatment fosters a pro-regenerative phenotype
in microglia, which is potentially beneficial for proliferation and mobilization of NPCs. Our in
vitro studies on NPCs show that Nrg-1 treated MO microglia stimulate the proliferative ability of
NPCs in a paracrine manner. These findings suggest a role for Nrg-1 in regulating the regenerative
activities of microglia under homeostasis condition. We also demonstrate that under activation
state Nrg-1 treatment can mitigate the repressive effects of M1-polarized microglia on NPC
proliferation and harness their potential for promoting stem cell activation. This observation
provides compelling evidence to suggest that dysregulation of Nrg-1 in the injured spinal cord may

underlie the detrimental effects of microglia on NPCs following SCI.
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We have confirmed that the beneficial effects of Nrg-1 treated M1 MCM on NPC
proliferation is through the factors released by microglia and not the possible availability of Nrg-
1 recombinant peptide in the MCM. We verified this by addition of 72 h-pre incubated Nrg-1,
mimicking Nrg-1 treatment in MCM, into NPCs cultures in which showed no effect on cell
proliferation. However, treating NPCs with fresh Nrg-1 stimulates NPC proliferation, which is in
agreement with our previous findings (Gauthier et al., 2013). Altogether, this evidence confirms
that Nrg-1 treatment leads to changes in microglia secreted factors that are beneficial for NPC
proliferation.

Similarly, we also verified that the effects of M1 MCM is not due to the retention of original
IFN-y and TNF-a peptides, which were used for M1 polarization. These verification studies
indicated that M1 mouse microglia endogenously express pro and active TNF-a, but not IFN-y.
IFN-v is a glycoprotein, which functions as a homodimer of approximately 45 kDa. However, it
can also be detected as a combination of 25, 20 and 15.5 kDa bands on SDS-PAGE as a result of
different glycosylation. In addition, the purified recombinant IFN-y peptide has been reported to
have the molecular weight of 31 kDa as a homodimer (Kelker et al., 1984). Interestingly, in the
our study, we detected two bands for IFN-y with the molecular weight of 45 and 25 kDa in EAE
samples and recombinant IFN-y with the molecular weight of 31 kDa as positive controls by
western blot. We previously demonstrated that rat microglia cultures highly express TNF-a in
response to LPS, which is in agreement with other studies (Welser-Alves and Milner, 2013;
Alizadeh et al., 2017; Yu et al., 2017). However, IFN-y is principally released by lymphocytes
such as CD8+ or gamma delta T cells (Gao et al., 2003; Kambayashi et al., 2003). In addition to
peripheral immune cells, microglia were reported to express IFN-y under specific conditions, such

as IL-12 and/or 1L-18 exposure or following acute toxoplasmosis in the CNS (Kawanokuchi et al.,
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2006; Wang and Suzuki, 2007). Collectively, our control studies have ruled out the possibility that
the effects of MCM on NPCs are due to the original TNF-a, IFN-y or Nrg-1 recombinant peptides.

Following CNS injury or disease, endogenous cell renewal is restricted or blocked in the
hostile microenvironment. Microglia have been reported to critically influence this process in
beneficial or detrimental way depending on their activation and phenotype (Butovsky et al., 2006).
Under IL-4/low IFN-y exposure, microglia support NPC differentiation into oligodendrocytes and
neurons through an IGF-I dependent mechanism (Butovsky et al., 2006). However, exposure of
microglia to LPS results in high level of TNF-a expression, which blocks differentiation and cell
renewal of mouse brain-derived NPCs (Butovsky et al., 2006). Other studies have shown that CM
of LPS-activated microglia stimulates differentiation of fetal rat spinal cord-derived NPCs into
astrocytes (Liu et al., 2013b). TNF-a expression in LPS-activated microglia was shown to reduce
neurogenesis from fetal rat brain-derived NPCs. The recent study in our laboratory also showed
that CM of rat microglia, which were activated with combination of IFN-y and TNF-a, induces
astrocytes differentiation of adult mouse spinal cord-derived NPCs (Dyck et al., 2018). In the
present study, we demonstrate that mouse M1 MCM completely blocks NPC differentiation and
maintain them as Nestin expressing multipotent NPCs, while MO MCM promotes NPC
differentiation. Interestingly, Nrg-1 had no effects on M1 mediated suppression of NPC
differentiation. However, the MCM of Nrg-1 treated MO microglia promotes the differentiation of
NPCs into NG2 positive OPCs while decreasing the fate specification to astrocytes. These studies
suggest that Nrg-1 has differential roles in microglia mediated effects on NPC proliferation and
differentiation.

In response to an injury, resident precursor cells of the brain and spinal cord migrate toward

the injury site during the repair process (Mao et al., 2016). Several inhibitory and promoting factors
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have been identified that regulate the migration of precursor cells following CNS injury or disease.
For example, reactive astrocytes and glial scar-associated CSPGs exert inhibitory effects on NPC
and OPC migration in SCI or other CNS disorders (Dyck and Karimi-Abdolrezaee, 2015). On the
other hand, local astrocytes and endothelial cells express stromal cell-derived factor 1 alpha (SDF-
la) as an inflammatory chemoattractant, which induces NPC migration from contralateral
hemisphere toward the site of ischemic injury (Imitola et al., 2004). Nrg-1 is another promoting
factor which fosters migration and survival of OPCs and their differentiation into myelinating
oligodendrocytes during the development (Vartanian et al., 1999; Miller, 2002; Ortega et al.,
2012). Here, we show that Nrg-1 treated MO MCM stimulates NPC migration. We also
demonstrate that M1 MCM had no effect on NPC migration, while Nrg-1 treated M1 MCM
significantly induces migration of NPCs in a dose-independent manner.

In these studies, we have verified that the effects of MCM on NPC migration is through
the factors released by Nrg-1 treated microglia cultures, as addition of 72 h-pre incubated Nrg-1
into the lower compartment of micro-devices had no effects on NPC migration. This evidence
confirms that availability of Nrg-1 promotes a supportive phenotype in microglia that indirectly

enhances migration of NPCs.

115



5.2. Study limitations

Although our studies provide new findings on the direct role of Nrg-1 in regulating microglia
phenotype and their effects on NPCs, they must be interpreted with caution. Similar to any other
in vitro study, our study has its own limitations. While our goal was to understand the impact of
Nrg-1 on microglia directly in isolated cultures, microglia are not the only cells involved in CNS
neuroinflammation. Astrocytes and peripheral immune cells, which enter the CNS through the
compromised BBB, also play critical roles in trauma and demyelinating conditions. In addition,
these cell populations have regulatory effects on one another. Thus, future co-culture studies can
provide a better platform to simulate the cellular network that microglia form with other

populations in the CNS.

In this study, we focused on paracrine effects of Nrg-1 treated microglia on NPCs.
However, there are also cell-cell communications between microglia and NPCs, which were not
pursued in this study due to time limitation associated with an MSc project. These cellular
interactions need to be further studied to delineate the role of Nrg-1 in regulating microglia/NPC
cross-talk.

Another limitation of the present study is that primary microglia were isolated from both
sexes. Future sex specific investigations are needed to study the effects of gender on microglia

response under Nrg-1 treatment.
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5.3. Conclusions

In conclusion, our findings provide strong evidence that Nrg-1 fosters a pro-regenerative
phenotype in primary mouse microglia cultures, which could support repair and regeneration. We
have identified that Nrg-1 positively modulates microglia response to the combination of IFN-y
and TNF-a. Nrg-1 treated microglia express lower levels of pro-inflammatory mediators, TNF-a
and IL-6. Nrg-1 treatment also reduces the mRNA expression of CD86 on microglia, indicating a
reduction in antigen presenting ability of these cells. We further demonstrate a supportive role for
Nrg-1 in the repair process by showing that Nrg-1 stimulates phagocytic ability of microglia.
Importantly, our findings indicate that availability of Nrg-1 in the microenvironment of M1-
polarized microglia improves the reduced proliferative ability of NPCs and increases their

migration.

Given the fact that Nrg-1 is persistently depleted in the spinal cord following SCI and
demyelinating conditions, we propose that increasing the deficient levels of Nrg-1 in the spinal
cord can promote the response of microglia and NPCs, which are important for repair and

regeneration of the injured and diseased CNS.

5.4. Future Directions

This study has identified a role for Nrg-1 in modulating microglia activity, and their effects on
NPC properties. However, further investigations are required to provide new insights into the
molecular mechanisms by which Nrg-1 regulates microglia activity. For example, one of the
essential steps for tissue repair and regeneration is phagocytosis of cell and myelin debris, which

may be mediated by different receptors expressed in microglia (Fu et al., 2014). Here, we showed
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that Nrg-1 improves the reduced phagocytic ability of M1-polarized microglia. It is interesting to
elucidate the involved receptor(s) and pathways by which Nrg-1 treatment modulate microglia

phagocytosis.

This work showed that Nrg-1 induces a pro-regenerative phenotype in M1-polarized
microglia, which fosters the proliferation of NPCs. Previous in vitro studies in our laboratory
unraveled that addition of Nrg-1 into spinal cord-NPC cultures promotes NPCs proliferation,
which is mediated through ErbB2/ErbB4 receptors (Gauthier et al., 2013). Future experiments
could elucidate whether microglia-mediated Nrg-1 effects on NPCs proliferation is also through
ErbB2/ErbB4-dependent mechanisms.

We also found that M1 MCM prevents NPC differentiation. Other groups have shown that
LPS-induced M1 microglia block NPC differentiation via TNF-o expression (Butovsky et al.,
2006). A future experiment could investigate the factor(s) in M1 MCM, which play a role in the
inhibition of NPC differentiation. Since this study has unraveled high expression of TNF-o.in M1-
polarized microglia cultures, it would be interesting to study whether M1-polarized microglia
prevent NPCs differentiation via TNF-a-dependent mechanism, although a combination of factors

may have been involved.

5.5. Implications of this study

This project utilized primary microglial systems that were essential to examine the direct role for
Nrg-1 in modulating Microglia. Outcomes of this study together with our previous finding suggest
that Nrg-1 can potentially target both inflammation and demyelination; two hallmarks of SCI and
demyelinating conditions. Therapeutically, Nrg-1 offers high translational feasibility as a new

target for these disorders, owing to its safety approval by the Food and Drug Administration (FDA)
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and its ideal pharmacokinetics that facilitates its entry to the CNS tissue through blood-brain-

barrier (Kastin et al., 2004; Gao et al., 2010).
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