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Summary
Neuroinflammation and disruptions in the integrity of neuronal circuitry are
hallmarks of a range of CNS disorders. There is extensive evidence linking pro-
inflammatory signalling and glial dysfunction with neuronal atrophy and
impairments in synaptic transmission. As neuronal atrophy and loss of synaptic
connections precede cell death, a greater understanding of the neurobiological
mechanisms and mediators underlying inflammatory-driven glial cell dysfunction
would pave the way for the identification of novel drug targets and drug

development strategies for neuroinflammatory and degenerative disorders.

An in vitro model of glial neuronal interaction composed of rat mature primary
cortical neurons, microglia and astrocytes was used in this project. Neuronal
complexity was determined by microtubule associated protein 2 (MAP2)
immunocytochemistry and subsequently by Sholl analysis. Synapse number was
measured by determination of the co-localised expression of the presynaptic
protein synaptophysin and the postsynaptic protein postsynaptic density 95
(PSD-95).

Treatment of enriched primary astrocyte cultures with the astrocyte toxin L-
alpha-aminoadipic acid (L-AAA, 0.05, 0.5 mM) induced changes in astrocyte
morphology, reduced immunoreactivity of the astrocytic marker glial fibrillary
acidic protein (GFAP), reduced expression of the astrocytic markers GFAP and
S100B and mitochondrial respiration. Treatment of mature primary cortical
neurons at days in vitro 21 (DIV 21) with conditioned media from L-AAA treated
astrocytes reduced neuronal complexity and synapse formation. Administration
of L-AAA into the prelimbic cortex of mice increased the number of thin and

stubby spines as measured by Golgi-Cox staining.

Stimulation of primary mixed glial and enriched microglial cells with IFNy (10
ng/mL) induced changes in cell morphology reflecting a reactive state, and
increased expression of pro-inflammatory factors including tumor necrosis
factor-alpha (TNF-a) and interleukin- alpha (IL-1a). Conditioned media from IFNy
(10 ng/mL) treated glial cells reduced the complexity and co-localised expression

of synaptic markers in mature primary cortical neurons. Treatment of enriched



astrocytic cultures with TNF-a (30 ng/mL) and IL-1a (3 ng/mL) induced the
expression and release of interleukin-6 (IL-6) and produced a conditioned media
which reduced neuronal complexity and synapse formation in primary cortical
neurons. Immunoneutralisation of IL-6 blocked these effects demonstrating a

role for IL-6 in mediating reactive astrocyte associated neuronal atrophy.

L-AAA attenuated the release of IL-6 from mixed glial cultures induced by IFNy
and partially attenuated reductions in neuronal complexity and synapse
formation induced by conditioned media from IFNy treated mixed glia. L-AAA
also attenuated the expression and release of astrocytic IL-6 following treatment
with TNF-a (30 ng/mL) and IL-1a (3 ng/mL). Notably, L-AAA provided greater
protection against reductions in neuronal complexity and synapse formation

induced by conditioned media from TNF-a and IL-1a treated astrocytes.

Previous studies have shown that IFNy increases the expression of Indoleamine
2, 3-dioxygenase (IDO), decreases the expression of Kynurenine amino
transferase Il (KAT 1) and has no effect on the expression of Kynurenine
monooxygenase (KMO) or Tryptophan 2, 3-dioxygenase (TDO) in mixed glia and
enriched microglial cultures. This study further demonstratetd that TNF-a (30
ng/mL) and IL-1a (3 ng/mL) induced the expression of kynurenine pathway
enzymes KAT Il, KMO, IDO and TDO in enriched primary cortical astrocytic
cultures indicating pathway induction. Conversely, IL-6 increased the expression
of TDO, reduced the expression of KAT Il and KMO and had no effect on KYNU or

IDO in enriched primary cortical microglial cultures.

Treatment with the IDO inhibitor 1-methyltryptophan (1-MT) protected against
reductions in neuronal complexity induced by conditioned media from IFNy
treated mixed glia and conditioned media from IL-6 treated microglia. This
indicates a role for the KP in driving atrophy affiliated with IFNy and IL-6
activation of primary glia. Kynurenic acid (0.03, 0.1 and 0.3 puM) increased
neuronal complexity and synapse formation and protected against reductions in
neuronal atrophy and synapse loss induced by conditioned media from IFNy
treated mixed glia and by the neurotoxic microglial metabolite quinolinic acid (1

uM).



Results of this thesis highlight the importance of healthy astrocytes, and the
implications of astrocytic dysfunction, glial activation and pro-inflammatory
signalling on neuronal complexity and synapse formation in vitro. In particular,
they point to IL-6 signalling and the KP as attractive targets for the development
of novel therapeutics aimed at restoring synaptic connections and promoting
neuronal remodelling in CNS disorders affiliated with inflammatory-induced,

reactive glial-associated neuronal atrophy.
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1 General Introduction



1.1 Organisation of the Central Nervous System

The central nervous system (CNS) has a pivotal role in the human body, as a
regulator of homeostasis and a coordinator of sensory, motor and cognitive
functions. The CNS, which is localised to the brain and spinal cord is composed
principally of two cell types, neurons and glia. Neurons are excitable cells capable
of producing large, rapid, electrical signals (action potentials), and represent the
functional unit of the CNS. By contrast, glial cells (or neuroglia), are electrically
non-excitable cells and noted primarily for their roles in providing structural and

metabolic support (Germann, 2005).

1.2 Neurons

Neurons consist of a cell body (soma) and two neural processes; an axon (a long
slender projection that conducts electrical impulses away from the cell body),
and dendrite(s) (tree-like structures that receive messages from other neurons).
Chemical messengers called “neurotransmitters” are released by presynaptic
neurons at neuronal junctions (or synapses) and travel across the synapse to
communicate with postsynaptic neurons. The primary function of dendrites is to
receive messages (input) and direct them towards the cell body. Axons, primarily
function in the propagation of electrical signals (output) away from the soma to
axon terminals which release neurotransmitters. This highly organised assembly
of neural pathways facilitates the CNS in carrying out a plethora of complex

processes (Kandel, 2012; Kandel & Eric, 2012).

1.2.1 Neurite outgrowth

The fine structural detail and morphology of neurons is integral to their
functioning as the fundamental signalling unit of the CNS. This unit plays a critical
role in processing of synaptic inputs, generation of action potentials and
formation and maintenance of functional neural networks which are imperative
to brain function (Kulkarni & Firestein, 2012; Puppo et al, 2018; Yoshihara et al,
2009). Neuronal function is subject to adaptation. In the normal course of
development, neural cells respond to changes in the external environment with

parallel changes in information processing and neuronal communication (Kolb et



al, 2017). Perturbations in neuronal development have been correlated with
disruption and impairment of brain circuitry evident across a range of CNS
diseases (Chen et al, 2019; Fogarty, 2018). More specifically, perturbations in
neuronal morphology and synaptic transmission have been identified as
characteristic pathophysiological events during prodromal stages of
neurodegenerative disorders, where pathogenesis has begun, but classical
symptoms permitting diagnosis have not yet developed (Bellucci et al, 2017;
Chung et al, 2009; Katsuno et al; Katsuno et al, 2018; Lépez-Doménech et al,
2016; Milnerwood et al, 2010). Understanding the process involved in regulating
neuronal outgrowth is imperative for the development of clinical interventions
aimed at identifying disease salient biomarkers and maintaining the structural
and functional plasticity of the brain (Cline, 2001; Kulkarni & Firestein, 2012;
Menéndez-Gonzalez, 2014).

Neurons develop their defined structure, with axons, dendrites and distinct
neurites in response to a sequence of polarity events known as neuronal
polarisation (Dotti & Banker, 1987; Lestanova et al, 2016; Yogev & Shen, 2017).
The three main stages of neuronal polarisation include; (1) an initial spatial
orientation cue, such as the detection of an extracellular signal which inform
neurons where the axon and dendrite should grow, (2) local amplification and
interpretation of the cue which results in activation of intracellular
signalling pathways, and (3) rearrangement in the cytoskeleton into two

morphologically distinct processes (Namba et al, 2015).

The neuronal cytoskeleton consists of dynamic structures called microtubules
which play pivotal roles in cell polarity and guiding axon development and
dendrite arborisation (Menon & Gupton, 2016). Microtubules consist of a- and B-
tubulin heterodimers organised into polarised linear protofilaments. They
emanate from microtubule organising centres (MTOCs) in the spherical,
unpolarised cells characterising the beginning of neuronal development (Kuijpers
& Hoogenraad, 2011). Polymerisation of a- and B-tubulin dimers precipitates
microtubule differentiation and growth of the plus end directed away from the

MTOC. Following differentiation, neurons develop multiple processes termed
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“neurites” which extend from the cell body and elongate forming thin
protrusions (Dent et al, 2011; Sainath & Gallo, 2015). Microtubule motor
proteins such as kinesin-1 are thought to play an important role in neuronal
outgrowth by promoting microtubule sliding and membrane protrusion (Winding

et al, 2016).

Following neurite elongation, one of the multiple processes becomes the axon,
while the others will later develop into dendrites (Menon & Gupton, 2016).
Stabilisation of microtubules guides transport of motor proteins and organelles
required for the formation of axonal segments (Kapitein & Hoogenraad, 2011). A
dynamic structure, known as the growth cone evolves at the tip of the growing
axon and is responsible for driving axon elongation and branching (Kahn & Baas,
2016). As the growth cone enlarges it probes the extracellular environment for
stimuli and directs the growing axon in a particular direction (Lowery & Van
Vactor, 2009). Actin filaments then accumulate forming axonal filopodia (or
branches) along the axon shaft. Invasion of these actin-rich filopodia with

microtubules results in the maturation of collateral branches (Figure 1.1).
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Figure 1.1 Stages of neuronal outgrowth
The neuronal cytoskeleton consists of microtubules which play pivotal roles in cell
polarity and guiding axon development and dendrite arborisation. Microtubules
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penetrate the central and peripheral domains of the growth cone which undergoes
three distinct morphological stages: (1) protrusion, (2) engorgement and (3)
consolidation.

Following axon formation, neurites develop into dendrites in a process termed
dendritogenesis (Puram & Bonni, 2013). Dendritogenesis is a dynamic
developmental process that is regulated by signalling cues and involves extensive
cytoskeletal reorganisation (Puram & Bonni, 2013) and progression through the
stages of dendritic extension, addition, elongation, retraction and pruning
(Emoto, 2012; Jan & Jan, 2010). The dendritic tree of pyramidal neurons
differentiates into apical and basal branches which descend from the apex and
the base of the soma, respectively (Spruston, 2008). Apical and basal dendrites
can be differentiated based on their size, geometry, electrical conduction and
their response to neurotrophic factors and other signalling molecules (Arikkath,
2012; McAllister et al, 1995). Spinogenesis, the formation of dendritic spines
occurs following dendrite formation and will be discussed in further detail below

(see section 1.2.4).

Microtubules continue to play critical roles throughout neuronal development in
the stabilisation and remodelling of dendrites, transport of motor proteins along
the microtubule shaft and regulation of post synaptic density (PSD) proteins and
spines (Kapitein & Hoogenraad, 2011; 2015). The continuous remodelling and
organisation of microtubules relies on a vast array of microtubule regulating
proteins. These include microtubule associated proteins (MAPs), microtubule
plus end tracking proteins (+TIPs) and microtubule motor proteins, which
modulate microtubule dynamicity, assembly, and stability throughout neuronal

development (Lasser et al, 2018).

1.2.2 Microtubule associated protein 2 (MAP2) expression in mature neurons
MAPs are a family of heat stable microtubule-associated proteins found in
eukaryotic cells and play important roles in neurite outgrowth and dendrite
development within the CNS (Bodakuntla et al, 2019; Kapitein & Hoogenraad,
2015; Lasser et al, 2018). The MAP family share a common microtubule-binding

domain and include MAP2, the ubiquitous protein MAP4 and the neuronal
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protein tau. Among the MAPs, MAP2 is most abundant in the brain and primarily
expressed in neurons (Cassimeris & Spittle, 2001). MAP2 exists in three
alternatively spliced, developmentally regulated isoforms. The mature high
molecular weight isoforms MAP2a (280 kDa) and MAP2b (270 kDa) are found
throughout the life of neurons while the juvenile low molecular weight isoform
MAP2c (70 kDa) is found only in immature neurons and some glia cells (Dehmelt
& Halpain, 2005). These highly regulated changes in the expression of MAP2
isoforms correlate with the regulation of cytoskeleton dynamics and have been
widely regarded as markers of neuronal differentiation (Sanchez et al, 2000;

Soltani et al, 2005).

Recent investigations have revealed important functions for MAP2 in neuronal
morphogenesis, cytoskeleton dynamics and organelle trafficking in axons and
dendrites (Sanchez et al, 2000). In terms of complexity, MAP2 is reported to play
a role in the maintenance of cellular architecture, internal organisation and
dendrite morphogenesis (Harada et al, 2002; Yamaguchi et al, 2008). More
recent research has shown that MAP2 also regulates axonal growth (reviewed by
(Gumy et al, 2017) and contributes to the stabilisation of synaptic junctions

through association with microtubules (Sanchez et al, 2000).

By contrast, MAP2 dysfunction is a reported characteristic of a multitude of
developmental deficits and neurodegenerative disorders (Adlard & Vickers,
2002; Li et al, 2008a; Zhang & Dong, 2012). Research shows that MAP2-
dependent neuroplasticity and structural integrity are significantly decreased in
the hippocampus and cerebellum during aging, indicating a link between

neuronal complexity and age-related pathogenesis (Di Stefano et al, 2001).

1.2.3 Synaptogenesis and synapse formation

One of the most crucial steps in the development of brain circuitry is the
formation of synaptic contacts, which are points of connectivity for the transfer
of a signal between two neurons (Farhy-Tselnicker & Allen, 2018). This transfer
of signal, termed synaptic transmission, involves exocytosis of presynaptic

vesicles containing neurotransmitters, transport across the synaptic cleft and



detection of neurotransmitters at receptors on postsynaptic neurons (Figure

1.2).
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Figure 1.2 Structure of a neuronal synapse

The neuronal synapse is a point of contact for the transmission of signal between two
neurons. The presynaptic neuron releases chemical messengers (neurotransmitters)
from synaptic vesicles which transition across the synaptic cleft and activate receptors
on the corresponding postsynaptic neuron. Activation of receptors on the postsynaptic
cell produces a response in distinct signalling pathways.

The development of healthy synapses and precise alignment of pre- and
postsynaptic structures at a synaptic junction is essential for ensuring fast and
effective synaptic transmission (Biederer et al, 2017). Synaptogenesis is a
phenomenon consisting of synapse formation, maturation, stabilisation and
potentially elimination. Synapse formation is a multistep process which includes
the migration of neurons toward pre-determined locations, axon and dendrite
extension and the establishment of precise neuronal connectivity between the
presynaptic axon of one neuron and the postsynaptic dendrite of another. Cell
adhesion proteins play a critical role in this process by organising scaffolding
proteins, stabilising synaptic contacts and initiating downstream cytoskeleton

signalling (Bukalo & Dityatev, 2012).



During synaptogenesis, the presynaptic terminal accumulates vesicles, while the
postsynaptic side recruits neurotransmitter receptors (Baldwin & Eroglu, 2017).
Approximately 3000 synaptic proteins have been identified (Filiou et al, 2010) all
of which play important roles in determining the distinct functional role of
individual synapses. Synaptophysin has been identified as one of the most
abundant pre-synaptic proteins and is employed commonly for identifying and
studying pre-synaptic terminals (Micheva et al, 2010) and densities (Glantz et al,
2007). It has also been used as a marker for identifying dysfunctional synaptic
connectivity in numerous neuropsychiatric disorders such as schizophrenia
where reduced levels of synaptophysin have been reported in the prefrontal
cortex (PFC) of subjects (Lewis & Lieberman, 2000). The major component of the
post-synaptic specialisation is the scaffolding protein, post-synaptic density-95
(PSD-95). PSD-95 is thought to play an important role in anchoring other synaptic
proteins and the glutamatergic N-methyl-D-aspartate (NMDA) receptor at the
postsynaptic density (Glantz et al, 2007). Accumulation of synaptic proteins form
the pre or post-synaptic ‘puncta’- a cluster of synaptic proteins indicating

formation of a stable synapse.

In general, excess synapses form during development and obsolete synapses are
later eliminated in a process known as ‘synaptic pruning’ (Petanjek et al, 2011).
Excess synapse loss is often considered a pathological hallmark of numerous
neurological diseases (Koffie et al, 2011) accentuating the importance of
regulating synapse formation and function throughout the lifespan. Astrocytes
have been identified as important regulators of synaptic structure and function
both by direct contact (Stogsdill et al, 2017) and the secretion of soluble factors
(Allen et al, 2012; Farhy-Tselnicker et al, 2017; Hughes et al, 2010) including
synaptotrophic extracellular matrix (ECM) proteins and thrombospondins (TSPs)
(Chung et al, 2015). Astrocytic process assumes a close structural partnership
with both the pre and post-synaptic structures of neuronal synapses. In this
context it is possible for neurotransmitters to bind receptors on adjacent
astrocyte processes and activate astrocytic signalling pathways which may in turn
modulate synaptic behaviour (Papouin et al, 2017; Santello et al, 2012). This
functional unit which consists of two neurons and an astrocyte has become well
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known as the tripartite synapse (Farhy-Tselnicker & Allen, 2018; Pannasch &
Rouach, 2013).

1.2.4 Dendritic spines: formation and function

Spines are membranous protrusions which extend from the main shaft of
neuronal dendrites and are specialised to receive excitatory synaptic input and
compartmentalise postsynaptic responses (Gulledge et al, 2012; Kasai et al,
2010; Tgnnesen & Nagerl, 2016). Understanding spinogenesis, the process of
spine formation, is essential for understanding the relationship between
synaptogenesis and spinogenesis, and how they contribute to efficient neural

circuit wiring and normal brain function.

Three models of spinogenesis have been proposed, namely the Sotelo model,
the Miller/Peters model and the filopodial model (Garcia-Lépez et al, 2010). The
Sotelo model describes the formation of dendritic spines from dendritic trees
according to an autonomous cell program of spinogenesis. The Miller/Peters
model describes the formation of dendritic spines from synapses by
outgrowth of appendages on dendritic branches, and the filopodial
model describes the formation of dendritic spines from a pre-existing filopodium

which differentiates in response to neuronal activity.

III

More recently a “unifying model” for dendritic spine development has been
proposed which takes into account neuronal development and plasticity in the
formation of dendritic spines (Garcia-Lopez et al, 2010). The unifying model
describes three distinct modes of spine differentiation. Mode 1 describes
conversion of postsynaptic densities into synapses with development and
outgrowth of a presynaptic specialisation opposite them. Mode 2 describes the
development of multispines on varicosities on lateral dendritic filopodia
following axonal contact. Mode 3 describes the maturation of young dendritic
spines following contact with axons. Maturation of spines is thought to

encourage interaction with neighbouring axons to form synapses (Shen &

Cowan, 2010).



Spines are morphologically classified as thin, mushroom, stubby, filopodia or
branched based on their distinct shape and size (Hering & Sheng, 2001; Swanger
et al, 2011) (Figure 1.3).

2T

Filopodia  Thin Long Thin Stubby Mushroom Branched
Length >2pm  Length <1 pm  Length <2 pm Length : Width <1 Width > 0.6 pm 2 or more heads

Figure 1.3 Morphological classification of dendritic spines

Dendritic spines are morphologically classified as thin, stubby, mushroom, filopodia or
branched based on their shape and size, which may define their roles or functions in
neuronal development.

Thin-shaped spines have a thin long neck and small bulbous head; mushroom
spines are shorter and have a large mushroom-shaped head. By contrast, stubby
spines lack a neck completely. Filopodia spines are longer than 5 um and do not
have a head. They are referred to as the precursors of dendritic spines (Ozcan,
2017). Thin, stubby and filopodia spines are all prevalent during early

development (Kanjhan et al, 2016).

Dendritic spines are enriched in actin, and activity-dependent spine growth and
remodelling is highly regulated and dependent on signal transduction (Bian et al,
2015; Tgnnesen et al, 2014). Spine heads contain glutamatergic NMDA receptors
(NMDARs) and there are several lines of evidence to suggest that NMDAR-

mediated intracellular signalling regulates spine morphogenesis (Figure 1.4).

Beneath the surface of the spine head membrane is a protein dense thickening
known as the PSD (Rochefort & Konnerth, 2012). The PSD contains hundreds of
proteins known to play important roles in regulating synaptic plasticity and
dendritic spine architecture (Chen et al, 2015; de Bartolomeis et al, 2014). More
recent evidence has shown that astrocytic growth factors such as brain derived
neurotrophic factor (BDNF) also play a role in spine formation, function and

maturation (Bennett & Lagopoulos, 2014; de Pins et al, 2019).
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Figure 1.4 Signalling pathways involved in dendritic spine growth and development
Molecular mechanisms by which NMDAR activation regulates spine growth and
enlargement include activation of downstream GTPase signalling (Tada & Sheng, 2006).
Racl and RhoA are members of the family of small GTPases, a class of signalling
molecules that transduce extracellular signals to regulate actin assembly in spines (Luo,
2002). Multiple calcium/calmodulin-dependent protein kinases (CaMKs) link the NMDAR
to Rac family small GTPase 1 (Racl) activation. CaMK-mediated phosphorylation of
Racl-specific guanine nucleotide exchange factors (GEFs) such as Kalirin-7, TIAM Racl
associated GEF 1 (TIAM1) and Rho guanine nucleotide exchange factor 7 (B-PIX), induce
Racl activity for spine growth and remodelling. CaMKII-mediated phosphorylation of the
signalling protein Abl-interactor 1 (Abil) releases Abil resulting in binding and activation
of Racl. Racl promotes spine growth through activation of the protein kinase N1 (PAK1)
and LIM domain kinase 1 (LIMK1). LIMK1- mediated inhibition of cofilin leads to actin
polymerisation. Activation of transforming protein RhoA prevents spine formation and
induces spine shortening (Geraldo & Gordon-Weeks, 2009; Tashiro et al, 2000).

The unique morphology of spines engenders them ideal structures to function as
postsynaptic compartments for separating synaptic terminals from dendritic
shafts and regulating synaptic transmission and plasticity (Harnett et al, 2012;
Tgnnesen et al, 2014; Yuste, 2013). While the precise functions of spines remain
guestionable, it is widely agreed that morphological changes in spines provide a
reliable index of alterations in excitatory synapses characteristic of behavioural

deficits in CNS disorders (Jiang et al, 2013; Penzes et al, 2011; Stuss et al, 2012).

11


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-kinases
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pak1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/limk1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/limk1
https://www.sciencedirect.com/topics/medicine-and-dentistry/actin-polymerization
https://www.sciencedirect.com/topics/medicine-and-dentistry/actin-polymerization

1.2.5 Neuronal atrophy and neurodegeneration

Neuronal atrophy and neuronal loss are poignant hallmarks of
neurodegenerative and neuropsychiatric disorders including Alzheimer's disease
(AD), Huntington’s disease (HD), Parkinson’s disease (PD), major depression and
schizophrenia (Ahmed et al, 2016; Chen et al, 2014; Krashia et al, 2019;
Lieberman et al, 2018; Veijola et al, 2014). Specifically, decreased cortical and
limbic brain region volumes, reduced dendritic arborisation, and decreased
number of dendritic spines and synaptic connections are well recognised
indicators of CNS disorders (Banasr et al, 2011; Duman, 2014). Brain imaging and
post-mortem studies of depressed patients illustrate altered brain structure and
loss of functioning in brain regions associated with mood and emotion (Czéh &
Nagy, 2018; Gigante et al, 2011). Understanding the mechanisms of neuronal
growth and survival and the impact of disease at a cellular level is fundamental
to the development of novel drug targets and treatment strategies for
neurodegenerative and neuropsychiatric disorders where neuronal atrophy is

implicated (Banasr et al, 2011; Duman et al, 2012; Malhi & Mann, 2018).

1.3 Glial Cells

Neuroglia are differentiated into four sub-cell types within the CNS (ependymal
cells, oligodendrocytes, microglia and astrocytes) and known for their metabolic
and structural support. Ependymal cells are epithelial cells that constitute the
lining of the four brain ventricles. Oligodendrocytes produce myelin, an
insulating sheath of fatty, proteinaceous material that permits rapid and efficient
neurotransmission along CNS nerve fibres (Dutta et al, 2018; McDougall et al,
2018). Astrocytes and microglia form the basis of the research in this project and

are discussed in more detail below.

1.3.1 Astrocytes
Astrocytes are the most abundant sub glial cell type within the CNS and play

crucial roles in maintaining normal brain function including the regulation of
brain metabolism and glutamate transmission (Sofroniew & Vinters, 2010a;

Zuchero & Barres, 2015). They are non-excitable macroglial cells, distributed
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throughout the cerebral matter and were originally described as passive, satellite
cells that perform routine housekeeping functions within the CNS. Illlumination of
their structural complexity, strategic localisation and metabolic capacity,
identifies astrocytes as multifunctional regulators of dynamic CNS processes
(Lundgaard et al, 2014; Reemst et al, 2016). Recent evidence of astrocyte
heterogeneity suggests that different subclasses of astrocytes carry out discrete
roles within the CNS, depending on their specific location and interactions with
neural elements (Tabata, 2015). Their characteristic non-overlapping
organisation, evenly separated processes and strategic co-localisation with
neuronal synapses makes them suitably placed as modulators of synaptic activity
(Stogsdill et al, 2017) and the secretion of soluble factors (Allen et al, 2012;
Farhy-Tselnicker et al, 2017; Hughes et al, 2010). The ‘tripartite synapse’,
comprising two neurons and one astrocyte, accentuates the importance of this
unit in modulating synaptic activity and information processing in neural circuits

(Figure 1.5).
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Figure 1.5 The glutamatergic tripartite synapse

The glutamatergic tripartite synapse consists of a presynaptic neuron, postsynaptic
neuron and glial cell. Glutamate is released via Ca** dependant exocytosis and diffuses
across the synaptic cleft where it activates glutamate receptors on the postsynaptic
neuron. Astrocytes protect against over-excitation by accumulating released glutamate
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and facilitating its enzymatic conversion to glutamine by the enzyme glutamine
synthase. Glutamine is shuttled back to neurons where its serves as a precursor for
glutamate re-synthesis. Glutaminase catalyses the hydrolytic deamidation of glutamine
to glutamate and ammonia. Vesicular glutamate transporter; VGLUT. Excitatory amino
acid transporter; EAAT.

Astrocytic processes at tripartite synapses express transporters for
neurotransmitters such as glutamate, gamma aminobutyric acid (GABA), and
glycine, which clear neurotransmitters from the synaptic space, a critical process
in transmitter homeostasis (Ishibashi et al, 2019; Schousboe et al, 2014;

Sofroniew & Vinters, 2010b).

Astrocytes play several additional and important roles in brain homeostasis
including the uptake and conversion of glucose to lactate by anaerobic glycolysis,
regulation of synaptic glutamate concentrations, production of glutathione and

regulation of cerebral blood flow (Figure 1.6).
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Figure 1.6 Astrocyte function in brain homeostasis

(1) In response to neuronal activity, astrocytes take up glucose from capillaries via the
glucose transporter GLUT1. Anaerobic glycolysis converts glucose to lactate
intracellularly before shuttling it to neurons, where it is used by mitochondria for energy
production. (2) Extracellular glutamate is taken up via the astrocytic EAATs and is
converted to glutamine by the enzyme GS. Glutamine is then shuttled back into neurons
where it is re-converted into glutamate by the enzyme Glutaminase. (3) Astrocytes
provide neurons with the antioxidant glutathione which is cleaved in the extracellular
space forming CysGly. Further cleavage of CysGly by neuronal ectopeptidases produces
cysteine (Cys) and glycine (Gly) which act as precursors for synthesis of glutathione. (4)
Glutamate mediated activation of mGIuRs produces calcium transients in astrocytes
leading to the activation of cytosolic PLA,, and the production of AA. AA generates
vasodilatory prostaglandins like PGE2 which regulate capillary dilation and cerebral
blood flow. Phospholipase A2; PLA,. Arachidonic acid; AA. prostaglandin E»; PGE..
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Astrocytes play a critical role in CNS metabolism including regulation of the
astrocyte-neuron lactate shuttle which involves astrocytic shuttling of lactate to
neurons where it is utilised by mitochondria for energy production (Belanger et
al, 2011; Morita et al, 2019). Enhanced glycogenolysis observed during brain
activation, in conjunction with the novel correlation between astrocyte-derived
lactate and memory processing further emphasises their salience in cerebral
metabolism (Jha & Morrison, 2018; Newman et al, 2011). Given the important
role astrocytic metabolism plays in regulating neuronal energy supplies, a
reduction or impairment of astrocytic metabolic pathways may have a negative

impact on neuronal functioning and development (Rama Rao & Kielian, 2015).

Astrocytes regulate synaptic glutamate concentrations and astrocytic glutamate
re-uptake via the family of excitatory amino acid transporter (EAAT) proteins
(Benediktsson et al, 2012; Mahmoud et al, 2019). The EAAT family of
transporters consists of five Na+ dependent, high-affinity glutamate transporters
of which five isoforms have been identified to date: EAAT1, EAAT2, EAAT3,
EAAT4, and EAATS (Rose et al, 2017; Rose et al, 2018). EAAT1 and EAAT2, in
humans are known respectively in murine animals as glutamate-aspartate
transporter (GLAST) and glutamate transporter-1 (GLT-1). They are mainly
expressed in astrocytes and responsible for the majority (up to 90%) of
extracellular glutamate uptake (O'Donovan et al, 2017). EAAT3 is expressed
primarily by neuronal cell bodies, EAAT4 is expressed by cerebellar Purkinje cells

and EAATS is expressed exclusively in the retina (Zhou & Danbolt, 2014).

EAATs employ the Na*and K* electrochemical gradients to drive uptake of
extracellular glutamate. Following uptake astrocytic glutamine synthetase (GS),
converts glutamate to glutamine (Dantzer & Walker, 2014) which is then
released and taken up by neurons to be recycled for glutamate synthesis
(Schousboe et al, 2014). Prior to its release, a family of vesicular glutamate
transporters (VGLUTSs) transport glutamate into synaptic vesicles for storage
(Ormel et al, 2012). This cycling of glutamate, termed the ‘glutamate shunt’ is
highly regulated in order to maintain an extracellular concentration below 1 uM

(Rose et al, 2017). For example, intracellular astrocytic glutamate down-regulates
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the expression of EAAT1 to prevent the synapse becoming depleted of glutamate
(Takaki et al, 2012). Inflammation also down-regulates EAATs and can result in
failure of astrocytes to remove excess extracellular glutamate (Takaki et al,

2012).

Astrocytes provide neuroprotection via the production of the antioxidant
glutathione which plays a critical role in the detox of reactive oxygen species
(ROS) such as hydrogen peroxide (H20,). More recently they have become
known for the their role in neuroprotection via the secretion of soluble factors
which protect neurons against toxic stimuli such as glutamate, corticosterone,
methylmercury (Takemoto et al, 2015) and reactive oxygen and nitrogen species
(Yates, 2015). These factors can be collected in the form of culture media —

termed “conditioned media” (CM).

Astrocytes also play a role in the regulation of cerebral blood flow via the
production of vasodilators. They produce vasodilators like prostaglandins in
response to intracellular calcium transients or activation of metabotropic
glutamate receptors (mGIuR) on the astrocyte surface (Attwell et al, 2010;

Gordon et al, 2011).

1.3.2 Molecular markers for the immunohistochemical identification of
astrocytes markers

1.3.2.1 Glial fibrillary acidic protein (GFAP)

GFAP is a protein involved in the formation of intermediate filaments that is
expressed exclusively by protoplasmic and fibrous astrocytes in the CNS
(Sukhorukova et al, 2015). It has been well established as the prototypical
marker for astrocyte identification both in vivo and in vitro (Sofroniew & Vinters,
2010a). GFAP exists in different isoforms and splice variants including GFAP a, B,
v, 6, and k which are expressed heterogeneously under healthy and pathological
disease states (Sullivan, 2014). It is reported to play an important role in
stabilising astrocyte morphology (Moeton et al, 2016) and motility (Schiweck et
al, 2018).
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It is now widely accepted that astrocytes respond to CNS insults by altering their
morphology including changes in the cytoskeleton. These changes can be studied
and quantified by targeting GFAP (Sun & Jakobs, 2012). Alterations in GFAP have
been identified in a plethora of neuropsychiatric disorders including chronic
stress and depression (Rajkowska & Stockmeier, 2013; Sanacora & Banasr, 2013).
Up-regulation of GFAP has become a classical hallmark of reactive astrocytes in
primates and rodents (Gallo & Deneen, 2014; Herculano-Houzel, 2014; Hol &
Pekny, 2015; Pekny & Pekna, 2014). Post-mortem brain studies in patients of
major depressive disorder report a reduction in GFAP expression and reduction
in the number of GFAP+ cells in brain regions such as the PFC (Nagy et al, 2015),
anterior cingulate cortex (Gittins & Harrison, 2011) and hippocampus (Cobb et al,

2016; Torres-Platas et al, 2016).

While GFAP expression has become a prototypical marker for the identification
of astrocytes, it is important to recognise the limitations of this marker (Zhang et
al, 2019). GFAP is reported to be associated with only reactive astrocytes
(Sofroniew & Vinters, 2010a) and may thus be considered a sensitive and reliable
marker only for astrocytes responding to CNS injuries. GFAP
immunohistochemistry labels main stem branches but is not necessarily present
throughout the entire astrocytic cytoplasm. This can markedly underestimate the
extent of astrocyte branching and volume. To add to this, GFAP expression is
dynamically regulated by a myriad of inter and intra-cellular signalling molecules

and is affected by regional and local variability (Sofroniew & Vinters, 2010a).

The intermediate filament proteins vimentin and nestin (Pekny et al, 2014) in
addition to the transporters GLT-1 and GLAST, S100 calcium-binding protein
beta (S100PB), aguaporin 4 and connexins 30 (Cx30) and Cx4, (Matias et al, 2019)
are among other astrocyte markers that have been employed in the study of
astrocyte function and morphology. GLT-1, GS and S100B are regarded as a
mature astrocyte markers (Jones et al, 2017). One advantage of GS is that it
stains a wide array of astrocytes’ subtypes in many regions where GFAP is not
effective (Anlauf & Derouiche, 2013). However, as most of these markers are

primarily distributed at the membrane of astroglial processes, rather than

17



throughout the cell soma, immunostaining for individual astrocytes has proven

difficult when relying on one marker alone (Nagelhus & Ottersen, 2013).

1.3.2.2 S1008

The glycoprotein S100pB is an astrocyte-derived calcium binding protein which is
highly expressed by astrocytes of the CNS (Zhu et al, 2013). It is a member of the
family of S100 proteins, which play important roles in cell differentiation, protein
phosphorylation and cytoskeletal assembly (Donato et al, 2013). S1008B
specifically plays an important role in cytoskeletal and cell cycle regulation
(Shimamoto et al, 2014). It has been used to immunohistochemically identify

astrocytes and reactive astrocytes (Guerra et al, 2011).

Astrocyte secretion of S100B is modulated by various stimuli (Sorci et al, 2013).
The bacterial endotoxin Lipopolysaccharide (LPS) is known to cause
neurodegeneration (Batista et al, 2019; Pena-Ortega, 2017) and has been shown
to decrease S100p secretion from cultured astrocytes (Guerra et al, 2011). In low
nanomolar quantities S100B demonstrates neurotrophic and neuroprotective
properties and is reported to promote neuronal survival and neurite outgrowth
(Gazzolo & Miichetti, 2010). At higher micromolar concentrations, S1008 is
reported to be neurotoxic and has been linked with neuroinflammation,
astrogliosis, microgliosis, and neurite proliferation (Hajdukova et al, 2015; Mori
et al, 2010). S100p is reported to stimulate microglial migration and interact with
the Receptor for Advanced Glycation Endproducts (RAGE), a ubiquitous,
transmembrane immunoglobulin-like receptor known to initiate a signalling
cascade associated with pathological inflammatory events (Bongarzone et al,

2017; Lasic et al, 2016).

S100B acts as a pro-inflammatory cytokine and a damage-associated molecular
pattern (DAMP) factor, a factor which is released in the early stages of injury
triggering tissue response to damage (Braun et al, 2017; Chen & Nuiiez, 2010).
Over expression or elevated levels of S100f have been documented in CNS
pathologies such as major depression (Schroeter et al, 2013), AD (Chaves et al,

2010) and stroke (Zhao & Rempe, 2010). As such, there is now sufficient
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evidence to reasonably confirm a role for S100B8 in neural injury and
inflammation. S100 is less of an astrocyte-specific marker than GFAP and should
not be definitively employed as a marker of astrocyte damage or dysfunction
(Sorci et al, 2010). Other markers which are more specific to astrocytes include
the aldehyde dehydrogenase family 1, member L1 (ALDH1L1) and aquaporin 4
(AQP4) (Sun et al, 2017; Zhang et al, 2019).

1.3.2.3 Aldehyde dehydrogenase family 1 (ALDH1L1)

ALDH1L1 is a folate enzyme required for the conversion of 10-
formyltetrahydrofolate to tetrahydrofolate, a crucial step in several biochemical
reactions including de novo nucleotide biosynthesis (Boesmans et al, 2014).
Research has shown that the ALDH1L1 gene is expressed in radial glia in the
midline of the embryonic CNS as well as neuronal precursors (Foo & Dougherty,
2013; Winchenbach et al, 2016). Transcriptional profiling in postnatal brain has
shown that this marker is primarily expressed in astrocytes (Koh et al, 2017).
Complete labelling of astrocytes can be achieve with ALDH1L1, justifying its use

as a novel astrocytic marker (Tien et al, 2012; Yang et al, 2011).

ALDHI1L1 is considered a reliable marker for non-reactive astrocytes that express
low or undetectable levels of GFAP (Koh et al, 2017). One of the main advantages
of ALDH1L1 over GFAP is that it is a highly specific antigenic marker for
astrocytes with a broader pattern of astrocyte expression (Molofsky et al, 2013;
Yang et al, 2011). Nevertheless, ALDH1L1 transcriptional activity has also been
found in neurons in the anterior dorsal thalamus. Thus the selectivity of this

marker remains elusive (Foo & Dougherty, 2013).

1.3.2.4 AQP4 an astrocytic protein implicated in neuronal plasticity

The aquaporins (AQPs) are a family of water channels expressed throughout
mammalian tissues with AQP1, AQP3, AQP4, AQP5, AQP6, AQP8, AQP9, and
AQP12 primarily expressed in the brain (Badaut et al, 2014). AQP4 has been
recognised as the main water channel in the neuropil of the CNS and is primarily
located on the perivascular endfeet of astrocytes where it mediates water
movement between intra- and extracellular compartments (Nagelhus &
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Ottersen, 2013). Water influx through astrocyte AQP4 is essential for the
clearance of glutamate and potassium from the synaptic cleft (Haj-Yasein et al,
2012). In addition to mediating water movement, APQ4 plays an important role
in development and maintenance of the blood brain barrier (BBB) (lkeshima-
Kataoka, 2016), K+ buffering, astrocyte migration and calcium signalling (Haj-

Yasein et al, 2012; Nagelhus & Ottersen, 2013).

Studies using AQP4 knockout (AQP4-/-) mice have identified AQP4 as a potential
regulator of synaptic plasticity, critical to a variety of higher brain functions
including cognition, learning and memory (Scharfman & Binder, 2013; Skucas et
al, 2011; Szu & Binder, 2016). AQP4-/- mice demonstrate a combination of
impaired long-term potentiation (LTP) and delayed long-term depression (LTD)
compared to wild type mice following theta-burst stimulation (Skucas et al, 2011)

accentuating the important role of AQP4 in modulating brain plasticity.

Abnormalities in AQP4 expression have been reported in several neurological
disorders including AD (Xu et al, 2015), PD (Sun et al, 2016; Thenral & Vanisree,
2012; Zhang et al, 2016), epilepsy (Alvestad et al, 2013; Binder et al, 2012),
traumatic brain injury (Liang et al, 2015) and stroke (Liang et al, 2015). Increased
expression of AQP4 has been demonstrated in the cerebrum, cerebellum, and
peripheral nerves following treatment of marmosets with methylmercury
(Yamamoto et al, 2012). These correlations highlight AQP4 as functionally

relevant to disease physiology (Hubbard et al, 2018).

1.3.3 Glial support in structural plasticity of neurons

Neural plasticity refers to the ability of the CNS to adapt in response to changes
in the environment through modifications in neural networks (Bono et al, 2017;
Roelfsema & Holtmaat, 2018; Takesian & Hensch, 2013; von Bernhardi et al,
2017), connectivity (Bailey et al, 2015; Frischknecht et al, 2014; Huganir & Nicoll,
2013) and integrative functions such as learning, memory and cognition (Censor

et al, 2010; Hummel et al, 2010; Soltoggio et al, 2018; Zeng et al, 2019).

There is increasing interest in the role glia play in regulating the structural

changes and synaptic plasticity of neurons. Glia are thought to promote neurite
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outgrowth and guide synapse formation by guiding neurons toward their target
(Eroglu & Barres, 2010; Farhy-Tselnicker & Allen, 2018; Papouin et al, 2017;
Reemst et al, 2016). Astrocytes, in particular, due to their strategic co-
localisation with neurons and end-feet contact with central capillaries, ideally
places them as important regulators of neurite outgrowth and synaptogenesis

(Clarke & Barres, 2013; Farhy-Tselnicker & Allen, 2018).

There is increasing evidence demonstrating a role for astrocytes in regulating
neuronal outgrowth and dendritic morphology (Previtera et al, 2010; Sofroniew
& Vinters, 2010a) through the release of neuroactive substances (or
gliotransmitters) such as adenosine triphosphate (ATP) (Butt, 2011; Lee et al,
2013a), ECM molecules (Frischknecht et al, 2014; Lam et al, 2019; Myers et al,
2011; Toy & Namgung, 2013) and neurotrophic growth factors (Nowacka &
Obuchowicz, 2012; Takemoto et al, 2015). The neurotrophins are a family of
proteinaceous growth factors that assume pivotal roles in CNS homeostasis,
neuronal outgrowth and neuroprotection (Kowianski et al, 2018; Miyamoto et al,
2015; Weishaupt et al, 2014). Members of the neurotrophin family include BDNF,
nerve growth factor B (NGF-B), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-
4/5)). Neurotrophins are synthesised as precursors (or 'pro-neurotrophins)
(Mowla et al, 2001). Glial cell line-derived neurotrophic factor (GDNF) and
fibroblast growth factor 2 (FGF2) are members of the GDNF family ligand (GFL)
and FGF super family respectively, that also exhibit potent neurotrophic
properties (Araujo et al, 2017; Caraci et al, 2012; Noda et al, 2014; Tenenbaum &
Humbert-Claude, 2017). Vascular endothelial growth factor (VEGF) is primarily
noted for its angiogenic properties, but VEGF-mediated neurotrophism and

neuroprotection has also been reported (Lladd et al, 2013).

Since initial discovery of the neurotrophins (Levi-Montalcini, 1987) research has
since identified multiple neurotrophin receptors and signalling pathways that

regulate downstream antioxidant and anti-apoptotic mechanisms critical to

INeurotrophins are initially synthesised as precursors (or pro-neurotrophins). Pro-neurotrophins are cleaved
intracellularly by furin or pro-convertases at a highly conserved amino-acid cleavage site releasing the mature protein.
This proteolytic cleavage provides a degree of biological regulation as pro-forms preferentially activate the p75 receptor
stimulating apoptosis, while mature forms selectively activate Trk receptors inducing cell survival mechanisms.
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neuronal survival (Lawn et al, 2015; Uren & Turnley, 2014). Activation of
astrocytic B1 / B2 and al-adreoceptors results in the release of neurotrophic
growth factors and increased neurite outgrowth (Kajitani et al, 2012). Activation
of the B2-adrenoceptor specifically results in release of GDNF, IL-6 and FGF2 and
up-regulation of the neurotrophic signalling pathways phosphoinositide 3-kinase
(P13K), mitogen-activated protein kinase (MAPK) and signal transducer and

activator of transcription (STAT3) (Day et al, 2014).

In addition to neuronal outgrowth, glial cells are known to play important roles in
the formation and maintenance of neuronal synapses (Chung et al, 2015; Chung
et al, 2013; Eroglu & Barres, 2010; Farhy-Tselnicker et al, 2017; Papouin et al,
2017). Traditionally, astrocytes have been associated with synapse formation
and reactive microglia have been associated with synapse dysfunction (Lynch et
al, 2010). Early research indicates that retinal ganglion cells form fewer synapses
in the absence of astrocytes in culture (Pfrieger & Barres, 1997) while
conditioned media derived from healthy astrocytes induces synaptogenesis.
There is also increasing evidence that astrocytes play a direct role in regulating
synaptic transmission via the release of gliotransmitters such as glutamate,
purines (ATP and adenosine), GABA, and D-serine which directly alter neuronal
excitability (Araque et al, 2014; Diniz et al, 2012b). Methods of inducing
astrocyte impairment have proven particularly useful for studying astrocyte-
neuronal interactions and the impact of healthy astrocytes on neuronal integrity.
The glutamate analogue a-Aminoadipate (L-AAA) has received particular
attention as an effective method of selectively inducing astrocytic impairment in
vivo and in vitro. L-AAA reportedly enters astroglial cells via Na+-dependent
glutamate transporters and induces a transient dysfunction by inhibiting cellular
functions including protein synthesis and metabolic processes (Brown &
Kretzschmar, 1998; Lima et al, 2014; Olney et al, 1980; Smiatowska et al, 2013).
In vitro studies have shown that L-AAA reduces the expression of astrocytic GFAP
and GLAST (David et al, 2018) while in vivo studies report a prominent depletion
of GFAP+ and S100B+ astrocytes up to 48 hours post injection (Khurgel et al,
1996). L-AAA-induced astrocyte dysfunction in rats predisposes to neuronal loss
and dendritic atrophy (Lima et al.,, 2014) indicating the salience of healthy
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astrocytes in brain wiring and circuitry. It has been employed experimentally to
model astrocytic impairment both in vivo and in vitro (David et al, 2018; Lee et al,
2013b; Lima et al, 2014; O'Neill et al, 2019) and will be discussed in more detail
in Chapter 3.

There is some evidence that microglia may also be critical for synapse
maintenance and similar dysfunctions in homeostatic microglial activity may lead
to synapse loss. Microglia are an important source of BDNF which may have
direct implication on synaptogenesis and synaptic function (Parkhurst et al,
2013). However, in contrast to astrocytes, microglia release microglial-associated
factors including inflammatory cytokines and glutamate which are known to
induce neuronal atrophy and synapse loss (Doucet et al, 2015). A large number
of in vitro assays have demonstrated that conditioned media from activated
microglia induces synapse loss in primary neuronal cultures following the release
of soluble microglial-associated factors including tumour necrosis factor-alpha
(TNF-a), nitric oxide (NO), and IL-6 (Azevedo et al, 2013; Wang et al, 2015). More
recent data shows that activated microglia release interleukin-1 alpha (IL-1a),
TNF-a, and complement component 1q (Clq) which induce the neurotoxic
astrocyte phenotype (Liddelow et al, 2017), which may in turn have negative

effects on synapse formation and function.

1.3.4 Microglia

Microglia, the brain’s primary resident immune cells are multifunctional,
phagocytic regulators of cerebral immunity (Lenz & Nelson, 2018). These cells
are predominantly found in the grey matter with their highest densities in the
hippocampus, substantia nigra and basal ganglia. They account for approximately
5-10% of the adult brain population (Frost & Schafer, 2016). Microglia are
derived from early embryonic macrophage-like mesodermal precursor cells
during development which migrate to the brain parenchyma where they become

resident immune cells (Ginhoux et al, 2013).

During brain development microglia are involved in synaptogenesis, synaptic

pruning and axon remodelling (Pont-Lezica et al, 2011; Tremblay & Majewska,
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2011). In the adult brain, however, they play a primary role in innate immunity
(Lenz & Nelson, 2018), removing neurotoxic debris (Arcuri et al, 2017) and
releasing neurotrophic and anti-inflammatory molecules (Loane & Byrnes,
2010b). There is also evidence to support their role in promoting neurogenesis

(Yuan et al, 2017).

1.3.4.1 Microglial activation causes microglial-mediated neurotoxicity

Under normal circumstances microglia assume a down-regulated or “resting”
state, characterised by a ramified morphology, small soma and fine motile
protrusions (Arcuri et al, 2017; Vinet et al, 2012). This resting microglial
phenotype is reported to play an important support role in synaptogenesis,
neurogenesis and the release of neurotrophic factors (Ferrini & De Koninck,
2013; Sato, 2015). Under these conditions they release minimal cytokines and
chemokines (Arcuri et al, 2017). However, they are highly motile and actively
scan their environment for disruptions in brain homeostasis using their fine
processes which undergo continuous cycles of extension and retraction (Szepesi
et al, 2018). Resting microglia express low levels of surface markers such as
CD11b, F4/80, Fc-gamma receptor 1 (CD64), and CD115 (Csf-1R) and ionised
calcium-binding adapter molecule 1 (Ibal) which are typically present on many

other tissue macrophages and/or monocytes (Gautier et al, 2012).

Ibal is widely recognised as the prototypical immunohistological marker for
microglia and is up-regulated following microglial activation (Guttenplan &
Liddelow, 2019). An increase in Ibal-immmunoreactivity traditionally parallels
with inflammatory induction, hypertrophy and white matter damage in stress
responsive regions of the brain (Bachstetter et al, 2013; DiSabato et al, 2016;
Tynan et al, 2010). Microglia constitutively express toll-like receptors (TLRs)
(Heneka et al, 2015), a class of pattern recognition receptors (PRRs) which
facilitate recognition and internalisation of pathogen-associated molecules that
are foreign to the host. Examples of pathogen-associated molecules that activate
microglia via the TLRs include pathogen-associated molecular patterns (PAMPs)
such as endotoxins and endogenous DAMPs such as heat shock proteins
(Lamkanfi & Dixit, 2012; Maslanik et al, 2013).
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Following exposure to immunological stimuli, microglia undergo a series of
morphological and functional changes and assume an activated state
characterised by amoeboid morphology, retracted processes and upregulation of
major histocompatibility complexes (MHCs) and complement receptors (Segal &
Giger, 2016). Increased expression of cell surface markers assist recruitment of
chemotactic cells from the periphery and encourage formation of phagocytic
microglia (Vergara et al, 2019). Depending on the environmental milieu and
stimulus, different microglial activation states (M1, M2a, M2b, M2c) have been
proposed (Cherry et al, 2014; Franco & Fernandez-Suarez, 2015; Orihuela et al,
2016; Prajeeth et al, 2014; Yuan et al, 2017; Zhou et al, 2017). Microglia activated
by LPS, IFNy or TNF-a assume the pro-inflammatory “M1” (“classically
activated”) phenotype which is known to release a variety of pro-inflammatory
cytokines including interleukin-1- 8 (IL-1B), TNF-a, STAT3, IL-6, IL-12, IL-23 (Boche
et al, 2013). Conversely, the anti-inflammatory M2 phenotype is reported to
promote tissue remodeling and angiogenesis by releasing the anti-inflammatory
cytokines IL-10, IL-4, IL-13, and transforming growth factor- B (TGF-B) (Czeh et al,
2011).

Activated microglia (Kierdorf & Prinz, 2013) play a beneficial role when activated
in a controlled manner. In general, rapid and acute activation of microglia in
response to CNS injury is considered neuroprotective as it aims to combat the
immediate insult and reinstate homeostasis via regulation of trophic and
inflammatory mechanisms (Szepesi et al, 2018; Ueno et al, 2013). On the other
hand, microglial activation that is augmented or prolonged results in
morphological transition to an amoeboid shape with retracted dendritic
processes, an enlarged soma and up-regulation of cell surface markers including
TLRs, intracellular cell adhesion molecule 1 (ICAM-1), Ibal, cluster of
differentiation molecules (CDs) and MHCII (Tian et al, 2012). Microglial activation
of this kind has become widely recognised as a hallmark of chronic inflammation

preceding neuronal cell death (Bachiller et al, 2018; Carniglia et al, 2017).
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1.3.4.2 Microglial activation and neuroimmune cross-talk drives
neuroinflammation

Microglial activation is habitually self-limiting, resolving once the invading
pathogen has been contained. However, failure for an inflammatory stimulus to
subside may result in an unbridled inflammatory response that is detrimental to
surrounding cells and tissue (Bachiller et al, 2018; Carniglia et al, 2017; Skaper et
al, 2018). The microglial derived inflammatory mediators ROS, NO, TNF-a, and
interleukin IL-1pB, in particular, are reported to amplify the immune response and
contribute to neuronal cell death (Carniglia et al, 2017). Thus, regulation of the
inflammatory response entails a delicate balance between activating protective
mechanisms and dampening response to factors that may themselves inflict

significant tissue pathology.

Reciprocal neuron—microglia communication is mediated by various mechanisms
including contact-dependent mechanisms and the release of soluble factors and
extracellular vesicles (Posfai et al, 2019). Microglial processes can interact
directly with and eliminate synapses in an activity-dependant manner (Tremblay
et al, 2010; Tremblay et al, 2011). This refinement in neuronal circuitry is crucial
in brain development and primarily mediated by the microglial marker CD11b
(Schafer et al, 2012). Microglia also have receptors which recognise and respond
to neuron-derived soluble factors such as neurotrophins, neuropeptides,
neurotransmitters, anti-inflammatory cytokines and chemokines (Szepesi et al,
2018). CX3CL1 (known as fractalkine), colony-stimulating factor 1 (CSF1), and
TGF-B are among the many soluble factors released by neurons that regulate
microglia (Butovsky et al, 2014; Elmore et al, 2014; Kierdorf & Prinz, 2013).
CX3CL1 is one of the most prominent factors constitutively released from
neurons that maintains microglia in a quiescent state by binding its receptor
CX3CR1. ATP released with increased neuronal activity also attracts microglial
processes that then reduce neuronal activity via contact-mediated mechanisms

(Davalos et al, 2005).

Microglia also modulate neuronal function by releasing cytokines, prostaglandins
and neurotrophic factors which bind to neuronal receptors facilitating a bi-

directional communication. Recent research has identified extracellular vesicles
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as an important means of communication between cells in the CNS (Basso &
Bonetto, 2016) and activated microglia release distinct populations of
extracellular vesicles in response to various stimuli (Yang et al, 2018).
Extracellular vesicles containing bioactive compounds such as metabolic
enzymes, proteins, and genetic materials (Dickens et al, 2017; Lachenal et al,
2011) influence the behaviour of recipient cells via the transfer of receptors,

intracellular proteins or mRNA (Basso & Bonetto, 2016).

While several pathways of communication are involved in neuronal-microglial
cross-talk, the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3)
inflammasome is a critical, convergent pathway worth noting. This multiprotein
complex is primarily expressed in microglia, macrophages and astrocytes (Walsh
et al, 2014a) and is a cytoplasmic PRR that recognises PAMPs and DAMPs
induced by infectious agents and disease-related processes (Guo et al, 2015;
Schroder & Tschopp, 2010). Activation of the inflammasome requires two
independent signals. First, PRR ligands prime immune cells by inducing the
transcription and translation of pro-IL-1B. Secondly, a signal such as ATP, triggers
the formation of the inflammasome complex. Activation of the NLRP3
inflammasome regulates the activity caspase 1, which cleaves pro-inflammatory

cytokines including IL-1B into their mature forms for release.

While microglia are primarily responsible for initiating inflammatory processes, it
is true that neuroinflammation is a complex signalling phenomenon involving all
CNS cell types and there is growing evidence to support astrocytic engagement in
maintaining this process. While microglia are likely to play significant roles in
initiating inflammatory response, it is likely that they are further amplified by

astrocytes (Glass et al, 2010a).

1.3.4.3 Miicroglial activation drives the neurotoxic Al astrocytic phenotype

Neuroinflammation and ischaemia are known to induce two different types of
reactive astrocytes; the neurotoxic Al type and the protective A2 type (Zamanian
et al, 2012). During CNS injury astrocytes undergo transformation to the reactive

A1l phenotype (Anderson et al, 2014; Liddelow & Barres, 2017) which is known
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for its role in disease pathogenesis. Conditioned media derived from activated
microglial cultures contains elevated levels of the microglial factors IL-1a, TNF-a,
and Clg which work synergistically to induce the expression of this Al reactive
astrocyte phenotype (Yates, 2017). As a result, application of this combination of
microglial factors to non-reactive astrocytes has been employed as a novel

model to study Al astrocytes in vitro (Liddelow et al, 2017).

A1l astrocytes are known for their loss of traditional astrocytic functions; they
have a decreased ability to induce synapse formation and to promote neuronal
survival and growth. Gene transcriptome analyses has shown that Al reactive
astrocytes up-regulate many genes including complement cascade genes which
are known to be destructive to synapses (Hong et al, 2016). The inability for
activated microglia to induce cell death has revealed the important role of Al
reactive astrocytes in mediating microglia-induced neurotoxicity and the salience
of glial-cross talk in the pathogenesis of neuroinflammation. In vitro application
of conditioned media from A1l astrocytes to retinal ganglion cells resulted in a
50% reduction in the number of synapses (Liddelow & Barres, 2017). Studies
strongly suggest that Al neuroinflammatory reactive astrocytes are regulated via
NFkB signalling (Lian et al, 2015), which may account for their neurotoxic

capacity.

By contrast, A2 astrocytes are induced by ischaemia (Zamanian et al, 2012) and
promote neuronal growth and synapse repair. Their role in CNS recovery
(Hayakawa et al, 2014) is likely due to the activation of the Janus kinase (JAK)—
signal transducer and activator of transcription (STAT) 3 pathway. This pathway
regulates multiple cell functions including proliferation, differentiation and

growth during brain development (Kanski et al, 2014).

1.3.4.4 Microglial activation and signalling in vitro

Exposure of microglia to IFNy and/or LPS have been traditionally employed as
the mainstay methods of modelling microglia activation in vitro (Timmerman et
al, 2018). TLR4 is the primary receptor for LPS and mediates several pro-

inflammatory pathways including the phosphoinositide 3-kinase/protein kinase B
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(PI3K/AKT), MAPK and mammalian target of rapamycin (mTOR), ultimately
leading to nuclear factor kappa B (NF-kB) activation (Lively & Schlichter). NF-kB
activation results in the production of pro-inflammatory cytokines such as TNF-a
and IL-1B during neuroinflammation (Zhang et al, 2017b). In vitro, LPS has shown
to significantly induce the transcriptional activation of pro-inflammatory factors,
including inducible NO synthase (iNOS), IL-6 and TNF-a in BV2 microglial cell line
(Kumar et al, 2014). LPS activated microglia inhibit neurite outgrowth and
induced growth cone collapse of cortical neurons via upregulation of the cell
surface repulsive guidance molecule A (RGMa) in vitro (Kitayama et al, 2011).
LPS-induced microglial activation also induces loss of the presynaptic protein
synaptophysin in mouse hippocampal slices, indicating a strong implication for
glial associated inflammation in the disruption of synapses (Sheppard et al,

2019).

1.3.4.5 IFNy mediated microglial activation

IFNy has also been identified as a potent microglial activator in vitro known to
induce morphological changes, up-regulation of CD11b and CD68 and the release
of pro-inflammatory cytokines; IL-13, TNF-a, IL-6, and NO (Lively & Schlichter;
Papageorgiou et al, 2016). IFNs are a superfamily of cytokine secreted by
immune and non-immune cells during pathogenic infection (Chen et al, 2017).
They are classified into three distinct subtypes: type |, type Il and type lll, all of
which trigger intracellular signalling cascades via the Jak-STAT pathway (Kim et
al, 2015; Seif et al, 2017). Type | IFNs include IFN-a and IFN-B, type Il IFNs
consists of only IFNy and type Il IFNs comprise of IL-28/29. The term interferon is
derived from the ability of these cytokines to interfere with viral replication.
Type | and type Il IFNs play an important role in host defence by increasing the

expression of MHC class | on virus-infected cells.

IFNy plays important roles in early immunological responses including regulation
of macrophage activation, neutrophil and monocyte function, and MHC-I and -l
expression (Turner et al, 2014). There is also evidence of a role for IFNy as a cell
growth inhibitor which may play an important role in the protection against
tumor development (Green et al, 2017). IFNy is secreted predominately by
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activated immune cells such as T cells and natural killer cells (Pallmer & Oxenius,
2016) but may also be secreted by microglia and astrocytes. It produces its
effects through interactions with the IFNy receptor complex (IFNGR) on the

surface of target cells (Figure 1.7).

IFNy $G%x

Figure 1.7 Signalling at the IFNy receptor

IFNy produces its effects through interactions with the IFNy receptor complex (IFNGR)
on the surface of target cells. Ligand binding to IFNGR1 results in association of IFNGR1
and IFNGR2. Association of the receptor complex signals transphosphorylation of
tyrosine kinases JAK1 (associated with IFNGR1) and autophosphorylation of JAK2
(associated with IFNGR2). Activation of the signalling pathway STAT1 includes
translocation to the nucleus and transcription of IFNy related genes. Suppressor of
cytokine signalling proteins; SOCS. Signal transducers and activators of transcription;
STAT.

The IFNGR is a heterodimeric complex consisting of an alpha subunit IFNGR1 (90
kDa) and a beta subunit IFNGR2 (60 kDa). Ligand binding results in
phosphorylation of tyrosine kinases JAK1 (associated with IFNGR1) and JAK2
(associated with IFNGR2). Activated JAKs phosphorylate specific tyrosine
residues on the receptor polypeptides, which serve as a docking site for STAT
proteins (Larkin et al, 2013; Ottum et al, 2015). Docking of STATSs to the receptor

via src-homology 2 domains results in JAK mediated phosphorylation,
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dissociation of STATs from the receptor and transfer to the nucleus (Stark &

Darnell, 2012).

Of the seven STAT family members, STAT1 has been identified as the primary
downstream effector of IFNy. Following JAK mediated phosphorylation, STAT1
homodimerises and translocates to the nucleus, where it initiates transcription
of IFNy-stimulated genes (ISGs). ISGs play important roles in viral clearance, cell
cycle control, and inflammatory signalling (Au-Yeung et al, 2013; Majoros et al,
2017). IFNy increases the expression of MHC class | and Il on target cells in a
STAT1-dependent manner (Meissl et al, 2017). This pathway is negatively
regulated by several mechanisms including the induction of suppressors of
cytokine signalling (SOCS) proteins whose genes are induced by STATs and which
bind to JAK or cytokine receptors supressing further signalling (Yoshimura et al,
2012). SOCS-1 and SOCS-3 negatively regulate IFNy signalling via interaction with
JAK1/2 (Larkin et al, 2013). Deletion of SOCS leads to IFNy-dependent chronic
inflammation (Alexander & Hilton, 2004; Alexander et al, 1999).

Microglial activation by IFNy involves increased expression of cell surface
molecules and production of pro-inflammatory cytokines which facilitates
infiltration of immune cells (Boche et al, 2013; Browne et al, 2013; Dungan et al,
2014). IFNy serves in the priming of microglia, producing changes in morphology,
receptors and cytokine release profile (Perry & Holmes, 2014). It induces
hypertrophy with shortening and flattening of cellular processes, up-regulation
of MHC-II and CD86, and increased levels of IL-6 and TNF-a (Grau et al, 1997;
Kong et al, 2002; Papageorgiou et al, 2016). Activation of the IFNy signalling
pathway plays important role in apoptosis, neuronal atrophy and synapse loss
(de Weerd & Nguyen, 2012) and increased levels of IFNy have been implicated in
numerous CNS pathologies (Seifert et al, 2014). Several observations suggest
that the signals resulting from the binding of IFNy to its receptor are dependant
on the number of surface receptors transducing the signal. The IFNy receptor is
ubiquitously expressed allowing IFNy to act upon most cell types and elicit a
response in various body tissues (Hu & lvashkiv, 2009). However, the IFNGR2

chain is often considered the limiting factor because while it is constitutively
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expressed, its expression level is tightly regulated by cellular differentiation and
activation states (Bach et al, 1997; Schroder et al, 2004). Furthermore,
expression levels of the receptor are known to fluctuate under various
pathological conditions and have shown to be upregulated in response to various
pro-inflammatory cytokines such as IL-1 and TNF-q, resulting in an enhanced
ability of cells to respond to lower concentrations of IFNy. Increased expression
of the IFNy receptor by IL-1B specifically has shown to be dependent on NF-kB

transactivation (Shirey et al, 2006).

1.3.5 IL-6 in neuroinflammation and glial homeostasis

IL-6 is one of the primary pro-inflammatory cytokines released from activated
glia during inflammation (Boche et al, 2013; Glass et al, 2010b). It is a member of
the group of four-helical bundle cytokines which also includes IL-11, IL-31,
cardiotrophin-1, ciliary neurotrophic factor (CNTF), cardiotrophin-like cytokine
(CLC), granulocyte-colony stimulating factor (G-CSF), leptin, leukemia inhibitory
factor (LIF), neuropoietin and oncostatin M (Unver & McAllister, 2018).
Transcription of IL-6 involves NF-kB signalling and is effectively induced by the

NF-kB-activating factors LPS, IL-1, and TNF-a (Wolf et al, 2014).

Under normal physiological conditions IL-6 levels in the brain are relatively low
but increase dramatically during inflammation (Chen et al, 2016b; Giménez-Llort
et al, 2012; Zheng et al, 2016). Overproduction of IL-6, in turn, has shown to lead
to chronic neuroinflammation and neurodegeneration associated with a
multitude of neurological and neuropsychiatric disorders (Chen et al, 2018;

Dowlati et al, 2010; Dursun et al, 2015; Rothaug et al, 2016).

IL-6 elicits its effects by binding the IL-6 receptor complex which consists of the
IL-6 a-receptor (IL-6R) and the signal-transducing B-subunit glycoprotein 130
(gp130) (Erta et al, 2012) (Figure 1.8). Binding of IL-6 to its membrane-bound IL-
6R induces classical or “cis” signalling and anti-inflammatory effects (Hoge et al,
2013). In this case, the IL-6/IL-6R complex associates with a second receptor
protein, gp130, which dimerises and initiates cellular signalling (Scheller et al,
2014). Suppressor of cytokine signalling 3 (SOCS3) is an important negative
regulator of gp130 which is rapidly up-regulated by IL-6 and leads to negative
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feedback of gp130 signalling. Classical signalling plays a neuroprotective role in
the CNS including neural tissue regeneration and bacterial defence (Rose-John,
2017). Neuroprotective roles of IL-6 include its ability to promote nerve
regeneration following inflammatory stimuli, protect against neurotoxic effects
of methyl-4-phenylpyridinium (MPP+), and protect against neuronal loss during

infection (Chucair-Elliott et al, 2014; Leibinger et al, 2013; Xia et al, 2015).

IL-6 classical signalling IL-6 trans-signalling
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Figure 1.8 IL-6 activates classical or trans-signalling

In cells with a membrane-bound IL-6 receptor (IL-6R) IL-6 binds the receptor leading to
IL-6 classical signalling. In cells that express the membrane gp130 but lack the cell-
surface IL-6R, IL-6 initiates trans-signalling by binding the soluble IL-6R (sIL-6R) forming a
sIL-6R/IL-6 complex. Formation of this complex activates the JAK/STAT3 signalling
pathway. Classical IL-6 signalling is important for the acute-phase immunological
response and promotes anti-inflammatory activities, whereas trans-signalling promotes
pro-inflammatory activities. The pathway is negatively regulated by Suppressor of
cytokine signalling proteins (SOCS).

Binding of IL-6 to the soluble form of IL-6R (sIL-6R) is termed trans-signalling. It
occurs in cells expressing gp130 resulting in the production of pro-inflammatory
cytokines and chronic inflammation (Rose-John, 2012; Wolf et al, 2014). Trans-
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signalling is known to play a role in neuronal degeneration (Rothaug et al, 2016)
and is regarded as the prevailing mechanism responsible for IL-6 mediated
pathology (Baran et al, 2018; Campbell et al, 2014). The basis of trans-signalling
is sIL-6R binding to IL-6 in the extra cellular matrix forming the IL-6/sIL-6R
complex. This complex has an increased binding affinity to membrane-bound
gp130 subunits, resulting in signalling in any cell type that express gp130 (Jones
et al, 2005). gp130 is ubiquitously expressed in almost all cell types including
astrocytes and neurons and permits trans-signalling following complexation of
sIL-6R with IL-6 in these cells where the surface-bound IL-6R is not expressed

(Erta et al, 2012).

1.4 The Kynurenine pathway - forging a link between
neuroinflammation, neuronal atrophy and degeneration

Pro-inflammatory cytokines including IL-6 induce a specific metabolic pathway
known as the Kynurenine pathway (KP) (Kindler et al, 2019; Prendergast et al,
2011). The KP is a tryptophan catabolism pathway that is induced in times of
stress and immune activation. Initially tryptophan is converted to kynurenine and
subsequently into a range of metabolites with neuro-modulatory properties

(Figure 1.9).
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Figure 1.9 The Kynurenine pathway

The initial conversion of tryptophan to kynurenine requires induction of either of the
rate limiting enzymes tryptophan 2, 3-dioxygenase (TDO), or indoleamine 2, 3-
dioxygenase (IDO). Kynurenine is transaminated into kynurenic acid (KYNA) by
kynurenine aminotransferase (KAT), or converted to 3-hydroxykynurenine (3-HK) by
kynurenine monooxygenase (KMO). Alternatively, kynurenine may be converted directly
to anthranilic acid by kynureninase (KYNU). Anthranilic acid can then be converted
directly to 3-hydroxyanthranilic acid (3-HAA) by anthranilate 3-monooxygenase (AMO).
3-HK is then metabolised into 3-HAA by kynureninase (KYNU) or transaminated into
xanthurenic acid by KAT. 3-HAA is further metabolised to the unstable intermediate, 2-
amino-3-carboxymuconate by 3-hydroxyanthranilic acid 3, 4-dioxygenase (3-HAO). It
may then be enzymatically converted to picolinic acid, or non-enzymatically transformed
to quinolinic acid by the enzyme aminocarboxymuconate-semialdehyde decarboxylase
(ACMSD).

The KP has important physiological roles associated with anti-pathogenic
responses (Szalardy et al, 2012). It is important for energy metabolism during the
immune response as it drives production of nicotinamide adenine nucleotide
(NAD+), an important co-factor for energy production and cell viability
(Castellano-Gonzalez et al, 2019; O'Farrell & Harkin, 2017). In recent years the KP
has become implicated in several CNS disorders and the regulation of kynurenine
metabolism has been intensively investigated (Haroon et al, 2012; Schwarcz et al,

2012a). The pathway has been implicated in a range of neuropsychiatric
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disorders and neurodegenerative diseases (Bohar et al, 2015; Karakuta-
Juchnowicz et al, 2014; Reus et al, 2015) including AD, PD, multiple sclerosis and
stroke (Cuartero et al, 2014; Lim et al, 2010; Maddison & Giorgini, 2015; Tan et
al, 2012b). The KP has therefore become an important target for the

development of biomarkers and treatments for a range of CNS-related illnesses.

1.4.1 The KP, metabolites and enzymes

Tryptophan is an essential a-amino acid required for protein synthesis and as a
precursor for neurological compounds including serotonin and melatonin
(Schwarcz et al, 2012a). Tryptophan circulates in the blood, with 70-90% bound
to albumin, and is transported in the form of this tryptophan-albumin complex
across the BBB where free tryptophan is released into the brain (Hoglund et al,
2019). Glial cells take up free tryptophan which is metabolised through the KP
resulting in the production of neuroactive metabolites and NAD+ (Schwarcz et al,

2012a; Vecsei et al, 2013).

The initial conversion of tryptophan to kynurenine requires induction of either of
the rate limiting enzymes, tryptophan 2, 3-dioxygenase (TDO), or indoleamine 2,
3-dioxygenase (IDO). Under normal physiological conditions kynurenine is
derived from peripheral sources. However, during neuroinflammation >98% is
produced locally. Kynurenine is converted to kynurenic acid (KYNA) by the
kynurenine aminotransferase (KAT) enzymes, of which there are four main
subtypes (KATI, KAT I, KAT lll, KAT 1V). All four subtypes of KAT are involved to
varying degrees in the irreversible transamination of kynurenine to KYNA
(Agudelo et al, 2014; Zinger et al, 2011). KAT Il is primarily responsible for the
production of KYNA (75%) in the brain due to the inability of KYNA to cross the
BBB (Zinger et al, 2011). It is expressed in both microglia and astrocytes
(Guillemin et al, 2007; Guillemin et al, 2001).

Alternatively, kynurenine may be converted to 3-hydroxykynurenine (3-HK) by
the flavin adenine dinucleotide dependent monooxygenase enzyme kynurenine
monooxygenase (KMO), or to anthranilic acid by kynureninase (KYNU). 3-HK is
further metabolised to 3-hydroxyanthranilic acid (3-HAA) by KYNU, or to
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xanthurenic acid by KAT. 3-HAA undergoes further conversion to the unstable
intermediate, 2-amino-3-carboxymuconate by 3-hydroxyanthranilic acid 3, 4-
dioxygenase (3-HAO). This metabolite is further enzymatically converted to
picolinic acid, or non-enzymatically transformed to quinolinic acid (QUIN)

(Fujigaki et al, 2017; Lugo-Huitrén et al, 2013; Vecsei et al, 2013).

IDO is one of the rate limiting enzymes involved in the initial conversion of
tryptophan to kynurenine. It has a broader substrate specificity than TDO. It is
expressed extra-hepatically in the intestine, lung, placenta, brain and spleen and
in astrocytes, macrophages, microglia and neurons (Lim et al, 2010) in the CNS
and periphery (Mandi & Vécsei, 2012). IDO is induced by pro-inflammatory
cytokines and inflammatory stimuli such as IFNy (Mandi & Vécsei, 2012;
Wirthgen et al, 2017). IDO may also be indirectly induced by low-grade

inflammation and stress-inducible pathways (Kiank et al, 2010).

TDO, is a homotetrameric enzyme primarily expressed in the liver and expressed
in lower levels in astrocytes, neurons and endothelial cells (Wu et al, 2013). Its
expression is regulated by various mechanisms including the availability of
tryptophan (Kim et al, 2013; Myint & Kim, 2014). TDO is induced by
corticosteroids and glucagon, however there is also evidence that it may be
indirectly induced by immune activation and glucocorticoid receptor activation
(Walker et al, 2013). Stress-induced activation of the hypothalamic pituitary
adrenal (HPA) axis activates TDO via the release of glucocorticoids from the
adrenals and activation of intracellular glucocorticoid receptors (Kim & Jeon,
2018; O'Farrell & Harkin, 2015). Changes in the expression of TDO mRNA in the
developing and adult brain suggests that TDO is important to the development of
specific brain regions including the hippocampus and cerebellum (Kanai et al.,
2010). Thus, it is hypothesised that altered TDO expression may predispose to
behavioural changes characteristically associated with neuropsychiatric disorders

in adult life (Funakoshi et al, 2011).
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1.4.2 KP compartments in the CNS

The KP is known to be differentially compartmentalised within astrocytes and
microglia, often termed the “neuroprotective” and “neurotoxic” branches,
respectively. Based on this compartmentalisation, KMO and KATs regulate the
balance of QUIN:KYNA uptake and metabolism. Following the initial production
of KYN from IDO, KP enzymes downstream are differentially expressed resulting

in two functionally distinct KP branches (Fujigaki et al, 2017) (Figure 1.10).
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Figure 1.10 Compartmentalisation of the kynurenine pathway

The KP is compartmentalised differentially within astrocytes and microglia in the CNS.
Astrocytic uptake and metabolism of tryptophan results in the production of the
neuroprotective metabolite KYNA. On the other hand, microglial uptake and metabolism
of tryptophan results in the production of the neurotoxic metabolites 3-HK, 3-HAA and
QUIN. The excitotoxic metabolite QUIN acts at NMDA-type glutamate receptors and
synergises with 3-HK resulting in oxidative stress.

Astrocytes preferentially express KAT which drives the neuroprotective arm
(Dostal et al, 2017) and the production of KYNA (Rossi et al, 2019; Schwarcz et al,
2012a). The lack or limited expression of KMO in astrocytes means they are
unable to produce the neurotoxic metabolite QUIN (Kindler et al, 2019). Hence,
the astrocytic arm is often considered the ‘neuroprotective arm’. Microglia, on
the other hand preferentially express the enzymes KMO and KYNU (Garrison et
al, 2018a; Suzuki et al, 2019) resulting in downstream production of the
neurotoxic metabolites 3-HK, 3-HAA, and QUIN (Lugo-Huitron et al, 2013;
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Pierozan et al, 2015). Microglia preferentially express KMO, on the outer
membrane of mitochondria which is responsible for the generation of neurotoxic
KP metabolites (Garrison et al, 2018a; Hutchinson et al, 2017; Parrott et al, 2016;
Raison et al, 2010). Thus, the microglial arm is often regarded as the ‘neurotoxic

arm’ of the KP.

Preferentially targeting one arm of the KP may provide a means to
counterbalance shifts in pathway activation in neurological disorders (O'Farrell &
Harkin, 2015). However, it is important to bear in mind that astrocytes also
produce KYN which can be taken up by neighbouring microglia and may
indirectly contribute to production of QUIN. Furthermore, as both cells express
IDO, inflammatory cytokines have the potential to activate both arms of the
pathway (Dostal et al, 2017) and it may be an over-simplification to consider the

two branches of the pathway distinct.

1.4.3 Neuroactive effects of kynurenine pathway metabolites and
consequences for neuronal viability and plasticity

Imbalance of KP metabolites is reported in a plethora neuropsychiatric disorders
such as depression, anxiety and schizophrenia (Lovelace et al, 2016; Parrott et al,
2016; Tan et al, 2012a) as well as neurodegenerative diseases such as AD, PD and
HD (Dantzer & Walker, 2014; O'Farrell & Harkin, 2015; Vecsei et al, 2013).
Elevated levels of neurotoxic KP metabolites in neurological diseases implies
imbalance between the two branches of the KP (Tan et al, 2012a). KP
metabolites are reported to act on various neuronal targets modulating neuronal
function (Szalardy et al, 2012; Verstraelen et al, 2014a) neuronal transmission,

neuronal viability, complexity and plasticity (Ferrante et al., 2013).

1.4.3.1 Kynurenic acid

KYNA is regarded as the primary neuroprotective metabolite of the KP. As KYNA
cannot cross the BBB it must be transported first in the form of kynurenine.
KYNA acts as an endogenous, competitive antagonist of the NMDAR and a weak
antagonist of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)

and kainate receptors (Vécsei et al, 2012). Regulation of KAT activity maintains
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KYNA at a physiological concentration between 0.14 and 1.58 uM (Turski et al,
2013). In this range KYNA acts as an antagonist at the glycine recognition and co-
agonist sites of the NMDAR complex (Szalardy et al, 2012) as well as a non-
competitive inhibitor of the a7 nicotinic acetylcholine receptor (a7nAChR)
(Albuquerque & Schwarcz, 2013) suppressing presynaptic glutamate release
(Vécsei et al, 2012). At higher concentrations KYNA can also act as an antagonist
of the AMPA receptor and glutamate binding sites of the NMDAR which may be
important in providing protection against excitotoxicity (Ramos-Chavez et al,

2018; Schwarcz et al, 2012a).

In addition to its effects at glutamate receptors, KYNA has several other targets.
It can also bind the G protein-coupled receptor 35 (GPR35) and the aryl
hydrocarbon receptor. The exact role of these receptors in the CNS requires
further research (Schwarcz et al, 2012a). In addition to its actions at receptors,
KYNA is noted for its antioxidant capacity and ability to scavenge free radicals
(Lugo-Huitron et al, 2011 ). Despite its neuroprotective qualities, KYNA may
become toxic above physiological concentrations resulting in the disruption of
glutamatergic transmission with implications on neuronal functioning and

connectivity.

1.4.3.2 3-Hydroxyanthranilic acid and 3-Hydroxykynurenic acid

3-HAA and 3-HK are neurotoxic metabolites that contribute to the generation of
free radicals (Bohar et al, 2015; Lovelace et al, 2016), lipid peroxidation and
oxidative stress (Parrott & O'Connor, 2015). 3-HAA and 3-HK inhibit various
complexes of the electron transport chain (Schuck et al, 2007) resulting in
mitochondrial dysfunction (Maes, 2011) and activation of oxidative and
nitrosative pathways thought to play a role in neuronal damage and death (Glass
et al, 2010a; Maes, 2011; Muller, 2013; Reyes-Ocampo et al, 2015a). The toxicity
of 3-HK on neuronal cultures has been attributed to its ability to generate ROS
and initiate apoptosis (Zinger et al, 2011). Increased levels of 3-HK have been
reported in numerous neuropsychiatric disorders including AD, PD and HD

(Bohar et al, 2015).
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1.4.3.3 Quinolinic acid

Of the three neurotoxic metabolites QUIN is considered the most important in
terms of biological activity. Brain concentrations of QUIN are usually maintained
at nanomolar concentrations. However, levels rise drastically during
inflammation (Lugo-Huitron et al, 2013) and above 300 nM QUIN is reported to

become toxic (Guillemin, 2012).

The toxicity of QUIN is exerted mainly through NMDAR-mediated excitotoxicity.
QUIN acts as a weak, competitive agonist of the NMDAR at the NR2A and NR2B
subunits (Guillemin, 2012). Due to its higher affinity for the NR2B subunit it is
found predominately in the forebrain (Vécsei et al, 2012). QUIN-induced
activation of the NMDAR has been shown to produce excitotoxicity associated
with neuronal damage in the rat brain (Zinger et al, 2011). QUIN-induced
neuronal injury is thought to result from interference with the axonal
cytoskeleton (Pierozan et al, 2015) and can be rescued with the NMDAR

antagonist MK801 (Pierozan et al, 2010).

In addition to its activity at the NMDAR, QUIN can directly stimulate glutamate
release from neurons and inhibit its uptake by astrocytes (Lugo-Huitrén et al,
2013). This impairment of the glutamate-glutamine cycling can lead to increased
synaptic glutamate concentrations and excitotoxicity-induced neuronal damage
(Pierozan et al, 2012). It is also known to generate ROS through lipid
peroxidation resulting in mitochondrial and cell damage (Gonzalez Esquivel et al,

2017a).

1.4.4 The KP in neuroinflammation

Imbalance of KP metabolites has been demonstrated in neuroinflammatory
events including excitotoxicity, oxidative stress (Pérez-De La Cruz et al, 2012) and
mitochondrial dysfunction (Lépez-Doménech et al, 2016; Reyes-Ocampo et al,
2015a). Under physiological conditions the KP is tightly regulated. However,
immune stimulation and pro-inflammatory mediators including TNF-a, IFNy, IL-6
and IL-1B are known to induce KP enzymes (Dantzer, 2017; Schwieler et al, 2015;

Zunszain et al, 2012).

41



IFNy is the most potent inducer of IDO and has been traditionally employed as a
microglial activator (Vécsei et al, 2012; Wirthgen et al, 2017). It can induce the
neurotoxic enzymes KMO and KYNU and is regarded as the primary stimulus for
studying KP activation in vitro (Lim et al, 2013; Pallotta et al, 2011). Unbridled
production of pro-inflammatory cytokines, abnormally elevated expression of
chemokines and infiltration of circulating immune cells are events of chronic
neuroinflammation (Glass et al, 2010b) that have been linked with induction of
KP enzymes and KP activation. Microglia isolated from KMO-/- mice display a
reduced pro-inflammatory response compared to wild-type (Garrison et al,

2018b).

Stress mediated activation of the HPA axis (O'Farrell & Harkin, 2017) and KP
enzymes (Gibney et al.,, 2014) has been extensively investigated. Stress and
inflammation are associated with neuronal atrophy, characterised by loss of
synaptic connections in key cortical and limbic brain regions implicated in
depression (Duman, 2014; Duman et al, 2016; Liu et al, 2017b). Thus, it is
plausible that stress-induced activation of the KP may also contribute to
alterations in the structural plasticity of neurons and remodelling of synaptic

connections.
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1.5 Aims and objectives

Previous in vitro research has shown that conditioned media drawn from IFNy
treated mixed glia and microglia result in reductions in neurite outgrowth and
reduction in the co-localised expression of synaptic proteins. More recent
research suggests that reactive astrocytes contribute to glial driven neuronal
atrophy and L-AAA-induced astrocyte impairment may be protective in this
context. Nevertheless, knowledge of the distinct mechanisms underlying glial
mediated changes in neuronal integrity and plasticity under inflammatory
conditions is currently limited. The primary aim of this thesis is to investigate
selected mechanisms and mediators involved in inflammatory driven, astroglial
associated alterations in neuronal integrity, complexity and co-localisation of
synaptic proteins in vitro.

In order to extend our knowledge of the impact of L-AAA induced astrocyte
impairment, this thesis aims to characterise the impact of L-AAA on
inflammatory-naive primary cortical astrocytes; the effects of L-AAA on astrocytic
morphology, expression of astrocytic markers and measures of oxygen
consumption rate and glycolysis. Following on, this thesis aims to further
determine the effects of L-AAA on stimulated reactive astrocytes and the impact
of conditioned media drawn from reactive astrocytes treated with L-AAA on the
integrity of mature primary cortical neurons.

The second part of this research explores selected mechanisms associated with
IFNy-driven glial activation using enriched cultures of primary cortical microglia
and astrocytes. It aims to illustrate a role for reactive astrocytes in mediating
inflammatory driven neuronal atrophy and examines the role of a candidate
cytokine IL-6, in mediating glial associated changes in neuronal integrity and
inflammatory associated neuronal atrophy in vitro.

The final section of this thesis aims to assess a potential role for KP induction as a
mediator of inflammatory-driven glial-associated deficits in neuronal complexity.
Efforts to rescue these effects are made by pharmacologically inhibiting the KP in
glial cells. A greater understanding of these mechanisms is of interest in the
context of identifying targets and developing novel treatments for inflammatory

CNS disorders.
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2 Materials and Methods
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2.1 Materials
2.1.1 In vitro studies
2.1.1.1 Animals

Wistar rats (male/female)

2.1.1.2 General equipment
Aspirator pump

Autoclave

Axio Imager 71

Biosafety cabinet

Centrifuge: Legend RT+

Gyro rocker

Haemocytometer

Laminar flow hood

Microscope: CKX41

Microscope: Axio Imager Z1
Nanodrop® ND1000 Spectrophotometer
Needles, hypodermic (25G)

Peristatic pump

pH meter

Plate reader

Scale (precision)

SP8 confocal microscope
StepOnePlus™ Real-Time PCR System
Thermal Cycler (PTC-200 Peltier)
Thermo Steri Cycle CO; Incubator Hepa Class 100
Vortex

Water bath

XF24 Analyser

2.1.1.3 General consumables

6-, 24- and 96-well plates
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Comparative Medicine, TCD

Integra Biosciences
Sanyo, Ireland

Carl Zeiss

ADS Laminaire, France
Sorvall, Ireland

Stuart, Ireland

VWR, Ireland

ADS Laminaire, France
Olympus, UK

Carl Zeiss, UK

Thermo Fisher Scientific
Microlance BD

Gilson

Mettler-Toledo, Ireland
Biotek

Mettler-Toledo, Ireland
Leica

Applied Biosystems

MJ Research, US

Bio-Sciences Limited, Ireland

Ika, Ireland
Grant, Ireland

Seahorse, Biosciences

Sarstedt, Ireland



Biosphere filter tips (10, 20, 100, 200, 1000 uL)
Cell culture flasks (T-75 cm?)

Cell scrapers

Cell strainers (40 um)

Falcon tubes (15 mL, 50 mL)

Filter units (0.22 um), single-use (Millex)
Glass coverslips (13 mm)
Haemocytometer

Laboratory tissue rolls

Microscope slides 76 mm x 26 mm
Microtubes (0.5 mL, 1.5 ml, 2 mL)
Parafilm

Microscope slides 76 mm x 26 mm
Microtubes (0.5 mL, 1.5 mL, 2 mL)
Pasteur pipettes (3.5 mL)

Petri dishes (90 mm)

Pipettes (manual and automated)
Pipette tips (200 pL, 1000 L)

Pipettes (5 mL, 10 mL, 25 mL), sterile
Scalpels, disposable, sterile (Swann-Morton)
Serological pipette (10, 25 mL)

Syringes (20 mL, 50 mL)

Syringe filters (0.2 um)

Transfer pipettes (sterile; 3 mL)

XF24-well cell culture plate

2.1.1.4 General laboratory chemicals

Absolute Ethanol
B-mercaptoethanol
Biocidal ZFTM

Calcium chloride (CaCly)

Dimethyl sulfoxide
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Sarstedt Ltd., Ireland
Corning, Ireland
Sarstedt, Ireland

BD Falcon VWR, Ireland
Sterile Sarstedt, Ireland
Millipore, Ireland

VWR, Ireland

VWR, Ireland

VWR Int., Ireland

Fisher Scientific, Ireland
Sarstedt, Ireland

VWR, Ireland

Fisher Scientific, Ireland
Sarstedt, Ireland
Sarstedt, Ireland 45
Fisher Scientific, Ireland
Gilson Inc.

Sarstedt, Ireland
Sarstedt, Ireland

Fisher Scientific, Ireland
Sarstedt, Ireland

Fisher Scientific, Ireland
Pall Corporation, USA
Sarstedt, Ireland

Seahorse, Biosciences

Hazmat, TCD

Sigma Aldrich, Ireland
WAK-Chemie, Germany
Sigma Aldrich, UK
Sigma Aldrich, UK



D-(+)-Glucose Bioextra
Fluorescein sodium salt
HEPES

Magnesium sulfate (MgS0Qa)
Methanol

Microscint 40
Monopotassium phosphate (KH2POa4)
N-Methyl-D-glucamine
Potassium chloride (KCl)
Sodium chloride (NaCl)
Sodium hydroxide (NaOH)
Triton X-100

Trypan Blue (0.4%)
Trypsin-EDTA solution (0.25%)
Un-buffered DMEM

Virkon

2.1.1.5 Cell Culture reagents
B-27 Supplement

Bovine serum albumin

Donkey serum

Dulbecco’s modified Eagle medium: F12

Dulbecco’s phosphate buffered saline (10X)

Foetal Bovine Serum- heat inactivated
Fungizone

Glutamax

Granulocyte macrophage colony-stimulating factor

Horse serum
Macrophage colony-stimulating factor
Neurobasal A medium

Normal goat serum

Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Fisher Scientific Ltd
VWR Int., Ireland
PerkinElmer

Fisher Scientific Ltd
Fisher Scientific Ltd
Fisher Scientific Ltd
Sigma Aldrich, Ireland
Sigma Aldrich, Ireland
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Seahorse, Biosciences

Antec Int., USA

Gibco, UK

Sigma Aldrich, Ireland
Sigma Aldrich, Ireland
Labtech Int., UK
Sigma Aldrich, UK
Invitrogen, UK
Invitrogen, UK

Gibco, UK

R&D Systems, UK
Sigma Aldrich, Ireland
R&D Systems, UK
Invitrogen, UK

Sigma Aldrich, Ireland



Penicillin-streptomycin
Poly-D-lysine hydrobromide
Poly-L-lysine hydrobromide
Trypan Blue (0.4%)
Trypsin-EDTA solution (0.25)

Vectashield mounting medium with DAPI

2.1.1.6 Experimental treatments
3-Hydroxyanthranillic acid
3-Hydroxykynurenine

PEGFP-C1 Lifeact-EGFP Plasmid
Glutamate

Glycine

Interleukin-6

Interleukin-6 Neutralising antibody
Interleukin-1 alpha

Quinolinic acid

Kynurenic acid
L-alpha-aminoadipic Acid (L-AAA)
Recombinant rat Interferon-gamma (IFNy)

Tumor necrosis factor alpha (TNF-a)

2.1.1.7 Assay Kits
BCA Protein Assay Kit

BioRad Protein Assay Dye Reagent
CCK-8 Assay Kit

Coomassie Plus (Bradford) Protein Assay Kit

Rat IL-1 alpha DuoSet ELISA kit
Rat IL-6 DuoSet ELISA kit
Rat TNF-a ELISA Max Deluxe kit
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Invitrogen, UK

Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK

Vector Laboratories, UK

Sigma Aldrich, UK
Sigma Aldrich, UK
Addgene, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Peprotech, Ireland
Biotechne, UK
Peprotech, Ireland
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, Ireland
Peprotech, Ireland

Sigma Aldrich, UK

Fisher Scientific, Ireland
Thermo Scientific Piercef
Dojindi labs, Japan
Thermo Scientific Pierce
R&D Systems, UK

R&D Systems, UK

Biolegend, Ireland



2.1.1.8 Molecular materials and reagents
Aspartic Acid D-[2,3-3H]-, 250uCi (9.25MBq)
Biosphere filter tips (10, 20, 200, 1000 pL)
Molecular grade ethanol

High capacity cDNA archive kit

Microamp 96-well reaction plate
Nucleospin* RNA Il Isolation kit
Nunc-Immuno™ MicroWell™ 96 well
Optical adhesive covers

Paraformaldehyde

PCR minitubes

RNase-free microtubes (1.5 mL)
RNase-free water

RNaseZap* wipes

TagMan* Gene Expression Assays

TagMan* Universal PCR Master Mix

2.1.1.9 Fluorescent immunocytochemistry

Perkin Elmer, UK

Sparks Labs, Ireland

Sigma Aldrich, UK

Applied Biosystems, UK
Applied Biosystems, UK
Macherney-Nagel, Germany
Sigma Aldrich, UK

Applied Biosystems, UK
Sigma Aldrich

Sarstedt, Ireland

Ambicon Inc., USA
Macherney-Nagel, Germany
Ambicon Inc., USA

Applied Biosystems, UK

Applied Biosystems, UK

Name Host Manufacturer Catalogue Dilution
species Number
B-IIl tubulin Mouse Promega G7121 1:1000
GFAP Rabbit Dako 70334 1:500
Ibal/AIF1 Goat abcam ab5076 1:1000
PSD-95 Mouse Thermo Fischer Scientific MA1-046 1:500
Synaptophysin Rabbit Thermo Fischer Scientific PA1-1043 1:500
MAP2 Mouse Sigma Aldrich M1406 1:1000
(2a+2b)
Drebrin A Rabbit Immuno-Biological 28023 1:150, 1:200
(DAS2) Laboratories

Table 2.1 Primary antibodies used for immunocytochemistry
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Name Host Manufacturer Catalogue Dilution
species Number
Alexa Fluor 488 Goat Life technologies A11008 1:500
anti-rabbit
Alexa Fluor 488 Rabbit Invitrogen A27012 1:500
anti-goat
Alexa Fluor 546 Goat Thermo Fisher Scientific A11035 1:500
anti-rabbit
Alexa Fluor 488 Goat Thermo Fisher Scientific A11039 1:500
anti-chicken
Alexa Fluor 546 Goat Biosciences A11010 1:1000
anti-rabbit
Alexa Fluor 488 Goat Thermo Fisher Scientific A11001 1:1000
anti-mouse
Alexa Fluor 546 Goat Biosciences A11003 1:500
anti-mouse

Table 2.2 Secondary antibodies used for immunocytochemistry

2.1.2 Invivo studies

2.1.2.1 Animals

C57BI6/) mice (male), 9-14 weeks old

2.1.2.2 Chemicals and reagents

Bovine Serum Albumin 96% (BSA)

Corn oil

Ethanol (EtOH)

Elite Vectastain© ABC kit
DPX mounting medium
Hydrochloric Acid (HCl)
Gelatin

Methanol
Paraformaldehyde
Sodium Chloride (NaCL)
Sodium Hydroxide (NaOH)
Sulfuric acid (H2S04)

Triton-X
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Charles River or Harlan, UK

Sigma Aldrich

Mazola

Sigma Aldrich

Vector laboratories, UK
Fisher Scientific, Ireland
BDH Chemicals

Sigma Aldrich, Ireland
Sigma Aldrich

Sigma Aldrich

BDH Chemicals

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich



http://www.thermofisher.com/us/en/home/life-science/antibodies.html?CID=BN-Antibodies-CiteABlogo

Tween 20

Xylene

2.1.2.3 General consumables

6-well plates

Containers (70 mL)

Calibrated pipets (microcapillary 1-5 pL)
Falcon tubes (15 mL, 50 mL), sterile
Glass coverslips 22 mm x 50 mm
Microscope slides 76 mm x 26 mm
Microtome blades (¢35 type)
Microtubes (0.5 mL, 1.5mL, 2mL)

PCR tubes (0.2 mL)

Pipette tips (10 pL, 200, 1000)

Transfer pipettes (3.5 mL)

Scalpels, disposable, sterile (Swann-Morton)

2.1.2.4 General equipment

Axio Imager Z1

Axiovert 200M

20x IX81-long focal length Fluorescent microscope

Centrifuge: Legend RT+
Cryostat

Vibratome

Gyro rocker

Micropipette puller (P-87)
Microscope CKX41

SP8 confocal Microscope
Needles, hypodermic (25G)

Peristatic pump
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Sigma Aldrich

Sigma Aldrich

Fisher Scientific
Sarstedt

Sigma Aldrich
Sarstedt

Fisher Scientific
Fisher Scientific
Lab. Instr. & Supply
Sarstedt
Sarstedt
Sarstedt
Sarstedt

Fisher Scientific

Carl Zeiss
Zeiss

Olympus
Sorvall, Ireland
Leica

Leica

Stuart

Sutter Instrument
Olympus

Leica
Microlance BD

Gilson



PH meter Mettler-Toledo

Surgical ear bars Kopf Instruments, Ireland
Stereotactic frame Kopf instruments, Ireland
Syringes, plastic (1 mL) B-Braun

2.1.2.5 Animal care

Betadine

EMLA 5% w/w cream AstraZeneca
Euthanimal (Pentobarbital) Alfasan
Tissue adhesive (Surgibond®) SMI AG

2.1.2.6 Experimental treatments

L-alpha-aminoadipic acid (L-AAA) Sigma Aldrich, Ireland

2.2 Methods

2.2.1 Invitro experiments

2.2.1.1 Aseptic techniques

Aseptic technique was utilised during all cell culture work in order to maintain a
sterile environment free from fungal, bacterial and viral infections which could
otherwise alter normal cellular function. Aseptic techniques included the use of
sterile disposable plastics, and sterilisation of all reusable glassware and plastic
by autoclaving at 121°C for 30-60 minutes prior to use. Distilled water (dH,0) was
also sterilised by autoclaving. Dissection kit instruments were cleaned with

Virkon and sterilised by autoclaving.

All cell culture work was carried out in a laminar flow hood (ADS Laminaire,
France). The laminar flow hood prevents contamination from airborne pathogens
by filtering air and permitting only a sterile airflow to come into contact with
cells. The laminar hood surfaces were wiped down with 70% EtOH before and
after use and exposed to ultraviolet light for 15-30 minutes after use. The hood
was cleaned regularly with Biocidal ZF and Virkon when not in use. All items

transferred into the flow hood were sprayed lightly with 70% EtOH to prevent
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transfer of pathogens from the external environment into the culture work area.
Disposable latex gloves were worn at all times while working in the culture area.
Gloves were sprayed with 70% EtOH before entering the hood and changed
regularly during cell culture work. Cells were maintained at 37°C in a 5% CO;
humidified atmosphere provided by a Thermo Steri Cycle CO, Hepa Class 100
Incubator. The incubator and laminar flow hood were cleaned regularly with

Biocidal ZF to maintain a sterile environment when not in use.

2.2.1.2 Preparation of culture media

Culture media for primary neuronal cultures: Neurobasal media (NBM)
supplemented with 1% (v/v) penicillin-streptomycin, 0.1% (v/v) fungizone and 1%
(v/v) glutamax was used to maintain primary neuronal cultures. 5 mL of
penicillin-streptomycin, 500 uL of fungizone and 5 mL of glutamax were filter-
sterilised using a 0.2 um syringe filter into a 500 mL bottle of NBM. NBM was
aliqguoted into 50 mL falcon tubes, sealed with parafilm and refrigerated until
further use. Prior to use NBM was supplemented with 1% B-27 producing

complete NBM (referred to as complete NBM (cNBM))

Culture media for primary mixed glial cultures: Dulbecco’s modified Eagle’s
medium (DMEM) F12 supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS), 1% (v/v) penicillin-streptomycin and 0.1% (v/v) fungizone (referred
to as complete DMEM (cDMEM)) was used to maintain primary mixed glial
cultures. In short, 50 mL of FBS, 5 mL of penicillin-streptomycin and 500 pL of
fungizone were filter-sterilised using a 0.2 um syringe filter and added to a 500
mL bottle of cDMEM. cDMEM was aliguoted into 50 mL falcon tubes, sealed with

parafilm and refrigerated until required for use.

For primary enriched microglial cultures: DMEM was supplemented as described
above and granulocyte macrophage colony-stimulating factor (GM-CSF; 10
ug/mL) and macrophage colony-stimulating factor (M-CSF; 5 pg/mL) were added
immediately to cDMEM before use to give a final concentration of 10 ng/mL of

each.
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For primary astrocytic cultures: DMEM F12 was supplemented as described for
mixed glial cultures. cDMEM was aliquoted into 50 mL falcon tubes, sealed with

parafilm and refrigerated until required for use.

Phosphate buffered saline (PBS): 1X PBS was prepared by diluting 5 mL 10X PBS
to 50 mL with dHO0.

2.2.1.3 Preparation of experimental treatments

Following preparation, stock solutions were filter-sterilised using a 0.2 pum
syringe filter, aliquoted and stored at -20/-80°C for future use. Experimental
compounds and Kynurenine pathway metabolites were prepared fresh each

time. Stock solutions were diluted to working concentrations in the appropriate

pre-heated media immediately prior to treatment (Table 2.3).

Molecular
. Stock
Compound name weight . Solvent
Concentration
(g/mol)

L-alpha-aminoadipic acid (L-AAA) 161.16 25 mM cNBM
1-Methyltryptophan (L) (1-MT) 218.25 20mM cNBM
3-Hydroxyanthranillic acid (3-HAA) 153.14 1mM cNBM
3-Hydroxykynurenine (3-HK) 224.21 1mM cNBM
Recombinant rat Interleukin-6 (IL-6) n/a 0.2 mg/mL PBS
Recombinant rat Interleukin-1 alpha (IL-1a) n/a 2 mg/mL cNBM
IL-6 neutralising antibody n/a 200 pg/mL PBS
Glutamate (Glu) 147.13 10 mM cNBM
Glycine (Gly) 75.07 10 mM cNBM
Kynurenic acid (KYNA) 189.97 1mM cNBM
Quinolinic acid (QUIN) 167.12 4 uM 2DMSO

. . 0.1% “BSA
Recombinant rat interferon-gamma (IFNy) n/a 100 pg/mL 1 PBS

in

. ) Sterile

Recombinant rat tumor necrosis factor (TNF-a) n/a 60 ng/uL dH-0
2

Table 2.3 Table of compounds, molecular weights and solvents
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INBM (Neurobasal media)

2DMSO (dimethyl sulfoxide)

3TRIM (1-(2-Trifluoromethylphenyl) imidazole)
4BSA (bovine serum albumin)

2.2.1.4 Preparation of Poly-D-Lysine coverslips for neurons

Poly-D-lysine was prepared by reconstituting 5 mg with 50 mL sterile dH.0 to
obtain a stock concentration of 0.1 mg/mL. This solution was then filter-sterilised
using a 0.2 um syringe filter and frozen at -20°C in 5 mL aliquots until further use.
Each Poly-D-lysine aliquot was diluted prior to use by adding 5 mL sterile tissue

culture grade water giving a working concentration of 50 pg/mL.

Glass coverslips (13 mm) were placed in the wells of a 24-well plate and sterilised
under ultraviolet light for 60 minutes. Coverslips were aseptically coated by
placing a drop of Poly-D-lysine solution (75 pL) on the centre of each coverslip
which was then left for 45 minutes. The poly-D-lysine was removed by aspiration
and stored again at 4°C for reuse up to 3 times. Coverslips were washed twice
with sterile tissue culture grade water and left to dry fully for approximately 2
hours. Any remaining droplets were removed with a Pasteur pipette. Once dry,
plates were sealed with parafilm and stored in the fridge for up to two weeks or

at -80°C for up to two months.

2.2.1.5 Preparation of Poly-L-Lysine coverslips for glia

Poly-L-lysine was prepared by reconstituting 5 mg with 50 mL sterile tissue
culture grade water to obtain a stock concentration of 0.1 mg/mL. This solution
was then filter-sterilised using a 0.2 um syringe filter and frozen at -20°C in 5 mL
aliquots until further use. Glass coverslips (13 mm) were placed in the wells of a
24-well plate and sterilised under ultraviolet light for 60 minutes. Coverslips
were aseptically coated by placing a drop of Poly-L-lysine solution (100 pL) on the
centre of each coverslip which was then left for 10-20 minutes. The poly-L-lysine
was removed by aspiration and the coverslips were washed thoroughly with
sterile tissue culture grade water. Poly-L-lysine was stored again at 4°C for reuse
up to 3 times. Plates were left to dry fully for approximately 2 hours. Any

remaining droplets were removed with a Pasteur pipette. Once dry, plates were
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sealed with parafilm and stored in the fridge for up to two weeks or at -80°C for

up to two montbhs.

2.2.1.6 Preparation of primary cortical neuronal cultures

Trypsin-EDTA, B-27, cNBM, cDMEM and plates were pre-warmed in the
incubator before starting the dissection. Cultures of primary cortical neurons
were prepared as previously described (Day et al, 2014; McNamee et al, 2010a)
from postnatal day 1 -2 (P1-2) neonate Wistar rat pups under sterile conditions
in a laminar flow hood. Pups were decapitated using a large, sharp scissors. A
smaller scissors was then used to cut through the skin and along the midline to
reveal the skull. Cutting along the midline ensured no pressure was placed on the
brain. A curved forceps was used to carefully remove the brain. The brain was
then placed on a sterile petri dish. A straight forceps was used to remove the
surrounding meninges and obvious blood vessels. Cortical tissue from both
hemispheres was removed from the rest of the brain and placed in a drop of pre-

warmed cDMEM to prevent it drying out.

The tissue was then transferred into trypsin-EDTA (5 mL) and incubated for 2
minutes at 37°C. 5 mL ¢cDMEM was then added to deactivate the trypsin. The
suspension solution was gently triturated and then centrifuged at 2,000 rpm for
4 minutes at 21°C. The supernatant was removed and the cell pellet was re-
suspended in 5 mL cDMEM and gently triturated to give a homogenous
suspension. The cell suspension was passed through a cell strainer with a 40 um
filter into a new sterile falcon tube and centrifuged at 2,000 rpm for 4 minutes at
21°C. The supernatant was discarded. The pellet was then re-suspended in 1 mL
of pre-warmed cNBM (dilution 1:100) and gently triturated until a homogenous
cellular suspension was obtained. The resulting neuronal cell suspension was

counted using the trypan blue exclusion method.

2.2.1.7 Neuronal cell counting and plating

The trypan blue method of counting works on the premise that viable cells with
intact cellular membranes have the ability to exclude trypan blue dye whereas
dead cells do not. Cells were first diluted 1:50 in cNBM and again at 1:2 with
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trypan blue producing a total dilution of 1:100. A glass haemocytometer was
used to count the cells under a light microscope (Olympus CKX41). Following
counting, the cell suspension was diluted with cNBM to give a final concentration
of 3 x 10° cells/mL. For Sholl analysis and synaptic protein co-localisation
experiments, 100 pL of this dilution was gently pipetted on the centre of a poly-
D-lysine coated coverslip in 24-well plates. The concentrated cells were then
incubated at 37°C for a minimum of 2 hours to allow adherence of neurons
before being topped up with 200 puL of warm cNBM. The day of plating was
referred to as to as days in vitro 0 (DIV 0). Media was replaced with fresh pre-
warmed cNBM every 4-6 days. Immature neurons used for Sholl analysis were
treated with compounds at DIV 3 and fixed for immunocytochemistry at DIV 4.
Mature neurons used for Sholl analysis and synaptic protein co-localisation
studies were treated with compounds at DIV 18-21 and fixed for

immunocytochemistry.

2.2.1.8 Preparation of mixed glial cultures

Cultures of primary cortical mixed glial cells were prepared as previously
described (McNamee et al, 2010a) from P2-3 neonatal Wistar rat pups under
sterile conditions in a laminar flow hood. These cultures consisted of
approximately 70% astrocytes and 30% microglia (Day et al, 2014). Pups were
decapitated and brains were removed as previously described for primary

cortical neuronal cultures.

Cortical tissue from both hemispheres was removed from the rest of the brain
and placed in a drop of pre-warmed cDMEM to prevent it drying out. The finely
chopped cortical tissue was then placed in 6 mL pre-warmed cDMEM and placed
in the incubator for 20 minutes at 37°C in a humidified, 5% CO2 atmosphere.
Following this, the tissue was triturated until homogenous, passed through a
sterile cell strainer (40 um) into a new 50 mL falcon tube and centrifuged at
2,000 rpm for 3 minutes at 21°C. The supernatant was removed and the pellet
was re-suspended in 1 mL ¢cDMEM. 5 mL DMEM was added to the bottom of
each T75 cm? flask and the 1 mL cell suspension was added on top. Flasks were
placed into an incubator at 37°C and 5% CO; for 2 hours to allow adherence of

57



cells to the bottom of the flask. After 2 hours, flasks were topped up by adding
an additional 5 mL cDMEM. The day of plating was referred to as DIV 0. Media
was replaced every 4-5 days by removing and discarding old media and pipetting
10 mL fresh, pre-warmed cDMEM down along the sides of the flask to prevent

disturbing cells.

Mixed glia were plated when 90% confluent, usually between days 10-14 DIV.
Prior to plating, the media was removed from the T75 cm? flasks, and 3 mL fresh
pre-warmed cDMEM was added. Cells were scraped and the cell suspension was
collected and centrifuged at 2,000 rpm for 5 minutes at 21°C. The supernatant
was discarded and the pellet was re-suspended in 2.4 mL cDMEM. 100 pL of cell
suspension was added to each well and left to incubate for 2 hours to allow
adherence. Wells were topped up with 200 uL cDMEM after 2 hours. Mixed glia

were left for a minimum of 24 hours before treating.

2.2.1.9 Preparation of enriched primary astrocytic cultures

Primary astrocytic cultures were prepared from primary mixed glial cultures as
described above (Day et al, 2014). Once 90% confluent, the mixed glia were
separated by placing the T75 cm? flasks in an orbital cell shaker at 200 rpm for 2
hours at 37°C to remove microglia from the astrocytic monolayer. Flasks were
tapped 10 times on the culture hood surface to encourage the separation of
microglial cells. Cells were scraped and the cell suspension was collected and
centrifuged at 2,000 rpm for 5 minutes at 21°C. The supernatant was discarded
and the pellet was re-suspended in 2.4 mL cDMEM. 100 pL of cell suspension was
added to each well and left to incubate for 2 hours to allow adherence. Wells

were topped up with 200 uL cDMEM after 2 hours.

2.2.1.10 Preparation of enriched primary microglial cultures

Primary astrocytic cultures were prepared from primary mixed glial cultures as

described above (Day et al, 2014). Granulocyte macrophage-colony stimulating

factor (GM-CSF, 10 ng/mL) and macrophage-colony stimulating factor (M-CSF, 10

ng/mL) were added to the media to promote microglial proliferation. Both GM-

CSF and M-CSF were added every 2-3 days when the media was changed.
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Microglia were separated after 14 days as described above. T75 cm? flasks were
placed on an orbital cell shaker at 200 rpm for 2 hours at 37°C to remove
microglia from the astrocytic monolayer. The cell suspension was collected and
spun at 2,000 rpm for 5 minutes at 21°C. The supernatant was discarded and the
pellet was re-suspended in 2.4 mL cDMEM. 100 pL of cell suspension was added
to each well and left to incubate for 2 hours to allow adherence. Wells were
topped up with 200 uL cDMEM containing GM-CSF (10 ng/mL) and M-CSF (10
ng/mL) after 2 hours. Microglia were treated approximately 24-48 hours after

plating.

2.2.1.11 Analysis of cell viability using the CCK-8 assay

The Cell Counting Kit-8 (CCK-8) assay (Dojindi labs, Kumamoto, Japan) was used
to measure neuronal viability in accordance with the manufacturers protocol.
Mature neurons were treated for 24 hours. After 24 hours the treatment was
removed and replaced with 320 ulL fresh media and 10 uL CKK-8 solution per
well. The plate was incubated at 37°C for 1 hour and 100 pL sample from each
well was then transferred to individual wells of a 96-well plate. The plate was

read using a microplate reader at an absorbance of 450 nm.

The CCK-8 assay uses the water-soluble tetrazolium salt WST-8 [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,

monosodium salt]. WST-8 is reduced by dehydrogenases in cells to give an
orange coloured product (formazan), which is soluble in tissue culture medium.
The amount of the formazan dye generated by dehydrogenases in cells is directly
proportional to the number of living cells. Cell viability can be estimated
measuring the absorbance of formazan at 450 nm using a microplate reader

(Ishiyama et al, 1997; Ishiyama et al, 1996; Jo et al, 2015).

2.2.1.12 Glial immunocytochemistry

2.2.1.13 Ibal staining for microglia
For microglia complexity and immunofluorescence studies cells were fixed with
4% paraformaldehyde (PFA) for 30 minutes in a fume hood. Cells were then

washed 3 times with PBS. Non-specific binding sites were blocked by applying a
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blocking buffer containing 5% horse serum and 2% donkey serum in PBS
containing 0.1% Triton-X (PBS-T) for 30 minutes on a rocker. After 30 min, the
blocking buffer was removed and 200 pL anti-lbal primary antibody [polyclonal
goat; ab5076] in blocking buffer (1:1000) was added to each well and left
overnight at 4°C. Cells were washed 3 times with PBS (3 x 5-minute washes).
They were then stained with 200 pL Alexa Fluor 488 secondary antibody [mouse
anti-goat; A27012] diluted in PBS (1:500) and left for 2 hours on a rocker at room
temperature in a light-protected environment provided by wrapping in tinfoil.
Secondary antibody was removed and cells were washed 3 times with PBS before
adding dH;0 to each well. A small drop of Vectashield fluorescent mounting
media containing DAPI ((4°,6-Diamidino-2-phenylindole dihydrochloride), which
is a counter-stain for DNA, was placed on the microscope slides (1-1.2 mm).
Coverslips were lifted from the plate using a forceps and placed inverted onto
the drop of mounting medium. Any excess Vectashield was gently removed using
tissue paper. Coverslips were left to dry for approximately 2 hours. The edges of
the coverslips were then sealed using nail varnish and the slides were allowed to

dry in a light-protected environment before storage in the dark at 4°C.

Figure 2.1 Fluorescent image of microglial cultures
Representative cultures of enriched primary microglia cultures stained with anti-lbal
(green) and DAPI (blue).

2.2.1.14 Astrocyte complexity and GFAP immunofluorescence

Enriched astrocyte cultures were fixed with 4% PFA for 30 minutes in a fume

hood. Cells were then washed 3 times with PBS. Non-specific binding sites were
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blocked by applying a blocking buffer (5% horse serum and 2% donkey serum in
PBS-T) to the wells for 30 minutes, while placing the plate on a rocker. After 30
minutes the blocking buffer was removed and 200 uL anti-GFAP primary
antibody [rabbit; Z0334] diluted in blocking buffer (1:500) was added to each
well and left overnight at 4°C. Cells were washed 3 times with PBS (3 x 5-minute
washes). They were then stained with 200 pL Alexa Fluor 488 secondary antibody
[goat anti-rabbit; A11008] diluted in PBS (1:500) and left for 2 hours on a rocker
at room temperature in a light-protected environment provided by wrapping in
tinfoil. Secondary antibody was removed and cells were washed 3 times with PBS
(3 x 5-minute washes). Glass coverslips were then removed and mounted onto

glass slides as described above.

Figure 2.2 Fluorescent image of enriched astrocyte cultures
Representative cultures of enriched primary astrocyte cultures stained with anti-GFAP
(green) and DAPI (blue).

2.2.1.15 Determination of the purity of enriched primary cortical glial cultures

Enriched primary astrocytic and microglial cultures were prepared from primary
mixed glial cultures as described above (Day et al, 2014). The purity of enriched
astrocyte cultures (A) was determined by staining for GFAP as described above
using an anti-GFAP primary antibody [rabbit; Z0334] diluted in blocking buffer
(1:500) and Alexa Fluor 488 secondary antibody [goat anti-rabbit; A11008]
diluted in PBS (1:500). Glass coverslips were then removed and mounted onto
glass slides as described above. The number of GFAP+ stained cells were
guantified using Image J and compared to the total number of cells per well to
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determine the average percentage purity of the cultures. The estimated average
purity of enriched astrocyte cultures was determined to be 75 %. Similarly, the
purity of enriched microglia cultures (B) was determined by staining for lbal
using an anti-lbal primary antibody [polyclonal goat; ab5076] diluted in blocking
buffer (1:1000) and Alexa Fluor 488 secondary antibody [mouse anti-goat;
A27012] diluted in PBS (1:500). Glass coverslips were then removed and
mounted onto glass slides as described above. The number of Ibal+ stained cells
were quantified using Image J and compared to the total number of cells per well
to determine the average percentage purity of the cultures. The estimated

average purity of enriched microglial cultures was determined to be 98 %.
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Figure 2.3 Purity of enriched primary cortical glia cultures
To determine the average percentage purity of enriched astrocyte cultures (A), GFAP+

stained cells were quantified and compared to the total number of cells per well (DAPI).
To determine the average percentage purity of enriched microglial cultures (B), lbal+
stained cells were quantified and compared to the total number of cells per well (DAPI).

2.2.1.16 Aquaporin-4 (AQP4) immunocytochemistry in primary cortical
enriched astrocyte cultures

Astrocyte cultures were fixed with 4% PFA for 30 minutes in the laminar flow
hood. Cells were then washed 3 times with PBS and permeabilised for 10
minutes with PBS-T (PBS +0.01% Triton X-100). Non-specific binding sites were
blocked by applying a blocking buffer (10% donkey serum in PBS-T) to the wells
and leaving the plate at room temperature for 1 hour. The blocking buffer was
removed and cells were washed once in PBS. 200 uL primary antibody containing
anti-aquaporin-4 [rabbit; AB3594] and anti-GFAP [chicken; 4674] diluted in PBS-T

(1:2000) was applied to each well and left at 4°C overnight. Cells were then
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washed 3 times with PBS-T. Cells were then stained with 200 pL secondary
antibody containing Alexa Fluor 546 secondary antibody [goat anti-rabbit;
A11035] and Alexa Fluor 488 secondary [goat anti-chicken; A11039] diluted in
PBS-T (1:500). This was applied to each well and left on a rocker at room
temperature in a light-protected environment provided by wrapping in tinfoil for
2 hours. Secondary antibody was removed and cells were washed 3 times with
PBS (3 x 5-minute washes). Glass coverslips were then removed and mounted

onto glass slides as described above.

Figure 2.4 Representative image of AQP4 staining
Representative image of astrocyte cultures (DIV 15) stained with anti-AQP4 (red), anti-
GFAP (green) and DAPI (blue).

2.2.1.17 Analysis of glia complexity and immunofluorescence

Coverslips were visualised at 20X magnification using an Axiolmager Z1
epifluorescent microscope with a Zeiss AxioCam HR camera and AxioVision 4.8.2
software. 7 images were taken per coverslip and 5 cells were analysed per
image. A constant exposure was maintained throughout all images. Mean cell
area and perimeter were quantified using the particle measurement feature on
Image) (1.51s, USA). lbal and GFAP immunoreactivity were quantified by
calculating the corrected total cell fluorescence (CTCF) using the Imagel
integrated density feature. A total of 140 neurons were analysed per treatment
group per experiment (n >3). The following formula was applied to account for

non-fluorescent background regions:
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CTCF = [integrated density — (area of selected cell) x mean fluorescence of
background]

2.2.2 Immature neuron staining with B-11l tubulin for Sholl analysis

Following treatment, media was removed from each well and cells were washed
once in PBS. Cells were fixed by adding 300 uL ice-cold methanol to each well
and leaving the plates at -20°C for 20 minutes. Methanol was then removed and
the coverslips were washed 3 times with PBS. After 3 x 5 minute washes, non-
specific interactions were blocked by adding 300 uL blocking buffer (4 % NGS in
PBS) to each well and the plate was left on a rocker at room temperature for 2
hours. The blocking buffer was discarded and cells were washed 3 times in PBS.
Primary antibody (200 pL) containing anti- B-lll tubulin [mouse; G7121] in PBS
(1:21000) was added to each well and left overnight at 4°C. The primary antibody
was removed and the cells were washed 3 times in PBS. Secondary antibody
containing Alexa Fluor 488 [goat anti-mouse; A11001] in PBS (1:2000) was added
and left for 2 hours on a rocker at room temperature in a light-protected
environment provided by wrapping in tinfoil. Secondary antibody was removed
and cells were washed 3 times (3 x 5 minute washes) with PBS. Glass coverslips
were then removed and mounted onto glass slides as described above.
Coverslips were visualised at 20X magnification using an Axiolmager Z1
epifluorescent microscope with a Zeiss AxioCam HR camera and AxioVision 4.8.2

software.
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~ B-1ll tubulin
(white)

Figure 2.5 Representative image of B-1ll tubulin staining

Representative cultures of immature (DIV 3) primary cortical neurons stained with anti-
B-Ill tubulin (white) and DAPI (blue) followed by fluorescent microscopy (20X
maghnification).

Coverslips included in the analysis displayed a healthy neuronal network
throughout the entire coverslip. 5-7 individual images were captured from each
coverslip and 6 coverslips per experimental condition were typically collected for
analysis. Where possible, groups were blinded and cells were selected in the
DAPI channel to avoid bias. Sholl analysis is a widely used method for quantifying
and graphically representing neurite morphology. The protocol is adapted from
Sholl (SHOLL, 1953) and Gutierrez and Davies (Gutierrez & Davies, 2007). This
analysis involves placing concentric rings with regular radial increments over the
neuron and quantifying the number of neurites intersecting each ring using the
following equation: xi = xi-1 + bi — ti. In this case “xi” is the number of neurites for
the “ith” segment, “bi” is the number of branches occurring in the “ith” segment

g n
t

and “ti” the number of terminations in that segment. This equation was
programmed into Matlab (R2012b) to allow for a semi-automated procedure.
Inter-ring interval was 10 um and 25 concentric rings were used. The number of
neuritic branches, relative neuritic length, number of primary neurites and Sholl
profile were measured for each neuron. The Sholl profile maps the number of

neuritic branches at each radial distance from the cell soma.
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Figure 2.6 Sholl analysis

Representative image of a rat cortical neuron stained with B-Ill tubulin (white) and DAPI
(blue) with overlaying concentric rings (A) and a typical Sholl profile (B).

2.2.3 Mature neuron staining with MAP2 for Sholl analysis

Following treatment, media was removed from each well and the cells were
fixed in 4% PFA by adding 400 uL 4% PFA in PBS to each well for 20 minutes at
room temperature. PFA was then removed and the coverslips were washed 3
times with PBS. After three washes, non-specific interactions were blocked by
adding 300 pL blocking buffer containing 2% NGS, and 2% BSA in PBS-T to each
well and the plate was left on a rocker at room temperature for 2 hours. The
blocking buffer was discarded and 200 uL primary antibody containing MAP2
[mouse; M1406] in blocking buffer (1:1000) was added to each well and left

overnight at 4°C. The primary antibody was removed and cells were washed 3
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times in PBS (3 x 5 minute washes). Secondary antibody containing Alexa Fluor
546 [goat anti-mouse; A11003] in PBS-T (1:500) was added and left for 2 hours
on a rocker at room temperature in a light-protected environment provided by
wrapping in tinfoil. Secondary antibody was removed and cells were washed 3
times with PBS (3 x 5 minute washes). Glass coverslips were then removed and

mounted onto glass slides for imaging and Sholl analysis as described above.

Figure 2.7 Representative image of MAP2 staining
Representative cultures of mature (DIV 21) primary cortical neurons stained with anti-
MAP2 (white) and DAPI (blue) followed by fluorescent microscopy (20X magnification).

2.2.4 Analysis of the co-localisation of synaptic markers in mature neurons

The synaptogenesis procedure was adapted from Ippolito and Eroglu (Ippolito &
Eroglu, 2010). Mature neurons (DIV 18-21) were treated for 24 hours and fixed in
ice-cold methanol as described above. The cells were permeabilised and blocked
using a blocking buffer consisting of 50% NGS + 0.2% triton-X in PBS for 30
minutes, on a rocker at room temperature. The blocking buffer was removed and
cells were washed with PBS. 200 pL of primary antibody cocktail containing the
pre-synaptic marker anti-synaptophysin [rabbit; PA1-1043] and the post-synaptic
marker anti-PSD-95 [mouse; MA1-046] diluted in PBS (1:500) was added to each
well and left on overnight at 4°C. 200 pL of secondary antibody cocktail
containing Alexa Fluor secondary antibody 546 [goat anti-rabbit; A11010] and
Alexa Fluor 488 secondary antibody [goat anti-mouse; A11001] diluted in PBS
(1:1000) was added to the wells and left for 2 hours on a rocker at room

temperature in a light-protected environment provided by wrapping in tinfoil.
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Secondary antibody was removed and cells were washed 3 times with PBS (3 x 5
minutes washes). Glass coverslips were then removed and mounted onto glass

slides as described above.

Coverslips were visualised at 40X magnification using an Axiolmager Z1
epifluorescent microscope with a Zeiss AxioCam HR camera and AxioVision 4.8.2
software. Coverslips included in the analysis displayed a healthy neuronal
network. The optimum exposure intensity for both the synaptophysin and PSD-
95 channels was determined using a control coverslip and was maintained
throughout. 5-7 individual images were captured from each coverslip and 6
coverslips per experimental condition were typically collected for analysis.
Where possible, groups were blinded. The analysis was adapted from Ippolito
and Eroglu, using the Imagel analysis programme (lppolito & Eroglu, 2010). For
image analysis, individual images were opened in Imagel) and a region of interest
was outlined around the cell of interest. The Puncta Analyser was used to adjust
the thresholds of the red channel (synaptophysin) and green channel (PSD-95) so
that the intensity corresponded to discrete individual puncta. Minimum puncta
size was set at a value of 4 for each experiment. Threshold values were
standardised based on control-treated neurons in order to maintain a consistent
approach for comparison between groups. For the purpose of this analysis,
synapses were defined as “co-localised puncta” resulting from the signal
generated with the pre-synaptic synaptophysin and post-synaptic PSD-95. The
number of co-localised puncta were quantified using the Imagel ‘Puncta

Analyser’ plugin.
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Figure 2.8 Fluorescent image of mature neurons stained with anti-synaptophysin and
anti-PSD-95

Neurons stained with the pre-synaptic marker, synaptophysin (red channel image) and
the post-synaptic marker, PSD-95 (green channel image). Merged image displays points
of co-localisation (black dots).

2.2.5 Quantitative polymerase chain reaction (PCR)

2.2.5.1 Harvesting cells for mRNA analysis

Prior to carrying out ribonucleic acid (RNA) extraction all surfaces were wiped
down with RNaseZap® wipes (Ambion, UK) to prevent RNA breakdown or
contamination. Following cell culture treatment, media was removed and cells
were lysed by adding 350 pL RA1 lysis buffer supplemented with 1% B-
mercaptoethanol to each well. Cells were pooled where necessary. Cells were
scraped from the base of wells using a 1000 L filtered pipette tip and the lysate
was transferred to a 2 mL RNase-free Eppendorf. Pipette tips were changed
between treatment groups in order to prevent cross-contamination. Cell lysates

were harvested and stored at -80°C for subsequent RNA extraction.

2.2.5.2 RNA extraction

RNA was extracted from samples using a NucleoSpin® RNA kit (Macherey-Nagel)
according to the procedure outlined in the manufacturer’s instructions. Cell
lysates were added to Nucleospin® filter columns in a collecting tube and filtered
using a centrifuge for 1 minute at 11,000 x g. The filter column was discarded

and 350 pL of 70% EtOH was added to the filtered lysate and mixed by pipetting
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up and down approximately five times to adjust RNA binding conditions. The
mixture was then loaded into a NucleoSpin® RNA column and centrifuged for 30
seconds at 11,000 x g in order to let the RNA bind to the silica column. The silica
membrane was placed in a new collecting tube (2 mL) and was desalted using
350 uL of Membrane Desalting Buffer (MDB) to allow the recombinant
deoxyribonuclease (rDNase) digest more effectively and centrifuged for 1 minute
at 13,000 rpm. 95 pL of the rDNase reaction mixture (10 L reconstituted rDNase
and 90 pL Reaction Buffer for rDNase) was added onto the centre of the silica
membrane of the NucleoSpin® RNA column and left for 15 minutes at room
temperature. Following incubation, the silica membrane was washed several
times in order to digest any contaminating DNA. Firstly, the membrane was
washed using 200 uL of Buffer RA2 to inactivate the rDNAse and centrifuged for
30 seconds at 11,000 x g. The column was then changed to a new 2 mL collection
tube. The membrane was dried by washing two more times using 600 uL RA3
and centrifuging for 30 seconds at 13,000 rpm and then using 250 pyL RA3 and
centrifuging for 2 minutes at 11,000 x g. The column was then placed into a
nuclease-free collection tube and the flow-through discarded. The pure RNA was
eluted in 40 pL RNase free water by centrifuging for 1 minute at 11,000 x g into a
new RNase-free collection Eppendorf. RNA samples were either equalised or

stored at -80°C until required.

2.2.5.3 RNA equalisation

RNA extraction samples prepared above were defrosted slowly on ice if they had
been stored at -80°C. They were kept on ice throughout the RNA equalisation
procedure. A Nanodrop® ND1000 (Nano Drop Technologies, Thermo Fisher
Scientific) was the spectrophotometer used to quantify total RNA concentrations
in each sample. 1 puL of RNase-free water was used to blank the Nanodrop.
Samples were gently and quickly vortexed (Genie 2, Scientific Industries) prior to
reading. Two absorbance readings (ng/mL) were obtained for 1 uL of each RNA
sample in duplicate and a final average concentration was recorded. Purity was
demonstrated by the A260/280 ratio where a ratio of 2 indicates highly pure

RNA. The sensor was cleaned with absorbent paper between sample readings.
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The RNA samples were equalised using RNase-free H,O to the lowest recorded

concentration of RNA.

2.2.5.4 Complementary deoxyribonucleic acid (cDNA) synthesis

Complementary DNA (cDNA) was reverse transcribed from equalised RNA using a
High Capacity cDNA Reverse Transcription Kit (Biosciences) according to the
protocol provided. An equal volume of equalised RNA (10 uL) was mixed with an
equal volume (10 pL) of cDNA Mastermix (containing RT Buffer (Reverse
Transcriptase), dNTPs, random primers, multiscribe RT and RNase-free H20). The
sampl