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Abstract
Microglia are the primary immune cells of the central nervous system (CNS). They
are essential for normal brain structure and function at all stages of development
and during adulthood. During development, they are involved in the removal of
apoptotic neurons and establishment of proper neural circuity in the CNS. In the
adult brain during normal physiology, microglia have a ramified morphology with
long processes that constantly assess the local environment surrounding the
neurons and glial cells of the CNS. In the event of perturbation or injury to the
CNS, microglia migrate to site of injury and produce anti-inflammatory factors,
pro-inflammatory factors, prostaglandins, cytokines, and super oxides that can be
neurotrophic or neurotoxic depending on the severity of the injury. Previous
studies suggest that the functional response properties of activated BM (brain
microglia) varied according to the brain region they were derived from, suggesting
that these activation profiles are a function of their local environment. The
functional profiles of microglia derived from the spinal cord have not previously
been investigated. Here, cell culture methods were used to probe the
morphological and secretory response profiles of SCM (spinal cord microglia) in
response to activating stimuli. In Chapter 1, activation of BM and SCM with
lipopolysaccharide revealed that SCM released less of the pro-inflammatory
factors NO (nitric oxide), TNF (tumour necrosis factor), and IL-1f (interleukin 1

beta) after activation relative to BM. Differences in morphology and reduced
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phagocytosis in LPS activated SCM relative to BM were also observed, suggesting
that SCM have a reduced inflammatory profile relative to BM when activated with
a pathogen like stimulus. In Chapter 3, an improved protocol for isolation of SCM
was optimized, then applied to studies of endogenous immunoactivators released
during CNS injury. Insults to the CNS, such as ischaemic stroke or spinal cord
injury, cause neuronal injury and death and increase the concentrations of
neurotransmitters such as ATP (adenosine 5’-triphosphate) and glutamate in the
extracellular environment near the injury. However, the consequences of
physiological concentrations of these immunoactive molecules on BM and SCM
has not been well characterized. In Chapter 4, physiologically relevant
concentrations of ATP and glutamate were used to activate BM and SCM. Release
of pro-inflammatory factors by BM and SCM was measured, and the data suggest
that ATP and glutamate at these concentrations do not induce significant cytokine
release and that there was no significant difference in the release profile of pro-
inflammatory factors by BM and SCM in response to ATP. An overall reduction in
NO and IL-1P release by SCM was observed in glutamate experiments. To test
whether regional heterogeneity in microglia could be explained by differences in
the regional extracellular milieu, BM were then exposed to conditioned media
from either brain or spinal mixed glia and activated with LPS (lipopolysaccharide),
ATP, or glutamate. It was found that BM exposed to the spinal cord mixed glia

conditioned media shifted their responses to activation towards a more SCM-like
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phenotype (overall reduction in IL-1 and increased IL6 release). This suggests
that the immediate environment differs for SCM and BM and that this environment
can modulate microglial function in response to known activators. Finally, in
Chapter 5 the role of BM and SCM in an in vitro model of ischaemic injury
(oxygen glucose deprivation, OGD) was tested. Despite differences in their
responses to LPS activation, there were no significant differences in the pro- and
anti-inflammatory factors released by BM and SCM on exposure to injured
neurons. BM offered greater neuroprotection than SCM during moderate neuronal
injury, while there was no difference in neuroprotection during severe injury.
Together these results confirm that BM and SCM have different inflammatory
response profiles under particular activation conditions, particularly when exposed
to a pathogen like stimuli. However, physiological activators (ATP, glutamate, and
OGD) and ischaemic injury did not induce significantly different inflammatory
response profiles in SCM compared to BM, suggesting their overall function in the

injured CNS is conserved between different brain regions.
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Chapter One: Introduction



1.1 Microglia

The central nervous system (CNS) is composed of neurons and glial cells. The glia are further
classified into astrocytes, ependymal cells, microglia, and oligodendrocytes. Microglia and
oligodendrocytes were once considered a single population called the “Third Element” of the
CNS. However, Dr. Pio del Rio Hortega defined microglia as an unique glial populations in CNS
(Del Rio Hortega, 1932; Giulian and Baker, 1986; Sierra et al., 2016). He reported that in the
event of brain injury microglia migrate to site of injury and phagocytose debris (Giulian and
Baker, 1986; Sierra et al., 2016). Dr. Hortega claims were very controversial at that time, as most
other scientists were convinced that oligodendrocytes and microglia were the same type of cells
(Del Rio Hortega, 1932; Sierra et al., 2016). In fact, the research community denied the existence
microglia for decades after Dr. Hortega’s postulates. However, in 1968, Blinziger and
Kreutzberg rejuvenated interest in microglia by characterizing their role in the injured facial
nerve and their capacity to phagocytose debris in the facial nucleus (Blinzinger and Kreutzberg,
1968). Kreutzberg estimated that microglia constitute approximately 20% of the total CNS glial
population (Kreutzberg, 1995) and research since that time has shown that microglia are actively
involved in all aspects of CNS homeostasis (Kettenmann et al., 2011). In normal physiology,
microglia have a ramified morphology with long processes that are constantly assessing the
extracellular environment surrounding the neurons and glial cells of the CNS (Davalos et al.,
2005; Nimmerjahn, 2005; Wake et al., 2009). After perturbation, injury or disease in the CNS,
microglia respond immediately by migrating to the site of injury or perturbation, releasing a
repertoire of molecules that can exacerbate injury and promote repair as well upregulating

surface receptors that sense and initiate a response to DAMPs (damage associated molecular



pattern) and PAMPs (pathogen associated molecular patter) (Kettenmann et al., 2011).
Depending on degree of activation, microglia change their morphology to assume a ramified-
amoeboid or circular shape (Kettenmann et al., 2011). Below, the current understanding of
microglia and their role in CNS development, homeostasis, injury and infection will be
discussed. Functional differences due to region of origin and extracellular environment will be

highlighted.

1.2 Signalling in microglia

The repertoire of microglial receptors involved in signalling in CNS include
neurotransmitter receptors (purinoceptors, glutamate receptors, GABA receptors , cholinergic
receptors, adrenergic receptors, dopamine receptors), neurohormone and neuromodulators
receptors, cytokine and chemokine receptors (including tumor necrosis factor receptors,
interleukin receptors, macrophage colony-stimulating factor receptors, epidermal growth factor
receptors, and many others) pattern-recognition receptors, toll-like receptors, calcium receptors,
leukotriene receptors, notch receptors, complement receptors, thrombin receptors, CD200
receptors, lysophosphatidic acid receptors, formyl peptide receptors, and sigma receptors
(Abbracchio et al., 2009; Burnstock, 2007; Kettenmann et al., 2011; Murugan et al., 2013;
Niswender and Conn, 2010). This section will focus primarily on receptors and downstream
signalling pathways of activators used in later chapters. Specifically, LPS, ATP (adenosine
triphosphate), and glutamate as ligands and the TLRs (toll-like receptors), chemokine receptors,
TNFR (tumour necrosis factor receptors), IL-Rs (interleukin receptors), purinoceptors, and

glutamate receptors will be discussed.



1.2.1 Chemokines and chemokine receptors

Chemokine receptors induce cellular chemotaxis and are important for cellular migration during
development and pathophysiology (Asensio and Campbell, 1999; Baggiolini et al., 1997,
Sallusto and Baggiolini, 2008). These receptors are comprised of small proteins (8-12 kDa) that
have up to four conserved cysteine residues, and are divided in to following several subgroups
(C, CC, CXC and CX;3C) (Fernandez and Lolis, 2002; Laing and Secombes, 2004). The
chemokines signal through GPCRs (G protein coupled receptors) classified as CCR, CXCR,
CX3CR (Kettenmann et al., 2011). Downstream signalling molecules include adenyl cyclases,
phospholipases, GTPases (Rho, Rac, and Cdc42) and kinases such as MAPK and PI3K
(phosphatidylinositol 3—kinase)(Kettenmann et al., 2011). Chemokines themselves are mostly
released into the extracellular milieu where they generate a gradient that facilitates cellular
migration (Kettenmann et al., 2011). However, there are also surface bound chemokines such as
CXi3CL (fractalkine) expressed on the surface of neurons (Kettenmann et al., 2011).

Chemokine expression can be constitutive or facultative suggesting that some are needed for
normal physiology and others only in response to a pathophysiological condition (Kettenmann et
al., 2011). In the CNS, chemokines are expressed and released by both neurons and microglia
(Biber et al., 2008; de Haas et al., 2007). Activation of TLRs (Toll-like receptors described in the
next section) on microglia can induce release of CCL2 and recruitment of other immune cells
such as peripheral macrophages and other nearby microglia in an autocrine/paracrine fashion
(Kettenmann et al., 2011). CX3CL1 is constitutively expressed on surface of neurons and may

provide a cue to keep the microglia from becoming activated, whereas CCL2, CCL21 and or



CX;3CL1 are released by injured neurons and recruit microglia to the site of injury (Mildner et al.,

2007; Prinz and Priller, 2010; Wolf et al., 2013).

1.2.2 TLRs.

Toll-like receptors belong to a family of receptors known as PRRs (pattern recognition
receptors) that are involved in innate immunity (a non-specific defence mechanism that is trigged
by chemical properties of the foreign body/antigen). The PRRs detect pathogen-associated
molecular patterns (PAMPs) such as viruses and bacteria (Akira and Takeda, 2004; Sims and
Smith, 2010). The PPRs also capable of detecting with damage-associated molecular patterns
(DAMPs), including endogenous factors that are released or exposed only by damage or injury to
CNS (Akira and Takeda, 2004; Sims and Smith, 2010). The TLRs are related to the IL-1R
(interleukin-1 receptor) by the presence homological TIR (Toll/IL-1R) cytoplasmic domains
(Akira and Takeda, 2004; Sims and Smith, 2010). PAMPs and DAMPs are crucial components
of TLR receptor mediated regulation of CNS homeostasis or response to a pathogen or injury
(Akira and Takeda, 2004; Sims and Smith, 2010). In the CNS, TLRs are predominantly
expressed by glia, however, some TLRs such as TLR-3 and TLR-4 are also expressed by
neurons (Lafon et al., 2006; Leow-Dyke et al., 2012). TLRs such as 1/2, 6/2, 4 are hetero or
homomeric integral transmembrane proteins on the surface of plasma membrane whereas TLR 3,
7, and 9 are intra-cellular and found only in endosomal compartments (Akira and Takeda, 2004).
Thus, TLR such as 1/2, 6/2, and 4 are the first line of sensors that monitor the immediate CNS

environment to detect DAMPs and PAMPs.



1.2.2.1 Toll-like (TLR/IL-1R) superfamily signalling cascade

TLRs/IL-1Rs dimerize upon binding ligand, thereby changing their confirmation and leading to
recruitment of a variety of downstream signalling molecules including adaptor molecule MyD88
(myeloid differentiation primary-response protein 88), IRAKs (IL-1R associated kinases),
TRAF6 [tumour-necrosis factor (TNF)-receptor-associated factor 6], TAK1 [transforming
growth factor-f (TGF-p)-activated kinase], TAB1, and TAB2 (TAK1 binding proteins) (Akira
and Takeda, 2004). These molecules signal either through transcription factor AP-1 (activator
protein -1, primarily involved in cell proliferation and cell death) or nuclear translocation of
transcription factor NF-kB (nuclear kappa-light-chain-enhancer of activated B cells, primarily
involved in inflammation) (Akira and Takeda, 2004). Activation of TLRs induces the release of
various cytokines and chemokines by microglia. TLR 2, 3 and 4 are the best characterized
receptors for their role in inflammation (Akira and Takeda, 2004). For example, TLR2, upon
activation by di-, and tri-acyl lipopeptides, lipoteichoic acid, or peptidoglycan (primary
components on bacterial cell wall) induces the secretion of IL (interleukin) -6 and IL-10. TLR2
knock out mice lose the ability to express inducible nitric oxide synthase, TNF, IL6 and IL-1f,
drastically altering their immune response (Kim et al., 2007). TLR3 is activated through contact
with viral double-stranded RNA and induces the release of IL-6, IL-12, CXCL10 (chemokine
ligand 10), TNF, and IFN-B (Akira and Takeda, 2004). TLR4 is activated by polysaccharides and
viral proteins, particularly LPS (lipopolysaccharide), and activation induces release of IL-6, and
TNF (Akira and Takeda, 2004). Similar to TLR2, in TLR4 knock out mice, microglia have
reduced expression of pro-inflammatory factors including TNF, IL6 and IL-1 (Tanga et al.,

2005). TLRY recognizes particular sequences in DNA molecules (CpG sequences that act as



PAMPs) and induce NO (Nitric Oxide) and TNF release (Akira and Takeda, 2004; Kettenmann
et al., 2011; McKimmie and Fazakerley, 2005). Cross talk between TLRs is common, and
activation of TLR4 results in upregulation of TLR2 and 3 in microglia (Kielian et al., 2005;
McKimmie and Fazakerley, 2005). This suggests that the TLR4 can prime microglia for TLR2
and TLR3 receptor signaling. Thus, TLRs induce microglial activation and production of pro-

inflammatory factors, and are thereby key components of the CNS immune response.

1.2.3 Interleukins and Interleukin receptors (IL-R).

IL-R are transmembrane proteins with a homologous cytoplasmic TIR (toll/interleukin-1 region)
domain and an immunoglobulin-like extracellular domain. The IL-1 receptors family consists of
IL-1 type I receptor (IL-1R1), IL-1 type II receptor (IL-1RII), and IL-1 receptor accessory
protein (IL-1RAcP) (Akdis et al., 2016; Kettenmann et al., 2011). The IL-6R complex also
belong to the Il-1 type 1 receptor family (Mihara et al., 2012). IL-6Ra in tandem with IL6R3
serve as receptors for IL6 (Mukaino et al., 2010). Microglia have low expression of IL-1RI, and
high expression of IL-1RII. However, activation of microglia with LPS significantly increases
the expression of IL-1RI, IL-1RII, IL-1RAcP, and IL-10R1 (IL-10 receptor R1) and release of
IL-1B and IL-6 ) (Akdis et al., 2016; Kettenmann et al., 2011). In vitro IL-10 down-regulates the
expression of TNF and IL-1 and thereby reduces the neurotoxicity mediated by these pro-
inflammatory cytokines (Broderick et al., 2000). IL-10 administration reduced TNF, IL-1f3 and
improved the behavioural outcome of rats after TBI (traumatic brain injury) (Knoblach and
Faden, 1998). Similarly, IL-10 administration reduced TNF, and improved the behavioural

outcome of rats after SCI (spinal cord injury)(Bethea et al., 1999). Thus, IL-10 mediated IL-10R



activation is anti-inflammatory and improves outcome of CNS injuries (Bethea et al., 1999;
Knoblach and Faden, 1998; Moore et al., 2001). Activation of primary microglia in vitro with
LPS upregulates IL-2 receptors and application of anti-mouse IL-2 receptor antibodies reduces
microglia viability and proliferation (Sawada et al., 1995). IL-6Ra in tandem with ILO6Rp serve
as receptor for IL6 (Mukaino et al., 2010). IL6 and IL-1p are most studied well characterized
inflammatory factors released by microglia (Hill et al., 1999; Lambertsen et al., 2012; Nakamura
et al., 1999; Sist et al., 2014; Yang et al., 2005). IL-6 has both pro- and anti-inflammatory actions
(Erta et al., 2012; Leibinger et al., 2013). IL-6 in vitro down regulated TNF expression and
increased axonal regeneration (Aderka et al., 1989; Leibinger et al., 2013). IL-6R block in SCI
mice reduced the expression of chemokines (CCI2, CCLS5, and CXCL10) involved in recruiting
peripheral immune cells and increased GM-CSF (Granulocyte/Macrophage colony stimulating
factor, promotes microglia proliferation) expression (Mukaino et al., 2010; Okada et al., 2004).
Moreover, IL-6R inhibition in SCI mice resulted in reduced tissue damage and increased axonal
sprouting, suggesting that IL-6 overexpression might be detrimental for recovery after SCI
(Mukaino et al., 2010; Okada et al., 2004). Numerous studies suggest that [L-1 has neurotoxic
effects, and inhibition of IL-1f rescues neurons from injury (Jin et al., 2010; Kettenmann et al.,
2011; Lambertsen et al., 2009; Nakamura et al., 1999; Smith et al., 2012). The above studies
suggest that IL-6 has dual roles in the progression of inflammation while IL-1p predominantly

plays a role as a pro-inflammatory factor.



1.2.4 TNF receptors (TNFR)

The TNFRSF (TNFR superfamily) consists of at least 27 member (MacEwan, 2002). The
TNFRs consist of an extra cellular domain (two to six repeats of cysteine rich motifs) and a
cytosolic signalling domain that can either signal apoptosis through DD (death domain) or
survival through TRAF (tumor necrosis factor receptor-associated factor) family of ubiquitin E3
ligases (Idriss and Naismith, 2000; Ward-Kavanagh et al., 2016). TNFR1, TNFR2 , DR3,
p75NTFR CD40, CD95, Fnl14 are expressed in the homeostatic brain (MacEwan, 2002; Twohig et
al., 2011).

TNF is released in the brain and spinal cord after an injury or disease and can influence
the outcome of injury/disease (Green and Nolan, 2012; Jin et al., 2010; MacEwan, 2002; Oshima
et al., 2009; Sist et al., 2014; Sriram, 2002). TNF is a very complex ligand and exhibits both
neurotoxic as well as neuroprotective actions after brain or spinal cord injury (Smith et al., 2012;
Sriram, 2002). TNFR KO (knock out) mice exhibit exacerbated injury and epileptic seizures
after focal cerebral ischaemic (Bruce et al., 1996). However, acute inhibition of TNFR reduces
infarct volume after MCAo (middle cerebral artery occlusion) (Dawson et al., 1996).
Interestingly, TNF knock out mice exhibit reduced axonal sprouting in the spinal cord after brain
injury, suggesting that TNF plays role beyond neuronal death and survival and contributes to
spinal plasticity that is essential for functional recovery (Oshima et al., 2009). In vitro, TNF
increases phagocytic activity of microglia derived from neonatal mice (von Zahn et al., 1997).
Thus, acute inflammation by TNF maybe beneficial after injury; however, prolonged loss of

TNF signaling could be detrimental for outcome after the injury.



1.2.5 Neurotrophins and neurotrophin receptors

BDNF (brain-derived growth factor), NGF (nerve growth factor), and NT-3 and 4 (neurotrophins
3 and 4) are well-known neurotophins in the CNS (Kettenmann et al., 2011). BDNF, NGF and
NTs signal through TrkR (tyrosine receptor kinase) and p75 NTR (p75 neurotophin receptor)
(Kettenmann et al., 2011). BDNF is a pro-survival factor that is secreted by microglia (Fujita et
al., 2008; Miwa et al., 1997; Trang et al., 2009), and BDNF expression is upregulated in
microglia after neuronal injury (Lai and Todd, 2008). Activated microglia exposed to BDNF
attenuate NO release, suggesting that TrkR signalling is anti-inflammatory (Mizoguchi et al.,
2014). Moreover, BDNF is needed for the neuronal plasticity (axonal sprouting and rewiring)
that follows CNS injury and contributes to recovery (Huang et al., 2016; Sist et al., 2014).
Binding of BDNF induces proliferation of microglia (Gomes et al., 2013; Mizoguchi et al.,
2014): Depending on the region of CNS this BDNF induced proliferation can be beneficial or
detrimental. For example, BDNF-mediated proliferation could contribute to clearing of cellular
debris from dying cells after CNS injury. However, extensive proliferation of microglia could
also extend or enhance inflammation which could be deleterious, as has been observed in BDNF-
mediated pain hypersensitivity (Hayashi et al., 2011; Zhou et al., 2011). Thus, BDNF released by
microglia could be beneficial or detrimental dependent on the spatial and temporal profile of

activation.
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1.2.6 Purinoceptors.

In the CNS, the principal purinergic signalling molecules are ATP and its derivatives
(Abbracchio et al., 2009; Burnstock and Verkhratsky, 2009; North and Verkhratsky, 2006). ATP
can be released into the extra-cellular milieu in a controlled fashion by neurons via exocytosis,
transporters or even through lysosomes (Abbracchio et al., 2009; Pankratov et al., 2007, 2006;
Sperlagh and Illes, 2007; Zhang et al., 2007). ATP released into the extracellular milieu is
rapidly degraded by extracellular ectonucleotidases into ATP derivatives such as adenosine,
ADP, and AMP (Abbracchio et al., 2009; Zimmermann, 2006). However, injury to the CNS can
result in large volume dump of ATP by injured and necrotic neurons, contributing to
neurotoxicity and recruitment of microglia to the site of injury (Honda et al., 2001; Wu et al.,
2007). Hence, uncontrolled ATP release is deemed a “damage” signal in the CNS (Burnstock
and Verkhratsky, 2010; Qureshi et al., 2007, p. 4).

ATP and its derivatives signal via several classes of purinoceptors including the
metabotropic P1 adenosine receptors (Al, A2a, A2, and A3), the ionotropic P,X purinoceptors
(P, X1 - P,X7), and the metabotropic P2Y purinoceptors (P,Y1, P,Y2, P,Y4, P2Ys Py Y 11-14)
(Abbracchio, 2006; Burnstock, 2007; Fischer and Kriigel, 2007; Fredholm et al., 2007, 2001;
Khakh et al., 2001; North, 2002; Surprenant and North, 2009). ATP and ATP mimics have been
show to induce differential morphological changes (e.g. extension of processes to lesion site,
membrane raffling) and release of cytokines and chemokines by microglia via activation of these
different receptors (Bianco et al., 2005; Davalos et al., 2005; Féarber and Kettenmann, 2006;
Ferrari et al., 1997; Honda et al., 2001; Nimmerjahn, 2005; Sanz and Virgilio, 2000; Wollmer et

al., 2001).
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1.2.6.1 P1 receptors (Adenosine receptors)

P1 receptors are a class of purinergic G protein-coupled receptors that are further sub-
divided into A1, A2, A2 and A3 isoforms. Al and A2 receptor-specific agonists induce NGF
expression (Nerve growth factor, essential for neuronal survival) and prostaglandin E; expression
(anti-inflammatory factor) in rat primary microglia (Fiebich et al., 1996; Heese et al., 1997). Al

can also induce proliferation of microglia in vivo (Haselkorn et al., 2010).

1.2.6.2 P>X receptors

P>X receptors belong to the P>X super family of ligand gated cationic channels that have
significant roles in normal CNS function (Khakh et al., 2001; Nicke et al., 1998; Roberts et al.,
2006; Woolf and Mannion, 1999). Studies suggest that microglial purinergic signalling mainly
is involved in pathological states such as neuropathic pain (Fiarber and Kettenmann, 2006; Inoue,
2006a, 2006b; Inoue et al., 2004; Trang et al., 2006). Notably, antagonists of P>X.4 attenuate
neuropathic pain in rat models of spinal nerve injury (Tsuda et al., 2003), while inhibiting P>X;3,
5,7 does not reduce neuropathic pain (Tsuda et al., 2003). Several studies have suggested
increased expression of P>X4 by activated microglia suggesting they might have a role in
initiation, and or instigation of neuropathic pain (Guo et al., 2005; Inoue et al., 2007; Tsuda et
al., 2005, 2003).

P>X7 receptors have the capacity to be toxic or trophic depending on extent and duration
of receptor stimulation. Systemic administration of LPS induced a reduced released of IL-1p, and

TNF in P»X7 KO mice relative to wildtype mice, suggesting that P>X7 receptor activation could
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prime the TLR4 receptor (Mingam et al., 2008). In vitro it was shown that combined treatment of
P>X7 KO microglia with LPS and ATP did not induce release of IL-1f3, whereas IL-1J was
released by wildtype microglia (Mingam et al., 2008) However, in vivo after an ischaemic injury,
inhibition of P,X7 exacerbated the injury to cerebral cortex (Yanagisawa et al., 2008). Thus, P2X4
and P>X7 well studied and characterized members of the P> X superfamily that play a major role

in pain regulation and inflammation in the CNS.

1.2.6.3 P2Y receptors

The P,Y receptors are metabotropic seven-transmembrane domain (GPCRs) G protein-coupled
receptors sub divided into the P2Y12,46,11 and P2Y12,13, 14 subtypes (Abbracchio, 2006; Fischer and
Kriigel, 2007). The P2Y12.46,11 signal through G¢/G11 protein and are involved in regulation of
cytosolic Ca?* movement by signalling through PLC (phospholipase C) or InsP3. (Abbracchio,
2006; Fischer and Kriigel, 2007). The P2Y12,13, 14 signal through Gi, and hence primarily inhibits
adenylyl cyclase (Abbracchio, 2006; Fischer and Kriigel, 2007).

ATP-mediated P,Y activation reduces inflammatory factors released in vitro in brain
slices and SCM (spinal cord microglia) cultures (Boucsein et al., 2003; Ogata et al., 2003). ATP
and P>Y agonists also induce chemotaxis by microglia in vitro while P,Y receptor antagonists
inhibit chemotaxis by microglia (Wu et al., 2007). In the spinal cord, PoY 1> receptors are
primarily expressed by microglia and play a role in inducing tactile allodynia (abnormal pain
associated with touch) and hyperalgesia (increased sensitivity to pain) (Inoue and Tsuda, 2009;

Kobayashi et al., 2008; Tozaki-Saitoh et al., 2008). Ablation of microglial P>Y 1> receptors
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however, does not prevent microglia activation but does attenuate neuropathic pain (Tozaki-

Saitoh et al., 2008).

1.2.7 Glutamate receptors.

1.2.7.1 Ionotropic receptors

AMPARSs (a-amin0-3-hydorxy-5 methyl-4 isoxazolepropionic acid receptors) and NMDAR (N-
methyl-D-aspartate receptors) are transmembrane ionotropic receptors of glutamate primarily
studied for their roles in neuronal signalling that are also expressed on microglia (Kettenmann et
al., 2011; Murugan et al., 2013). There are only a few studies that have examined the role of
ionotropic glutamate receptors role in regulation of microglia functions. AMPAR signalling is
implicated in chemotaxis of microglia (Liu et al., 2009). AMPAR is also implicated in
glutamate mediated TNF release in primary microglia (Hagino et al., 2004). Similarly, NMDAR
activation increased NO, TNF and IL-1 release by microglia (Kaindl et al., 2012; Tikka and
Koistinaho, 2001). Since there is a limited number of published studies on microglial ionotropic
glutamate receptors, a definitive role in inflammation has not been defined (Domercq et al.,

2013).

1.2.7.2 Metabotropic receptors

The mGLuRs (metabotropic glutamate receptors) are GPCRs primarily involved in synaptic
transmission in the CNS (Niswender and Conn, 2010). They are further classified in to group I

(mGLuRs 1 and 5), group II (mGLuRs 2 and 3), and group III (mGLuRs4, 6, 7 and 8) based on
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sequence homology, G-protein coupling and ligand selectivity (Niswender and Conn, 2010).
Specific antagonists of group I mGluRs attenuate LPS-mediated release of NO and TNF by rat
microglia (Byrnes et al., 2009; Farso et al., 2009). Activation of group II mGluRs by either
agonists or glutamate that was released after an ischaemic injury induced release of TNF and
neurotoxicity (Kaushal and Schlichter, 2008). The group Il mGluRs induce microglia activation
triggered NF-«kB signalling and TNF release; however, unlike TLR4 receptors they do not invoke
NO release (Kaushal and Schlichter, 2008; Taylor, 2005). Furthermore, it was found that group
IT mGluRs were neurotoxic and promoted TNF release, while group III attenuated microglia-
mediated neurotoxicity (Taylor, 2005; Taylor et al., 2003, 2002). Overall, it has been postulated
that mGIuR groups I and II induce inflammatory factor release by microglia and drive them
toward a neurotoxic phenotype, while mGluR group III activation can attenuate inflammatory
factor release and neurotoxicity by microglia (Byrnes et al., 2009; Farso et al., 2009; Taylor,

2005; Taylor et al., 2003; Vincent and Maiese, 2000).

Table 1: List of well characterised receptors that microglia express and their functions in

the CNS

Receptor Ligand Function Reference

TLR2 di-, and tri-acyl NF-xB mediated (Kim et al., 2007,
lipopeptides, inflammation Mele and

lipoteichoic acid, or
peptidoglycan

(primary components

(increased release of
IL-1, IL-6, IL-8, and

TNF)

Madrenas, 2010).
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on bacterial cell wall)

TLR 3 double-stranded RNA  NF-kB mediated (Akira and Takeda,

inflammation by 2004; Takeda and
release of IL-6, IL-12,  Akira, 2004).

CXCL10 and IFN-B

TLR4 lipopolysaccharide NF-kB mediated (Akira and Takeda,
inflammation 2004; Takeda and
(increased release of  Akira, 2004).
IL-1B, IL-6, and TNF)

IL-1R IL-a, IL-1pB, IL-1ra IL-a and IL-1P (Boraschi and

and IL-18 induces inflammation  Tagliabue, 2013;

(increased induction of Dinarello, 2009).
COX2, iNOS, PGE2
IL-1ra blocks activity
of IL-a or IL-1P3

IL-10R IL-10 IL-10 is an anti- (Bethea et al.,

inflammatory factor
that downregulates

TNF and IL-1p) and

1999; Broderick et
al., 2000; Diab et

al., 1997; Knoblach

improves behavioural  and Faden, 1998).
outcome after TBI and

SCI

16



IL-6R IL-6 IL-6 is a bimodal (Ertaet al., 2012;
inflammatory factor. Leibinger et al.,
that downregulates 2013; Mukaino et
TNF. overexpression al., 2010; Okada et
is detrimental in SCI al., 2004).

CCL2R CCL2 Essential for (Kettenmann et al.,
recruitment of immune 2011).
cells

CX3CR CX;CL CX;CR establishes (Mildner et al.,
microglia-neuron 2007; Prinz and
interactions and is Priller, 2010; Wolf
anti-inflammatory, et al., 2013).
CX3CL released by
injured neurons recruit
microglia to site of
injury.

TNFR TNF Pro-inflammatory (Green and Nolan,

factor, essential for
progression of
inflammation,
phagocytosis, axonal

sprouting, and better

2012; Jin et al.,
2010; MacEwan,
2002; Oshima et
al., 2009, 2009; Sist

et al., 2014; Sriram,
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outcome of CNS

injuries

2002; von Zahn et

al., 1997).

TRKR and p75S NTR BDNF, NGF, NT-

3and 4

enhances axonal
sprouting, neuronal
plasticity and survival

of neurons

(Fujita et al., 2008;
Gomes et al., 2013;
Huang et al., 2016;
Kettenmann et al.,
2011; Lai and
Todd, 2008; Miwa
et al., 1997;
Mizoguchi et al.,
2014; Sist et al.,
2014; Trang et al.,

2009).

P1 receptor

Adenosine

neuronal survival,

microglia proliferation

(Fiebich et al.,
1996; Haselkorn et
al., 2010; Heese et

al., 1997).

P2X receptor

ATP

P>X4involved in
induction of
neuropathic pain, P>X7
modulates other

receptors such as

(Guo et al., 2005;
Inoue et al., 2007;
Tsuda et al., 2005,

2003).
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TLRA4.

PY ATP regulates intracellular ~ (Abbracchio, 2006;
Ca?'levels, inhibition  Fischer and Kriigel,
of adenylyl cyclase. 2007). (Inoue and
P>Y121s involved in Tsuda, 2009;
induction of tactile Kobayashi et al.,
allodynia and 2008; Tozaki-
hyperalgesia Saitoh et al., 2008).

AMPAR Glutamate implicated in TNF (Hagino et al.,
release and microglia ~ 2004; Liu et al.,
chemotaxis 2009).

NMDA Glutamate implicated in (Kaindl et al., 2012;
induction of Tikka and
inflammation (NO, Koistinaho, 2001).
TNF and IL-1f release
by microglia)

mGLuR Glutamate group I (mGLuRs 1 (Byrnes et al.,

and 5) group III
(mGLuRs4, 6, 7 and
8) receptors are anti-
inflammatory and

group III are also

2009; Farso et al.,
2009; Taylor et al.,
2002; Vincent and

Maiese, 2000).
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neuroprotective. (Kaushal and
group II (mGLuRs 2 Schlichter, 2008;
and 3) receptors are Taylor, 2005)
pro-inflammatory and

neurotoxic.

1.3 Microglia origin, and role in development

Microglia are haematopoietic in origin. However, unlike peripheral macrophages, microglia are
not derived from haematopoietic stem cells from bone marrow. Instead, microglia originate from
erythromyeloid progenitors in the yolk sac that have capacity to differentiate into macrophages
and microglia (Ginhoux et al., 2010; Kierdorf et al., 2013; Mizutani et al., 2012; Schulz et al.,
2012). Microglia migrate through the circulatory system into the neuroectoderm in a fractalkine
receptor (CX3CL1) and matrix metalloproteinase-8 and -9 dependent manner (Kierdorf et al.,
2013). They have been found to have invaded all regions of developing mice brains at around
E9.5 (Alliot et al., 1999). Microglia/macrophage present peaks at p8 in internal capsule, fornix,
and at p12 in corpus callosum and cerebellar white matter in mice. Microglia/macrophage
phenotypes are mostly ramified in the grey matter at this developmental age (Milligan et al.,
1991). The microglia in the brain are actively involved in pruning of synapses during
development as well phagocytosis of dying cells and debris (Paolicelli et al., 2011). In humans,
microglia-like cells are found at around 3 weeks of gestation in the brain, and 9 weeks of
gestation in the spinal cord. The migration of these cells closely follows the development of

different CNS regions (Milligan et al., 1991; Rezaie and Male, 1999). The maturation of
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microglia may take up to 35 weeks for humans post conception (Choi et al., 2016; Esiri et al.,
1991).

Most regions in CNS during embryonic development undergo extensive remodelling
(such as building and removal of the astrocyte scaffold involved in axon patterning) and
apoptosis of neurons that have insufficient target interactions (Schafer et al., 2012; Wake et al.,
2015). Microglia during CNS development are primarily involved in phagocytic activity to clear
away the dying and degenerating neurons (Del Rio Hortega, 1932; Giulian and Baker, 1986;
Paolicelli et al., 2011; Schafer et al., 2013, 2012; Sierra et al., 2016; Tremblay et al., 2010). They
are also involved in synaptic pruning. Recently, it was shown that microglia engulf inactive pre-
synaptic elements in a complement system (a system of proteins involved in phagocytosis and
regulation of inflammation) dependent manner (Schafer et al., 2012). It was also shown that
microglia play a role in remodelling and maintenance of synapses in the developing brain
(Davalos et al., 2005; Nimmerjahn, 2005; Paolicelli et al., 2011; Schafer et al., 2013; Tremblay
et al., 2010; Wake et al., 2009). Microglia are highly territorial and avoid contact with other
microglia, while still constantly monitoring the immediate environment with their processes
(Hanisch and Kettenmann, 2007). This territorial nature with the surrounding environment is
considered as a necessity for structural and functional integrity of CNS architecture (Tremblay et
al., 2010). Thus, microglia are critical for assisting in establishment of functional neural circuits
during development and maintenance throughout adulthood, such that altered activity in
microglia during this developmental stage could potentially results in diseases like autism or
schizophrenia that affect the physiology of the CNS well into adulthood (Kulhara and Gupta,

2010).
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1.4 Microglial role in normal CNS physiology

Housekeeping by microglia is a new area of research that has gained attention only
relatively recently. Microglia are implicated in synapse and synaptic circuit maintenance in an
experience-dependent manner (Tremblay et al., 2010; Wake et al., 2009). The fractalkine
(CX3CL1) ligand is expressed on the surface of neurons and binds microglia through the
chemokine receptor CX3CR1. CX3CRI1 knockout mice show reduced microglia density and
defective synaptic connectivity in postnatal hippocampus (Mizutani et al., 2012; Paolicelli et al.,
2011), suggesting a microglial role in synapse maintenance in normal CNS. In vivo imaging
experiments in mice suggest that at least one microglia in a given hour makes transient contact
with axon terminals and dendritic spines (Wake et al., 2009). The contacts last for an average of
5 mins; however, injury or reduced neural activity results in retraction of microglia processes and
reduces the number of microglia interactions to less than one per hour, without altering the basal
motility rate of microglia (Wake et al., 2009). In mouse visual cortex, microglia contacted a
small proportion of small dendritic spines which then disappeared if there was an absence of
visual experience (Tremblay et al., 2010). This suggests that the microglia interact with the
synapse during normal physiology (in absence of an insult), and might contribute to synaptic
pruning, and rewiring in adults in an activity dependent manner (Tremblay et al., 2011).
Furthermore, in healthy (naive) young and aged adult mice, microglial processes containing
structures akin to dendritic spines and axonal terminals have been observed, further suggesting
that microglia regulate synaptic plasticity by phagocytizing these structures independent of
inflammation not only during postnatal development, but throughout the entire lifespan

(Tremblay et al., 2010).
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1.5 Microglia role in ischaemic stroke and spinal cord injury

1.5.1 Ischaemic stroke

Ischaemic stroke is a devastating injury to the brain caused by a sudden reduction of
cerebral blood flow, which results in a cascade of events that induces metabolic dysfunction,
ionic imbalance, and excitotoxicity leading to apoptosis and necrosis neurons in the brain
(Astrup et al., 1981; Danton and Dietrich, 2003; Dirnagl et al., 1999). Ischaemic stroke results in
an infarct (permanent irreversible damage to brain) and penumbra (region surrounding the infarct
that is metabolically unstable but recoverable) in the brain parenchyma (Astrup et al., 1981;
Danton and Dietrich, 2003; Dirnagl et al., 1999). Immediately after ischaemia, microglial
contacts with synapses are prolonged and followed by the disappearance of the presynaptic
bouton (Wake et al., 2009). This suggests that microglia determine the fate of synapses at very
early stages of ischaemia. Furthermore, damaged neurons in the infarct region release DAMPs
into the extra cellular milieu (Gadani et al., 2015; Kim and Cho, 2016). These DAMPs include
various classes of immunomodulatory molecules including proteins, nucleic acids, and
metabolites (Gadani et al., 2015). DAMPs activate a repertoire of receptors on microglia such as
Toll like receptors, purinergic receptors, metabotropic glutamate receptors, and scavenger
receptors (involved in uptake of low-density lipoproteins) (Choi and Rothman, 1990; Gadani et
al., 2015; Kettenmann et al., 2011; Kim and Cho, 2016; Murugan et al., 2013; Rodrigues et al.,
2015; Vincent and Maiese, 2000). Microglia activated by DAMPs present at the site of injury
release a wide range of pro- and anti-inflammatory factors that induce inflammation (Choi and

Rothman, 1990; Clausen et al., 2008; Sist et al., 2014). NO, TNF, IL-6 and IL1- are well
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characterised pro-inflammatory factors released by activated microglia/macrophage during
ischaemic injury (Clausen et al., 2008; Colton and Gilbert, 1987; Lambertsen et al., 2012; Sist et
al., 2014; Tarkowski et al., 1995). ATP and glutamate are DAMPS that are released by injured
neurons (Choi and Rothman, 1990; Davalos et al., 2005; Duan et al., 2009; Liu et al., 2009;
Rodrigues et al., 2015). Numerous in vitro studies, and studies from peripheral immune system
suggests they can be pro- and anti-inflammatory in a receptor dependent manner [6,24,26].
However, recent studies have shown that ATP and glutamate also induce chemotaxis of
microglia to the site of ischaemic injury (core and penumbra) (Choi and Rothman, 1990; Davalos
et al., 2005; Duan et al., 2009; Liu et al., 2009; Rodrigues et al., 2015). This raises the question
whether ATP and glutamate alone are sufficient to act as DAMPs and induce inflammation
through microglia.

Microglia and macrophages proliferate within the first three days post-stroke, and
maintain their density and activated state for several weeks (Gelderblom et al., 2009). Studies
suggest that acute inflammation triggered by microglia/macrophages is neuroprotective, and is
needed for clearing the dead and dying debris (Faustino et al., 2011; Hayashi et al., 2006; Imai et
al., 2007; Kitamura et al., 2004; Lalancette-Hébert et al., 2007; Neumann et al., 2006). However,
with greater severity of injury and prolonged inflammation, these processes could be
neurotoxic/detrimental to outcome after ischaemic injury (Block et al., 2007; Jiang et al., 2012;
Kaushal and Schlichter, 2008; Lai and Todd, 2008; Tang et al., 2014). Interestingly, ablation of
microglia is equally detrimental and increases neuronal death (Hayashi et al., 2006; Imai et al.,
2007; Kitamura et al., 2004; Lalancette-Hébert et al., 2007; Neumann et al., 2006). TNF released
by microglia highlights the dichotomy of inflammation. Inhibition of TNF released by microglia
decreases infarct volume; however, total knock out of TNF exacerbates infarct volume (Bruce et
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al., 1996; Dawson et al., 1996). This suggests that TNF is essential for protection of neurons
after ischaemic injury but also contributes to toxic processes. Similarly, GMCSF (granulocyte
macrophage colony stimulating factor), MCSFR (macrophage colony stimulating factor
receptor), and TGFf (Transforming growth factor beta) are factors that either expressed or
released by microglia and are neuroprotective (Dhandapani and Brann, 2003; Kong et al., 2009;
Mitrasinovic et al., 2005). Thus, microglia are important for progression of pathology and the

processes that lead to recovery after ischaemic stroke.

1.5.2 Microglial role in diaschisis

Diaschisis or secondary dysfunction can result from distal inflammation and may occur
after an initial insult such as ischemia or trauma to the brain (Basiri and Doucette, 2010;
Nagamoto-Combs et al., 2007; Weishaupt et al., 2010). Secondary damage is due to activation of
glial cells in regions distal from the injury (Nagamoto-Combs et al., 2007; Weishaupt et al.,
2010). Previous studies have shown that SCM activation was seen in the cervical enlargement in
rat spinal cord after a forelimb motor cortex ischaemic injury in the brain, as was degeneration of
axons below the cervical enlargement whose cell bodies were not injured due to ischaemic
(Weishaupt et al., 2010). The authors suggest that microglia in the spinal cord might be involved
in secondary damage to the axons of neurons whose cell body is not injured (Weishaupt et al.,
2010). However, the exact role of microglia recruited at these regions of secondary damage in
spinal cord after an insult to brain remains largely unknown. After ischaemic stroke, there is
increased plasticity, axonal rewiring, and remapping around the peri-infarct region as well as an

increased plasticity in the spinal cord (Carmichael et al., 2005; Sist et al., 2014). It is possible
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that microglia recruited to the regions of secondary damage in the spinal cord after cortical
stroke may also play a role in plasticity and axonal rewiring in the brain and spinal cord as well

as contributing to inflammation and secondary damage.

1.5.3 Microglia and spinal cord injury

Spinal cord injury (SCI) is commonly caused by a physical damage to the spine leading
to laceration or compression of the spinal cord. SCI progression involves primary and secondary
mechanisms of injury (Oyinbo, 2011). The primary mechanism involves initial damage to the
spinal cord resulting in mechanical damage, haemorrhage and ischemia (Donnelly and Popovich,
2008; Priiss et al., 2011; Simon et al., 2009; Sroga et al., 2003). This primary damage causes the
death of motor neurons, oligodendrocytes, astrocytes, and microglia at the site of injury (Gadani
et al., 2015; Oyinbo, 2011). Primary mechanisms trigger secondary damage mechanisms through
inflammation mediated by microglia and infiltrating macrophages (Donnelly and Popovich,
2008; Priiss et al., 2011; Simon et al., 2009; Sroga et al., 2003). Studies suggest that the extent
and progression of secondary damage is determined by severity of primary injury (Dumont et al.,
2001). Furthermore, it was also found that in spinal cord microlesions, blocking ATP and NO
synthase reduced microglia process extension and migration to the site of injury (Dibaj et al.,
2010), suggesting that NO and ATP play a role in recruiting microglia (Dibaj et al., 2010).
Interestingly, it was also shown that a gradient of NO and ATP was required for recruitment of
microglia (Dibaj et al., 2010). Microglia migrate to the site of primary injury within hours and
generate pro-inflammatory factors including NO, TNF, IL1, and IL6 (Ren et al., 2014).

Notably, blocking TNF, IL6, and IL-1p reduces the neuronal death and demyelination
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(potentially due to protection of oligodendrocytes or progenitor cells) suggesting that early
activation of microglia/macrophage is detrimental in SCI (Ferguson et al., 2008; Mukaino et al.,
2010; Nesic et al., 2001; Pineau and Lacroix, 2007). However, there are also potential beneficial
roles for microglia in SCI. Inhibition of TGFf and administration of GMCSF is neuroprotective
after SCI (Ha et al., 2005; Kohta et al., 2009). Since microglia/macrophages are the primary
cells that respond to TGFPB and GMCSF, this suggests that these factors induce a neuroprotective
phenotype in microglia after SCI. The above findings suggest that early inflammation is
detrimental to the outcome of SCI, but that microglia have a complex role in primary damage,

secondary damage, and protection during SCIL.

1.6 Heterogeneity of microglia in CNS

Neurons are a highly heterogenous cell population with varying morphology, surface receptors,
and functions (Molyneaux et al., 2007; Temple, 2001). Similarly, astrocytes are heterogenous
cells that have different morphology and function that is dependent on their location in CNS
(Chaboub and Deneen, 2012). This suggests that microglia, known for their sensitivity to a
variety of factors in their immediate environment, could be an equally heterogenous population
of cells, and that the heterogeneity of neurons, astrocytes, and region specific differences in brain
architecture and neurochemistry could have an impact on microglial phenotype. De Haas et.al.
(2008) were the first to show heterogeneity in immunological receptor expression in microglia
from cortex, striatum, hippocampus, cerebellum, and spinal cord of adult mice (de Haas et al.,
2008). It was found that CD80 surface expression was highest in cortex, F4/80 surface

expression was the highest in hippocampus; CD40, CXCR3, and TREM-2b expression was
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highest in the cerebellum; and CD11b, CD86, and CCR9 surface expression was highest in SCM
(de Haas et al., 2008). CD11b, CD40, and TREM-2b (Triggering receptor expressed on myeloid
cells 2 b) surface expression was lowest in cortex; CD45, CD80, CXCR3,, and CCR9 surface
expression was lowest in hippocampus; and CD86 and F4/80 surface expression was lowest in
cerebellum (de Haas et al., 2008). More recently, it was shown in vitro that the cortical, and
hippocampal microglia released higher levels of NO and TNF compared to microglia from
striatum, thalamus, and brain stem on activation with ATP (Lai et al., 2011). This study further
showed that the regional heterogeneity was not fixed, and that mimicking the environment of a
specific region was enough change the phenotype of microglia from one region to another (Lai et
al., 2011). This begs the question how different environments within the CNS affect SCM
functions in spinal cord disease/injuries. Understanding the influence of region of origin and the
spinal cord environment may help in discovering and developing better therapeutic interventions

for spinal cord disorders.

1.7 Objectives of the research described in the thesis

As described above, the region of origin and the immediate environment, age and sex of the host
animal contribute to microglial phenotype (Grabert et al., 2016a; Lai et al., 2013, 2011; Sorge et
al., 2011). The functional characteristics of BM (brain microglia) have been well characterized in
in in vivo and in vitro models of injury. However, microglia in the spinal cord (SCM, spinal cord
microglia) are not well characterized. To address this knowledge gap, the following research
objectives were defined to characterize and compare the functional differences between BM and

SCM. Our primary objective was to define the differences in the inflammatory response profile
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SCM under different activation paradigms. Within this primary objective, several specific
objectives are addressed in this thesis. The research reported in Chapter 2 investigated if the
inflammatory profile of SCM differs from BM in vitro after activation of the TLR4 signaling
pathway via LPS. Our findings suggested that SCM have a reduced inflammatory profile after
TLR4 activation. However, the mild trypsinizatoin methods used to isolate SCM resulted in
formation of cellular contaminants. For this reason, in Chapter 3 we defined an improved
protocol to achieve highly pure isolated SCM cultures. In Chapter 4, we used this improved
isolation method to examine the functional response characteristics of SCM and BM after
activation with the endogenous immunomodulators ATP and glutamate. Previously it had been
shown through agonist and antagonist treatments that ATP and glutamate induce pro- and anti-
inflammatory signaling in microglia (Domercq et al., 2013; Féarber and Kettenmann, 2006;
Sperlagh and Illes, 2007). However, those studies used concentrations that were non-
physiological or induced constitutive receptor activation which does not mimic the stochastic
activation of a receptor in normal physiology, injury or disease. Hence, in Chapter 4 we
compared SCM and BM responses to physiological concentrations of glutamate and ATP then
measured the pro-and anti-inflammatory factors released into the media. Additionally, because
microglia are highly plastic cells that can adapt their phenotype to mimic microglia from other
regions of the brain when exposed to mixed glia-conditioned media from those other regions, we
also tested whether incubating BM in conditioned media from spinal glia mixed cultures would
alter their inflammatory profile. Our data suggest that physiological concentrations of ATP and
glutamate do not elicit significant cytokine release, and that BM will change their phenotype in
response to conditioned media from spinal cultures. Finally, in Chapter 5 we investigated
potential differences in neuroprotection and cytokine release by BM and SCM in neuronal co-
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culture systems in a model of ischaemic neuronal injury (oxygen glucose deprivation, OGD).
While subtle differences in culture viability between SCM and BM were observed after moderate
OGD injury, our data suggest that the response of SCM and BM to this injury model is

conserved among the different regions of origin.
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Chapter Two: Reduced inflammatory phenotype in microglia derived from neonatal rat

spinal cord versus brain

* a version of this chapter appears as a published manuscript in PLOS ONE (Baskar Jesudasan
SJ, Todd KG, Winship IR (2014) Reduced Inflammatory Phenotype in Microglia Derived from
Neonatal Rat Spinal Cord versus Brain. PLoS ONE 9(6): €99443.

doi:10.1371/journal.pone.0099443)
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2.1 Introduction

Microglia constitute 5 to 15% of the central nervous system (CNS) total cell population
(Aloisi, 2001; Giulian and Baker, 1986; Rezaie and Male, 1999). In basal physiological
conditions (i.e. prior to injury or activation), microglia have ramified morphology with long
processes that monitor the extracellular environment surrounding the cells of the CNS (Wake et
al., 2009). After brain trauma or infection, microglia become activated and withdraw their
processes to assume amoeboid and spherical morphologies (Lai and Todd, 2006a). Amoeboid
microglia are capable of secreting anti-inflammatory factors, pro-inflammatory factors,
prostaglandins, cytokines, and reactive oxygen species (Kettenmann et al., 2011; Lai and Todd,
2008, 2006a). These microglial effectors interact with surrounding neurons and other glial cells
and can initiate trophic as well as toxic signaling pathways (Kettenmann et al., 2011; Lai and
Todd, 2008, 2006a). Upon further activation, microglia assume a spherical morphology and
become predominantly phagocytic, acting to clear the CNS of dying cells and other debris
(Kettenmann et al., 2011; Lai and Todd, 2008, 2006a).

Investigations of the role of microglia in CNS injury such as stroke demonstrate that the
microglial response to injury is complex (Castillo et al., 2000; Clausen et al., 2005; Hill et al.,
1999; Kader et al., 1993; Lambertsen et al., 2009; Yenari et al., 2010). After injury to the brain,
pro-inflammatory effectors such as NO, TNF, IL—6 and IL-1p are up-regulated within 24 hours
and contribute to both neurotrophic and neurotoxic pathways (Castillo et al., 2000; Clausen et al.,
2005; Hill et al., 1999; Kader et al., 1993; Lambertsen et al., 2009; Yenari et al., 2010).
Similarly, there is an acute increase in TNF-a, IL-1P and IL-6 in the spinal cord after spinal cord

injury that contributes to cell death and lesion expansion (Smith et al., 2012; Yang et al., 2005).
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As a major source for TNF-a, IL-1B, IL-6, and trophic factors including brain-derived
neurotrophic factor (BDNF), microglia are major contributors to increased levels of these
cytokines after CNS injuries (Green and Nolan, 2012; Hill et al., 1999; Hua et al., 2012; Kader et
al., 1993; Kettenmann et al., 2011; Lai et al., 2011; Lai and Todd, 2006b; Lambertsen et al.,
2012; Matsui et al., 2010; Smith et al., 2012; Werry et al., 2011). The consequences of altering
the microglial response to injury are difficult to predict, as microglial effectors can have both
trophic and toxic consequences after injury (Green and Nolan, 2012; Hill et al., 1999; Hua et al.,
2012; Kader et al., 1993; Kettenmann et al., 2011; Lai et al., 2011; Lai and Todd, 2006b;
Lambertsen et al., 2012; Matsui et al., 2010; Smith et al., 2012; Werry et al., 2011).
Nonetheless, several studies have examined the functional response profiles of microglia upon
activation to define their secretory profile and morphological response to brain injury or
infection (Green and Nolan, 2012; Hill et al., 1999; Hua et al., 2012; Kader et al., 1993;
Kettenmann et al., 2011; Lai et al., 2011; Lai and Todd, 2006b; Lambertsen et al., 2012; Matsui
et al., 2010; Smith et al., 2012; Werry et al., 2011).

Most studies investigating the functional activation profiles of microglia are done in BM.
Data from these studies have confirmed that microglia can secrete a wide variety of cytokines,
with the amount and type of effector released varying with the nature of the activating stimulus.
Activation with lipopolysaccharide (LPS) increases the release of TNF-a, IL-1p, IL-6 and nitric
oxide (NO) in neonatal BM (Lai et al., 2011; Nakamura et al., 1999). Recently, it was
demonstrated in vitro that BM exposed to conditioned media collected from neurons subjected to
moderate hypoxic injury were neuroprotective, but BM exposed to media collected from neurons
subjected to severe hypoxic injury were neurotoxic (Kettenmann et al., 2011) These results and
data showing severity dependent-expression of cytokines by SCM after SCI suggests that
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functional microglial response properties are dependent on the severity of neuronal injury
(Kettenmann et al., 2011; Smith et al., 2012).

In addition to a differential response to injury severity, microglia isolated from distinct
regions of the brain have different effects on cell survival [18]. For example, activated microglia
from cortex and hippocampus exhibit a neurotoxic profile relative to microglia from brainstem,
striatum and thalamus (Lai et al., 2011). TNF release by the microglia from cortex and
hippocampus is significantly higher than that of other brain regions after activation with ATP
(Lai et al., 2011). Despite the observation that microglial effector profiles vary between regions
in the brain, and the interest in understanding the role of microglia after spinal injury, very few
studies have investigated activation profiles of SCM in culture (Matsui et al., 2010; Werry et al.,
2011). In this study, we sought to characterize the morphological and secretory response profiles
to an activating stimulus in SCM as compared to BM. To facilitate comparison, SCM and BM
cultures were established from the same neonatal rat pups using a mild trypsinization protocol
(Saura et al., 2003) The primary microglia cultures were activated with the bacterial endotoxin
LPS, an established and well-characterized activator of microglia (Aderka et al., 1989; Broderick
et al., 2000; Durafourt et al., 2012; Hill et al., 1999). The differences in the activation pattern of
SCM and BM were then gauged by characterizing microglial morphology, cytokine release, NO
release, and phagocytosis.

2.2 Materials and Methods

All animal protocols were conducted in accordance with Canadian Council on Animal
Care Guidelines and approved by the Animal Care and Use Committee: Health Sciences for the

University of Alberta.
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2.2.1 Primary brain and spinal cord microglia cultures

Mixed glia cultures were prepared from four brain and twenty spinal cord of post-natal
Day 1 Sprague-Dawley rats (Lai and Todd, 2008; Siao and Tsirka, 2002). The meninges and
blood vessels were removed from the brains and spinal cords, then tissue was finely minced and
dissociated enzymatically by 0.25% Trypsin-EDTA for 20 mins t 37° C. Trypsin was
inactivated with Dulbecco Modified Eagle Medium/Ham’s F12 (DMEM/F12; Gibco) containing
10% fetal bovine serum (FBS; Gibco) and 200 U/ml penicillin, 200 pg/ml streptomycin (P/S;
Gibco). The brain and spinal cord tissues were triturated mechanically in DMEM/F12 in 10%
FBS and 200 U/ml penicillin, 200 pg/ml streptomycin plated on poly-L-lysine coated 12 well
plates at 1.7 x 107 cell/ml.

After 14-21 days in vitro (DIV), microglia were isolated by mild trypsinization (Saura et
al., 2003). Briefly, 0.25% trypsin-EDTA was diluted in 1:3 ratio in DMEM/F12 and 200 U/ml
penicillin, 200 pg/ml streptomycin media were added to brain/spinal mixed primary cultures and
the mixture were incubated at 37°C in a humidified 5% CO: incubator for 20-50 mins.
DMEM/F12 with 10% FBS, 200 U/ml penicillin, and 200 pg/ml streptomycin were added after
aspirating out the diluted trypsin-EDTA to the isolated microglia in the culture dish to inactivate
trypsin and the culture dish was maintained at 37°C for 5 min. DMEM/F12 with 10% FBS was
removed after 5 minutes and DMEM/F12 containing 2% P/S was added to the isolated BM and
SCM. Isolated BM and SCM were allowed to recover in DMEM/F12 containing 200 U/ml
penicillin, and 200 pg/ml streptomycin overnight prior to any treatment. For LPS activation, BM

and SCM were treated with 1ug/ml (final concentration in media) LPS for 24 hrs. At 24 hrs after
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the LPS treatment the media from BM and SCM were assayed either for pro- and anti-
inflammatory effectors released in the media, phagocytic activity or fixed with 10% formalin for

morphometric analysis.

2.2.2 Immunocytochemistry

Immunocytochemistry was used to confirm culture purity and quantify microglia.
Isolated brain and spinal microglia cultures were washed three times with phosphate buffered
saline (PBS) and fixed with 10% formalin for 20 mins. After three washes with PBS the cultured
cells were permeabilized and blocked for 40 mins with 0.1% Triton X-100 and 10% normal
horse serum. Ibal (ionized calcium binding adaptor molecule 1), a marker for microglia, was
used to identify SCM and BM. Isolated brain and spinal microglia were incubated with a rabbit
anti-Ibal primary antibody (1:1000, Wako) at 4°C overnight. For immunofluorescent
visualization of culture purity, the cultures dishes were then washed three times with PBS and
incubated with an anti-rabbit Alexa 647 secondary antibody (1:200) for 1 hr at room
temperature. After three washes, DAPI in vectashield mounting medium was applied and a cover
slip was mounted on top of cells. Negative controls without primary antibody were used to rule
out non-specific labeling by the secondary antibody. Epifluorescent images were acquired using
Leica DMI 6000B microscope mounted with Leica DFC365 FX monochrome camera at 20X.

Microglia number was quantified by counting DAB (3,3'-diaminobenzidine)-positive
cells. The procedure is similar to fluorescent immunocytochemistry up to the primary antibody
incubation. After overnight incubation with primary antibody (rabbit anti-Ibal, 1:1000), the

cultures were washed three times with PBS and labeled with a secondary antibody, biotinylated
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donkey anti-rabbit IgG (Santa Cruz, 1:200) for 1 hr at room temperature. After three washes the
cultures were incubated with avidin-biotin complex (ABC staining kit, Thermo Scientific) for 30
minutes at room temperature. DAB was prepared in PBS containing 3% H20; and cultures were
treated according to manufacturer protocols. Ibal-immunopositive cells after DAB visualization
were counted in a field area of 0.785 mm? under 20x magnification and bright field illumination.
Average SCM and BM counts (in four independent experiments) were determined from the
average count in six such field areas in each of four wells of a 12 well culture plate. The total

number of Ibal-immunopositive cells per well was counted using the following formula,

Total number of SCM per well = Average SCM counts per 0.785mm’ X 483

where 483 times the area of a field view is the total surface area of a single well in a 12 well
culture dish. An unbiased observer verified SCM counts.

For morphology analysis, control and LPS activated Ibal labeled microglia were counted
from 6 fields acquired from three independent experiments. The images were acquired with

DMI6000B Leica inverted microscope mounted with Leica DFC365 FX monochrome camera.

2.2.3 Nitric Oxide (NO) assay

NO in the media was assessed indirectly via its stable metabolite nitrite. 1 ml of media
was collected after 24 hours after treatment or no treatment control. 100uL of LPS treated or no
treatment control media was added per well of 96-wellplate with 2 replicates per condition. 50pL

of 1% sulfanilamide (in 3 M HCl) was then added to the wells, followed by the equal volumes of
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0.02% N-naphthylethylenediamine. The final mixture was read on a microplate reader at 540 nm

(Molecular Devices SpectraMax M5).

2.2.4 Enzyme Linked Immunosorbent assays (ELISA)

A commercial ELISA kit was used to measure IL-1B and IL-6 in media (DuoSet, R&D
Systems Minneapolis, USA)). ELISA procedures were carried out according to manufacturer
protocols. For BDNF ELISA, a competitive ELISA protocol was used. In brief, media and
recombinant BDNF standards diluted in PBS were mixed 1:1 with goat anti BDNF (1:500, Santa
Cruz, Texas, USA) and incubated with 96-well plates in the cold room overnight. This mixture
was aspirated following incubation and the plates were washed three times with PBS. The plates
were then blocked with the ELISA diluent (1% bovine serum albumin in PBS) for 1 h. After
blocking, the plates were washed 3 times with PBS and incubated with anti-goat IgG antibody
conjugated to horseradish peroxidase (1:2000 in ELISA diluent, Santa Cruz, Texas, USA) for 30
min. The chromagen tetramethylbenzidine (Sigma, 0.027% in 0.82% sodium acetate, 0.36%
citric acid and 40% methanol) was added to develop color. Upon development of the chromagen,
1.8 N sulfuric acid was added to stop the reaction, and the plates were read on microplate reader
at 450 nm (Molecular Devices SpectraMax MS5). All procedures were carried out at room

temperature unless otherwise specified.

2.2.5 Multiplex bead based immunoassays for cytokines.

Rat TNFoa and IL-10 were quantified using BD Cytometric Bead Array kit (BD

Biosciences, New Jersey, USA). Samples were prepared according to the manufactures protocol.

38



Briefly, 50 pL of control or LPS treated microglia culture media were added to 50 pL of
multiplex capture beads (TNF-a, IL-10) in a v-bottom 96 well plate. The v-bottom 96 well plate
was placed in an orbital shaker for 5 min at 500 rpm and then incubated at room temperature for
1 hr. 50uL of phycoerythrin detection reagent was added to each sample in v-bottom 96 well
plate and placed in an orbital shaker for 5 min at 500 rpm. The plate was then incubated at room
temperature for 2 hr. The v-bottom 96 well plate was then centrifuged at 2000g and supernatant
was aspirated out. The multiplex capture beads in v-bottom 96 well plates were re-suspended in
150uL of wash buffer and placed in a orbital shaker for Smin at 500 rpm. The multiplex capture
bead in wash buffer where then analyzed by BD FACSCantoll flow cytometer. Data analysis

was done using FCAP Array software from BD Biosciences.

2.2.6 Phagocytosis Assay

Phagocytosis was measured using a fluorescent bead uptake assay (Hua et al., 2012)
Briefly, microglia were activated for 24 hours with LPS (1ug/ml), and 2.5 x 10° carboxylate-
modified 1 pm beads (per well, Sigma, Missouri, USA) were added to the LPS activated or
control microglia for an hour. After incubation with these beads, the cells were washed with
Hank’s Balanced Salt Solution to wash away beads that were not phagocytized. BM and SCM
were lysed in 1% Triton-X detergent and lysate was transferred to 96-well plate. Fluorescence
emitted by cell lysate was measured using a microplate reader (Molecular Devices SpectraMax
MS5). The excitation and emission spectra of plate reader were set to 470nm and 505 nm
respectively. Negative controls were treated as above with the exception that cells with beads

were maintained at 4 degrees Celsius.
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2.2.7 Viability assay

Viability of microglia was assessed via a colorimetric assay for metabolic activity
(mitochondrial activity). MTT can be reduced to an insoluble formazan dye by NAD(P)H-
dependent cellular oxidoreductase enzymes. The absorbance of light by the formazan dye in
solution can be measured at 540 nm by an UV spectrometer. BM and SCM were incubated in
0.05mg/ml of MTT in PBS for 2 hrs in CO; incubator. After 2 hrs, the MTT solution was
aspirated and the cells were lysed in 200 microliters of DMSO. The absorbance of lysates was

measured at 540 nm by an UV spectrometer

2.2.8 Statistical Analysis

Results are represented as percentage of total population (morphology analyses), raw
values normalized to total protein (NO, cytokines and trophic factors), and percentage over
relative control (phagocytosis assay) + standard error of mean. One-way ANOVA was used to
determine main effect of treatment on BM and SCM followed by the Newman-Keuls post hoc to
test for significance between treatment groups. One-sample t-tests were performed to analyse
significant changes in phagocytic activity between treatments and controls (as phagocytosis was
normalized to control levels). n represents a single independent experiment (i.e. an independent
culture preparation) with a minimum of three technical replicates. Each technical replicate is a
well in a 12 well culture plate, except for morphology studies where n represents a single well of
an independent experiment. * represents p < 0.05. All statistical analyses were done using

Graphpad Prism version 5.
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2.3 Results

2.3.1 Spinal cord microglia can be isolated by mild trypsinization

Mild trypsinization has been used successfully to isolate BM from neonatal mice (Saura
et al., 2003), but its efficacy in isolating SCM had not been determined. To determine if mild
trypsinization can isolate SCM from neonatal rat primary mixed glial populations, we applied
0.08% trypsin-EDTA to 2-3 wk old primary mixed glial cultures derived from brain and spinal
cord. The optimal incubation time required to isolate SCM was determined from mild
trypsinization durations of 20 mins, 30 mins, 40 mins, and 50 mins. Twenty min of mild
trypsinization produced the highest yield of SCM (Figure 2-1). SCM count decreased with
increased duration in trypsin and at 40 min there was nearly a 60% loss of SCM compared to the
20 mins time point. The purity of BM and SCM cultures were assessed by immune labeling
against Ibal (a microglia/macrophage marker) and was found to be > 95% for BM and SCM (n =

3 independent experiments, see Figure 2-1A representative micrograph of SCM and BM).

2.3.2 Morphology of BM and SCM on activation with LPS (lipopolysacharide)

Lipopolysaccharide (LPS) is an endotoxin from gram-negative bacteria commonly used
to activate immune cells. To evaluate if SCM and BM assume different morphology after
activation, microglia were incubated overnight in 1ug/ml LPS in media (DMEM with 2% P/S)
for 24 hrs. Ramified, amoeboid, and spherical morphological states were apparent in control
(media alone) and activated microglia cultures from brain and spinal cord. Consistent with

previous studies (Lai and Todd, 2008), morphological status was assigned based on the number
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of microglia processes: Microglia that have more than two primary processes (processes
stemming from cell body of microglia are considered primary) were considered ramified, those
with one process were considered amoeboid and those with no process extension were
considered spherical. A significant effect of treatment group (BM control, BM LPS, SCM
control, SCM LPS) was observed for the percentage of amoeboid and spherical morphologies
(Fe=14.32,p=0.0014, F35=8.125 p = 0.0082, respectively), while a main effect on percentage
of ramified microglia of BM and SCM narrowly missed statistical criterion for significance (Fi3.s)
= 3.893 p = 0.0551) (Figure 2-2). Newman-Keuls post-hoc tests showed that LPS induced a
significant increase in spherical morphology in BM (Figure 2-2C, LPS 55.27% + 4.12 vs.
Control 27.99% =+ 9.15, respectively p < 0.05) and SCM (Figure 2-2C. LPS 60.72% + 6.88 vs
Control 28.27% =+ 0.80 p < 0.05), but the percentage of spherical microglia in basal or LPS-
activated states was not significantly different between BM and SCM. Interestingly, LPS induced
significantly less amoeboid morphology in SCM compared to SCM control microglia as well as
LPS-activated BM (Figure 2-2B, SCM LPS 16.18% + 0.86, SCM Control 37.50% =+ 4.47, BM

LPS 34.32% + 3.04, p < 0.05).

2.3.3 Secretion of pro-inflammatory and anti-inflammatory effectors by BM and SCM

TNF, IL-1B and NO are well-characterized pro-inflammatory effectors with established
roles in inflammation and neurotoxicity after an injury to the CNS, and release of these
inflammatory effectors by microglia varies with brain region of origin (Kettenmann et al., 2011;
Lai and Todd, 2008, 2006a). To determine if the release of inflammatory effectors differed

between SCM and BM, microglia were activated with LPS (1ug/ml) for 24 h. Relative changes
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in secreted levels of TNF, IL-1p and NO in media were measured using multiplex bead based
flow cytometry for TNF, ELISA for IL-1P and the Greiss reaction assay for NO. One-way
ANOVA identified a significant main effect of LPS treatment on the release of TNF(F 3,16 )=
5.201, p=0.0107), IL-1B (F3,160=4.21, p = 0.0225) and NO (F3.24)= 15.76, p = 0.0001) (Figure
2.5.3). Newman-Keuls post-hoc tests revealed that TNF, IL-1p and NO release by LPS-activated
BM were significantly higher than basal release (Figure 2-3A, Figure 2-3B, Figure 2-3C, TNF p
<0.05; IL-1p p <0.05; NO p <0.001). LPS activated SCM showed a non-significant trend
towards an increase in release of TNF, and TNF release from SCM was significantly less than
BM (p <0.01). LPS did not induce significant release of IL-1p from SCM, and LPS-induced
release was significantly reduced relative to BM (p < 0.05). NO release was significantly
increased in LPS activated SCM compared to SCM control (p < 0.05); though it was still
significantly less than LPS activated BM (p < 0.01). No differences were found in the basal
release of TNF, IL-1p or NO by BM vs. SCM. Notably, reduced release by SCM could not be
explained by differences in cell viability after LPS treatment. Tetrazolium dye (MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), which is reduced to insoluble formazan
only in cells with functional mitochondria, was used to assay the viability of microglia in culture.
There was no significant difference in microglial viability between treatment groups (Figure
2-6).

BM are also capable of releasing IL-6, IL-10, and BDNF, well known mediators of
inflammation and cell survival in CNS injury or disease (Kettenmann et al., 2011; Lai and Todd,
2008, 2006a). Here, SCM and BM were treated with LPS (1pg/ml in media) for 24 hours to
determine if there are any differences in their release of IL-6, IL-10 and BDNF. Cytokine levels
were evaluated by bead based flow cytometry for IL-10, ELISA for IL-6 and competitive ELISA
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for BDNF. One-way ANOVA showed a trend towards a main effect of treatment group on IL-6
release (F3,8)= 3.632, p = 0.0642) but not IL-10 (F3,16) = 0.6086, p = 0.619) or BDNF (F3, 8)=

0.142, p = 0.932) (Figure 2-4).

2.3.4 LPS mediated phagocytosis in BM and SCM

Microglia can assume a phagocytic phenotype in response to activating stimuli. CNS
diseases or injuries result in dying neurons and debris, which are cleared in part by phagocytic
microglia (Lai and Todd, 2008; Rezaie and Male, 1999). Pro-inflammatory cytokines such as
TNF have been shown to increase phagocytosis by microglia (Rezaie and Male, 1999)], and
amoeboid and spherical microglial morphologies have been associated with phagocytic status
(Hu et al., 2012; Rezaie and Male, 1999). LPS activation has been shown to increase phagocytic
activity in previous studies of cultured BM. In this study, we compared the phagocytic activity of
BM and SCM on activation with LPS (1pg/ml in media) for 24 hours (Figure 2.5.5). We show
that LPS significantly increased the phagocytic activity of BM (t¢7y =2.815, p < 0.05) but not
SCM (tey= 1.336, p=0.3132) (Figure 2-5).

2.4 Discussion

2.4.1 Summary

In this study, we showed that SCM can be isolated from primary mixed glial cultures by
mild trypsinization. Additionally, we showed that the LPS-activated phenotype of SCM is
different from that of BM. SCM microglia exhibited a significantly less amoeboid morphology

relative to BM after LPS activation. In BM, LPS significantly increased the release of NO, TNF
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and IL-1p. Interestingly, LPS did not induce a statistically significant increase in the release TNF
and IL-1PB in SCM, and levels of all three of these pro-inflammatory cytokines in media from
activated SCM were significantly reduced relative to BM. Conversely IL-6 and IL-10 release by
LPS-activated SCM exhibited a non-significant trend towards higher release than BM. LPS
activation was also associated with an increase in phagocytic activity of BM but not SCM.
Overall, our findings suggest that SCM exhibit less inflammatory and phagocytic phenotype than
BM in response to activation with LPS. Interestingly, a recent in vivo study using fluorescence-
assisted cell sorting demonstrated that expression levels of the surface receptors CD45 and
CDI11b are higher in spinal microglia than brain microglia in naive mice (Lai et al., 2011; Olson,
2010). In cells sorted three days after viral infection with Theiler's murine encephalomyelitis
virus, surface receptors (including CD45, CD11b, CD40, CD80, CD86) were upregulated in
spinal microglia compared to brain microglia (Lai et al., 2011; Olson, 2010). Combined with our
findings, these data suggest that the activating stimulus and local environment interact to

determine the phenotypic response of microglia (Lai et al., 2011; Olson, 2010).

2.4.2 Isolation of spinal microglial culture via mild trypsinization

Regional heterogeneity (in morphology and cytokine release) of microglia within the
CNS has been observed both in vitro and in vivo based on region of origin (Hua et al., 2012; Lai
et al.,, 2011; Smith et al., 2012). For example, microglia from neonatal cortex and hippocampus
are more neurotoxic than those from striatum, thalami or brainstem (Lai et al., 2011). Notably,
microglia from neonatal striatum have a more ramified morphology (presence of extensive

processes) and reduced release of pro-inflammatory effectors relative to cortical microglia.
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However, the morphological and functional heterogeneity of BM vs. SCM has not previously
been assessed. Given that SCM can affect the fate of neurons during development and after
spinal cord injury, an understanding of the functional response properties of SCM is important.
Primary SCM cultures are not common in the literature and have not been characterized to the
extent of BM primary cultures (Durafourt et al., 2012; Gingras et al., 2007; Kettenmann et al.,
2011; Olson and Miller, 2004; Yip et al., 2009). Mild trypsinization (0.05% - 0.12% trypsin
EDTA) is an established protocol for isolation of primary BM, with higher yields than isolation
via shaking, but has not been well validated for use in SCM. Here, we demonstrate that mild
trypsinization can also be used to isolate microglia from mixed glial cultures derived from

neonatal rat spinal cord tissue.

2.4.3 Morphology and phagocytic activity of BM and SCM

In the undisturbed CNS, microglia typically assume a ramified morphology, with
extensive processes extending from their soma (Kettenmann et al., 2011; Lai and Todd, 2008,
2006a). These processes contain membrane sensors to detect activating agents in the surrounding
microenvironment. Activation of microglia typically results in a transition to an amoeboid
morphology and expression of genes regulating cytokine (inflammatory, anti-inflammatory, and
trophic) expression. Continued or extreme activation may induce a spherical and phagocytic
morphology [34]. Previously studies have demonstrated that there is region-specific
heterogeneity in BM morphology and in the secretory profile of microglia isolated from different
brain regions (Lai et al., 2011). We did not find any significant differences between morphology

of SCM and BM under basal conditions (Figure 2-2). However, SCM exhibit less amoeboid
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morphology after LPS activation and a trend towards a persistent ramified morphology relative
to BM. These morphological differences correlate with phagocytic activity of SCM and BM,
where we see an increase in phagocytic activity in BM with increase in amoeboid and spherical
form (Figure 2.5.2B, 2C and Figure 2-5). Previous studies showed that TNF can increase the
phagocytic activity of microglia, while IL-10 can decrease phagocytic activity (Aderka et al.,
1989; von Zahn et al., 1997). We show that TNF release is increased to a greater extent in LPS
activated BM relative to SCM (IL-10 release is comparable between SCM and BM, (Figure 2-3
and Figure 2-4). These effector profiles are consistent with the reduced phagocytic activity of

SCM (Figure 2-5).

2.4.4 Cytokine Profile of BM and SCM

Cytokines play a major role in determining the outcome of CNS injuries and diseases and
microglia are one of the primary sources of cytokines in the CNS. Moreover, microglia are a
dynamic population of cell capable of being neurotoxic and or neurotropic depending on the
severity of the injury (Diab et al., 1997; Hill et al., 1999; Hu et al., 2012; Jin et al., 2010; Kader
et al., 1993; Kettenmann et al., 2011; Lai et al., 2011; Lai and Todd, 2008; Lambertsen et al.,
2012; Rezaie and Male, 1999; Smith et al., 2012). It has been shown that TNF-a, IL-13, NO, and
IL-6 are up-regulated after CNS injury (Castillo et al., 2000; Clausen et al., 2005; Green and
Nolan, 2012; Hill et al., 1999; Jin et al., 2010; Lambertsen et al., 2012, 2009; Nakamura et al.,
1999; Tarkowski et al., 1995; Yang et al., 2005; Yenari et al., 2010). However, the consequences
of increased cytokine release are multifactorial. TNF exhibits both neurotoxic as well as

neuroprotective actions after brain or spinal injury (Smith et al., 2012; Sriram, 2002). While up-
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regulation of TNF can exacerbate neuronal injury, (Oshima et al., 2009; Sriram, 2002; Takeuchi
et al.,, 2006; Taoufik et al., 2007; Taylor, 2005; Wang, 2004) genetic knockout of TNF or
interference with TNF or TNF binding sites can increase neuronal tissue loss and reduce
compensatory neuroplasticity after CNS injury (Araki et al., 2001; Centonze et al., 2009; Hill et
al., 1999). IL-1pB has a more typical inflammatory and neurotoxic profile, and inhibition of IL-13
reduces neuronal tissue damage after brain injury (Jin et al., 2010; Kettenmann et al., 2011;
Lambertsen et al., 2009; Nakamura et al., 1999; Smith et al., 2012). Similarly, NO is an
inflammatory and neurotoxic mediator known to contribute the lesion growth in spinal cord
injury, stroke, and brain injury by the reactive metabolite perioxynitrite (Clausen et al., 2005;
Huang et al., 1994; Kader et al., 1993; Kettenmann et al., 2011; Lambertsen et al., 2009). As
such, the relative reduction in the release of pro-inflammatory effectors TNF, IL-1p and NO) by
SCM relative to BM suggests that SCM might have a less neurotoxic profile after activation by
LPS in vitro.

It is well known that IL-6 and IL-10 are upregulated after an injury or disease in the CNS
(Diab et al., 1997; Lambertsen et al., 2012; Woodroofe et al., 1991; Yang et al., 2005) and that
microglia are capable of releasing IL-6 and IL-10 (Aderka et al., 1989; Cafferty, 2004; Green
and Nolan, 2012; Ma and Zhu, 2011; Werry et al., 2011). IL-6 has both pro- and anti-
inflammatory actions, and is a major mediator of the brain’s immune response to trauma or
infection. (Bethea et al., 1999; Knoblach and Faden, 1998; Leibinger et al., 2013). Conversely,
IL-10 is associated with a primarily protective role after CNS injury (Aderka et al., 1989;
Armstrong et al., 1996; Jin et al., 2010; Ledeboer et al., 2002). IL-6 and IL-10 both down-
regulate the expression of TNF and IL-1P and thereby reduce the neurotoxicity mediated by
these pro-inflammatory cytokines (Broderick et al., 2000; Diab et al., 1997). Our data suggest
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that release of these mediators by BM and SCM is comparable, with a trend towards increased
LPS mediated release of IL-10 and IL-6 by SCM relative to BM (Figure 2-4). These data provide
further support for the postulate that SCM exhibit a less inflammatory phenotype than BM after
activation with LPS in vitro.

LPS has been associated primarily with a pro-inflammatory function due to its
interactions with Toll like receptor 4 (TLR4). TLR4 is an essential component of the immune
response and is known to up-regulate inflammatory cytokines via both myeloid differentiation
primary-response protein 88 (MyD88)-dependent and MyD88-independent pathways (Erta et al.,
2012). Activation of the TLR4 MyD88-dependent pathway induces the production of TNF and
IL-6 (Erta et al., 2012). However, the TLR4 MyDS88-independent pathway, induces the
production type 1 Interferon (IFN) gene products, but not TNF or IL-6, and mice deficient in0
yD88 did not produce TNF and IL-6 (Erta et al., 2012). Differences in the release of TNF by
LPS activated SCM relative to BM (Figure 3A) may therefore suggests differential weighting of

the MyD88-dependent and -independent pathways in BM and SCM.

2.4.5 Limitations

In vitro culture systems are a powerful reductionist model to study microglia in isolation.
Commonly used activators such as LPS can act on receptors on other CNS cells including
neurons and astrocytes. Hence, isolated microglia cultures improve resolution of microglial
activation profiles without the interference from other CNS constituents. Nonetheless, in vitro
models only mimic injury or inflammation found in vivo, and these simplified models in vitro

may not reflect the whole spectrum of effectors involved in vivo. Notably, myelination is
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incomplete in day one neonatal rats and cultures, and this environmental difference prior to
isolation may influence microglia phenotypes (Downes and Mullins, 2014). Similarly, recent
studies show increased expression of purinergic receptors involved chemotaxis and phagocytosis
in adult microglia relative to neonates (Butovsky et al., 2013; Haynes et al., 2006; Kurpius et al.,
2007; Lai et al., 2013). Genes regulating factors such as cell adhesion, proliferation, migration,
complement system activity, and transcription regulation also exhibited differential expression in
adult vs. neonatal microglia (Butovsky et al., 2013). Hence, microglia isolated from neonatal
mixed glia preparation may not account for variances in response properties due to
developmental state in microglia from different brain regions (Butovsky et al., 2013; Lai et al.,

2013).

2.4.6 Conclusions

CNS microglia are a heterogeneous population of cells whose immune function is
determined by local environment, severity of injury and age of the animal (Lai et al., 2013, 2011;
Lai and Todd, 2008; Yang et al., 2005). Our results suggest that SCM may be less pro-
inflammatory on activation through the TLR4 pathway. These differences between microglial
activation pathways in SCM as compared to BM are an important consideration in rational
design of immune-modulatory or anti-inflammatory therapies specific for spinal cord and brain

injuries.
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2.5 Figures
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Figure 2-1 SCM isolation by mild trypsinization.

(A) Representative micrograph of Ibal-labeled microglia derived from BM or SCM. Scale =
50um. (B) 20 minutes of mild trypsinization produced the highest yield of SCM. SCM counts
were quantified from an average of 6 fields each from four wells of 12 well cell culture plate (n =
4 where n represents the number of independent experiments, where an independent experiment

is a separate microglia preparation).

52



<

o
&
S %,
L %
[32]
o)}
5 H %
n_ O\S
) o,
L
v.-%0\V
T
= 2
H %,
o e e o S
D ¥ ® & =
payIWES JUSIIBY

0.0014

Fiye= 1432

roo\V
x e
* - ),
H &o¢
-,
iy
>
\wav
- 2
H %,
Iy T T 1 %
o <t ™

plogaouwy Jusolad

0.0082

Fi39=8125p

_|

o
3]

o ) o
@ 5 «

|eousyds usoiad

53



Figure 2-2 LPS mediated changes in morphology of SCM and BM.

BM and SCM were activated with LPS to compare the differences in ramified, amoeboid and
spherical morphologies. (A) A main effect of treatment group (BM control, BM LPS, SCM
control, or SCM LPS) on the proportion of microglia with ramified morphology was not
significant (ANOVA, Fig) = 3.893, p = 0.0551). (B) A significant main effect of treatment on
the percentage of amoeboid cells was found (ANOVA, Fi8)= 14.32, p =0.0014). Notably, LPS
activated SCM had significant lower percentage of amoeboid cells relative to SCM controls and
LPS activated BM (Newman-Keuls post hoc test, n = 3, p < 0.05). (C) Treatment significantly
altered the percentage of spherical cells (ANOVA, Fig) = 8.125, p = 0.00821). LPS-activated
BM and SCM had a significant increase in spherical morphology relative to control conditions
(Newman-Keul post hoc test, n = 3, p < 0.05). n represents the number of independent

experiment with a minimum of three replicates. Bars represent percent cells £ s.e.m
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Figure 2-3 Secretion and release of the pro-inflammatory effectors TNF, IL-1p and NO by

SCM and BM activated by LPS.

BM and SCM were activated with LPS to measure the difference in their release of pro-
inflammatory molecules. (A) A significant effect of treatment on TNFsecretion between groups
was observed (ANOVA, F3,16)=5.201, p=0.0107). LPS activated BM had significantly higher
release of TNF compared to BM control and LPS activated SCM (Neuwman-Keuls post hoc
testn =135, p <0.05). SCM had a trend towards increase in TNFon activation with LPS. (B) A
significant effect of treatment was also observed for IL-1p secretion (ANOVA, F3,16=4.210, p
=0.0225). LPS-activated BM had a significantly higher release of IL-1B compared to BM
control and LPS-activated SCM (Newman-Keul post hoc test n =5, p <0.05). We did not see
any change in IL-1p release between LPS activated SCM and SCM control (Newman-Keul post
hoc,n =15, p > 0.05). (C) A significant main effect of treatment group on NO release was
observed (ANOVA, Fi24)=15.76, p = 0.0001). LPS induced a significant increase in release of
NO by BM compared to BM control and LPS activated SCM (Newman-Keul post hoc,n="7,p <
0.05). NO release by LPS-activated SCM was significantly higher than that of SCM and BM
controls (Newman-Keul post hoc, n =7, p<0.05). However, NO release by LPS activated SCM
was significantly less than that of LPS activated BM (Newman-Keul post hoc, n=7, p<0.05). n
represents the number of independent experiment with a minimum of three replicates. Bars

represent mean + s.e.m
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Figure 2-4 Secretion of effectors IL-6, IL-10, and BDNF by LPS activated SCM and BM.

BM and SCM were activated with LPS to measure the difference in their release of these
cytokines and trophic factors. (A) There was no significant main effect of treatment group on IL-
6 release (ANOVA, F8)=3.632, p =0.0642, n = 3). LPS-activated BM and SCM exhibited a
trend towards increased release of IL-6 compared to their respective controls. A significant main
effect of treatment was not observed for either IL-10 release (B, ANOVA, F,16)= 0.6086, p =
0.6190, n = 5) or BDNF release (C, ANOVA, F38)=0.1420, p = 0.9320, n = 3). n represents the
number of independent experiments with a minimum of three replicates. Bars represent mean +

S.€.m
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Figure 2-5 LPS mediated phagocytosis in SCM and BM.

Phagocytosis was measured according to fluorescent intensity of cell lysates from control or
LPS-activated BM or SCM. Within each independent experiment, fluorescence was normalized
to mean control values. LPS induced a significant increase in phagocytic activity of BM relative
to control (n = 8, one sample t-test, p < 0.05) but did not induce any change in the phagocytic
activity of SCM (n = 3, one sample t-test, p > 0.05). Phagocytic assays were performed at 4
degrees Celsius as negative controls (i.e. a reduced phagocytosis condition) to confirm assay
validity (n = 5). n represents the number of independent experiment with a minimum of three

replicates. Bars represent mean + s.e.m
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Figure 2-6 BM SCM viability after LPS treatment.

Microglial viability was assessed via the MTT assay in four treatment groups (BM control, BM
LPS, SCM control, or SCM LPS). There was no main effect of treatment group on microglial
viability (F3,16) = 0.8011, p = 0.5113). n = 5 independent microglia culture preparations. Bars

represent mean + s.e.m
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Chapter Three: A robust method to isolate functional spinal cord microglia from rat

primary mixed glia cultures
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3.1 Introduction

Microglia are involved in a myriad of developmental and homeostatic roles such as clearing
apoptotic neurons, synaptic pruning, and synapse maintenance during development and
adulthood in the central nervous system (CNS) (Morsch et al., 2015; Paolicelli et al., 2011;
Schafer et al., 2012; Sokolowski et al., 2014; Upender and Naegele, 1999; Wake et al., 2009).
Additionally, microglia are the first responders in the event of a perturbation or injury to the
CNS (Nayak et al., 2014; Saijo and Glass, 2011). As the primary immune cells of the CNS
microglia are responsible for acute as well as chronic inflammation due to injury or disease in the
CNS (Saijo and Glass, 2011). The capacity for microglia to be involved in this myriad of CNS
functions is due to their ability to produce and release a repertoire of factors such as cytokines,
chemokines, prostaglandins, reactive oxygen species and trophic factors (Kettenmann et al.,
2011). Depending on the injury or disease as well as severity, microglia can be neuroprotective
or neurotoxic (David and Kroner, 2011; Lai and Todd, 2008; Lambertsen et al., 2009). Microglia
communicate extensively with other glia in the CNS as well as the peripheral immune system
and play a major role in deciding the outcome of an injury or disease to the CNS (Tian et al.,
2012).

Several studies have demonstrated that brain microglia function and response to
perturbation to CNS are influenced by region of origin (Lai et al., 2011), severity of injury (Lat
and Todd, 2008) and age of the organism (Ferrazzano et al., 2013; Floden and Combs, 2011; Lai
et al., 2013). These studies suggest functional heterogeneity of microglial populations within the
brain. Less studied is the heterogeneity between microglia derived from brain and spinal cord.

Recent studies have also found significant functional differences between microglia derived from
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brain and spinal cord (Baskar Jesudasan et al., 2014; Olson, 2010) suggesting microglia in spinal
cord represent a functionally unique population. These previous studies of SCM employed a
technique introduced by Saura et al., (2003) to isolate primary SCM from mixed glial cultures,
considered the current gold standard for in vitro work and extensively used to study the functions
of microglia (Daniele et al., 2014; Garcia et al., 2014; Gingras et al., 2007; Saura et al., 2003;
Tamashiro et al., 2012). However, differences in the composition of spinal cord mixed glia
cultures significantly reduces the frequency of achieving microglial isolation of sufficient (>
95%) purity using this method. Here, we present a method of isolating microglia in culture using
gentle shaking after lidocaine HCl pre-treatment (Lai and Todd, 2008; Siao and Tsirka, 2002)
that consistently yields isolated cell cultures of SCM with excellent purity (= 95%). Notably, the
microglia (BM and SCM) isolated by this technique maintain established functional

characteristics.

3.2 Material and Methods

3.2.1 Media and reagents

Hanks Balanced Saline solutions (HBSS), Dulbecco’s Modified Eagle Medium — Hams’F12
nutrient mixture (DMEM-F12), DMEM-F12 with HEPES (DMEM-F12/HEPES), 0.25%trypsin-
EDTA, FBS, normal horse serum (NHS), and Penicillin-Streptomycin (P/S) were from Gibco
(Thermo-Fisher Scientific, Burlington, ON). Lidocaine HCI, Triton X-100, lipopolysaccharide
(LPS), and sodium nitrite standard solution were from Sigma (Oakville, ON). VectaShield
mounting medium with 4°, 6-diamidino-2-phenylindole (DAPI) was from Vector Labs

(Burlington, ON). Primary antibodies anti-rabbit Ibal (019—-19741) and mouse anti-beta-Actin
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were purchased from Wako (Osaka, Japan) and Sigma (Oakville, ON) respectively. Secondary
antibodies Alexa Fluor 488 donkey anti-rabbit and Alexa Fluor 647 donkey anti-mouse, and
Hoechst 33342 were purchased from Molecular Probes (Thermo-Fisher Scientific, Ottawa, ON).
Rhodamine Red donkey anti-rabbit was purchased from Jackson ImmunoResearch (Cedarlane,

Burlington, Ontario).

3.2.2 Primary mixed glia preparation

All animal protocols were conducted in accordance with Canadian Council on Animal Care
Guidelines and approved by the Animal Care and Use Committee: Health Sciences for the
University of Alberta. Brain and spinal cord for establishing primary mixed glial cultures were
obtained from postnatal day one or two male Sprague-Dawley (SD) rat pups as previously
described (Churchward and Todd, 2014; Lai and Todd, 2008). The SD rat pups were euthanized,
their brains (four) and spinal cords (twenty) were dissected and placed in dissection buffer
(HBSS with and 200 U/ml penicillin, 200 pg/ml streptomycin). Meninges and blood vessels
were removed under a dissection microscope. Tissues were cut into small pieces and incubated
in 0.25% trypsin-EDTA for 25 mins at 37°C, and collected by centrifugation (2000 x g, 2 min).
Trypsin -EDTAwas inactivated with maintenance media (DMEM/F12 supplemented with 10%
FBS and 200 U/ml penicillin, 200 pg/ml streptomycin) and tissues were dissociated by trituration
in maintenance media and centrifuged at 2000 x g for 2 mins. The brain and spinal cord cell
pellet was re-suspended in maintenance media and seeded at equal density into cell culture
treated T75 flasks coated with poly-L-lysine. Cells were maintained in a 37°C, 5% CO»

humidified incubator with maintenance media replaced twice weekly.
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3.2.3 Microglia isolation by Lidocaine HCI method

Microglia were isolated from primary mixed glial cultures at 21 days in vitro by modification of
the lidocaine HCI shaking method (Lai and Todd, 2008; Siao and Tsirka, 2002). At 24-hrs prior
to isolation cultures were refreshed with DMEM/F-12 supplemented with 10% FBS, and
immediately before isolation this media was collected, filtered (0.22 um), and diluted 1:1 with
DMEM/F-12 to make conditioned media. Brain and spinal mixed glial cultures at 21 days in
vitro were refreshed with DMEM-F12/HEPES with 10% FBS at 37°C 30 mins before lidocaine
HCI treatment. Lidocaine HCI was added to the primary mixed glial culture to a final
concentration of 15 mM in the media, the cultures were incubated for 3 mins and shaken for 7
mins in an orbital shaker at 50 rpm at 37°C. Microglia were collected from the media by
centrifugation (2000 x g, 2 mins at room temperature). Cell pellets were gently re-suspended in 1
mL of conditioned media using 1 mL pipette tip. Cell suspensions were washed by adding 9 mL
of their respective conditioned media and centrifuged at 2000 x g for 2 minutes at room
temperature. The cell pellets were again re-suspended by trituration in their respective
conditioned media and the cells were counted and seed at a density of 1x10° cell/mL in 48 or 24
well poly-L-lysine coated polystyrene plates. The microglia were allowed to settle in the plates
for 10 mins at 37°C in a 5% CO2 incubator after which non-adherent cells were washed gently
with DMEM at 37°C and respective conditioned media was added to the brain and spinal
microglia which were allowed to recover overnight. Conditioned medium was replaced with

fresh DMEM/F-12 immediately prior to treatments.

65



3.2.4 Immunohistochemistry

Cells were washed 1x with HBSS and fixed in 5% PBS buffered formalin solution for 10 mins
at room temperature. The cells were permeabilized and blocked with 0.1% Triton X-100 and
10% NHS in PBS for 40 mins at room temperature. The fixed and permeabilized cells were
sequentially labelled with primary antibodies and secondary antibodies prepared in PBS with 1%

NHS for 1 hour at room temperature or overnight at 4°C at the concentrations indicated in table

1.

Table 2 Chapter 3 Antibodies used

Primary Antibody Host Concentration Manufacture
CNPase Mouse 1:1000 SIgma
beta-Actin Mouse 1:1000 Sigma

GFAP Mouse 1:1000 Sigma

Ibal Rabbit 1:1000 Wako

Secondary Antibody Host Concentration Manufacture
Anti-rabbit Alexa Fluor 488 Donkey 1:500 Molecular Probes
Anti-mouse Alexa Fluor 647 Donkey 1:500 Molecular Probes
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3.2.5 Nitric Oxide (NO)

NO release was measured indirectly by quantifying the stable metabolite nitrite in culture media
using a method described by Griess (1879). Media was collected 24 hours after treatment and
100 pL of LPS treated or treatment control media and 50 pL each of 1% sulphanilamide (in 3N
HCI) followed by 0.02% N-napthylethylenediamine were added per well of 96-well plate in
duplicates. Absorbance was read at 540 nm and the amount of nitrite metabolite was interpolated

from a set of standards measured in parallel.

3.2.6 Statistics

Results are represented as percentage of total population for cell purity and raw values
normalized to total protein = standard error of mean for NO assay. Statistical analyses were
carried out using two-way ANOVA followed by Sidak’s methods to test for significance
between treatment groups. n represents a single independent experiment (i.e an independent
culture preparation) with a minimum of three technical replicates. Each technical replicate is a
well in a 48 or 24 well culture plate, except for immunocytochemistry studies where n represents
a single well of an independent experiment. All statistical analyses were done using Graphpad

Prism version 7.
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3.3 Results

3.3.1 Presence of fibroblast like cells in SCM

Three-week old mixed brain and spinal cord glial cultures consist mainly of astrocytes,
microglia, and a small population of oligodendrocytes, labelled with GFAP, Ibal and CNPase
respectively (Figure 3-1). Consistent with previous studies, spinal mixed glia consists primarily
of fibrous astrocytes as compared to brain mixed glia, which consist predominantly of
protoplasmic astrocytes (Figure 3-1) (Kerstetter and Miller, 2012). Previously, we have shown
that mild trypsinization technique can be used to isolate spinal cord microglia (SCM) (Figure
3-1) (Baskar Jesudasan et al., 2014). However, over the course of 27 independent culture
experiments, each consisting of four 12-well plates per brain or spinal culture preparation, only
78% of SCM isolated by mild trypsinization yielded sufficiently pure SCM (purity >95%). This
reduced purity hampers the experimental utility and cost-effectiveness of this isolation method.
In cases where high purity was not achieved, fibroblast-like cells (labelled with beta-Actin) were
found in mild trypsin isolation cultures (Figure 3-2B and Figure 3-3). Based on these cellular
contaminants, a better method of isolation to significantly reduce fibroblast contamination and

achieve high purity SCM cultures was investigated.

3.3.2 Isolation of microglia by lidocaine HCl increases purity of SCM compared to the mild-

trypsinization isolation method

Previous studies have shown that lidocaine HCI can be used to isolate highly pure BM

(Lai and Todd, 2008; Siao and Tsirka, 2002), but the ability of this approach to reduce fibroblast
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contamination in SCM cultures was not known. Our data show that lidocaine HCI isolation can
be used to isolate SCM and that this technique effectively reduced fibroblast-like cells in SCM.
Microglia were isolated in 15 independent brain and spinal culture preparations with at least 12
technical repeats for SCM and BM (each technical repeat is a well of a 48-well plate). Notably,
for all cultures (total of 360 wells) purity was assessed using phase contrast microscopy and less
than 5% contaminating fibroblast like cells were observed in all wells. The purity of BM and

SCM (> 95% microglia) cultures was confirmed by immunocytochemistry (Figure 3-4).

3.3.3 Microglia isolated by lidocaine HCI are functionally similar to those isolated by mild-

trypsinization

To confirm that BM and SCM maintain established functional properties whether by mild
trypsin or lidocaine HCI protocols, release of nitric oxide (NO) after treatment with LPS
(1ng/mL) was assessed. As expected, a significant main effect of LPS was observed in all
microglial preparations (F (1,16) =40.29, p < 0.0001) (Figure 3-5). However, there was no overall
main effect of isolation method (F 3,16)= 1.87, p = 0.18) in three independent experiments
(Figure 3-5), confirming that isolation with lidocaine HCI improves purity (relative to mild

trypsinization) without altering functional properties in response to known activators.
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3.4 Discussion

3.4.1 Highly pure SCM can be isolated by lidocaine HCI isolation method

Microglia play an important role in deciding the outcome of CNS injuries and disease
(Kettenmann et al., 2011; Saijo and Glass, 2011). Factors released by microglia induce
neurotoxic or neurotrophic processes in the CNS (Kettenmann et al., 2011; Saijo and Glass,
2011). Recent literature suggests that microglial phenotype is significantly altered by the region
of origin, age, and severity of injury (Baskar Jesudasan et al., 2014; Ferrazzano et al., 2013;
Floden and Combs, 2011; Lai et al., 2013, 2011; Lai and Todd, 2008). Hence, an improved
understanding of the functional differences between brain and spinal cord microglia can further
our understanding of their unique contributions to pathologies in the CNS and potentially guide
therapeutic interventions targeting the inflammatory component of CNS disease and injury. SCM
can be isolated from spinal cord mixed glia cultures by mild trypsinization (Chapter 2); however,
SCM cultures isolated using this approach frequently contain contaminating fibroblast-like cells,
limiting the utility of this approach (Figure 3-3). Consistent high purity SCM would improve
throughput for studies examining the unique functional properties of these cells and their role in
spinal physiology and pathology. This study demonstrates that SCM can be isolated from spinal
cord mixed glia using a protocol including lidocaine HCl pre-treatment and gentle shaking. The
purity of SCM and BM was greater than or equal to 95% in all wells and experiments (n=12
wells in 15 different cultures for BM and SCM respectively), whereas only 78% of SCM

isolation using mild trypsinizaiton offered comparable purity.
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3.4.2 Benefits of lidocaine isolation relative to mild trypsinization protocols

Previous studies have shown that lidocaine can attenuate TLR-4R expression and
upregulation of inducible nitric oxide synthase by macrophages (Huang et al., 2006; Lee et al.,
2008). However, our data suggest that lidocaine isolation and overnight recovery in conditioned
media mitigated the effects of lidocaine on TLR-4R. This demonstrated in Figure 3-5 where
lidocaine isolated microglia activated by LPS had NO levels comparable to that of mild
trypsinization condition microglia. Microglial response properties do not appear to differ
between isolation methods. Lidocaine HCl isolation is therefore a better protocol (as compared to
standard approach using mild trypsinization) for studies using SCM. Beyond improved purity,
this lidocaine HCI isolation method also improved the ability to control the seeding density
between SCM and BM to allow for more accurate comparisons and is a faster isolation process
than mild trypsinization or conventional shaking techniques. The ability to lift off microglia and
control seeding density of microglia broadens the applications for the cultures, such as for
incorporation into co-culture models, 3D cell cultures, and implantation into in vivo models
where seeding density has to be consistent to make meaningful comparisons. The current
understanding of SCM role in CNS disease or injury models is limited due to the near exclusive
usage of BM, bone marrow-derived macrophages, or mix of brain-and spinal cord microglia to
study spinal cord injury/disease models (Greenhalgh and David, 2014; Hynds et al., 2004; Sato
etal., 2012; Yu et al., 2009). Given the demonstrated functional differences between BM and
SCM (Chapter 2), an improved method to isolate SCM will allow more accurate investigations
of their role in injury and recovery processes in the spinal cord and more effective tools to

manipulate their activity locally in the cor
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3.5 Figures

Figure 3-1 Brain and spinal cord mixed glia culture.

Representative photomicrographs of brain and spinal cord mixed glial cultures labeled for microglia
(Ibal), astrocytes (GFAP), oligodendrocytes (CNPase). The spinal cord astrocytes were mostly fibrous

in nature compared to brain astrocytes. Scale = 100 um.
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Figure 3-2 Representative photomicrographs of brain and spinal cord microglia isolated by
mild trypsinization.

A) Brain and spinal microglia (BM and SCM) isolated by mild trypsinization. Note white arrows
point to nuclei that were not labelled with Ibal. Such cells were only observed in SCM cultures.
Scale = 50 pm.

B) Representative phase contrast images with fibroblast-like cells in SCM (black arrows) but not
BM. The lower panel shows a higher magnification view of fibroblast-like cells (black arrows).

Scale = 50 and 25 um, respectively.
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Figure 3-3 Fibroblast-like cells in spinal cord culture.

Fibroblast-like cells in spinal cord microglia cultures. Actin labelling distinguishes fibroblast-
like cells from microglia in cultures isolated using mild-trypsinization method. 22% of isolations

using this method had to be discarded due to contaminating cells. Scale = 50 pm
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Figure 3-4 Representative lidocaine HCl isolated brain and spinal cord microglia.

Representative photomicrographs of brain and spinal microglia labelled with Ibal for microglia
and beta actin to label non-microglial cells. The purity of all BM and SCM cultures was >95%,

N= 3, Scale = 50 pm
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Figure 3-5 Release of the pro-inflammatory effector NO by mild trypsinization and lidocaine HCI

isolated microglia

BM and SCM were treated with LPS (1ug/mL) to measure differences in NO release due to
method of isolation and region of origin. NO release of BM and SCM isolated by mild trypsin
and lidocaine HCI had a significant main effect for LPS treatment (F (1,16) =40.29, p < 0.0001).

However, isolation method did not have a significant effect on NO release (F 3,16)=1.87,p =

0.18). N=3, * represent p <0.05.
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Chapter Four: The effect of ATP, glutamate and conditioned media on brain and spinal

microglia
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4.1 Introduction

Microglia have the capacity to respond to pathogens, insults, and injuries that disrupt the
homeostasis of the CNS (Kettenmann et al., 2011). They are able to respond to a wide variety of
environmental stimuli due to their repertoire of receptors that can sense damage-associated
molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) in the central
nervous system (CNS) (Gadani et al., 2015; Kigerl et al., 2014). Adenosine triphosphate (ATP)
and glutamate are examples of DAMPs that are released into the extra cellular milieu in response
to various injuries or perturbations of CNS, including cell death due to stroke, spinal cord injury,
traumatic brain injury (Gadani et al., 2015; Kigerl et al., 2014).

ATP and glutamate are well known for their role as chemotactic agents that recruit
microglia to the site of injury (Duan et al., 2009; Liu et al., 2009). ATP has also been shown to
induce upregulation of pro-inflammatory factors such as TNF (tumor necrosis factor), IL1J
(interleukin 1 beta) and NO (nitric oxide) by microglia through purinergic receptor pathways
(Kettenmann et al., 2011; Rodrigues et al., 2015). Similarly, glutamate has been shown to induce
pro-inflammatory factors such as TNF, IL1B, and NO in microglia through glutamate receptors
(Kettenmann et al., 2011; Murugan et al., 2013; Pocock and Kettenmann, 2007). However, most
studies that investigated these DAMPs used specific receptor agonists or antagonists or used
non-physiological concentrations (10 fold above the physiological concentrations) to determine
their effects on microglia in culture (Dai et al., 2010; Vincent and Maiese, 2000).

ATP and glutamate can activate ionotropic (ATP: P>Xi.7, glutamate: AMPA(Glu2/3),
kainate (Glu5)) and metabotropic receptors (ATP: P2Y 1.6,11-14, glutamate: mGlui-g) on microglia

(for more details on types of receptors and signaling refer to chapter 1). Previously, it was shown
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that ImM glutamate induces release of TNF through AMPA (GluR2-4) and kainate (GluRY)
receptors (Noda et al., 2000). The Group II mGlurR2 and 3 specific agonist DCG-IV also
induces TNF release by microglia (Taylor, 2005). Interestingly, selective inhibition of group II
mGlu5 reduces TNF release by LPS-activated microglia (Byrnes et al., 2009). In the present
study, physiologically relevant concentrations of ATP and glutamate that mimic injury were used
to test if they have a differential effect on BM and SCM. Previous studies in models of rat
ischaemia and TBI have shown that a 10 uM concentration of glutamate occurs in the uninjured
CNS extracellular milieu, and that this concentration is increased to 30 uM after ischaemic injury
or TBI (Dai et al., 2010; Hinzman et al., 2010; Marini and Paul, 1992; Ueda et al., 1992).
Glutamate concentrations of more than 100 uM induce neurotoxicity (Marini and Paul, 1992).
While there is no general consensus on ATP concentration in the extra cellular milieu, it has
been suggested that after an injury a 500uM concentration and above occurs (Burnstock, 2006;
Seeland et al., 2015), and several studies have utilized a 1mM concentration of ATP to measure
the effect of ATP on microglia (Ehrlich et al., 1987; Harada et al., 2011; Kawamura, 2004; Lai,
2010; Verderio and Matteoli, 2001)

Microglial phenotypes are dependent on region of origin (Lai et al., 2011), age, sex and
environment (Grabert et al., 2016b; Lai et al., 2013; Sorge et al., 2011). Notably, spinal cord
microglia (SCM) have a reduced inflammatory profile in response to activation by
lipopolysaccharide (LPS) relative to microglia derived from the brain (BM) (Baskar Jesudasan et
al., 2014). However, the responses of SCM (relative to BM) to physiological stimulation with
ATP and glutamate have not been investigated. Given that previous data suggest a reduced
inflammatory phenotype in SCM, this study tested the hypotheses that physiological activators
such as ATP and glutamate would induce a reduced inflammatory profile in SCM compared to
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BM. Previously, we have shown that microglia from different regions of brain (hippocampus
and thalamus) that are exposed to conditioned media from striatum acquired an inflammatory
profile similar to that of microglia originally derived from the striatum (Lai, 2010). This suggests
that microglia are a highly plastic population of cells. Hence, we also hypothesized that regional
heterogeneity is not fixed and that BM exposed to SCM condition media would move toward an
inflammatory profile similar to that of SCM.

To test the first hypothesis, BM and SCM from one-day or two-day old Sprague-Dawley
rat pups were activated in vitro with ATP (1mM, concentration in vitro as previously established
(Lai, 2010) and glutamate (10 uM to model physiological concentration in rat brain parenchyma,
30 uM to mimic the concentration measured iz vivo in rat brain parenchyma after ischaemic or
TBI injury, and 100 uM to mimic excitotoxic injury) (Choi and Rothman, 1990; Dai et al., 2010;
Hinzman et al., 2010; Marini and Paul, 1992; Ueda et al., 1992). To test the second hypothesis,
BM were incubated in conditioned media from brain and spinal cord mixed glia (BMix CM and
SMix CM, respectively) to replicate the environment in which BM and SCM were cultured. BM
conditioned in BMix ¢cm and SMix cm were activated with ATP, glutamate (10 uM, 30 uM,100

uM) and LPS (1pg/ml) and pro-inflammatory factors released were measured.
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4.2 Methods

4.2.1 Material and Methods

4.2.2 Media and reagents

Hanks Balanced Saline solutions (HBSS), Dulbecco’s Modified Eagle Medium — Hams’F12
nutrient mixture (DMEM-F12), DMEM-F12 with HEPES (DMEM-F12/HEPES), 0.25%trypsin-
EDTA, feal bovine serum (FBS), and Penicillin-Streptomycin (P/S) were from Gibco (Thermo-
Fisher Scientific, Burlington, ON). ATP, glutamate, lidocaine HCI, Triton X-100, LPS, and

sodium nitrite standard solution were from Sigma (Oakville, ON).

4.2.3 Primary mixed glia preparation

All animal protocols were conducted in accordance with Canadian Council on Animal Care
Guidelines and approved by the Animal Care and Use Committee: Health Sciences for the
University of Alberta. Brains and spinal cords for establishing primary mixed glial cultures were
obtained from postnatal day one or two male Sprague-Dawley (SD) rat pups as previously
described (Churchward and Todd, 2014; Lai and Todd, 2008). The SD rat pups were euthanized,
their brains (four) and spinal cords (twenty) were dissected and placed in dissection buffer
(HBSS with 200 U/ml penicillin, 200 pg/ml streptomycin). Meninges and blood vessels were
removed under a dissection microscope. Tissues were cut into small pieces and incubated in
0.25% Trypsin-EDTA for 25 min at 37°C, and collected by centrifugation (2000 x g, 2 min).
trypsin was inactivated with maintenance media (DMEM/F12 supplemented with 10% FBS and

200 U/ml penicillin, 200 pg/ml streptomycin) and tissues were dissociated by trituration in
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maintenance media and centrifuged at 2000 x g for 2 mins. The brain and spinal cord cell pellets
were re-suspended in maintenance media and seeded at equal density into cell culture-treated
T75 flasks coated with poly-L-lysine. Cells were maintained in a 37°C, 5% CO; humidified

incubator with maintenance media replaced twice weekly.

4.2.4 Microglia isolation by lidocaine HCl isolation method

Microglia were isolated from primary mixed glial cultures at 21 days in vitro by modification of
the lidocaine HCI shaking method as described in Chapter 3 (Lai and Todd, 2008; Siao and
Tsirka, 2002). At 24-hours prior to isolation cultures were refreshed with DMEM/F-12
supplemented with 10% FBS, and immediately before isolation this medium was collected,
filtered (0.22 um), and diluted 1:1 with DMEM/F-12 to make conditioned medium. Brain and
spinal mixed glial cultures at 21 days in vitro were refreshed with DMEM-F12/HEPES with 10%
FBS at 37°C 30 mins before lidocaine HCI treatment. Lidocaine HCI was added to the primary
mixed glial culture to a final concentration of 15 mM in the media, the cultures were incubated
for 3 mins and shaken for 7 mins in an orbital shaker at 50 rpm at 37°C. Microglia were
collected from the media by centrifugation (2000 x g, 2 minutes at room temperature). Cell
pellets were gently re-suspended in 1 mL of conditioned media using 1 mL pipette tip. Cell
suspensions were washed by adding 9 mL of their respective conditioned media and centrifuged
at 2000 x g for 2 mins at room temperature. The cell pellets were again re-suspended by
trituration in their respective conditioned media and the cells were counted and seed at a density
of 1x10° cell/mL in 48 or 24 well poly-L-lysine coated polystyrene plates. The microglia were

allowed to settle in the plates for 10 mins at 37°C in a 5% CO2 incubator after which non-
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adherent cells were washed gently with DMEM at 37°C and respective conditioned media were
added to the BM and SCM and the mixture were allowed to recover overnight. Conditioned

media were replaced with fresh DMEM/F-12 immediately prior to treatments.

4.2.5 Nitric Oxide (NO)

NO release was measured indirectly by quantifying the stable metabolite nitrite in culture media
using a method described by Griess, (1879)). Media were collected 24 hours after treatment, 100
uL of treatment or control media were added to a 96-well plate in duplicates followed by 50 uLL
each of 1% sulphanilamide (in 3N HCI) and 0.02% N-napthylethylenediamine per well.
Absorbance was read at 540 nm and the amount of nitrite metabolite was interpolated from a set

of standards measured in parallel.

4.2.6 Enzyme Linked Immunosorbent assays (ELISA)

Commercial ELISA kits were used to measure TNF, IL-1B, IL6 and IL-10 in media
(DuoSet, R&D Systems Minneapolis, USA). ELISA procedures were carried out according to

manufacturer protocols.

4.2.7 Statistics

Statistical analyses were carried out using two-way ANOVA followed by Sidak’s methods to test
for significance between treatment groups. n represents a single independent experiment (i.e. an

independent culture preparation) with a minimum of three technical replicates. Each technical
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replicate represents a well in a 12, 24 or 48 well culture plate. All statistical analyses were done

using Graphpad Prism version 6.

4.3 Results

4.3.1 Secretion of pro-inflammatory effectors by BM and SCM exposed to ATP

ATP is commonly released in the extracellular milieu after injury to the CNS (Gadani et
al., 2015; Kettenmann et al., 2011; Rodrigues et al., 2015). To investigate phenotypic differences
between SCM and BM in response to this endogenous activator, isolated SCM and BM
microglia were treated with ATP. Previous studies suggest that ATP concentrations of 1 mM are
sufficient to induced a pro-inflammatory profile in BM (Ehrlich et al., 1987; Harada et al., 2011;
Kawamura, 2004; Lai, 2010; Verderio and Matteoli, 2001). BM and SCM were therefore treated
with 1 mM ATP, and pro-inflammatory factors (NO, TNF, IL6, IL-1p) released into cell culture
media were measured using the Greiss assay (NO) and ELISAs (TNF, IL6, IL-1B). Two-away
ANOVA identified a significant main effect of treatment and a significant interaction between
microglia and treatment for release of NO (F 2,24y =4.119, p = 0.029), TNF (F (2,42) = 20.00, p <
0.0001), IL-1B (F 2,300 =9.951, p <0.0005) (Figure 4-1,Figure 4-2A, Figure 4-3). A significant
main effect of microglia was also observed for TNF (F (1,42) = 23.20, p < 0.0001), IL6 (F (130) =
7.531, p <0.010) and IL-1B (F (1,300 =26.05, p < 0.0001). (Treatment: NO, F 224y = 14.58, p <
0.0001; TNF, F 242) = 78.35, p <0.0001; IL6, F 2,300 = 17.82, p < 0.0001; IL-1B, F 2.30) = 3.372,
p = 0.0478; Interaction: NO, F 224)=4.119, p = 0.029; TNF, F (2.42)=20.00, p < 0.0001; IL-1p,
F 2300=9.951, p <0.0005). A significant main effect of microglia was also observed for TNF (F
(142)=23.20, p <0.0001), IL6 (F (1,30)=7.531, p <0.010) and IL-1B (F (1,30) = 26.05, p <
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Sidak post-hoc test revealed that NO, TNF and IL-1p released by LPS (1 pg/ml) activated SCM
LPS was significantly less that of BM LPS (BM LPS vs SCM LPS: NO p =0.042, TNF p <
0.001, IL-1B p < 0.0001). No other significant comparisons were found, and group differences

appear to result primarily from response to LPS activation.

4.3.2 Secretion of proinflammatory effectors by BM and SCM exposed to glutamate

Glutamate agonists have been shown to induce pro- or anti-inflammatory profile in a
receptor dependent manner in microglia (Dai et al., 2010; Mead et al., 2012; Vincent and Maiese,
2000). However, direct study of microglia phenotype in response to physiological concentrations
of glutamate has not been frequently investigated. Here, 10 uM (representing physiological
levels of glutamate in CNS extra cellular milieu), 30 uM (levels present in in vivo ischaemic
injury), 100 uM (levels present at excitotoxicity injury sites) (Choi and Rothman, 1990; Ueda et
al., 1992) were selected as concentrations for treatment of BM and SCM. Two-way ANOVA
identified significant interaction between microglia and treatment for NO (Fu20=13.13, p
<0.0001) (Figure 4-4). There was also a significant main effect of microglia (F,20) =15.67, p =
0.0008) and treatment (F,20) =50.43, p < 0.0001) (Figure 4.5.4.). Furthermore, Sidak post-hoc
analysis revealed that NO released by SCM LPS was significantly less than that of LPS treated
BM (BM LPS vs SCM LPS p < 0.0001) (Figure 4-4). Two-way ANOVA also revealed a
significant main effect of treatment for TNF (F,30) = 38.13 p < 0.0001), IL6 (F440) =16.87, p <
0.0001), and IL-1B (F@440) = 20.54 p < 0.0001) (Figure 4-5 and Figure 4-6). A significant main
effect of microglia for IL-1B was detected (F(1,40)= 7.232 p = 0.0104). Sidak post-hoc analysis

revealed that LPS mediated IL6 and IL-1p release by BM was significantly higher than that of
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SCM LPS condition (BM LPS vs SCM LPS p < 0.05) (Figure 4-5B and Figure 4-6). As with
ATP studies above, post-hoc comparisons did not identify statistically significant differences in

cytokine release between BM and SCM in response to different glutamate concentrations.

4.3.3 Secretion of proinflammatory effectors by BM exposed to BMix CM and SMix CM

In addition to regional heterogeneity in microglia isolated from different areas of the
brain (Lai et al., 2011), it has been shown that the microglia phenotypes differ with age and that
phenotypes from different age groups are not fixed. Notably, conditioned media from microglia
derived from one age group as well as a different region can be used to alter the phenotype of
microglia derived from animals of a different age group or region of brain (Lai, 2010). This
suggests that the BM are highly plastic cells capable of adapting to immediate environment and
their phenotype is dictated not only by genetics but also their immediate environment. Therefore,
the pro-inflammatory profile of SCM may be due to the conditioning by spinal cord mixed glia
culture media. We hypothesized that conditioning BM with SMix CM (spinal cord mixed glia
conditioned media) would alter the concentrations of inflammatory factors released by BM. To
test the hypothesis, BM were incubated in SMix CM or BMix CM (brain mixed glia conditioned
media) prior to treatment with ATP, glutamate, or LPS. BM incubated in BMix CM and SMix
CM were activated with glutamate (10 uM, 30 uM, 100 uM), ATP (1 mM), LPS (1pg/ml) and
the release of IL6 and IL-1p was measured. Two-way ANOVA that conditioned media (F (1,24) =
12.98, p=10.001) and treatment F (s 24) = 92.45, p < 0.0001) had a significant main effect for IL-6
release (Figure 4-7), and suggested a trend towards a significant interaction for IL6 release (F (i,

24) = 2.487, p = 0.058). Sidak post-hoc tests suggest that IL-6 released in response to LPS was
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significantly greater in BM incubated in SMix CM (BMix CM BM LPS vs SMix CM BM LPS,
p < 0.0032) (Figure 4-7). Moreover, BM release of IL6 in response to 100 uM glutamate was
significantly greater when incubated in SMix CM (BMix CM BM 100 uM vs SMix CM BM 100
uM, p < 0.0480 respectively) (Figure 4-7). Similarly, significant main effects of conditioned
media (F (1,24) = 6.965, p < 0.05) and treatment (F (5,24) = 12.37, p < 0.001) were detected for IL-
1B release by BM, and suggested an overall reduction in IL-1f release with SMix CM (Figure
4-8). However, the Sidak post-hoc test did not reveal any significant comparisons between BMix

CM and SMix CM groups (Figure 4-8).

4.4 Discussion

4.4.1 ATP and glutamate activation of microglia

Insults to the CNS, such as ischaemic stroke and spinal cord injury, cause neuronal injury and
lead to release of neurotransmitters such as ATP and glutamate into the extracellular milieu
(Kettenmann et al., 2011; Pocock and Kettenmann, 2007; Rodrigues et al., 2015; Ueda et al.,
1992). Increased glutamate concentration in the extracellular milieu induces excitotoxicity
injury to neurons and chemotaxis of microglia to the site of injury (Kettenmann et al., 2011; Liu
et al., 2009; Pocock and Kettenmann, 2007). Similarly, ATP released in the extracellular milieu
induces microglial activation as well as chemotaxis of microglia to the site of injury (Li et al.,
2013; Rodrigues et al., 2015). However, the response of microglia to known activators and to
perturbations in the CNS are also dependent on their immediate environment (Lai and Todd,

2008).
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4.4.2 ATP mediated cytokine profile of BM and SCM

Previous studies suggest that SCM have a reduced inflammatory phenotype in response
to LPS exposure relative to BM. In this study, we found no differences in the release of the pro-
inflammatory factors NO, TNF, IL-6 or IL-1 between BM and SCM treated with ATP (ImM)
(Figure 4-1, Figure 4-2, and Figure 4-3). This data suggests regional heterogeneity (i.e. microglia
from brain vs microglia from spinal cord) does not influence ATP (purinergic receptors)
mediated activation of microglia, unlike LPS where the SCM inflammatory profile was reduced
compared to that of BM (Chapter 2). This data suggests that ATP by itself may have a primary
role as a chemoattractant rather than an immunomodulator (Honda et al., 2001; Wu et al., 2007).
Moreover, previous studies have also shown that combination of DAMPs (ATP+LPS) induces a
much quicker induction (peaked at five hours post treatment) of inflammatory cytokine IL-10
than just LPS (peaked at 25 hours) (Sanz and Virgilio, 2000). This suggests that ATP may act in
combination with other DAMPs to evoke quick induction of inflammatory processes after an

injury, in addition to a role as a chemoattractant.

4.4.3 Glutamate mediated cytokine profile of BM and SCM

Previous studies shown that ImM glutamate induced release of TNF through AMPA
(GluR2-4) and kainate (GluRS5) receptors (Noda et al., 2000). Similarly, Group II m GlurR2 and
GlurR3 specific agonist DCG-IV induce TNF release by microglia (Taylor, 2005). However,
ImM glutamate does not mimic the concentration of glutamate at the site of an ischaemic injury
or TBI (Dai et al., 2010; Hinzman et al., 2010; Marini and Paul, 1992; Ueda et al., 1992). The

purpose of this glutamate study was to test if glutamate can induce the release of inflammatory
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factors at physiological concentrations mimicking ischaemic and excitotoxicity injury and to test
if glutamate could induce differential release of inflammatory factors by BM and SCM.
Glutamate at physiological concentrations did not induce the release of pro-inflammatory factors
(TNF and IL6) and there was no significant difference between BM and SCM release of these
factors (Figure 4-5). However, an overall reduction in NO and IL-1P release by SCM was
observed in glutamate experiments (Figure 4-4 and Figure 4-6). Interestingly, it has been shown
that glutamate can induce chemotaxis in microglia (Liu et al., 2009). Thus, glutamate at
physiological concentrations may also play a primary role as a chemoattractant in addition to its

role as mediator of inflammation.

4.4.4 Conditioned media-mediated cytokine profile of BM and SCM

All microglia in the CNS originate from the yolk sac during embryogenesis. This
suggests that all microglia in CNS are genetically very similar (Ginhoux and Prinz, 2015).
However, microglia are very versatile and studies have shown that they can have different
phenotypes (surface receptor expression, pro-, and anti- inflammatory factors release) in distinct
regions of brain (Lai, 2010). For example, the P2XR7 and P2 YRz expression is higher in
striatum than in other regions of the brain (Lai, 2010). This suggests that microglia adapt to their
immediate environment, potentially due to paracrine signaling from neighbouring cells that alters
the extracellular milieu.

The conditioned media experiments were designed to answer the question whether the
BM exposed to SMix CM would adopt a SCM-like phenotype compared to BM exposed to

BMix CM. Notably, SMix CM significantly increased release of IL-6 (Figure 4-7), suggesting
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that the environmental milieu can significantly affect phenotype for certain inflammatory
molecules. This increase in IL6 mimics a trend observed after LPS activation in Chapter 2.
Similarly, an overall reduction in IL-13 release was observed after incubation of BM with SMix
CM, again similar to differences observed between BM and SCM in Chapter 2. The conditioned
media experiments therefore provide further evidence that BM phenotype is plastic and can be
modified by exposure to SMix CM, thus supporting the hypothesis that not only the region of
origin but also the immediate environment determine the phenotype of microglia. This further
supports the postulate that brain as well as SCM phenotype is not fixed by region of origin and
that immediate environment plays a crucial role in microglial phenotype after perturbation or
injury to CNS. The data also aligns well with previous studies that demonstrated that the
inflammatory profile of microglia is dependent on the severity of injury, where microglia were

beneficial to outcome of mild injury (Lai et al., 2013; Lai and Todd, 2008).

4.4.5 Summary

Chapter 4 investigated whether ATP and glutamate induce a differential inflammatory
profile in SCM vs. BM, and addressed whether these mediators at physiological concentrations
induce the release of inflammatory cytokines by BM and SCM. Our study is one of the few
studies to examine the effects of physiological concentrations of glutamate on microglia. Our
results suggest that ATP and glutamate do not induce significant release of pro-inflammatory
factors such as NO, TNF, IL6 and IL-1B. However, our data do not preclude a role for these
activators in the inflammatory response to brain injury. Both ATP and glutamate are involved in

chemotaxis of microglia and can potentially recruit microglia to the site of injury or perturbation
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(Honda et al., 2001; Liu et al., 2009; Wu et al., 2007). Moreover, it was found that ATP in
combination with LPS induces faster maturation and release of intracellularly accumulated IL-13
(Sanz and Virgilio, 2000). The consequences of glutamate treatment on the inflammatory profile
of LPS are not defined. Previous studies have shown that exposing microglia from thalamus and
hippocampus to conditioned media from striatum induces a striatum-like phenotype in the
microglia (Lai, 2010). Similarly, we found that SMix CM altered the response profiles of BM in
BMix CM, increasing release of IL6 release and reducing IL-1f in response to LPS activation
(Figure 4-7 and Figure 4-8). Overall, our data suggest that ATP and glutamate at physiological
concentration do not induce an inflammatory profile in BM and SCM, at least with respect to
cytokine release. Thus, the data provide further support that the phenotype of BM as well as
SCM in vitro is determined by both region of origin and immediate environment in addition to

other factors such as age and sex (Grabert et al., 2016a; Lai et al., 2013; Sorge et al., 2011).
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4.5 Figures
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Figure 4-1 Release of the pro-inflammatory effector NO by ATP activated BM and SCM.

Two-away ANOVA identified significant interaction between microglia and treatment for NO (F
024 =4.119, p=0.0290) and Two-way ANOVA identified a main effect of treatment for NO (F
24)=14.58, p <0.0001). ATP treatment did not induce a significant difference in the release of
inflammatory factor NO between BM and SCM ATP treatments. However, Sidak post-hoc test
revealed a significant difference between BM LPS and SCM LPS, * represents p <0.05,n=35
where n represents the number of independent experiments, where an independent experiment is

a separate microglia preparation. Bars represent mean + s.e.m
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Figure 4-2 Secretion of the pro-inflammatory effectors TNF and IL6 by ATP activated BM

and SCM.

A) Two-away ANOVA identified significant interaction between microglia and treatment TNF
(F 2,42)=20.00, p <0.0001). A, B) A significant main effect of microglia (TNF (F (1,42) = 23.20,
p <0.0001) and IL6 (F (1,30)=7.531, p <0.010) and treatment (TNF (F 2,42y = 78.35, p < 0.0001)
and IL6 (F 2,30)=17.82, p <0.001) was also observed. However, ATP treatment did not induce a
significant difference in the release of inflammatory factors TNF and IL6 between BM and SCM
ATP treatments. A significant difference between BM LPS and SCM LPS was revealed by the
Sidak post-hoc test, * represents p < 0.05, n = 8 for TNF and n = 6 for [L6 where n represents the
number of independent experiments, where an independent experiment is a separate microglia

preparation. Bars represent mean =+ s.e.m
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Figure 4-3 Secretion of the pro-inflammatory effector IL-p by ATP activated BM and

SCM.

Two-away ANOVA identified significant interaction between microglia and treatment for IL-13
(F 230)=9.951, p <0.0005), A significant main effect of microglia (F (130) = 26.05, p <0.0001)
and treatment (F (230) = 3.372, p = 0.0478) was also observed for IL-1p. However ATP treatment
did not induce a significant difference in the release of inflammatory factor IL- between BM
and SCM after ATP treatments. A Sidak post-hoc test revealed a significant difference between
BM LPS and SCM after LPS treatment. * represents p < 0.05 for comparison, n = 6 where n
represent the number of independent experiments, where an independent experiment is a separate

microglia preparation. Bars represent mean + s.e.m
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Figure 4-4 Release of the pro-inflammatory effector NO by BM and SCM exposed to

glutamate.

Two-way ANOVA identified significant interaction between microglia and treatment for NO
(F4,20)=13.13, p <0.0001). There was also a significant main effect of microglia (F(1,20) =15.67, p
=0.0008) and treatment (F4,20) =50.43, p < 0.0001), * represents significant difference between
BM LPS and SCM LPS revealed by the Sidak post-hoc test p < 0.05. n = 3 where n represent the
number of independent experiments, where an independent experiment is a separate microglia

preparation. Bars represent mean + s.e.m
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Figure 4-5 Secretion of the pro-inflammatory effectors TNF and IL6 by BM and SCM

exposed to glutamate.

A, B) Two-way ANOVA revealed a significant main effect for glutamate treatment for TNF
(Fa30=38.13 p <0.0001) and IL6 (F4,40) =16.87, p <0.0001). * represents a significant
difference between respective LPS treatments revealed by the Sidak post-hoc test. * = p < 0.05.
n= 4 for TNF and n = for IL6 where n represent the number of independent experiments, where

an independent experiment is a separate microglia preparation. Bars represent mean + s.e.m
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Figure 4-6 Secretion of the pro-inflammatory effector IL-1§ by BM and SCM exposed to

glutamate.

Two-way ANOVA revealed a significant main effect for microglia (F(1,40)=7.232 p =0.0104)
and glutamate treatment for IL-1f (F,40)= 20.54 p <0.0001). * represents significant difference
between respective LPS treatment conditions revealed by the Sidak post-hoc test. * =p < 0.05.
n=5 where n represent the number of independent experiments, where an independent

experiment is a separate microglia preparation. Bars mean + s.e.m
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Figure 4-7 Secretion of the pro-inflammatory effector IL6 by BM exposed to BMix CM and

SMix CM.

Two-way ANOVA revealed a trend towards interaction of conditioned media for IL6 release (F
(,24)=2.487, p = 0.058). Two-way ANOVA also revealed a significant main effect of
conditioned media (F (1,24) = 12.98, p = 0.001) and treatment F (5,24) = 92.45, p < 0.0001) for IL-6
release. € represents significant difference between brain mixed glia conditioned media
(BMixcm) 100 uM glutamate and spinal mixed glia conditioned media (SMixcm)100uM
glutamate treatment and * significant difference between BMixcm LPS and SMixcm LPS
revealed by the Sidak post-hoc test, € =p < 0.05, * = p <0.05. n = 3 where n represent the
number of independent experiments, where an independent experiment is a separate microglia

preparation. Bars represent mean =+ s.e.m
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Figure 4-8 Secretion of the pro-inflammatory effector IL-1$ by BM exposed to BMix CM

and SMix CM.

Two-way ANOVA revealed a significant main effect of conditioned media (F (1,24) = 6.965, p <
0.05) and treatment (F (s,24) = 12.37, p < 0.001). However, the Sidak post-hoc test did not reveal
any significant differences between BMix CM and SMix CM. n= 3 where n represents the
number of independent experiments, where an independent experiment is a separate microglia

preparation. Bars represent mean + s.e.m
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Chapter Five: Neuroprotective characterization of spinal microglia in an in vitro model of

ischaemic injury
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5.1 Introduction

The role of microglia in CNS homeostasis is dependent on factors such as region of origin, age,
and sex (Ferrazzano et al., 2013; Grabert et al., 2016a; Lai et al., 2011; Lai and Todd, 2008;
Sorge et al., 2011). This chapter focuses on the effects of region of origin of microglia in an in
vitro model of ischaemic injury. Ischaemic injury in the CNS induces neuronal death and release
of DAMPs (damage associated molecular patterns) (Kettenmann et al., 2011). Microglia are
capable of sensing DAMPs and migrate to the site of injury where they contribute to both
neurotoxic and neuroprotective processes (Giulian and Baker, 1986; Lai et al., 2011; Rogove and
Tsirka, 1998; Vilhardt, 2005; Wake et al., 2009).

Several previous studies have demonstrated that activation of microglia can be neurotoxic
or neurotrophic depending on factors including the severity of injury (Giulian and Baker, 1986;
Rogove and Tsirka, 1998; Vilhardt, 2005; Wake et al., 2009). For example, microglia isolated
from one day old neo-natal pups exposed to media from cultured neurons subjected to various
degrees of hypoxic injury in vitro [mild (30 min), moderate (2 hrs) or severe (6hrs)] increase
their release of brain-derived neurotropic factor (BDNF) and glial cell-line derived neurotrophic
factor (GDNF) in all conditions (Lai and Todd, 2008). However, only mild hypoxic injury
increased release of IL-1f (interleukin-1beta), TNF (tumor necrosis factor-alpha), and NO (nitric
oxide). Thus, microglia are a highly dynamic population of cells that react differentially to
severity of hypoxic injury to neurons (Lai and Todd, 2008).

Previous studies have also shown that ablation of microglia can also exacerbate neuronal
injury and that administration of microglia to the site of neuronal injury can improve neuronal

viability after an ischaemic injury (Faustino et al., 2011; Hayashi et al., 2006; Imai et al., 2007;

108



Kitamura et al., 2004; Lalancette-Hébert et al., 2007; Neumann et al., 2006). This suggests that
microglia can be protective during neuronal injury. Microglia are a primary source of both pro-
inflammatory (NO, TNF, IL1-8, and IL6) and anti-inflammatory (IL-10) mediators during acute
ischaemic injury (Clausen et al., 2008; Gregersen et al., 2000; Lai and Todd, 2008; Lambertsen
et al., 2007; Sist et al., 2014). Surprisingly, acute block or inhibition of inflammatory factors
such as TNF has been shown to be detrimental to the outcome of ischaemic injury, suggesting
that inflammation is beneficial and needed for normal neuronal recovery (Bruce et al., 1996;
Imai et al., 2007; Lai and Todd, 2008; Neumann et al., 2006). Studies in vitro suggest that BM
(brain microglia) can rescue moderately, but not severely, injured cortical neurons, suggesting
that there is a threshold for microglia mediated neuroprotection and recovery after injury (Lai
and Todd, 2008). In Chapter 2, we demonstrated that the inflammatory profile of SCM (spinal
cord microglia was reduced relative to BM after activation with LPS. However, it is not known
whether SCM will provide more or less neuroprotection in a model of neuronal injury relative to
BM. In this study, the neuroprotective effects of SCM on injured cortical neurons was tested
against BM in a co-culture system (BM/SCM with cortical neurons). Neurons were subjected to
moderate (30 min) or severe (4 hr) injury by OGD (oxygen-glucose deprivation, a model of
ischaemic injury) and then co-cultured with BM or SCM. Viability assays and measurement of
inflammatory markers suggest that SCM-cortical neuron co-culture was less viable than BM-

cortical neuron co-culture after OGD injury.
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5.2 Methods

Hanks Balanced Saline solutions (HBSS), Dulbecco’s Modified Eagle Medium — Hams’F12
nutrient mixture (DMEM-F12), DMEM-F12 with HEPES (DMEM-F12/HEPES), Dulbecco’s
Modified Eagle Medium (DMEM), 0.25%trypsin-EDTA, fetal bovine serum (FBS), Neurobasal
Medium, minus phenol red, Neurobasal Medium-A, B27, and Penicillin-Streptomycin (P/S) were
from Gibco (Thermo-Fisher Scientific, Burlington, ON). Cytosine arabinoside (Ara-C) and

sodium nitrite standard solution were from Sigma (Oakville, ON).

5.2.1 Primary mixed glia preparation

All animal protocols were conducted in accordance with Canadian Council on Animal Care
Guidelines and approved by the Animal Care and Use Committee: Health Sciences for the
University of Alberta. Brain and spinal cord for establishing primary mixed glial cultures were
obtained from postnatal day one or two male SD rat pups as previously described (Churchward
and Todd, 2014; Lai and Todd, 2008). The SD rat pups were euthanized; their brains (four) and
spinal cords (twenty) were dissected and placed in dissection buffer (HBSS with 200 U/ml
penicillin, 200 pg/ml streptomycin). Meninges and blood vessels were removed under a
dissection microscope. Tissues were cut into small pieces and incubated in 0.25% trypsin-EDTA
for 25 mins at 37°C, and collected by centrifugation (2000 x g, 2 mins). Trypsin was inactivated
with maintenance media (DMEM/F12 supplemented with 10% FBS and 200 U/ml penicillin,
200 pg/ml streptomycin), tissues were dissociated by trituration in maintenance media and
centrifuged at 2000 x g for 2 mins. The brain and spinal cord cell pellet was re-suspended in

maintenance medium and seeded at equal density into cell culture treated T75 flasks coated with
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poly-L-lysine. Cells were maintained in a 37°C, 5% CO» humidified incubator with maintenance

media replaced twice weekly.

5.2.2 Primary cortical neuron culture

All animal protocols were conducted in accordance with Canadian Council on Animal Care
Guidelines and approved by the Animal Care and Use Committee: Health Sciences for the
University of Alberta. A D18 pregnant SD rat was anesthetised and embryos were extracted. The
embryos were decapitated on ice. The heads were placed on ice-cold HBSS, the brain was
extracted, and meninges and blood vessels were removed under a dissection microscope. The
cortices were isolated from the whole brain under a dissection microscope. The cortices are
enzymatically dissociated in 0.25% Trypsin-EDTA for 20 mins at 37°C. The cortices were
centrifuged at 2000 x g for 2 mins. Trypsin-EDTA was inactivated with DMEM supplemented
with 10% FBS and 1% P/S. The cortices were centrifuged at 2000 x g for 2 mins and the cell
pellet was re-suspended in neurobasal media supplemented with 2 % B27 and 1 % P/S. The
cortical mixed cells were seeded at density of 5X10° cells/ml in 12 well plates coated with poly-
L-lysine. Three-day old mixed cortical cultures were treated with Ara-C at 3mM concentration
for three days to deprive glial cells. The cortical neurons were then refreshed with fresh medium
(Neurobasal media supplemented with 2 % B27 and 1 % P/S). The cortical neurons were
maintained in a 37°C, 5% CO; humidified incubator with maintenance medium (1:1 mix of 0.22
pm filtered conditioned medium from cortical neurons and freshly made neurobasal medium
supplemented with 2 % B27 and 1 % P/S) replaced twice weekly. All experiments were carried

out on two-week old cortical neurons.
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5.2.3 Cortical neurons OGD and establishment of cortical neuron -microglia co-culture

One day before OGD experiment two-week-old cortical neuron culture were refreshed with
Neurobasal media supplemented with 2 % B27 and 1 % P/S (NB medium). On the day of OGD
experiments the cells were refreshed once again with NB medium. The cortical neuron assigned
for OGD were refreshed with NB media without glucose (NB™ media) and immediately placed in
oxygen deprived chamber (chamber O level < 1%) for 30 mins (moderate injury) and 4 hrs
(severe injury). Control cortical neuron cultures were placed in normal oxygen conditions in a
CO? incubator for the same duration as OGD exposed cortical neurons. After OGD, OGD-treated
and control cortical neurons were allowed 1 hr to recover in NB media. Microglia were isolated
from primary mixed glial cultures as described before in Chapter 3. BM and SCM were seeded
on top of control and OGD injured cortical neurons at a density of 1X10° cells/ml immediately
after 1 hr recovery. The microglia were allowed to settle for 10 mins after which the co-culture
was gently washed and fresh NB media were added and were allowed to recover overnight. At
24 hrs, the cortical neuron-microglia co-culture viability was assessed using an MTT assay and
in parallel media and cell lysates were collected for measuring pro-and anti-inflammatory

factors.

5.2.4 Viability assay

Viability of cortical neuron-microglia co-cultures was assessed via a colorimetric assay
for metabolic activity (mitochondrial activity). MTT can be reduced to an insoluble formazan
dye by NAD(P)H-dependent cellular oxidoreductase enzymes. The absorbance of light by the

formazan dye in solution can be measured at 540 nm by an UV spectrometer. Control neurons
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only, neurons + BM co-cultures (control and OGD) and neurons + SCM co-cultures (control and
OGD) were incubated in 0.05mg/ml of MTT in PBS for 2 hrs in the CO; incubator. After 2 hrs,
the MTT solution was aspirated and the cells were lysed in 200 microliters of DMSO. The
absorbance of lysates was measured at 540 nm by an UV spectrometer.

5.2.5 Nitric Oxide (NO)

NO release was measured indirectly by quantifying the stable metabolite nitrite in culture media
using a method described by Griess, (1879)). Media were collected 24 hours after OGD
experiment and were added to 96-well plate in duplicates followed by 50 uL eac of 1%
sulphanilamide (in 3N HCI) and 0.02% N-napthylethylenediamine per well. Absorbance was
read at 540 nm and the amount of nitrite metabolite was interpolated from a set of standards

measured in parallel.

5.2.6 Enzyme Linked Immunosorbent assays (ELISA)

A commercial ELISA kit was used to measure TNF, IL-1B, IL6 and IL-10 in media
(DuoSet, R&D Systems Minneapolis, USA). ELISA procedures were carried out according to

manufacturer protocols.

5.2.7 Statistics

Statistical analyses were carried out using two-way ANOVA followed by Sidak’s method to test
for significance between treatment groups except for MTT viability study where one-way

ANOVA followed by Newman-Keul post hoc correction to test for significance between groups.
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n represents the number of single independent experiments (i.e. an independent culture
preparation) with a minimum of three technical replicates. Each technical replicate is a well in a

12, 24 or 48 well culture plate. All statistical analyses were done using Graphpad Prism version

6.

5.3 Results

5.3.1 Viability of OGD cortical neuron — microglia co-culture

In chapter 2, it was shown that the pro-inflammatory profile of SCM was reduced relative
to BM in in vitro models mimicking pathogen-mediated injury (Baskar Jesudasan et al., 2014).
Inflammation can affect the viability and recovery of injured neurons, and previous studies
suggest that factors released by BM exposed to conditioned media from moderately injured
cortical neurons (2hrs of oxygen deprivation, ~30% loss of viability) is neuroprotective (Lai and
Todd, 2008). The protective effects of SCM has not been investigated. Here, BM and SCM were
co-cultured with cortical neurons in an in vitro model of ischaemic injury (oxygen-glucose
depravation of cortical neurons (OGD) for 30 mins (moderate) and 4 hrs (Figure 5-1). 30 mins
was chosen to induce a moderate injury, based on previous data that suggest that severity of
injury alters neuronal viability by altering release of microglial effectors (Lai and Todd, 2008). A
4 hrs condition served as a positive control for OGD injury where cortical neurons had acquired
unrecoverable injury. In control (non-OGD) conditions, there was no effect on viability of the
BM-cortical neuron or the SCM-cortical neurons co-culture systems (F (2,12) =0.074 p = 0.9294,
and 4 hrs OGD (F (2,12) = 0.0581 p = 0.9438) (Figure 5-1A, B). However, a main effect of culture

conditions was observed with 30 min OGD (F (2,12) =4.156 p = 0.0425) (Figure 5.7.1B).
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Newman-Keuls post-hoc test revealed that 30 mins GD injury conditions significantly reduced
the metabolic activity in SCM-cortical neurons co-culture relative to BM-cortical neurons co-
culture (p < 0.05). There was no effect of culture conditions on viability in the 4 hrs OGD

condition (Figure 5-1C).

5.3.2 Inflammatory factors released by OGD cortical neuron — microglia co-culture

Release of pro-inflammatory (NO, TNF, IL6, IL1 B) and anti-inflammatory factors (IL10)
were measured in the different co-culture and injury conditions. One-way ANOVA revealed no
effect of culture conditions on NO, TNF, IL6, IL1-B or IL10 measured in BM and SCM-cortical
co-cultures under control conditions (Figure 5.5.2, all p > .05). Similarly, there was no effect of
culture conditions on release of NO, TNF, IL6, IL1-p or IL10 in co-culture systems in 30 mins or
4 hrs OGD conditions (Figure 5-3 and Figure 5-4, all p >.05). Thus, while metabolic activity of
SCM-cortical neurons co-culture was significantly reduced relative to BM-cortical neurons co-
cultures after 30 min OGD, there were no significant changes in the release of pro- or anti-

inflammatory molecules in the co-culture systems.

5.4 Discussion

5.4.1 OGD cortical neurons — SCM co-culture exhibited reduced viability

In Chapter 2 it was demonstrated that the pro-inflammatory release and phagocytotic
activity of SCM was reduced relative to BM after activation by LPS. As LPS is PAMP and a

potent activator of microglia and inflammatory trigger, the current study investigated the
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protective profile of SCM and BM in co-culture systems and models of moderate or severe
ischaemic injury. Cortical neurons injured by OGD were then co-cultured with microglia to
provide an in vitro paradigm to model ischaemic injury. We found that SCM-cortical neurons co-
culture had reduced viability compared to BM-cortical neurons co-culture after moderate OGD
injury (Figure 5-1B). However, the pro- and anti-inflammatory factors released by SCM-cortical
neurons co-cultures was not significantly different from that of BM-cortical neurons co-cultures
and neurons alone culture (Figure 5-2, Figure 5-3 and Figure 5-4). Numerous studies have
demonstrated an increase in the pro-inflammatory factors within 24 hrs of neuronal injury (Choi
and Rothman, 1990; Clausen et al., 2008; Lambertsen et al., 2012; Sist et al., 2014, 2012).
However, this effect is not always present, and previous work from our group suggest that BM
exposed to conditioned media from neurons with ischaemic injury do not release greater levels of
pro-inflammatory factors (Lai and Todd, 2008). This could be due to greater proportion of
apoptotic and necrotic neurons present in vivo compared to an in vitro model and a lack of

additional inflammation from infiltrating peripheral immune cells in the culture models.

5.4.2 OGD cortical neurons-microglia co-culture in vitro mimic of penumbra

In vitro 1schaemic models such as oxygen deprivation only or OGD have been
extensively utilized to elucidate the molecular mechanisms that could be targeted for therapeutic
intervention after an ischaemic injury (Kaushal and Schlichter, 2008; Lai and Todd, 2008;
Meloni et al., 2011, 2001). In this study, OGD-injured cortical neurons and microglia co-culture
was employed to study potential differences between BM- and SCM-cortical neurons co-cultures

on viability and cytokine release. The in vivo OGD model mimics the border of the penumbra
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region of a stroke wherein the microglia themselves have not faced severe metabolic deficit but
are exposed to the signals from the injured neurons. Our data suggest that BM and SCM respond

comparably to neuronal injury, with a difference in viability after moderate neuronal injury.

5.4.3 Summary

Our results suggest that microglia alone do not trigger an inflammatory profile when
exposed to moderately injured neurons in vitro in a contact culture. These data contradict
previous data using non-contact microglia and OGD-injured neurons co-culture systems (Hu et
al., 2012; Kaushal and Schlichter, 2008). This suggests a differential response of microglia that
are in immediate contact with neurons versus those responding purely to chemical cues.
However, while previous studies in this dissertation have highlighted differential response
profiles in SCM vs. BM, these data suggest that the overall response to models of ischaemic
injury between SCM and BM is comparable. While reduced viability was observed in SCM co-
cultures relative to BM co-cultures in moderate injury conditions, this effect did not persist after
4 hrs of OGD and there were no significant differences in the release of inflammatory mediators.
Thus, while our previous work suggests that SCM and BM are functionally unique

subpopulations of cells, they exhibit a comparable response to models of ischaemic injury.
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5.5 Figure
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Figure 5-1 Metabolic activity of cortical neurons-microglia co-cultures after OGD.

A) One-way ANOVA did not reveal a main effect for viability of BM- and SCM-cortical
neurons co-culture CTRL (CTRL F (2,12) =0.074 p = 0.9294). B) BM- and SCM-cortical neurons
co-culture 30 min OGD had a main effect for viability of co-culture (F (2,12) =4.156 p = 0.0425).
the Newman-Keuls post-hoc test revealed that 30 mins OGD injury conditions significantly
reduced the metabolic activity of SCM-cortical neurons co-culture compared to BM-cortical
neurons co-culture, p < 0.05. C) Cortical neurons only, BM- or SCM-cortical neurons co-culture
4 hrs OGD injury condition did not have significant main effect (F (2,12) = 0.0581 p = 0.9438). n
=5 where n represents the number of independent experiments with a minimum of three

replicates. Bars represent mean + s.e.m
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Figure 5-2 Inflammatory factors released by CTRL cortical neurons-microglia co-cultures.

One-way ANOVA did not reveal a main effect for A) NO released in CTRL OGD cortical
neurons-BM- and -SCM co-cultures ( F 2,6 =0.1317 p =0.8791), n = 3, B) TNF released in
CTRL OGD cortical neurons-BM and -SCM co-cultures ( F (2,12 =0.1086 p = 0.8978), n = 6, C)
IL-1P released in CTRL OGD cortical neurons-BM and -SCM co-cultures ( F 2,12)=0.1486 p =
0.8632), n= 6, D) IL-6 released in CTRL OGD cortical neurons-BM- and -SCM co-cultures ( F
2,12=0.3179 p=10.7324), n =6, E) IL-10 released in CTRL OGD cortical neurons-BM and -
SCM co-cultures (CTRL F (2,12)=0.2072 p = 0.8157), n = 5. n represents the number of

independent experiments with a minimum of three replicates. Bars represent mean + s.e.m
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Figure 5-3 Inflammatory factors released by 30 mins OGD cortical neurons-microglia co-

cultures.

One-way ANOVA did not reveal a main effect for A) NO released in 30 mins OGD cortical
neurons-BM and -SCM co-cultures ( OGD F 2,6y = 0.0219 p = 0.9785), n = 3,B) TNF released in
30 min OGD cortical neurons-BM and -SCM co-cultures ( F (2,12) = 0.0404 p = 0.9605), n =6,C)
IL-1p released in 30 mins OGD cortical neurons-BM and -SCM co-cultures ( OGD F (2,12) =
0.0197 p = 0.9806), n =6, D) IL-6 released in 30 mins OGD cortical neurons-BM and -SCM co-
cultures ( OGD F (2,12)=0.0840 p = 0.9199), n = 6,E) IL-10 released in 30 mins OGD cortical
neurons-BM and -SCM co-cultures ( OGD F (2,12)=0.0098 p = 0.8157), n=5. n represents the
number of independent experiments with a minimum of three replicates. Bars represent mean +

S.c.m
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Figure 5-4 Inflammatory factors released by 4 hrs OGD cortical neurons-microglia co-

cultures.

One-way ANOVA did not reveal a main effect for A) NO released in 4 hrs OGD cortical
neurons-BM and -SCM co-cultures ( F 2,6y = 0.7981 p = 0.4928), n = 3,B) TNF released in 4 hrs
OGD cortical neurons-BM and -SCM co-cultures ( F 2,12)=0.1881 p =0.8305), n =6,C) IL-1
released in 4 hrs OGD cortical neurons-BM and -SCM co-cultures (F (2,12) = 0.1022 p = 0.9034),
n =6, D) IL-6 released in 4 hrs OGD cortical neurons-BM and -SCM co-cultures (F 2,12) =
0.5413 p=0.5929), n = 6,E) IL-10 released in 4 hrs OGD cortical neurons-BM and -SCM co-
cultures (F 2,12 = 0.3191 p = 0.7328), n=5. n represents the number of independent experiments

with a minimum of three replicates. Bars represent mean + s.e.m
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Chapter Six: General Discussion

6.1 Summary of Thesis

SCM (spinal cord microglia) have not been characterized in the literature to the extent
that BM (brain microglia) have been investigated. The main aim of this thesis was to characterize
SCM and identify any functional differences between BM and SCM. To do so, a protocol to
reliably culture SCM and to characterize and compare inflammatory factors released by SCM
and BM was established. In Chapter 2, SCM and BM were activated with LPS
(lipopolysaccharide, a TLR4 receptor agonist), with the results suggesting that inflammatory
mediators (TNF, IL-1p) are released less by SCM relative to BM after LPS activation. There was
no difference between BM and SCM in the release of anti-inflammatory factors or trophic factors
after activation with LPS.

Mild trypsinization (as used in Chapter 2) is a viable isolation method for SCM.
However, due to the differences in the composition of spinal mixed glia relative to mixed glia
derived from the brain, trypsinization results in a higher propensity for contamination by
fibroblast-like cells in the SCM culture relative to BM cultures (Figure 3-1and Figure 3-3). This
contamination results in a loss of an unacceptably high percentage of isolations. Hence, in
Chapter 3, a better method of isolation for SCM was developed and optimized. We found that
mild shaking with lidocaine HCI provides higher purity cultures without cellular contaminants,
suggesting that this is a better protocol than mild trypsinization for isolating SCM. Notably,
microglia (BM and SCM) isolated by the lidocaine HCI method are functionally similar to

cultures isolated by mild trypsinization (Figure 3-5).
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Chapter 4 investigated whether BM and SCM exhibited a differential release of
inflammatory factors (NO, TNF, IL6 and IL-1p) after physiological activation with mediators
such as ATP and glutamate. DAMPs (damage associated molecular patterns) such as ATP and
glutamate bind target receptors on microglia and have been associated with inflammatory
processes. However, most studies that have investigated the function of these mediators used
specific receptor agonists (rather than the endogenous compounds) to induce constitutive
signalling of specific receptor subpopulations. This approach helps in understanding the
signalling mechanisms of the target receptor but does not mimic physiological activation of the
receptor (Dai et al., 2010; Vincent and Maiese, 2000). Furthermore, ATP and glutamate can act
as cues to guide microglia to the site of injury rather than causing inflammation directly (Honda
et al., 2001; Liu et al., 2009; Wu et al., 2007). Our data show that ATP and glutamate do not
induce significant release of inflammatory factors by BM and SCM (Figure 4-1, Figure 4-2,
Figure 4-3, Figure 4-4, Figure 4-5, and Figure 4-6) and that there was no clear difference
between the inflammatory profiles of BM and SCM after treatment with ATP (Figure 4-1, Figure
4-2, and Figure 4-3). An overall reduction in NO and IL-1p release by SCM relative to BM was
observed in glutamate experiments (Figure 4-4 and Figure 4-6). The results of this study support
the postulate that the major action of ATP and glutamate at physiological concentrations on
microglia is related to recruitment of microglia and other inflammatory cells to the site of injury
or perturbation, rather than inducing release of cytokines or inflammatory mediators. The role of
the immediate extracellular environment in dictating the phenotype of microglia was also
investigated in Chapter 4. Our data confirm that microglia are plastic and sensitive to their
extracellular environment, as conditioned media from spinal mixed glia cultures altered BM
phenotype. Specifically, BM in conditioned media from spinal mixed glia cultured increased the
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release of IL-6 and reduced release of IL-1[3 relative to release by BM in conditioned media from
brain mixed glial cultures (Figure 4-7 and Figure 4-8). Thus, it is evident that microglia
phenotype is not fixed and the immediate environment can selectively modify aspects of the
microglial inflammatory phenotype.

Chapter 5 investigated the presence of functional differences between BM and SCM
during OGD (oxygen glucose deprivation), a model of ischaemic injury. SCM and BM were
cultured with cortical neurons in contact co-culture systems. The data suggest that OGD of
cortical neuron-SCM co-cultures for 30 mins significantly reduced viability relative to neurons
co-cultured with BM (Figure 5-1). However, this difference in cellular viability between SCM
and BM co-cultures did not persist after 4 hrs of OGD (Figure 5-1). Release of inflammatory
factors (TNF, IL6, IL-1p and IL10) was not significantly different between SCM and BM co-
cultures, suggesting that overall functional response to OGD does not differ between microglia
derived from brain vs spinal cord (Figure 5-2, Figure 5-3, and Figure 5-4). However, since an
extensive temporal analysis of the release of pro- and anti-inflammatory factor release was not
performed (only a single time point was sampled), these data provide only a limited temporal

snapshot of these cells inflammatory profile after OGD injury.

6.2 Specific findings and significance

Regional heterogeneity of microglia has been observed both in vitro and in vivo in the
CNS (central nervous system) (Hua et al., 2012; Lai et al., 2011; Yang et al., 2005).Furthermore,
in vitro microglia from cortex were found to me more inflammatory compared to other regions

of the brain (Lai et al., 2011). It was also found that microglia in vitro and in vivo respond to
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injury in a severity-dependent fashion (Lai and Todd, 2008; Yang et al., 2005). This suggests
that microglial phenotype is determined by region of origin and condition of the immediate
environment. Interestingly, heterogeneity between BM and SCM has not been compared in vitro.
Hence, the primary goal of Chapter 2 was to study differences in inflammatory factors released
by brain and spinal cord microglia. Mild trypsinization was used as a reliable and quick method
to isolate SCM. BM and SCM were activated by LPS and differences in morphology, release of
inflammatory factors and phagocytic activity were measured. It was found that at basal
conditions BM and SCM did not have measurable differences in morphology; however, LPS
activated SCM exhibited a reduction in amoeboid morphology compared to BM (Figure 2-2). It
was also found that phagocytic activity of SCM was reduced relative to BM, a finding that aligns
well with the reduced amoeboid morphology (Figure 2-5). Similarly, LPS-induced release of
NO, TNF and IL-1p was significantly reduced in SCM relative to BM, suggesting a reduced
inflammatory profile overall (Figure 2-3).

The mild trypsinization method was an established method to isolate BM; however, only
78% of isolations for SCM were highly pure microglia (>95 purity). The contaminating cells had
a fibroblast-like phenotype and were resilient to mild trypsinization. Due to the non-selectivity of
this method of isolation for SCM, an alternative method using lidocaine HCI was developed to
isolate SCM (Chapter 3). Notably, the lidocaine isolation method is quicker than other
conventional methods such as vigorous shaking or gentle shaking over several hours (Gingras et
al., 2007; Tamashiro et al., 2012). The lidocaine HCI isolation method also had the benefit of
allowing for control of the seeding density of BM and SCM, a notable limitation of the mild
trypsinization isolation method. BM and SCM isolated by this method activated with LPS do not
exhibit differential release of NO (nitric oxide) relative to microglia isolated by mild
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trypszinization (Figure 3-5). Thus, Chapter 3 provides a robust and improved method to isolate
BM and SCM that will help in the accurate investigation of the role of microglia in in vivo
models of spinal injury or spinal disorders.

Chapter 4 further investigated the functional differences and similarities between SCM
and BM in isolated cultures. Chapter 2 suggests that the TLR4 signalling in SCM compared to
BM is reduced, leading to less release of pro-inflammatory factors (NO, TNF and IL-1p) (Figure
2-3). Chapter 4 address the question of whether physiological signalling molecules such as ATP
and glutamate can induce an inflammatory profile in SCM that is different than that of BM.
Ischaemic stroke, traumatic brain injury and spinal cord injury result in large concentrations of
ATP and glutamate being released in to the extracellular milieu (Kettenmann et al., 2011; Pocock
and Kettenmann, 2007; Rodrigues et al., 2015; Ueda et al., 1992). In Chapter 4, microglia were
treated with concentrations of ATP (1mM) and glutamate (10 uM, 30 uM, 100 uM) based on
actual measured concentrations in brain parenchyma during normal physiology, transient
ischemia/traumatic brain injury and excitotoxic injury (Dai et al., 2010; Hinzman et al., 2010;
Marini and Paul, 1992, 1992; Ueda et al., 1992). BM and SCM were treated with the above-
mentioned concentrations of ATP and glutamate and the release of NO, TNF, IL6 and IL-1p was
measured. It was found that neither ATP nor glutamate significantly affect the release of, TNF,
and IL6. However, an overall reduction in NO and IL-1p release by SCM was observed in
glutamate experiments (Figure 4-4 and Figure 4-6). These data suggest that ATP and glutamate
at physiologically relevant concentrations do not trigger the release of inflammatory factors.
There is growing evidence that ATP and glutamate are chemo attractants involved in recruiting
microglia to sites of injury or disease, and the lack of release of inflammatory mediators after
treatment suggests this may be the major role for ATP and glutamate during injury (Honda et al.,
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2001; Liu et al., 2009; Wu et al., 2007). Chapter 4 also investigated the role of the immediate
extracellular environment in dictating the functional profile of microglia. Previously, it was
shown that exposing thalamic microglia to conditioned media from the striatum resulted in the
thalamic microglia adopting a striatum-like pattern of NO release (Lai, 2010). Here, BM were
exposed to conditioned media from brain mixed glia (BMix CM) or spinal mixed glia (SMix
CM) and treated with ATP, glutamate or LPS (Chapter 4). IL6, and IL-1p released by BMix BM
and SMix BM were measured (Figure 4-7 and Figure 4-8). Notably, SMix-CM treated BM
released significantly more IL6 compared to BMix BM after both 100 uM glutamate and LPS
treatment (Figure 4-7). This IL6 release by BMix CM BM matches trends in IL6 release by SCM
and BM in Chapter 2 (Figure 2-4). Similarly, an overall reduction in IL-1 release was observed
in BM in SMix CM, providing further evidence that the phenotype of BM can be modulated by
their immediate extracellular environment, a finding relevant to CNS injury or perturbation in
different regions (Figure 4-8). Overall, Chapter 4 demonstrates that (unlike TLR4 activation by
LPS), ATP and glutamate at physiological concentrations do not initiate an inflammatory
response in vitro. However, an overall reduction in NO and IL-1p release by SCM was observed
in glutamate experiments (Figure 4-4 and Figure 4-6).

In vitro 1schaemic models such as oxygen deprivation or OGD are excellent functional
tools to elucidate the molecular mechanisms as well determine neurotrophic as well neurotoxic
functions of microglia (Kaushal and Schlichter, 2008; Lai and Todd, 2008; Meloni et al., 2011,
2001). Chapter 5 was designed to investigate whether any difference in the functional response
profile of SCM relative to BM (i.e. differential response to TLR4 activation) would confer
different neuroprotective effects in models of CNS injury. Interestingly, the data showed that
microglia alone do not induce an inflammatory profile on exposure to moderately injured
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neurons in an in vitro contact culture (Figure 5-2, Figure 5-3, and Figure 5-4). These data
contradict previous studies that suggest that conditioned media from moderately injured neurons
induced a significant increase in NO, TNF and IL-1p in microglia (Lai and Todd, 2008). We did
not observe such microglial activation, perhaps suggesting differences in the microglia
inflammatory response in contact cultures relative to microglia responding only to diffusible
chemical cues. Notably, SCM and cortical neuron co-cultures after 30 min of OGD exhibited
reduced viability compared to BM cortical neuron co-cultures; however, this loss of viability did
not persist after 4 hrs of OGD (Figure 5-1). There were no differences between culture systems
in release of inflammatory mediators after OGD (Figure 5-2, Figure 5-3, and Figure 5-4). Thus,
Chapter 5 suggests that even though SCM are a heterogenous population compared to BM, with
differences in response profile after specific activators (i.e. LPS), the functional response of BM

and SCM to in vitro models of ischaemic injury is comparable.

6.3 Limitations of the approach

In vitro models of inflammation and ischaemic injury are great tools to reduce the
complexity of in vivo model and tease apart mechanisms involved in injury or disease. Another
benefit of an in vitro model is that the inflammatory factors released by BM and SCM can be
quantified without interference from other cells types. Thus in vitro cell culture models are
effective in studying receptor and intracellular signalling. However, cell culture models do have
limitations. One major limitation is the typical use of neonatal microglia and embryonic neurons.
A major concern with such young cells would be the lack of myelination and maturation in a

neonate, leading to a different environment and that different response profiles relative to adult
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microglia (Downes and Mullins, 2014). Our research and that of others have shown that
microglia respond to their immediate environment, and it is likely that the environment of the
CNS of a neonate has functional consequences for isolated cultures. Notably, recent studies have
found increased expression of purinergic receptors involved in chemotaxis and phagocytosis in
adult microglia relative to neonates (Butovsky et al., 2013; Haynes et al., 2006; Kurpius et al.,
2007; Lai et al.,, 2013). Interestingly, the genes regulating factors such as cell adhesion,
proliferation, migration, complement system activity, and transcription regulation also exhibit
differential expression in adult vs. neonatal microglia (Butovsky et al., 2013). Thus, neonatal
microglia may lack the exposure to various factors during developmental stages in different brain
regions (Butovsky et al., 2013; Lai et al., 2013) and care should be taken when interpreting
results from neonates and embryonic cells. For example, embryonic neurons and neonatal
microglia might be more or less viable in models of injury/ischaemia compared to an adult cell.
As injury severity alters functional profile, the magnitude of injury and factors released would
likely be different than with adult cells. Isolated cell cultures also prevent crosstalk and feedback
from other cells that might influence injury/disease in vivo or in mixed cell cultures. Thus, while
neonatal microglia and embryonic neurons are effective tools for mechanistic studies, the

translation of findings in these systems to adult cultures and to adults in vivo must be confirmed.

6.4 Conclusion and future directions

This thesis suggests that BM and SCM share many functional properties, but that the
inflammatory profile of SCM after activation with the PAMP LPS is markedly different than

BM. This finding is interesting and suggests that SCM response to infection or pathogens in vivo
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might be different or slightly attenuated relative to microglia in the brain. The reduced
inflammatory profile in non-sterile inflammation might result from increased inflammatory
activity of peripheral cells in the spinal cord. Notably, SCM in vivo might have better potential to
recruit peripheral macrophages since the BSCB (blood-spinal cord barrier) is more permeable to
cytokines than the BBB (brain-blood barrier) (Bartanusz et al., 2011). Interestingly, in OGD
contact co-culture experiments (a model of sterile injury), there were no significant differences in
the inflammatory profile of BM and SCM.

Current developments in cell culture techniques have facilitated successful isolation and
culture of adult brain and spinal cord microglia (Nikodemova and Watters, 2012; Yip et al.,
2009). It would be interesting to test in future studies whether adult BM and SCM have
similarities in inflammatory profiles on activation with LPS. Potential differences that the
microglia might have acquired during development and adulthood in response to other activators
could also be explored in this model. As microglia are an integral part of the CNS at all stages of
development, understating their role in normal physiology, development, and during
neuropathology is crucial for normal brain structure, function, and outcome during disease.
Mechanistic studies in microglia cultures from different regions may therefore help in designing

better therapeutics for CNS pathologies.
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