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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive and fatal neurodegenerative disease with
an international prevalence of approximately 3-7 people per 100,000. The disease is characterised by
the selective degeneration of both upper and lower motor neurons, and the presence of insoluble
protein aggregates within degenerating neurons and surrounding cells. Typically, pathological
changes begin at a focal point of onset and spread radially outwards over time. The pathogenic
mechanisms that mediate neurodegeneration in ALS are multifactorial and involve interactions
between genetic, cellular and molecular pathways including protein aggregation and disruption to

proteostasis, glutamate induced excitotoxicity and the activation of non-neuronal cells.

Transactive response DNA binding protein (TDP-43) is a major component of ubiquitinated
inclusions in ALS and mutations in the aggregation prone C-terminal region are associated with
disease pathogenesis. Normally a nuclear protein involved in RNA processing and exon splicing, in
ALS TDP-43 is depleted from the nucleus and accumulates in the cytosol of motor neurons in
insoluble aggregates. The human body has evolved complex protein quality control systems to
prevent protein misfolding and limit the accumulation of misfolded or aggregated proteins.
Chaperones are the key components of these systems in the extracellular and intracellular spaces, and
work by binding to the exposed regions of hydrophaobicity on non-native proteins to either assist in
folding/refolding or target them for degradation. Studies have reported interactions between proteins
involved in ALS and various intracellular chaperones including aB-crystallin, Hsp70 and Hsp40, and
Hsp27/25, suggesting that chaperones may influence ALS onset and progression. However the effects

of extracellular chaperone action on the disease still remain to be thoroughly elucidated.

Clusterin is a potent extracellular chaperone with broad substrate specificity and can be
retrotranslocated from the endoplasmic reticulum (ER) to the cytoplasm under conditions of ER
stress. It was previously unknown whether clusterin could inhibit the aggregation of TDP-43, or if it
was a constituent of TDP-43 inclusions. Cell-to-cell spread is a “prion-like” (refer to section 1.1 and
1.7) mechanism of protein propagation and studies have shown that TDP-43 and Cu/Zn superoxide
dismutase (SOD1) are both capable of such spread in cultured cells. Prion-like mechanisms of protein
propagation could explain the outward spread of symptoms observed in ALS. SOD1 has been shown
to spread from cell-to-cell in vivo, but no published reports describe if TDP-43 is also able to do so.
Understanding whether TDP-43 is able to do so would lead to an increased understanding of the
mechanisms of protein propagation in ALS, mechanisms which could be targeted in the development

of new therapeutic strategies.

This study aimed to examine whether TDP-43 was capable of cell-to-cell spread in cell culture and in

vivo using a Drosophila model, and if so whether the extracellular chaperone clusterin could prevent



this spread. Additionally it was determined whether the expression of TDP-43 in a subset of
Drosophila glial cells was sufficient to induce motor neuron defects and mortality, and whether the
co-expression of clusterin was able to reduce this. The ability of clusterin to inhibit the aggregation of
TDP-43 in vitro was also tested. Finally, thoracic spinal cord sections from ALS patients were
examined via immunohistochemistry to determine if clusterin was a constituent of TDP-43 inclusions,

which would be consistent with the two proteins interacting during ALS progression.

Results from both cell-culture and in vivo experiments demonstrated that TDP-43 was able to spread
from the glial cells where it was originally expressed, to surrounding cells which included motor
neurons. Taken together these results suggest that like SOD1, TDP-43 may have prion-like modes of
transmission. In Drosophila larvae the co-expression of clusterin was able to reduce this spread.
Expression of TDP-43 in the glial cells of Drosophila caused a significant reduction of lifespan and
locomotor defects. While the co-expression of clusterin was not able to extend lifespan, it did result in
the preservation of locomotor ability. This effect may have resulted from clusterin inhibiting TDP-43
aggregation, as it was found that clusterin could potently inhibit the aggregation of TDP-43s6.331, a
synthetic peptide corresponding to residues 286-331 of TDP-43. Finally, clusterin was identified in
the cytoplasm of human motor neurons where it was found to be co-localised with aggregates
containing TDP-43 in spinal cord tissue from ALS but not control patients. Collectively, the results
suggest that clusterin may be involved in preventing the aggregation of TDP-43 in ALS, possibly by
interacting with TDP-43 in the extracellular space during prion-like transmission between cells, or in

the intracellular space following retrotranslocation of clusterin to the cytosol.
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CHAPTER 1: INTRODUCTION

1.1 OVERVIEW
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterised by the selective

degeneration of both upper and lower motor neurons and the presence of intracellular protein
inclusions within degenerating neurons. Approximately 90% of cases are sporadic, with no known
genetic linkage, but about 10% of cases are familial. ALS is thought to be caused by a number of non-
exclusive pathological mechanisms including mutations in the genes encoding for Cu/Zn superoxide
dismutase (SOD1) and transactive response DNA binding protein (TDP-43), glutamate induced
excitotoxicity, oxidative stress, mitochondrial dysfunction, impaired axonal transport, and activation
of non-neuronal cells. Recently studies have implicated protein aggregation as an underlying cause of
disease pathology. Protein aggregates may contribute to ALS pathogenesis and cause
neurodegeneration by sequestering proteins vital for normal cellular functions, causing direct damage
to organelles, and disrupting proteostasis (protein homeostasis). For many years it was believed that
the mechanisms leading to protein misfolding were cell autonomous, with protein misfolding
occurring independently in cells. Recently non-cell autonomous mechanisms have been suggested to
contribute to disease pathology. Scrapie-associated prion protein (PrP) is an altered form of the
normal prion protein (PrP) that can aggregate and impose its alternative conformation on
neighbouring PrP¢ proteins, acting as a “seed” and causing a chain reaction of misfolding and
aggregation (Jucker and Walker, 2013). The term “prion-like” is used to describe mechanisms similar
to the self-perpetuating spreading characteristics of the PrPS¢ protein (Fernandez-Borges et al., 2013).
The prion protein will be discussed further in section 1.7. It appears that prion-like mechanisms of
self-propagation occur in ALS, with mutant (MT) SOD1 being capable of inducing the misfolding of
wild type (WT) natively structured SOD1 and cell to cell spread. Aggregating TDP-43 fragments are

also capable of driving co-aggregation of full-length TDP-43 in cell culture.

Proteostasis refers to all the processes that act together to maintain proteins at their correct levels and
in their native structures. The human body has evolved complex quality control systems to achieve
this, with molecular chaperones being a key component of such systems. Molecular chaperones can
fold newly synthesised proteins, re-fold misfolded proteins, and target misfolded proteins for
degradation via the ubiquitin-proteasome system and autophagy. In the neurons of patients with ALS,
aggregating proteins may overwhelm molecular chaperones and degradative systems, reducing their
ability to ensure that proteins are properly folded and misfolded proteins are safely disposed of. Little
is known about the effects of chaperones on the protein aggregation that underlies ALS pathology,
although it appears that some chaperones are able to inhibit the aggregation of proteins involved in

ALS, at least in the early stages of disease. This review presents an overview of ALS with a focus on
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protein aggregation, and outlines the evidence supporting “prion-like” propagation of TDP-43 and
SODL1. In addition interactions between TDP-43, SOD1 and chaperones are discussed, with particular

focus on extracellular chaperones and the role of extracellular proteostasis in ALS.

1.2 PROTEIN FOLDING, AGGREGATION AND DISEASE
The folding of a newly synthesised polypeptide chain into a precise tertiary structure along with the

shielding of exposed hydrophobic regions is essential for a protein to become active and stable in the
biological environment, as proteins that have failed to fold correctly are associated with a variety of
pathological conditions (Dobson, 2003; Stirling et al., 2003). The first step of folding begins with the
rapid formation of a-helices and B-sheets, establishing H-bonds between amino acids in the primary
amino acid sequence. The protein next undergoes hydrophobic collapse, forming one or more stable
intermediates known as "molten globules”, with most hydrophobic regions shielded from the aqueous
environment, although some remain exposed. Finally, the inner hydrophobic core is rearranged and
water is expelled to allow the molecule to adopt the native conformation (Csermely et al., 2003;
Cheung et al., 2002; Yang and Gruebele, 2003; Fink, 1999; Fersht, 2000).

1.2.1 Protein Unfolding, Misfolding and Aggregation
Despite the importance of correct protein folding it has been estimated that approximately one third of

newly synthesised proteins in eukaryotes do not reach their native conformation, and even native
proteins may have low stability when exposed to damaging and denaturing conditions (Schubert et al.,
2000; Tan et al., 2009). Furthermore, the exposed hydrophobic regions of proteins in transition states
are particularly prone to aggregation in the crowded cellular environment (Stirling et al., 2003;
Minton, 2000). Stresses that can result in protein unfolding include denaturing conditions such as
extremes of pH and temperature, oxidative stress and mechanical sheer stress, which is of particular
concern to extracellular proteins as they are pumped around the body in blood (Dobson, 1999; Davies
et al., 1987; Yerbury et al., 2005b). Partially unfolded proteins are energetically unfavourable, and the
exposed hydrophobic domains can bind to complimentary regions of other misfolded proteins to form
insoluble aggregates that are either toxic to cells or physically disrupt normal body functions. The
aggregates formed may be amorphous or have an ordered structure such as in amyloid fibrils (Yerbury
et al., 2005b; Yerbury et al., 2009).

1.2.2 Diseases Linked With Protein Aggregation
Protein aggregates are implicated in the pathology of numerous serious human diseases termed

“protein deposition diseases” (PDDs) which include age related, systemic, and neurodegenerative
diseases (Table 1.1; Wyatt et al., 2009; Yerbury et al., 2007). Neurodegenerative diseases such as

ALS, Alzheimer’s disease, Parkinson’s disease, prion disease, and Huntington’s disease all involve
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the aggregation and deposition of non-native proteins (Taylor et al., 2002; Chiti and Dobson, 2006).

PDDs can involve different types of aggregates occurring both in the intracellular and extracellular

environments. For example, Alzheimer’s disease involves the amyloid  protein forming amyloid

aggregates in the extracellular spaces of the brain, while intracellular inclusions in motor neurons and
associated cells are a hallmark of ALS (Chiti and Dobson, 2006).

Table 1.1: Examples of protein deposition diseases. (Wyatt et al., 2009)

Disease Protein Type of aggregate Location
Amyotrophic Lateral Superoxide dismutase 1 Fibrillar non-amyloid Intracellular
Sclerosis
Alzheimer’s Disease Amyloid-p Amyloid Extracellular
Parkinson’s Disease a-Synuclein Fibrillar non-amyloid Intracellular
Type Il Diabetes Human islet amyloid Amyloid Intracellular and

polypeptide Extracellular
Reactive Amyloidosis Amyloid-o Amyloid Extracellular
Huntington’s Disease Huntingtin Fibrillar non-amyloid Intracellular

Creutzfeld-Jakob Disease Prion Protein Amyloid Extracellular
Primary Systemic Immunoglobulin light chain Amyloid Extracellular
Amyloidosis
Secondary Systemic Serum amyloid- Amyloid Extracellular
Amyloidosis
Corneal dystrophy Immunoglobulin G Amorphous Extracellular
Age-related Macular 62 different proteins Amorphous Extracellular
Degeneration
Renal Disease Tamm-Horsfall protein Amyloid Extracellular

Osteopotin
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1.3 MAINTAINING PROTEOSTASIS

1.3.1 The Role of Protein Quality Control
A healthy human body synthesises approximately 188 g of protein per day (Norton et al., 1981). It is

obvious then that some form of quality control system must exist to prevent misfolding, limit
accumulation of unfolded and aggregated proteins, dispose of any denatured proteins or aggregates,
and generally ensure the efficient synthesis and maintenance of proteins (Buchner, 1996; Kaufman,
2002). Molecular chaperones are the key component of this system in both the intra- and extracellular
environments. Molecular chaperones are conserved families of proteins that can prevent irreversible
aggregation and keep proteins on the correct folding pathway by selectively binding to exposed
hydrophobic domains on non-native proteins. Often working in tandem, the folding of most newly
synthesised proteins will involve interaction with one or more molecular chaperones (Buchner, 1996;
Fink, 1999; Dobson, 2003). Chaperones act as catalysts, interacting with the substrate protein and
increasing the efficiency of the folding process by reducing the chance for competing reactions.
Chaperones can either assist in the folding/refolding of proteins in an active ATP-dependent process,
or work in a passive ATP-independent mode, simply holding non-native proteins in a stable state
competent for future refolding, or targeting them for digestion via lysosomes or proteasomes
(Csermely et al., 2003; Fink, 1999).

1.3.2 The Intracellular Protein Quality Control System
In the intracellular environment a non-native or aggregated protein is handled in one of three ways

(Figure 1.1). They may be rescued by chaperones, degraded, or form an aggregate. Proteins destined
for degradation are directed from either the ER or cytosol to the lysosome (via vesicle transport or
chaperones) or proteasome (via retrotranslocation or chaperones) for degradation. Proteins that reach
the Golgi apparatus and remain misfolded are recognised as abnormal and may be sent back to the
endoplasmic reticulum (ER) for immediate ER-associated degradation via proteasomes or lysosomes
(Hong et al., 1996; Shamu 1998; Brodsky and McCracken, 1999; Arvan et al., 2002; Kaufman, 2002).
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Figure 1.1: Summary of the intracellular mechanisms of protein quality control. (Modified from
Yerbury et al., 2005b). Non-native proteins may i) interact with molecular chaperones which either
assist with refolding or direct them for proteolysis, ii) be transported from the ER to the lysosome via
vesicles for degradation, or iii) be retrotranslocated from the ER to the ubiquitin-proteasome system in
the cytosol. When these quality control systems fail the non-native protein may accumulate in the

endoplasmic reticulum or cytosol.

The major classes of intracellular chaperones are the heat shock proteins (Hsps) and small heat shock
proteins (sHsps). Many of the sHsps are upregulated during stress conditions and prevent aggregation
by binding to exposed hydrophobic regions of stressed proteins in an ATP-independent process (Fink,
1999; Buchner, 1996; Hartl and Hayer-Hartl, 2002). Other heat shock proteins such as Hsp70 use
ATP to facilitate folding. Hsp70 works in tandem with Hsp40, a protein which can directly interact
with unfolded polypeptides, recruit Hsp70 to protein substrates, and activate the Hsp70 ATPase
(Arawaka et al., 2010). Molecular chaperones are the cornerstone of the protein quality control
system, and when their capacity is exceeded or they can no longer perform their function, proteins can
aggregate and form insoluble inclusions, resulting in disease (Kopito, 2000; Yerbury et al., 2005b).
Both Hsp70 and 27 have been found associated with cytosolic inclusions present in motor neurons in

ALS, and over expression of both these chaperones can provide some protection against
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neurodegeneration (Maatkamp et al., 2004; Patel et al., 2005). Chaperones and ALS will be discussed
further in section 1.9 of this chapter.

1.3.3 The Extracellular Protein Quality Control System
Despite intracellular quality control, some non-native proteins are secreted and enter the extracellular

space, yet under normal conditions aggregates do not accumulate and cause disease. Evidence
suggesting the existence of an extracellular protein quality control system arose from research
conducted in the 70’s, 80’s, and 90’s. Margineanu and Ghetie (1981) found that in vivo non-native
proteins were degraded more rapidly that native proteins, and later Senior et al. (1991) showed that
liposomes with exposed hydrophobic domains on their surface were cleared from circulation more
rapidly than those with a hydrophilic outer layer. While these experiments suggested the existence of
an extracellular proteostasis system, the components of such a system had long remained a mystery.
Extracellular proteolysis of misfolded proteins was thought unlikely, as the proteasome is 300 times
less abundant in plasma than inside cells and requires ATP, which is 1000 times less abundant in the
extracellular environment. Intracellular chaperones could also be excluded as their concentrations in
the extracellular environment are in the ng/ml range, and their chaperone capacity would be quickly
overwhelmed during times of stress (Wilson et al., 2008a). The recent discovery that the abundant
extracellular proteins clusterin, haptoglobin, a2-macroglobulin (a2M) and serum amyloid P component
(Humphreys et al., 1999; Yerbury et al., 2005a; French et al., 2008; Koistinaho et al., 2004; Yang et
al., 1992; Zsila, 2010) all have chaperone-like activity suggests that these may play important roles in
extracellular proteostasis. Extracellular chaperones such as clusterin have been shown to ATP-
independently inhibit aggregation by binding to exposed hydrophobic regions of misfolded proteins to
form high molecular mass complexes, in an action similar to that of the sHsps (Humphreys et al.,
1999; Poon et al., 2000; Yerbury et al., 2007; Yerbury et al., 2005b; French et al., 2008). In 2005(b),
Yerbury et al. put forward a theoretical model for extracellular protein quality control (Figure 1.2). In
this model, extracellular chaperones bind to exposed hydrophobic regions on non-native proteins to
form stable complexes. These chaperone-client complexes are internalised via receptor-mediated
endocytosis where they are directed by vesicle trafficking to the lysosome for degradation. Cell
surface receptors are known that bind to clusterin, haptoglobin, and a>M, consistent with this model
(Graversen et al., 2002; Sottrup-Jensen, 1989; Wilson et al., 2008b).
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‘0 Extracellular chaperone ¥ Cell surface receptor‘

Figure 1.2: Summary of the proposed extracellular mechanisms of protein quality control.
(Yerbury et al., 2005b). Extracellular chaperones bind to exposed hydrophobic regions on non-native
proteins to form stable complexes. These chaperone-client complexes are internalised via receptor-
mediated endocytosis where they are directed by vesicle trafficking to the lysosome for degradation.
This system is particularly important in the liver and macrophages. N = native protein. NN = non-

native protein.

Clusterin is a conserved heterodimeric glycoprotein of 75-80 kDa that is abundant in tissue fluids such
as plasma, semen, milk, urine and cerebrospinal fluid. Under normal conditions the chaperone is
secreted from the ER into the extracellular space, with expression upregulated in response to various
cellular stresses and diseases. Clusterin expression is generally associated with cell survival. Recently
however, it has been shown that under conditions of ER stress, clusterin is retrotranslocated from the
secretory system to the cytosol, where it may act as an intracellular chaperone as well as influence
DNA repair, transcription and apoptosis (Nizard et al., 2007; Li et al., 2013; Yang et al., 2000;
Santilli et al., 2003; Debure et al., 2003). ER stress has been implicated in the pathology of ALS and
ER stress signals have been observed in ALS cases and transgenic SOD1 mice (Atkin et al., 2006;
Tobisawa et al., 2003; Kikuchi et al., 2006; Saxena et al., 2009). Clusterin will be discussed in more

detail in the following chapters of this thesis.
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14 AMYOTROPHIC LATERAL SCLEROSIS (ALS)

141 Overview
ALS is a progressive and fatal neurodegenerative disease first described in 1869 by the French

neurologist Jean-Martin Charcot (Charcot and Joffroy, 1869). The disease is characterised by the
selective degeneration of upper and lower motor neurons in the brain, brainstem and spinal cord
(Figure 1.3), resulting in a progressive decline in muscle function, eventual paralysis of voluntary
muscles and ultimately death within 2-5 years of symptom onset, usually due to respiratory failure
(Mitchell and Borasio, 2007). There is currently no cure for ALS, and treatment is limited to palliative

care aimed at improving the quality of life for patients.

.................
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Figure 1.3: Upper and lower motor neurons. Upper motor neurons originate in the brain and
connect the brain to the spinal cord. Degeneration of these neurons results in difficulty swallowing,
shortness of breath and difficulty speaking. Lower motor neurons connect the brainstem and spinal
cord to muscle fibres. Degeneration of these neurons results in muscle weakness and atrophy,
involuntary contraction of muscle fibres, flaccidity, difficulty swallowing, and respiratory difficulties
(BPCC/NSU Title 11l Cooperative Project, 2011).

ALS has an international prevalence of approximately 3-7 people per 100,000 (Benatar et al., 2006).
The incidence of ALS increases after the age of 40, peaks at ~ 55, and decreases rapidly after 80 years

of age. While the disease was initially observed to be more common in males, recent studies suggest

8
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that the male:female gender ratio is reaching equality (Swingler et al., 1992; Traynor et al., 1999;
Ragonese et al., 2012; Logroscino et al., 2008). The majority of ALS cases are sporadic (90%) with
no known genetic linkage, but approximately 10% of ALS cases are dominantly inherited (referred to
as familial ALS). Familial (FALS) and sporadic (SALS) ALS are clinically indistinguishable
(Cozzolino et al., (2008). A significant step towards understanding the mechanisms underlying ALS
occurred in 1993 when it was discovered that mutations in the gene encoding SOD1 were associated
with ALS (Rosen et al., 1993). Since then mutations causing a clinical phenotype have been identified
in several other genes, including FUS (encodes fusion in sarcoma; Kwiatkowski et al., 2009; Vance et
al., 2009), OPTN (encodes optineurin; Maruyama et al., 2010), the chromosome 9 open reading frame
72 gene (C9ORF72; Renton et al., 2011; DeJesus-Hernandez et al., 2011) and TARDBP (encodes for
TAR DNA binding protein; TDP-43; Gitcho et al., 2008; Sreedharan et al., 2008; Van Deerlin et al.,
2008; Corrado et al., 2009; Daoud et al., 2008). While gene mutations are associated with ALS
pathology, they are not the sole cause of the neurodegeneration process as there are multiple

pathogenic mechanisms that may contribute.

1.4.2 Pathogenic mechanisms that may contribute to neurodegeneration
For more than a century after ALS was first described the cause of the disease remained unknown.

Viruses, metals, immune dysfunction, endogenous toxins, endocrine abnormalities, trauma/injury and
surgery have all been suggested to play roles in the pathogenesis of ALS, but convincing evidence
supporting these hypotheses has not been demonstrated (Tandan and Bradley, 1985; Harwood et al.,
2009). Current understanding is that the pathogenic mechanisms mediating neurodegeneration in ALS
are multifactorial and involve interactions between genetic, cellular and molecular pathways (Figure
1.5; Kiernan et al., 2011). Such pathogenic mechanisms are outlined below and may include genetic
factors, protein aggregation and disruption to proteostasis, glutamate induced excitotoxicity, oxidative

stress, mitochondrial dysfunction, impaired axonal transport, and the activation of non-neuronal cells.

1.42.1 Genetic factors

SOD1 is a copper and zinc containing enzyme, abundant in motor neurones, which is located
predominantly in the cytosol, lysosomes, nucleus and mitochondrial intermembrane. Its function is to
catalyse the dismutation of superoxide radicals into hydrogen peroxide, providing a first line of
defence for the body against damage by ROS (Dong et al., 2006; Sturtz et al., 2001). Rosen et al.
identified 11 different SOD1 missense mutations in 13 different FALS families (1993). Since this
discovery over 350 more SOD1 mutations have been identified at over 40 different locations scattered
throughout the protein. The majority of these mutations are missense mutations, resulting in the
substitution of one single amino acid by another, but a smaller number cause frame shifts, truncations,

deletions or insertions (Cleveland and Rothstein, 2001). Mutations in SOD1 occur in about 20% of

9
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FALS cases and 5% of SALS cases (Rosen et al., 1993; Kiernan et al., 2011). Identification of these
SOD1 mutations raised the question of how they might selectively cause motor neuron degeneration;
did mutations cause a loss of normal enzyme function or a toxic gain of function? Several
experiments using transgenic SOD1 mice supported the toxic gain of function theory. In 1994 Gurney
et al. showed that transgenic mice expressing MT SOD1 with normal activity levels still developed
ALS. In addition mice in which SOD1 was completely depleted lived normal life spans without
developing ALS (Reaume et al., 1996). Mutations in SOD1 may cause a toxic gain of function by
causing the protein to unfold and form intracellular aggregates which can inhibit normal cellular

functions.

More recently mutations in the gene encoding the TAR-DNA binding protein TDP-43 have been
linked to FALS and SALS (Gitcho et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 2008;
Corrado et al., 2009; Daoud et al., 2008; Yokoseki et al., 2008). TDP-43 has been recognised as a
major component of cytoplasmic protein aggregates in SALS, and TDP-43 mutations occur in about
3% of FALS and 1.5% of SALS cases, suggesting that TDP-43 plays a role in ALS pathogenicity
(Neumann et al., 2006). While TDP-43 has been implicated in ALS pathology, it is unclear how
mutations cause neurotoxicity. The precise cellular functions of TDP-43 are currently unknown,
therefore it is difficult to determine if mutations cause neurodegeneration via a loss of function or a
toxic gain of function. The pathogenicity of TDP-43 in ALS will be discussed further in section 1.6.
In addition to SOD1 and TARDBP, mutations in FUS, OPTN, ANG (encodes angiogenen; Greenway
et al.,, 2006), UBQLN2 (encodes the ubiquitin-like protein ubiquitin 2; Deng et al., 2011) and
C90RF2 (Renton et al., 2011; DeJesus-Hernandez et al., 2011) have been found associated with ALS.
The discovery of hexanucleotide repeat expansions in CO9ORF72 was a particularly important
discovery, as these mutations occur 1-2 fold more frequently than SOD1 mutations, and account for ~
34.2% of FALS cases and 5.9% of SALS cases, making them the major genetic cause of ALS
worldwide (Cruts et al., 2013; van Blitterswijk et al., 2012).

1.4.2.2 Protein aggregation and disruption to proteostasis

In recent years evidence has accumulated to suggest that protein aggregation and disruption to
proteostasis is an underlying cause of ALS pathogenesis. Insoluble cytoplasmic inclusions in the brain
and spinal cord are a hallmark of FALS and SALS, and many different proteins have been identified
as associated with these inclusions including TDP-43, chaperones, ubiquitin, proteasome components
and SOD1 (Watanabe et al., 2001; Bergemalm et al., 2010; Neumann et al., 2006). There are four
non-exclusive theories of how aggregating proteins may contribute to ALS pathogenesis and cause

neurodegeneration.

10
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1) Aggregating proteins may sequester other proteins that are vital for normal cellular functions,
causing them to be depleted, inactivated, or wrongly activated. In support of this theory several
proteins have been found to be associated with SOD1 aggregates including neuronal glutamate
transporters, copper chaperone for SOD1 (responsible for activating SOD1 via copper insertion) and
the anti-apoptotic protein B-cell lymphoma 2 (Bergemalm et al., 2010; Pasinelli et al., 2006,
Watanabe et al., 2001).

2) Aggregating proteins may overwhelm molecular chaperones, reducing their availability to ensure
proteins are properly folded and misfolded proteins are safely disposed of. In transgenic SOD1 mice
the small heat shock protein aB-crystallin is the most abundant protein (besides SOD1) found
associated with cytoplasmic inclusions, and the spinal cord of transgenic mice have lower chaperone
activity compared to healthy mice (Wang et al., 2005; Bruening et al., 1999).

3) Aggregating proteins could cause direct damage to organelles, for example by physically damaging

the mitochondria by aggregating on or within the organelle (Cozzolino et al., 2008).

4) Aggregating proteins may overwhelm the ubiquitin-proteosome and autophagy systems, preventing
the degradation of misfolded proteins (Allen et al., 2003; Johnston et al., 1998). As previously
mentioned, misfolded and unfolded proteins can impair the function of the ER and cause ER stress,

and are thus targeted for immediate ER associated protein degradation.

Recent studies have implicated ER stress in the pathology of ALS. ER stress signals and up-regulation
of the unfolded protein response (UPR) have been observed in ALS cases (Atkin et al., 2006; Turner
et al., 2006; Tobisawa et al., 2003; Kikuchi et al., 2006) and transgenic SOD1 mice (Kikuchi et al.,
2006; Saxena et al., 2009). In addition a study recently provided the first morphological evidence that
ER stress may be involved in ALS pathogenesis (Sasaki, 2010). Using electron microscopy,
accumulations of amorphous and granular material and mis/unfolded proteins were observed in the

ER of neurons from ALS patients, deposits which may trigger activation of the UPR.

1.4.2.3 Glutamate induced excitotoxicity

Another potential contributor to ALS pathogenesis is glutamate induced excitotoxicity. Glutamate is a
neurotransmitter in the central nervous system which is released from pre-synaptic terminals and
binds to several glutamate receptors on the post-synaptic membrane, stimulating an influx of Na*and
Ca?" ions into neurons resulting in an action potential. Glutamate is normally quickly removed from
the synaptic cleft by excitatory amino acid transporters (EAATS; Figure 1.4A). Dysfunction or
dysregulation of these transporters can lead to excessive glutamate induced stimulation of receptors,
triggering an increased concentration of Na*and Ca?* ions within motor neurons, which alters calcium

homeostasis and results in neuronal injury and glutamate induced excitotoxicity (Shaw, 2005;

11
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Pasinelli and Brown, 2006; Figure 1.4B). Increased levels of glutamate have been found in the
cerebrospinal fluid of many patients with SALS (Rothstein et al., 1990). It is thought that these
increased levels result from the loss of the glutamate transporter EAAT2. Under normal conditions,
the EAAT?2 protein is mainly expressed in astrocytes; it is the most abundant transporter in mammals
and is responsible for up to 80-90% of all extracellular glutamate uptake. Rothstein et al. (1995)
reported that approximately 60-70% of ALS patients have a 30-95% loss of the EAAT?2 protein in the
motor cortex and spinal cord, supporting this hypothesis. Loss of glutamate transporters has also been
reported in the SOD1 mouse and rat models of ALS, where loss of the EAAT2 protein is associated
with neuronal loss (Bendotti et al., 2001; Howland et al., 2002). Strategies aimed at restoring the
levels and function of transporters have been successful in mouse models and may represent a
potential future therapeutic strategy for the treatment of ALS. For example transgenic SOD1 mice that
overexpressed EAAT2 showed a delayed onset of symptoms (Guo et al., 2003). Additionally high
throughput screening has identified compounds that can increase EAAT?2 protein through translational
activation, resulting in increased transporters on glial cell surfaces, and treatment of SOD1 mice with
one such compound resulted in restoration of EAAT2 expression, a significantly delayed loss of
motor function and prolonged overall survival (Kong et al., 2014). Expression of EAAT?2 could also
be increased at the transcriptional level (Lin et al., 2012). Studies have demonstrated that in ALS
TDP-43 may be able to directly or indirectly regulate mRNA levels of glutamate transporters, as the
MRNA of EAAT?2 has been identified as a potential TDP-43 target (Tollervey et al., 2011). Both the
loss and overexpression of Drosophila TDP-43 can alter mRNA levels of the fly homologue of
EAAT?2 (Diaper et al., 2013a). Riluzole is currently the only approved drug available for the treatment
of ALS, and works by inhibiting the release of glutamate from neurons and inhibiting glutamate
receptors. However this drug only prolongs survival by approximately 2-3 months. Due to the
multiple pathogenic mechanisms that contribute to ALS pathology, it is unlikely that therapeutic
strategies targeting glutamate induced excitotoxicity alone will be sufficient to successfully treat the
disease. It may be that multiple mechanisms must be targeted for treatments to be beneficial to

patients. Thus it is important that every mechanism contributing to ALS is thoroughly understood.
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A Normal condition B Chronic elevation of glutamate

Presynaptic neuron Presynaptic neuron

Postsynaptic neuron Postsynaptic neuron

Figure 1.4: Glutamatergic neurotransmission and excitotoxicity. A) Under normal conditions
glutamate is released from the presynaptic neurons. It then binds to and activates glutamate receptors
(eg NMDA-R and AMPA-R) found on the postsynaptic neuron. This results in the influx of Na* and
Ca?" ions into the cell leading to an action potential. B) Chronic elevation of glutamate can occur
when the uptake of glutamate is impaired, such as in ALS via the loss of EAAT2. This leads to
overstimulation of glutamate receptors and increased intracellular concentrations of Na*and Ca?* ions,

resulting in excitotoxicity (Modified from Lin et al., 2012).

1.4.2.4 Oxidative stress

Oxidative stress due to the accumulation of reactive oxygen species (ROS) has been linked to age
associated neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease. In aerobic
organisms the respiratory chain is the major source of ROS. During the production of energy, about 1-
5% of cellular oxygen forms ROS. ROS can have both beneficial and deleterious effects depending
mainly on their concentration. At low concentrations some ROS can be beneficial, for example nitric
oxide is produced by the endothelial cells to control blood pressure, and phagocytes produce ROS
which can kill pathogens. However at high concentrations ROS can cause oxidative damage to DNA
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and lipids (Gadoth and Gdbel, 2011). Thus in healthy organisms there is a balance between the
production of ROS and defence mechanisms to protect against oxidative stress. Superoxide dismutase
(SOD) is a major antioxidant enzyme which converts superoxide anions to hydrogen peroxide, which
is then converted to water and molecular oxygen (Potter and Valentine, 2003). Given that mutations
in the SOD1 gene can cause ALS, and the known link between oxidative stress and other
neurodegenerative diseases, it has been hypothesised that oxidative stress is a mechanism which
contributes to ALS. In support of this biochemical changes that reflect oxidative damage or abnormal
free radical production, such as increased protein carbonyl levels, lipid peroxidation, and protein
glycoxidation, have been observed in tissue samples and cerebrospinal fluid (CSF) of ALS patients
(Shaw et al., 1995; Ferrante et al., 1997; Smith et al., 1998; Tohgi et al., 1999). Additionally
fibroblast cultures from FALS and SALS patients were more sensitive to oxidative damage than
control cultures (Aguirre et al., 1998; Wijesekera and Leigh, 2009). It has also been suggested that
oxidative stress in muscle may contribute to ALS pathogenesis. Mahoney et al. (2006) detected
markers of oxidative stress and up regulation of SOD1 in the skeletal muscle of transgenic SOD1

mice.

1.4.25 Mitochondrial dysfunction
Mitochondria are often referred to as the power house of the cell, due to their main function of
producing ATP via oxidative reactions. In addition to providing the cell with energy, mitochondria
also contribute to the production of free radicals, regulate apoptosis, and play a role in calcium
signalling and regulation (Newmeyer and Ferguson-Miller, 2003; Cozzolino et al., 2008). There is
significant evidence for mitochondrial dysfunction in human ALS, for example in SALS patients the
following have been observed: reduced electron transport chain activity in motor neurons, altered
mitochondrial morphology in muscle and motor neurons, increased calcium levels in motor axon
terminals, and mitochondrial DNA mutations in motor cortex, muscle, and spinal cord tissue (Siklos
et al., 1996; Wiedemann et al., 2002). In transgenic mice models of ALS disease onset correlates with
the appearance and rapid increase of vacuoles originating from degenerating mitochondria, reduced
electron transport chain activity and reduced ATP synthesis (Kong and Xu, 1998). In addition it has
also been hypothesised that MT SOD1, a small portion of which is localised in mitochondria, can
cause direct damage to the organelle. There are three main ways in which SOD1 may cause direct
damage to mitochondria; 1) aggregated SOD1 could damage the mitochondria via aberrant
interactions with other normal mitochondrial proteins, 2) MT SOD1 forms aggregates on the outer
mitochondrial membrane, disrupting the translocator outer membrane complex, and 3) MT SOD1
could be involved in forming pores in the mitochondrial membrane, releasing cytochrome C and other
pro death molecules, initiating apoptosis and resulting in neuronal degeneration (Pasinelli and Brown,
2006; Liu et al., 2004; Higgins et al., 2003).
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1.4.2.6 Impaired axonal transport

Axonal transport is the movement of subcellular structures and proteins (cargo) from the cell body to
synapses (anterograde transport) and from synapses to the cell body (retrograde transport), and is an
important cellular process (Hammond, 2008). Transport can be fast, with the transport of vesicles and
mitochondria at rates of 1 um/s, or slow with enzymes and cytoplasmic proteins transported at an
overall rate of 1 mm/day (De Vos et al., 2007). Motor neurons are among the largest and longest cells
in the body and thus rely on efficient transport systems (Pasinelli and Brown, 2006). MT SODL1 has
been shown to impair both fast and slow axonal transport in SOD1 mouse models of ALS. (Zhang et
al., 1997; Williamson and Celveland, 1999; De Vos et al., 2007). Impaired axonal transport occurs at
an early stage of disease progression in SOD1 mice and worsens with age (Williamson and Cleveland,
1999; Kieran et al., 2005; Bilsland et al., 2010). Mitochondria and neurofilaments are two of the
major cargoes transported by kinesin and the dynein/dynactin complex, and defects in these transport
systems results in the accumulation of mitochondria and neurofilaments in axons (lkenaka et al.,
2012). Accumulations of mitochondria have been observed in the axons of motor neurons in SOD1
mice (Magrane et al., 2009; Bilsland et al., 2010) and both mitochondria and neurofilament inclusions
have been observed in the motor neurons of SALS and FALS patients (Hirano et al., 1984; Sasaki et
al., 1996; Sasaki and Iwata, 2007; Sasaki 2011), suggesting impaired axonal transport in ALS. More
recently, studies using transgenic TDP-43 mouse models of ALS reported aggregates within the axons
of motor neurons which contained abnormal accumulations of mitochondria, suggesting impaired

axonal transport and mitochondrial trafficking in these mice (Xu et al., 2010; Shan et al., 2010).

1.4.2.7 The role of non-neuronal cells
Several post mortem and animal studies suggest that the activation of non-neuronal cells contributes
to the pathogenesis of ALS, affecting the viability of motor neurons. Activation of non-neuronal cells
such as microglia and astrocytes is commonly observed in human ALS patients and transgenic SOD1
mice (Kawamata et al., 1992; Henkel et al., 2004; Hall et al., 1998). When non-neuronal cells are
activated they produce various inflammatory cytokines such as interleukins and tumour necrosis
factor alpha, which are upregulated in the CSF or spinal cord tissues of ALS patients (Sekizawa et al.,
1998; Wilms et al., 2003). Microglia have been observed to release factors that can enhance glutamate
excitotoxicity (Tikka et al., 2002). Recent studies using transgenic SOD1 mice have focused on
determining whether the activation of non-neuronal cells in ALS is beneficial or deleterious. In 2001
Pramatarova et al. showed that expression of MT SOD1 in motor neurons alone did not result in
neurodegeneration, and suggested that non-neuronal cells might need to be involved to result in ALS
pathogenesis. Further studies with transgenic mice demonstrated that motor neurons expressing MT
SODI1 failed to degenerate if they were surrounded by a large number of normal “supporting cells”
such as microglia and astrocytes. Conversely normal motor neurons surrounded by supporting cells
15
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expressing MT SOD1 showed signs of degeneration including ubiquitinated intra-neuronal deposits
(Clement et al., 2003). These results suggest that the involvement of non-neuronal cells is required for

ALS pathogenesis.
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Figure 1.5: Cellular and molecular pathways implicated in neurodegeneration in ALS. ALS
pathogenesis is most likely caused by the complex interactions between multiple pathogenic
molecular and genetic pathways including mutations, protein aggregation and disruption to
proteostasis, excitoxicity, oxidative stress, mitochondrial dysfunction, impaired axonal transport, and

the activation of non-neuronal cells (Kiernan et al., 2011).

15 SPREAD OF ALS PATHOLOGY IN THE CENTRAL NERVOUS SYSTEM (CNS)
Typically in ALS, pathological changes begin at a focal point of onset and spreads radially outwards

over time, with the eventual degeneration of both upper and lower motor neurons. There are currently

two proposed mechanisms for propagative progression; contiguous and non-contiguous spread.
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15.1 Contiguous spread
Contiguous spread involves the spread of disease pathology between neighbouring neurons in either a

cell autonomous (only genotypically mutant cells develop mutant phenotype) or non-cell autonomous
(genotypically mutant cells can cause other cells to develop mutant phenotype) manner. Contiguous
spread has been observed in several studies and has become widely accepted (Kanouchi et al., 2012;
Swash et al., 2013). In one study retrospective analyses of ALS patient records showed that in 98% of
cases early symptoms had a focal onset that spreads towards contiguous body regions, while
evaluation of post-mortem nervous systems revealed that lower motor neuron loss was usually radial
— greatest at the focal point of onset and decreasing outwards (Ravits et al., 2007; Korner et al., 2011).
Other studies have observed contiguous spread that predominantly has horizontal and rostral to caudal
(top to bottom) directionality, suggesting that motor neuron degeneration may have preferential
directions of spread rather than simple radial spreading (Ravits et al., 2007a; Gargiulo-Monachelli et
al., 2012; Fujimura-Kiyono et al., 2011). This directionality may be due to variability in motor neuron
susceptibility or the microenvironment of the neurons (Ravits and La Spada, 2009). Contiguous
spread requires cell-to-cell transmission between neurons near each other. Proposed mechanisms of
spread include “prion-like” propagation of abnormal cytosolic proteins in ALS, or phagocytosis or
endocytosis of extracellular proteinaceous material (Swash, 2013). These mechanisms will be
discussed in further detail in section 1.7.

1.5.2 Non-contiguous spread
In 2012 Gargiulo-Monachelli et al., reviewed the medical records of over 300 ALS patients and

observed spread to distant non-contiguous sites in 14% of the patients analysed, suggesting that not all
spreading in ALS in contiguous. Non-contiguous spread may involve two phenomena of motor
neuron degeneration ; 1) anterograde trans-synaptic spread (“dying forward”), where insult to the cell
body causes dysfunction, or retrograde degeneration (“dying back™) where insult to the distal axons
causes axonal dysfunction prior to cell dysfunctions; and 2) non-synaptic spread, for example through
the blood or CSF. It appears likely that contiguous and non-contiguous spreading mechanisms are not
independent, but can co-exist with each other, contributing to the complex clinical presentation of
ALS (Kanouchi et al., 2012; Blizzard et al., 2015).

1.5.3 Histopathology
The pathological hallmark of ALS is the selective degeneration of both upper and lower motor

neurons, along with activation and proliferation of astrocytes and microglia (termed astrogliosis). The
cell death process of these neurons remains unclear, as they do not show the morphological features of
either apoptosis or necrosis. Some motor neuron groups are less vulnerable to degeneration, including

those in the upper brain stem nuclei that control eye movements, and those within the sacral spinal
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cord that control the bladder (Mannen et al., 1977; Cozzolino et al., 2008). In addition to motor
neuron degeneration, histopathology shows intracellular inclusions within degenerating neurons and
glia. The most common inclusions in FALS are ubiquitinated. Ubiquitinated inclusions are found in
100% of SALS cases, suggesting that protein misfolding and disruption to proteostasis strongly
contributes to the pathogenesis of ALS (Wood et al., 2003; Piao et al., 2003). The physical structures
of inclusions vary, for example skein like inclusions are fibrillar, while "bunina bodies" are
amorphous (Wood et al., 2003; Arai et al., 2006; Okamoto et al., 2008). Bunina bodies are thought to
originate from the ER and are found in 80-100% of SALS cases, and have yet to be found in any other
neurodegenerative disease (Bunina, 1962; Tomonaga et al., 1978; Takahashi et al., 1991; Piao et al.,
2003).

Immunohistochemistry studies have identified several proteins present in inclusions both from human
ALS tissue and transgenic mice models. Most notably, inclusions immunoreactive for SOD1 are
found in motor neurons and glial cells when SOD1 mutations are present (Bruijn et al., 1997). In
addition TDP-43 is present in all cases of SALS, but is low or undetectable in patients with SOD1
mutations (Mackenzie et al., 2007). Two other proteins, FUS and optineurin have also been found in
SALS inclusions (Mackenzie et al.,, 2007; Deng et al., 2010; Maruyama et al.,, 2010).
Immunohistochemistry studies are limited in terms of the range and scope of antibodies used.
Proteomic technologies can be much more powerful at identifying changes in protein expression,
identifying proteins, and looking at protein-protein interactions. Unfortunately there are a limited
number of proteomic studies that use human tissue, as most investigations have focussed on proteins
obtained from mouse tissues and cells (Jain et al., 2008), and no quantitative comparisons between
control and ALS tissues has been performed. Nevertheless proteomics have identified a vast array of
proteins that make up the composition of inclusions from transgenic mice tissues, including the
cytoplasmic chaperones aB-crystallin and Hsp70, cytoskeletal proteins, proteins that normally reside
within the ER, intermediate filaments such as neurofilaments, vimentin, and GFAP (Bergemalm et al.,
2010; Basso et al., 2009). While these studies identify proteins that may participate in the
pathogenesis of ALS in mouse models, these results must be repeated using tissue obtained from ALS

patients.

1.6 TRANSACTIVE RESPONSE DNA BINDING PROTEIN (TDP-43)
While the role of SOD1 in ALS pathogenesis has been extensively characterised, comparatively little

is known about the role of TDP-43. It was only relatively recently that TDP-43 was identified as a
major component of ubiquitinated inclusions in ALS, leading to the identification of several mutations
in the TARDBP gene capable of causing the disease (Neumann et al., 2006; Gitcho et al., 2008;
Sreedharan et al., 2008; VVan Deerlin et al., 2008; Corrado et al., 2009; Daoud et al., 2008; Yokoseki
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et al., 2008). It is uncertain what the normal functions of TDP-43 are, making it difficult to determine

if this protein contributes to ALS pathogenesis via a toxic gain or loss of function.

1.6.1 Function, Structure and Location
The exact cellular function of TDP-43 is unclear, but it likely has diverse and important roles in

several RNA processing mechanisms (Figure 1.6). TDP-43 was originally identified as a factor
capable of binding to the transactive response (TAR) DNA sequence of human immunodeficiency
virus type 1, repressing its transcription (Ou et al., 1995), and was later shown to be involved in pre-
messenger RNA (mMRNA) splicing, exon skipping, and mRNA transport (Buratti et al., 2001; Mercado
et al., 2005; Wang et al., 2008). More recently it has been shown that TDP-43 is recruited to stress
granules, suggesting that it may play a role in protecting the body against cellular insult (Colombrita
et al., 2009).

Cytoplasm
Nucleus

RNA transcription

Il TImRNA =% mRNA stabilization

Translation l mRNA degradation

Figure 1.6: Known biological functions of TDP-43. TDP-43 has diverse roles in RNA processing
(highlighted in yellow) in the nucleus and cytoplasm (modified from Warraich et al., 2010).

TDP-43 is a highly conserved, intrinsically aggregation prone, ubiquitously expressed 43 kDa nuclear
protein encoded by the 6 exon gene TARDBP (Figure 1.7; Ayala et al., 2005; Sreedharan et al., 2008).
It has sequence homologs in mice, zebrafish, Drosophila and C. elegans. The protein contains two
RNA recognition motifs (RRM1 and RRM2) which are involved in RNA and DNA binding (Ayala et
al., 2005; Ou et al., 1995; Burrati et al., 2005). At the C terminal domain is a glycine rich sequence
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which may be required for mediating protein-protein interaction and exon skipping (Lagier-Tourene
et al., 2010; Wang et al., 2004; Burrati et al., 2005). TDP-43 also contains a nuclear export signal
(NES) and a nuclear localisation signal (NLS) which allows the protein to shuttle between the nucleus
and cytoplasm, possibly transporting mRNA (Banks et al., 2008). TDP-43 is expressed in many
tissues including the CNS, where it is mainly localised to the nucleus, with low levels in the
cytoplasm. In ALS it is depleted from the nucleus and accumulates in insoluble, ubiquitinated
inclusions in the cytoplasm of motor neurons (Neumann et al., 2006). Under stress conditions TDP-43
can also be found in stress granules which have been observed in CNS tissue of ALS patients, but it is

unknown whether they contribute to ALS pathogenesis (Liu-Yesucevitz et al., 2010).
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Figure 1.7: A schematic representation of the domain organisation of TDP-43, including the
glycine-rich “prion-like” domain. Different protein domains are indicated in different colours (see
key). The location of ALS associated mutations is depicted by small black bars immediately above the

molecular representation (modified from Blokhuis et al., 2013).

1.6.2 Pathological modifications of TDP-43
Since the discovery that TDP-43 is a major disease protein in ALS, there has been much interest in

understanding the pathological modifications that lead to the formation of cytoplasmic inclusions
containing TDP-43. In 2006 Neumann et al. examined the brains and spinal cord of ALS patients, and
found that pathologic TDP-43 was ubiquitinated, hyper-phosphorylated, and cleaved to generate C
and N terminal fragments. It is thought that while shuttling between the nucleus and cytoplasm, these
fragments are unable to re-enter the nucleus if they lack the NLS, and accumulate in the cytosol where
they form insoluble inclusions (Gendron et al., 2010). Cleaved TDP-43 has been shown to contribute
to ALS pathogenesis via both a toxic gain and loss of function. C terminal fragments expressed in

neuroblastoma cell cultures or transgenic mice are toxic and reproduce the aggregation and
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phosphorylation observed in ALS, while the cleavage of full length TDP into fragments that lack key
functional domains leads to a loss of function (Zhang et al., 2009; Nonaka et al., 2009; Dormann et
al., 2009; Wils et al., 2010; Buratti and Baralle, 2001). TDP-43 and the pathologic truncated TDP-25
are both degraded by the ubiquitin-proteasome system, and the presence of accumulated ubiquitin and
proteasome in ALS neurons suggests that in ALS ubiquitinated protein aggregates are unable to be
degraded, possibly due to the ubiquitin system being overwhelmed or dysfunctioning (Wang et al.,
2010; Mendonca et al., 2006). Additionally, proteasome inhibition in cultured cells promotes cleavage
of TDP-43, providing further links between ALS pathogenesis and disruption to proteostasis
(Rutherford et al., 2008). The precise effect of hyper-phosphorylation is not yet fully understood, but
the C-terminus of TDP-43 has many phosphorylation sites, and it has been hypothesised that hyper-
phosphorylation may contribute to disease pathogenesis by disrupting the normal functions of TDP-
43, and promoting aggregation and oligomerisation (Dormann et al, 2009; Gendron et al., 2010;
Kametani et al., 2009). Finally, many mutations in TDP-43 have been identified, accounting for ~ 5%
of ALS cases (combining SALS and FALS; Gitcho et al., 2008; Sreedharan et al., 2008; Van Deerlin
et al., 2008; Corrado et al., 2009; Daoud et al., 2008; Yokoseki et al., 2008; Da Cruz and Cleveland,
2011). The majority of these are missense mutations found in the glycine rich C terminal region
(Kabashi et al., 2008). The presence of these mutations in the highly conserved C terminal region,
together with their absence in control patients suggests that they are pathogenic (Lagier-Tourenne and
Cleveland, 2009). Some mutations have been shown to increase phosphorylation, increase the
propensity of TDP-43 to become fragmented, or accelerate its aggregation (Johnson et al., 2009;
Corrado et al., 2009).

1.6.3 Does TDP-43 contribute to ALS via a loss or gain of function?
1.6.3.1 Loss of function

Under normal conditions TDP-43 is primarily a nuclear protein which plays important roles in pre
MRNA splicing and transcriptional repression. In ALS it is depleted from the nucleus and
accumulates in ubiquitinated cytosolic inclusions (Neumann et al., 2006), thus loss of nuclear
function has been proposed as an underlying cause of ALS pathogenesis. To fully understand the
consequences that result from this loss of function, the role of the protein must be better defined. In
vivo studies using Drosophila showed that full knockdown of TDP-43 caused dramatic locomotive
defects with spastic, uncoordinated movements, incapacity to fly or walk normally and reduced life
span, phenotypes which could be partially rescued by expression of human TDP-43. This
demonstrates that activity of TDP-43 in neurons is needed to regulate locomotive behaviors and
indicates that the pathogenesis observed in ALS may result in part from loss of TDP-43 function in
the nucleus (Feiguin et al., 2009). In other studies using Drosophila, knockdown of TDP-43 caused

decreased dendritic branching and reduced lifespan, suggesting that TDP-43 plays a role in dendrite
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formation and structural integrity, and is required for normal viability of adult flies (Lu et al., 2009).
Additionally, knockdown of TDP-43 in zebrafish causes loss of motor function and altered motor
neuron axon phenotypes (Kabashi et al., 2010). Expression of WT, but not MT TDP-43 is partially
able to rescue the motor function and axonal phenotypes observed in TDP-43 knockdown zebrafish. It
has been hypothesised that loss of normal nuclear function of TDP-43 in neurons reduces dendritic
complexity, leading to compromised neuronal connectivity contributing to ALS pathogenesis (Lu et
al., 2009). Finally, knockdown of TDP-43 in human and mouse cells results in dysmorphic nuclear
shape, mis-regulation of the cell cycle, apoptosis and reduced neurite outgrowth (Ayala et al., 2008;
Iguchi et al., 2009). These studies support the theory that loss of normal nuclear TDP-43 function
contributes to neurodegeneration and ALS pathology. Genetic studies using transgenic mice are
limited due to the fact that TDP-43 knockout is lethal for mice from embryonic day 3.5,
demonstrating the essential function of TDP-43 in embryo development and survival, likely due to its
role in a variety of cellular functions such as splicing and transcriptional regulation of various genes
(Wu et al., 2010; Kraemer et al., 2010).

1.6.3.2 Toxic gain of function

Many studies examining the roles of TDP-43 in neurodegeneration support the idea that TDP-43
causes toxicity, at least in part, by a toxic gain of function. The overexpression of TDP-43, truncated
TDP-43, and ALS associated TDP-43 mutants in yeast cells causes toxicity dependent on aggregation
(Johnson et al., 2009). Similarly the expression of C terminal TDP-43 fragments in human cell lines
also causes aggregation and enhanced cellular toxicity. The expression of these TDP-43 fragments did
not reduce the exon skipping activity of full length TDP-43 nor alter the nuclear distribution of TDP-
43, suggesting that toxicity was a result of a toxic gain of function independent of normal TDP-43
function (Zhang et al., 2009). In vivo studies also support the toxic gain of function of TDP-43. The
overexpression of TARDBP mutations in zebrafish caused loss of motor function and altered motor
neuron axon phenotypes, and the overexpression of human TDP-43 in transgenic flies is sufficient to
cause protein aggregation and neurotoxicity in an age dependent manner, suggesting that aberrant
regulation of TDP-43 expression or decreased clearance of TDP-43 may contribute to the
pathogenesis of ALS (Kabashi et al., 2010; Li et al., 2010). Interestingly, studies using rat and mouse
models of TDP-43 proteinopathy show that toxicity can occur even in the absence of large
cytoplasmic aggregates, suggesting that soluble MT TDP-43 may also play a role in the pathogenesis
of ALS either by directly or indirectly altering protein degradation pathways and promoting the
accumulation of ubiquitinated proteins and neurodegeneration, similar to the way soluble oligomers of
amyloid-B contribute to Alzheimer’s disease (Tatom et al., 2009; Wegorzewska et al., 2009). It is
likely that TDP-43 mediated neurodegeneration results from both the loss of normal nuclear functions

and a toxic gain of function (Gendron et al., 2010).
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1.7  “PRION-LIKE” PROPAGATION MECHANISMS IN ALS
The term prion was first proposed in in 1982 to describe the enigmatic scrapie agent capable of

causing a degenerative disease of the central nervous system in sheep and goats (Prusiner, 1982). The
agent was shown to be small and resistant to heat, formalin treatment and most procedures that
modify nucleic acids, indicating that the scrapie agent must be an infectious entity differing from
viruses, parasites and plasmids. Several lines of evidence, including the sensitivity of the scrapie agent
to proteases, suggested that it contained a protein that was required for infectivity (Prusiner, 1982).
Thus the term “prion” was coined to describe the scrapie agent as a novel proteinaceous infectious
particle. The progressive accumulation of misfolded proteins in motor neurons and associated cells is
a key feature of ALS. Recent studies of various neurodegenerative diseases including Alzheimer’s
disease, Parkinson’s disease, and ALS have provided evidence for unique mechanisms of protein
propagation, termed “prion-like” due to their similarity to the self-perpetuating spreading
characteristics of the prion protein. Such mechanisms provide an explanation for the typical outward
spread of symptoms from a focal point of onset observed in ALS, and have implications for the
development of new therapeutic strategies. This review will focus on studies that suggest prion-like
propagation of SOD1 and TDP-43, two proteins involved in ALS.

1.7.1 Evidence of prion-like self-propagation and cell-to-cell spread of SOD1
Misfolding of recombinant SOD1 leads to the formation of amyloid fibrils which have been shown to

act as seeds capable of accelerating the formation of new fibrils (Chia et al., 2010), and aggregated
recombinant MT SOD1 is capable of inducing misfolding of WT SODL1 in vitro (Grad et al., 2011).
Spinal cord homogenates from transgenic MT SOD1°%** mice have also been shown to contain
amyloid fibrils which can seed the formation of new fibrils in both WT and MT SOD1 protein in vitro
(Chia et al., 2010). Similar results have been observed in human cells where the expression of a FALS
associated SOD1 mutant induced misfolding of WT natively structured SOD1 in human mesenchymal
and neuronal cell lines (Grad et al., 2011). The conformational conversion of natively structured
SOD1 to a misfolded form is comparable to the conversion of PrPC to PrPS¢ in prion disease. Other
studies have established that MT SOD1 exhibits prion-like properties. For example Munch et al.,
(2011) showed that aggregates composed of an ALS-causing mutant can penetrate inside neuronal
cells in culture via macropinocytosis, exit the macropinocytic compartment and trigger the self-
perpetuating aggregation of the endogenous protein. The transfer of SOD1 aggregates between cells
does not require cell-to-cell contact, but instead depends on their extracellular release, as transfer
occurred between two co-cultured populations separated by a filter (Munch et al., 2011). Secretion of
SOD1 has been reported for various cell lines including fibroblasts, neuroblastoma, motor neuron cell
lines and primary spinal cord cultures (Krauss and Vorberg, 2013; Mondola et al., 1997; Urushitani et

al., 2006; Gomes et al., 2007). It has also been demonstrated that SOD1 aggregates are able to
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transfer between cultured NSC-43 cells via the release of protein aggregates from dying cells (the
aggregates are subsequently taken up by other cells via micropinocytosis), or the secretion of
exosomes which can be taken up by other cells (Grad et al., 2014; Gomes et al., 2007). Exosomes
normally transport various cargoes between cells, but are being increasingly implicated in the spread
of proteins in neurodegenerative diseases. Both MT and WT SOD1 can be secreted via exosomes and
taken up by surrounding cells causing subsequent protein misfolding and death (Basso et al., 2013;
Grad et al., 2015). Recently studies have provided the first evidence for the in vivo transmissibility of
SOD1 pathology. Genetically vulnerable SOD1 mice were intraspinally injected with spinal cord
homogenates from terminally sick MT SOD1 mice, which induced MND in 6/10 mice and caused
redistribution of endogenous SOD1 to protein inclusions (Ayers et al., 2014). These results suggest
that SOD1 can self-propagate and spread from cell-to-cell in a manner similar to the progression

mechanisms of prion diseases.

1.7.2  Evidence of prion-like self-propagation and cell-to-cell spread of TDP-43
There is also convincing evidence suggesting that in ALS TDP-43 shares properties similar to prions.

TDP-43 contains a prion like domain with a similar amino acid composition to yeast prion-forming
domains. These domains are a glutamine/asparagine (Q/N)-rich region in the C-terminal domain of
TDP-43 (Fuentealba et al., 2010; Cascarina and Ross, 2014; Udan-Johns et al., 2014), have a strong
tendency to self-aggregate and are required for aggregation (Johnson et al., 2008; Fuentealba et al.,
2010; Sun et al., 2011). Several studies have also shown that TDP-43 can act as seeds for aggregation.
When exogenous TDP-43 C-terminal aggregates were applied to cultured human embryonic kidney
cells transiently transfected with TDP-43, the aggregates were taken up by the cells where they acted
as seeds for the aggregation of endogenous TDP-43 (Furukawa et al., 2011) Additionally when TDP-
43 fragments containing the C-terminal end of the RRM1 domain were expressed in NSC-43 cells,
aggregation of the TDP-43 fragments drove co-aggregation with the full-length TDP-43 (Chunxing et
al., 2010). Interestingly TDP-43 prepared from dissected ALS brains has also been shown to have
prion like properties. When insoluble TDP-43 prepared from the brains of ALS patients was applied
to SHSY-5Y cells expressing HA-tagged TDP-43 it seeded the aggregation of the latter (Nonaka et
al., 2013). Nonaka et al. (2013) also demonstrated propagation of TDP-43 aggregates between
cultured cells. SHSY-5Y cells transiently expressing a red fluorescent protein were co-cultured with
SH-SY5Y cells harbouring phosphorylated TDP-43 aggregates and incubated for 3 days. Confocal
microscopy revealed phosphorylated TDP-43 aggregates in 2.9% of cells that also expressed the red
fluorescent protein, indicating that aggregates had spread to surrounding cells. TDP-43 has been
found to be enriched in exosome fractions isolated from SHSY-5Y cells treated with detergent
insoluble brain homogenate from ALS patients (Nonaka et al., 2013), and in exosomes isolated from

the blood and CSF of ALS patients (Feneberg et al., 2014) supporting the idea that as with SOD1,
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exosomes may contribute to the release of TDP-43 aggregates. Currently in vivo spread between cells

or tissues has yet to be demonstrated.

1.7.3 How might aggregates move from cell to cell?
The most popular hypothesis is that prion-like aggregates are released from cells and taken up by

surrounding cells where they can be transported to the cytoplasm and promote further aggregation
(Bowen et al., 2007; Goedert et al., 2010; Kanouchi et al., 2012). Exosomes and tunnelling nanotubes

are two mechanisms that have been reported to transfer prions between cultured cells.

Exosomes are small lipid membrane vesicles of endocytic origin secreted by most cells in vitro and in
vivo under physiological and pathological conditions. Following their secretion they can be taken up
by neighbouring cells via endocytosis. The role of exosome release is to secrete proteins in order to
remove them and to deliver signals between cells (Goedert et al., 2010; Kanouchi et al., 2012;
Schneider and Simons, 2013). Exosomes have been shown to play a role in the pathogenesis of
neurodegenerative diseases such as Alzheimer’s disease and ALS. B-Amyloid peptides are released in
association with exosomes, and amyloid plaques of Alzheimer’s Disease (AD) brain sections are
enriched in exosome-associated proteins (Rajendran et al., 2006), while in NSC-34 cells
overexpressing human WT and MT SOD1, SOD1 was secreted via exosomes (Gomes et al., 2007).
Studies are now beginning to investigate whether TDP-43 may also be transferred between cells via

exosomes (Nonaka et al., 2013).

Tunnelling nanotubes are channels made from extensions of surface membrane that connect cells over
long distances and traffic proteins and organelles either inside or along their surface (Davis and
Sowinski, 2008; Goedert et al., 2010). Tunnelling nanotubes have been shown to mediate the transfer
of PrP*¢in vitro between cells (Gousset et al., 2009) and it has been suggested that aggregates in ALS

may also be trafficked from cell-to cell in this manner.

1.8 MODELS OF ALS
The discovery of mutations in the genes encoding SOD1 and TDP-43 have led to the development of

a number of vertebrate and invertebrate models of ALS, including mouse, rat, zebrafish, C. elegans
and Drosophila melanogaster. Due to the complex nature of ALS, cell culture models which allow
specific cell types or cellular events to be tested are also of great importance. Parallel studies of both
cell and animal models of ALS are needed to fully understand disease pathology, and develop a
successful therapeutic strategy. This section aims to introduce to the reader some of the models

available for the study of ALS, especially the Drosophila model as it is used extensively in this thesis.
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1.8.1 Cell culture models of ALS
Cell culture models allow researchers to study the role of a specific cell type, for example motor

neurons or astrocytes, under controlled and defined conditions, and investigate mechanisms of a
possible protective or deleterious role for molecules or compounds (Schlachetzki et al., 2013). A well
designed cell model should be easy to use and complex enough to recapitulate at least one part of the
disease pathology (Veyrat-Durebex et al., 2014). The three main culture systems used include primary
cultures, established cell lines, and cultures derived from human cells. Primary cultures are isolated
from tissues excised from young animals and are advantageous as their morphology, behaviour and
activity retain features similar to the parent tissue (Veyrat-Durebex et al., 2014). However they are
difficult and require skill to obtain and have a relatively short life span in culture, making them
unsuitable for medium to large scale studies where long term experiments may be need to be
undertaken. Established cell lines are immortal and are thus ideal for such experiments as they will
proliferate indefinitely given adequate space and media. Cell growth is rapid, uncomplicated,
inexpensive, and results can be reproduced across different laboratories using the same cell lines.
Importantly cell lines can be easily modified by transfection or viral transduction to overexpress ALS
related genes such as the genes encoding for TDP-43 and SOD1. The main disadvantage of
established cell lines is that the process of immortalisation means they differ significantly from their
cells of origin, and may behave differently in experiments. Recent advances in cultures derived from
human cells has introduced a robust model for the study of human neurodegenerative processes.
Pluripotent stem cells (PSCs) are derived from human embryos of foetal tissue and have the potential
to differentiate into almost any cell in the body. Induced pluripotent stem cells (iPSCs) are adult cells
that that have been genetically reprogrammed to an embryonic stem cell-like pluripotent state
(Takahashi et al., 2007). They are advantageous as they can be generated from adult patients with
specific inherited diseases such as FALS, which would enable the large scale production of the cell
types affected by that individual patient’s disease, which could be used for disease modelling, drug
testing, or even eventually cell replacement therapies (Dimos et al., 2008). While the possibilities of
iPSCs are exciting, the technology is still relatively new and has some disadvantages, for example

generating iPSCs and subsequent differentiated cells is very time intensive, taking up to 2-4 months.

1.8.1.1 Mouse
Many mouse models exist for studying ALS and the most commonly used is the SOD1G93A, which
overexpresses a mutated human SOD1 gene (Gurney et al., 1994). In other mouse models the SOD1
gene is mutated at different positions and recently transgenic models of human TDP-43 associated
FALS have been created (Moser et al., 2013; Shan et al., 2010; Wils et al., 2010; Wegorzewska et al.,
2009). Transgenic mice recapitulate many of the clinical, neuropathological and molecular features of
ALS patients and have been valuable for providing insights into the mechanisms underlying
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neurodegeneration. The choice of therapeutic agents in many clinical trials of human ALS has been
predicted on the efficacy of these drugs when studied in the SOD1 mouse (Benatar 2006). However to
date there have been over 50 publications describing therapeutic agents that are effective in SOD1
mice but have completely failed in human trials (Greek and Hansen et al., 2013; Corcia and Gordon,
2012). The failure to translate positive preclinical findings achieved in SOD1 mice to successful
human trials has led some to conclude that this model has outlived its usefulness, and is in fact a poor

model for developing therapeutic agents (Greek and Hansen et al., 2013).

1.8.1.2 Drosophila melanogaster

Drosophila has been used in research for over 100 years. They are a popular species to use for the
study of neurological diseases due to the similarity between gene response, behaviour, and mode of
drug action with mammalian systems, and the existence of sophisticated genetic manipulations
developed for them. They are cheaper to culture and easier to maintain than mice and the regulations
regarding animal care and use that apply to vertebrate research do not apply to Drosophila. They have
a short generation time, produce a large number of offspring, and possess a large range of
phenotypical characteristics such as body colour and size, wing phenotype and bristle patterns. Fly
behaviour can be easily quantified through various assays including larval crawling, adult mating, and
adult negative geotaxis or climbing assays (Nichols et al., 2012). In addition 75% of human disease
genes have homologs in the Drosophila genome, and the Drosophila brain shares anatomical,
functional and biochemical similarities with human brains. Drosophila TDP-43 (dTDP-43), like its
human homolog is expressed in neurons, glia and muscle cells. Many studies have investigated the
pathological role of TDP-43 in ALS using Drosophila models and will be discussed throughout this
thesis (Li et al., 2010; Hanson et al., 2010; Estes et al., 2011; Diaper et al., 2013a; Diaper et al.,
2013b).

19 CHAPERONES AND ALS

1.9.1 Interactions between chaperones and proteins involved in ALS
As outlined in section 1.3.2 and 1.3.3, chaperones are a key component of both intra- and extracellular

quality control systems, working to prevent irreversible protein aggregation and ensure proteins are
kept on the correct folding pathway. ALS pathology has recently been attributed to protein
aggregation and disruption to proteostasis, with SOD1 and TDP-43 being two of the major
aggregating proteins associated with the disease. Studies have reported interactions between SOD1
and TDP-43 and various Hsps including aB-crystallin, Hsp70 and Hsp40, and Hsp27/25 as well as
altered chaperone expression levels in transgenic SOD1 mice, suggesting that chaperones may

influence ALS onset and progression. The majority of studies to date have focussed on the effect of
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Hsps on the aggregation and toxicity of SODL1 in cell cultures and in vivo models of ALS, and

relatively little is known about their effect on TDP-43.

1.9.2 SOD1 and chaperone
In vitro the sHsp aB-crystallin is able to inhibit the rate of aggregation of SOD1 by binding directly to

and forming a stable high molecular mass complex with SOD1, thus preventing inappropriate self-
assembly, a mechanism typical of sHsps (Wang et al., 2005; Yerbury et al., 2013). Similarly co-
expression of aB-crystallin with MT SOD1 reduced MT SOD1 aggregation in cell culture (Karch and
Borchelt, 2010). Knock down of aB-crystallin in SOD1 transgenic mice reduced the interval to
disease end stage by 20-30 days, however, a dose-dependent effect on survival was not seen. In
addition, knock down of aB-crystallin did not change the amount of detergent-insoluble SOD1
aggregates in the spinal cord, suggesting that in this case eliminating one element in the proteostasis
network is not enough to alter the extent of protein aggregation (Karch and Borchelt, 2010). aB-
crystallin is normally expressed in oligodendrocytes and is upregulated in symptomatic MT SOD1
mice (Wang et al., 2002). In mouse models of ALS, MT SOD1 accumulates specifically in motor
neurons where aB-crystallin is absent, but not in oligodendrocytes, suggesting that the availability of
Hsps may influence the susceptibility of certain cell types (such as motor neurons) to MT SOD1
aggregation (Wang et al., 2005).

MT SOD1 has also been found to interact with Hsp70. In primary motor neuron cultures and neuronal
cell lines, the formation of MT SOD1 aggregates is reduced and survival prolonged by increasing the
level of Hsp70 (Bruening et a., 1999; Takeuchi et al., 2002; Patel et al., 2005; Koyama et al., 2006),
and in transgenic SOD1 mice Hsp70 is able to form complexes with soluble MT SOD1 (Wang et al.,
2009). Despite these interactions, studies investigating the ability of Hsp70 to extend lifespan in
transgenic SOD1 mice have yielded contrasting results. Liu et al. (2005) created three transgenic MT
SOD1 mouse models that constitutively expressed Hsp70 at various levels. They found that even
when Hsp70 was expressed at levels up to 10 times greater than endogenous Hsp70, it did not have a
significant effect on disease onset or survival time. The authors offered several explanations for the
differing results seen in mouse models and cell culture models. They first suggest that short term
toxicity studies done in cell models do not adequately reflect the slow neurodegeneration and SOD1
accumulation observed in vivo. Secondly they hypothesise the likelihood that multiple chaperones will
need to be upregulated at specific locations in order to ameliorate SODL1 toxicity (Liu et al., 2005). In
addition to these suggestions it is important to note that most studies using transgenic mice do not
characterise changes in gene expression other than their gene of interest. Thus caution must be taken
when interpreting results solely based on mouse studies, as compensatory changes in other genes may

affect and possibly invalidate interpretation of the results observed.
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Another study found that when recombinant human Hsp70 was intraperitoneally injected three times a
week into MT SOD1 mice, it was effective at increasing lifespan, delaying symptom onset, preserving
motor function, extending motor neuron survival, and increasing the number of innervated
neuromuscular junctions (NMJs; Gifondorwa et al., 2007). Injected Hsp70 was localised to skeletal
muscles and the authors hypothesize that the injected Hsp70 provided a protective effect at the
neuromuscular junction (NMJ) through an unknown peripheral mechanism or it could bind to growth
factors promoting activity at the NMJ (Gifondorwa et al., 2007; Gifondorwa et al., 2012).

In vitro Hsp27 is also able to inhibit SOD1 aggregation and in one cell culture model can protect
against MT SODL1 induced cell death; it has been also been shown to co-fractionate with SOD1
aggregates in ALS tissue (Yerbury et al., 2013; Patel et al., 2005; Wang et al., 2003). However a
second report showed that upregulation of Hsp27 alone was not sufficient to protect MT SOD1
expressing cells from death, but that activation of the heat shock response was sufficient to provide
protection (Krishnan et al., 2006). This could be simply due to different levels of MT SOD1
expressed. Motor neurons express and are able to upregulate Hsp27 (Plumier et al., 1997; Costigan et
al., 1998), however in pre-symptomatic transgenic SOD1 mice expression of Hsp25 (mouse
homologue of Hsp27) decreases in motor neurons, but not in other cell types (Maatkamp et al., 2004).
It is likely that reduced Hsp25 levels contribute to the neurodegeneration observed in SOD1 mice, as a
reduction in Hsp25 levels means a reduction in the ability to scavenge misfolded proteins such as
SOD1. Mice expressing both SOD1 and Hsp25 show a delayed decline in motor strength and
increased survival of motor neurons, however this protective effect is only observed in the early
stages of disease progression when Hsp25 is abundant in motor neurons, and does not improve total
life span (Sharp et al., 2008).

The above studies highlight the limitations of various experimental approaches and while some of the
results may be conflicting, a common idea becomes apparent; if a successful therapeutic strategy
involving chaperones is to be developed, a balanced upregulation of multiple chaperones may be
needed. Several studies have tested this idea. In a SOD1 cell model of FALS the expression of Hsp40
alone was ineffective at supressing aggregate formation or cell death, but the combination of Hsp40 +
Hsp70 reduced aggregates, improved neurite outgrowth and prevented cell death to a greater extent
than when Hsp70 alone was expressed (Takeuchi et al., 2002). Hsp40 is a co-chaperone essential for
the optimal functioning of Hsp70. Similarly, while expression of either Hsp27 or Hsp70 has a
protective effect against SOD1 associated cell death, co-expression of the two chaperones together
has a greater effect (Patel et al., 2005). Activation of the heat shock transcription factor (Hsf-1) can
induce the heat shock response leading to the expression of multiple heat shock proteins. Motor

neurons have a high threshold for induction of the heat shock response, and stress-induced activation
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of Hsf-1 decreases in neurons during aging which may contribute to their vulnerability in ALS
(Batulan et al., 2006). The expression of activated Hsf-1 in cultured motor neurons induced the
expression of multiple heat shock proteins including but not limited to Hsp70, 40 and 25, almost
completely prevented aggregation of MT SOD1, and protected motor neurons from MT SOD1
toxicity (Batulan et al., 2006). Consistent with the idea that the expression of multiple Hsps is needed,
transgenic MT SOD1 mice treated with arimoclomal, an inducer of the heat shock response (by
prolonging the activation of Hsf-1), showed delayed disease progression and improved muscle
function and motor neuron survival in later stages of disease (Kieran et al., 2004). A second drug,
resveratrol can also protect motor neurons and extend the lifespan in transgenic MT SOD1 mice, via

activation of Hsf-1 and upregulation of heat shock proteins (Han et al., 2012).

1.9.3 TDP-43 and chaperones
While interactions between Hsps and SOD1 are very well studied, little is known about the potential

effects of Hsps on the aggregation and toxicity of TDP-43. As previously mentioned, mutations in
SOD1 occur in only 20% of FALS and 5% of SALS cases. TDP-43 on the other hand is present in
inclusions in all cases of SALS and non-SOD1 related FALS, and is low or undetectable in patients
with SOD1 mutations. Therefore studying SOD1 models of ALS only represents a small population of
the disease, and there may be subtle differences between FALS and SALS pathology. In order to fully
understand the disease, TDP-43 based models of neurodegeneration must be developed and studied.
In the past few years interactions between TDP-43 and heat shock proteins have begun to be
investigated. In a Drosophila model of ALS entailing overexpression of TDP-43, upregulation of the
heat shock response or the chaperone GG14207 (which has sequence homology with human Ap-
crystallin) inhibited the aggregation of TDP-43 and partially reduced its neurotoxic effects on
photoreceptors and motor neurons. Similarly, in flies that expressed the C-terminal fragment TDP-25,
upregulation of the heat shock response and GG14207 expression completely rescued from toxicity
and cleared TDP-25 from the brain (Gregory et al., 2012). A recent study used cell culture models to
demonstrate that heat shock induced aggregation of TDP-43 is regulated by Hsp40/70. In this study
live HeLa cells expressing TDP-43-Cherry were heat shocked at 42 °C for 1 h, resulting in the
formation of nuclear aggregates of TDP-43. Co-immunoprecipitation revealed that TDP-43 was
constitutively bound to Hsp40 and Hsp70. Overexpression of Hsp40 was able to supress the formation
of TDP-43 aggregates, while Hsp40 knock down led to an increase in TDP-43 aggregation (Udan-
Johns et al., 2014). Udan-Johns et al. hypothesise that chaperones are constitutively bound to TDP-43
but are lost during stress such as heat shock as they are bound to other misfolded proteins. This leads
to reversible aggregation of TDP-43, which can directly affect its mMRNA binding partners thus
altering its function (2014, Figure 1.8).
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Figure 1.8: Model of the TDP-43 prion-like domain as a sensor of misfolded protein stress. TDP-

43 is constitutively bound to heat shock proteins to keep the prion domain in a soluble conformation
and able to interact with its normal binding partners. During heat shock chaperones are titrated away
by increased amounts of misfolded proteins in the cell, leading to the self-aggregation of TDP-43, loss
of interaction with its binding partners and loss of function. As cells recover from heat shock and new
chaperones are translated, they disaggregate TDP-43 and return it to a normal state (Udan-Johns et al.,
2014).

While studies thus far have focussed exclusively on the role of intracellular chaperones, one paper
published in 2013 has investigated the relevance of the extracellular chaperone clusterin to ALS,
using cultures of mouse spinal cord and MT SODL transgenic mice (Zinkie et al., 2013). Clusterin
functions as a chaperone with mechanisms similar to that of heat shock proteins, and its transcription
can be activated by the heat shock transcription factor Hsf-1 (Wilson and Easterbrook-Smith, 2000;
Michel et al., 1997), making it a good candidate for investigation as a potential therapeutic agent.
Zinkie et al. (2013) examined mouse spinal cord dorsal root ganglion cultures and found that clusterin

was constitutively expressed in astrocytes and motor neurons of healthy cells and was secreted into
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the culture medium. Expression was increased by geldanamycin, a Hsp90 inhibitor that induces Hsps
by releasing Hsf-1, with expression increasing more in astrocytes. Cell cultures expressing MT SOD1
and transgenic SOD1 mice were also created to investigate the effect of MT SOD1 expression. The
expression of MT SOD1 had no effect on clusterin level in cell cultures, but in vivo clusterin was
slightly increased in the spinal cord of symptomatic mice. Most importantly, clusterin was identified
as a constituent of intracellular inclusions that also contained SOD1, supporting the Nizard et al.,
(2007) study showing that clusterin can be retrotranslocated from the ER to the cytoplasm under some
stress conditions. These results reveal similarities between Hsps and clusterin in ALS models, for
example clusterin has a similar chaperone function to Hsps, and SOD1 containing inclusions in
transgenic mice have been shown to contain clusterin and Hsc70 (a constitutively expressed form of
Hsp70; Watanabe et al., 2001; Zinkie et al., 2013). The role of extracellular chaperones, particularly

clusterin in ALS is thus worth pursuing.

Overall, it appears that chaperones are able to influence and slow the aggregation of proteins involved
in ALS, at least in the early stages of disease, and that the availability of chaperones within motor
neurons influences their susceptibility to neurodegeneration. Motor neurons are less able to upregulate
some chaperones, and are thus more vulnerable to damage. While chaperones may be able to
successfully prevent aggregation and neurodegeneration in the early stages of disease, the supply can
become depleted as chaperones are overwhelmed, leaving motor neurons vulnerable and unable to
maintain protein quality control, resulting in the formation of insoluble protein aggregates. It is also
apparent that up regulating multiple chaperones has a greater protective effect than up regulating a
single chaperone. Current studies have focused on the interactions between intracellular chaperones
and SOD1, and very little has been done to examine the effects of chaperones on the aggregation and
pathogenicity of TDP-43. In order to fully understand the role of TDP-43, more detailed in vitro and
in vivo work needs to be undertaken. In light of the recent studies showing that clusterin is able to be
retrotranslocated to the cytosol in times of stress such as ALS, where it may act as an intracellular
chaperone, potential interactions between TDP-43 and clusterin present an exciting new area for

study.

1.9.4 Significance and Implications in Disease Treatment
ALS is a common neurodegenerative disease in adults and is responsible for the death of ~ 10

Australians per week (MND Australia, 2013). There is currently no cure for ALS and treatment
options are extremely limited. There has been little success in the search for neuroprotective agents.
Clinical trials have investigated several novel ALS therapeutics including antioxidants, anti-
inflammatory or immunomodulatory drugs, calcium regulatory drugs, anti-glutamate, energy

metabolism, and trophic factors (Cleveland and Rothstein, 2001). Of all these therapeutics, only the
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glutamate inhibitor riluzole has a modest effect, prolonging the life of ALS sufferers by ~ 3 months.
As outlined in section 1.4.2, the pathogenic mechanisms mediating neurodegeneration in ALS are
probably multifactorial, with glutamate induced excitotoxicity representing only one of many
overlapping pathogenic mechanisms. It is possible that all of the pathogenic mechanisms involved in
ALS will need to be targeted in order for an effective therapeutic treatment to be produced. This can
only be achieved once these mechanisms are better understood. Studies investigating the interactions
between chaperones, TDP-43 and SOD1 provide new insight into the mechanisms underlying ALS
pathology and how the body has developed defences to inhibit protein aggregation. Increased
knowledge of these interactions could lead to the development of new therapeutics for the treatment
of ALS which may eventually include the use of chemical or peptide chaperones to prevent the
aggregation or spread of proteins, or increasing the expression of chaperones and their receptors.
Increasing the expression of multiple chaperones with different and complimentary cytoprotective

functions could have a greater therapeutic potential then increased expression of one chaperone alone.

1.10 CONCLUSIONS
The folding of an amino acid sequence into its correct native three dimensional structure is vital for a

protein to perform its normal function. As a result of mutations or various stress conditions, proteins
may become unstable, unfold and form aggregates, a process associated with many harmful protein
deposition diseases. The body has evolved intra- and extracellular systems of protein quality control
to maintain proteostasis, with molecular chaperones being a key component in these systems. Protein
aggregation has recently been implicated in the pathology of the incurable neurodegenerative disease
ALS. ALS is characterised by the selective degeneration of upper and lower motor neurons, together
with the accumulation of insoluble and ubiquitinated intraneuronal inclusions. Some proteins involved
in the pathology of ALS have been shown to have “prion-like” properties, with SOD1 being capable
of both self-propagation and cell-to-cell spread. TDP-43 is another protein that can self-propagate, but
cell to cell spread has yet to be observed. Aggregating proteins can contribute to neurodegeneration
by overwhelming chaperones and the ubiquitin-proteosome system and disrupting proteostasis.
Manipulation of chaperone expression levels or the development of chemical or peptide chaperones
could ultimately provide a novel therapeutic strategy for the treatment of ALS by either preventing
protein aggregation, or limiting cell-to-cell spread of prion-like proteins. The intracellular chaperones
aB-crystallin, Hsp70, and Hsp27/25 can all influence the aggregation of SOD1, a protein present in
the intraneuronal inclusions of MT SOD1 associated FALS. More detailed analysis of the interactions
between other chaperones and a wide range of aggregating proteins involved in ALS will provide a
better understanding of the pathogenic mechanisms underlying the disease, and aid in the

development of new therapeutics for its treatment.
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The results in this thesis are divided into three separate chapters with each chapter containing a
different approach undertaken to examine the effects of clusterin on the aggregation and pathogenicity
of TDP-43. Each result chapter contains an individual introduction, methods and discussion section
specific to the experiments performed. A general materials and methods chapter and general
conclusions chapter are also presented. Additionally, the specific aims of this thesis are given in the
introduction section of each results chapter, but overall this thesis aimed to;

1) Assess the ability of TDP-43 to spread from one cell type to another in vivo using a
Drosophila model of ALS and in vitro using neuronal and astrocyte cell lines.

2) Investigate the extent to which non-neuronal cells contribute to disease progression in vivo by
expressing TDP-43 in a subset of glial cells of Drosophila to determine if this resulted in
motor neuron defects and premature mortality.

3) Investigate interactions between clusterin and TDP-43 in vitro, in vivo using the Drosophila
model, and in post mortem human tissue from ALS patients.
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CHAPTER 2: GENERAL MATERIALS AND METHODS

2.1 BUFFERS AND MEDIA

Buffers and media that were used throughout this project include: phosphate buffered saline (PBS;
137 mM NacCl, 2.7 mM KCI, 1.47 mM KH;PQ,, 11.6 mM Na;HPO4, pH 7.4), TAE buffer (40 mM
TRIS, 20 mM acetic acid, 1 mM EDTA, pH 8), hypotonic lysis buffer (10 mM HEPES, pH 7.4), 10 x
HEPES buffer (0.5 M HEPES, 1 M NaCl, pH 7.4), and Luria-Bertani (LB) broth (10% [w/v] NaCl,
10% [wi/v] Tryptone, 5% [w/v] Yeast extract). Details of other less commonly used buffers and media

are given in their respective sections.

2.2 MATERIALS

A list of materials and chemicals used in this thesis, along with full names, abbreviations and

suppliers are given in Table 2.1. Details of any materials not listed in Table 2.1 are given in their

respective sections.

Table 2.1: Materials and chemicals used

Name

Company/Supplier

Acetic acid (CH3;COOH)

Agarose

Ampicillin (C16H19N304S)

Bovine serum albumin (BSA)

Ready to use Target Retrieval Solution
di-Sodium Hydrogen Orthophosphate (Na;HPO.)
DMEM/F-12 Media

Ethanol

Ethylenediaminetetraacetic Acid (EDTA)
Foetal calf serum (FCS)

HEPES (CgH1sN204S)

Methanol (CHsOH)

Ajax Chemicals
Promega

Sigma

Sigma

Dako

Ajax Chemicals
Invitrogen

Ajax Chemicals
Sigma

Bovogen

Sigma

Unichrom
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Potassium chloride (KCI) Ajax Chemicals
Potassium di-hydrogen orthophosphate (KH2PO.) Ajax Chemicals
Schneider’s medium Sigma

Sodium chloride (NaCl) Biochemicals
Sudan Black B (Cz9H24Ns) Sigma
Thioflavin-T (ThT; C17H1sCIN,S) Sigma

Tris (C4aH11NOs3) Sigma

Triton X-100 (C2H40)nC14H220 Sigma
Trypsin-EDTA 0.05% (1X) Gibco by Life Technologies
Tryptone Sigma
Tween-20 (CsgH114026) Sigma

Xylene substitute Sigma

Yeast extract Sigma

2.3  HUMAN SPINAL CORD TISSUE
Human thoracic spinal cord tissue sections from sporadic amyotrophic lateral sclerosis (SALS; n = 2)

and control (n=3) individuals were obtained from the Victorian Brain Bank Network. The specimens
had been embedded in paraffin and cut into 8 um sections and mounted on Superfrost Plus slides. The
tissue reference number (Ref #), age, gender, post mortem interval (PMI) times and clinical diagnosis

for each are given in Table 2.2.

This work has been approved by the Human Research Ethics Committee, University of Wollongong
(UoW). The UoW Human Ethics approval number is: HE11/217 - Proteomic analysis of protein
inclusions in tissues from frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS)

patients.
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Table 2.2: Spinal cord tissue samples used for immunohistochemical analysis of motor neurons.

Ref # Age (years) Gender PMI (hours) Diagnosis
09/066 78.1 Male 14 SALS
10/223 62 Male 13 SALS
04/273 52.1 Male 33 Control
05/418 75.9 Male 50 Control
07/743 63.9 Male 68 Control

24  IMMUNOHISTOCHEMISTRY

2.4.1 Human tissue
The tissue sections were deparaffinised and rehydrated by sequential immersion in xylene substitute

(3 x 5 min), then graded concentrations of ethanol/water mixture (3 x 2 min in 100% ethanol, 2 min in
90% ethanol, 2 min in 70% ethanol) and finally milli Q water (2 min). Tissue sections were then
submerged in ready-to-use Dako Target Retrieval Solution and heated at 94-96 °C for 30 min.
Blocking was performed overnight by submersing the tissue sections in filtered 1% (w/v) BSA/PBS at
4 °C. The sections were then incubated with polyclonal goat anti-clusterin (1/200; Rockland) and
polyclonal rabbit anti-TARDBP (1/500; Proteintech Europe) in 1% BSA/PBS overnight at 4 °C and
subsequently washed 3 times in PBS for 30 seconds. The sections were then incubated with Alexa
Fluor® 594 donkey anti-rabbit 1g (2.5 pg/mL; Life Technologies) and biotinylated donkey anti-goat
Ig (1/400; Sigma) in 1% BSA/PBS for 1 h at room temperature. Tissue sections were then washed 3
times for 5 min with 0.02% (v/v) tween/PBS, followed by incubation with streptavidin Alexa Fluor®
488 conjugate (2.5 pg/mL; Life Technologies) in 1% BSA/PBS for 30 min at room temperature (RT).
The sections were then washed 3 times for 10 min with 0.02% tween/PBS. Background fluorescence
was quenched by incubating for 3 min in filtered 0.5% (w/v) Sudan Black in 70% ethanol. The tissue
was then dipped 4 times in PBS followed by 4 x 5 min washes in 1% (v/v) triton X-100/PBS (PBST)
with shaking and 3 x 5 min washes in PBS. Mounting was performed using Vectashield hard set
mounting medium for fluorescence (Vector). Confocal microscopy of the sections was performed
using a Leica SP2-405 inverted microscope equipped with 488 and 594 nm laser lines. Images were
captured using a 20 and 63 X lens. Following microscopy, the images were merged using Image J
(National Institutes of Health) and re-sized using Adobe Photoshop and Illustrator CS6 software
(Adobe Systems).
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2.4.2 Drosophila
Brains from 3" instar larvae (Figure 2.1) as well as adult female brains were dissected in cold

Schneider’s insect medium and immediately transferred to ice cold 3.7% formaldehyde in 0.05% (v/v)
PBST (fixative solution). Brains were fixed within half an hour of dissection by incubating in fixative
solution at RT for 30 min, then washed (2 x 1 min then 2 x 20 min) using 0.5% (v/v) PBST at RT.
Methanol was then added to the samples and left overnight on a bench-top rotator (~ 5 rpm) at 4 °C.
After discarding the methanol, the samples were washed again (2 x 1 min then 2 x 20 min) using
0.05% (v/v) PBST at RT followed by incubation with primary antibody diluted in 5% (w/v) BSA in
0.05% (v/v) PBST on a bench-top rotator (~ 5 rpm) at 4 °C overnight. When staining for HA tagged
TDP-43 the primary antibody used was anti-HA high affinity (Roche, details given in Table 2.3).
Motor neurons were detected using anti-Elav-9F89 (Developmental studies hybridoma bank; details
given in Table 2.3) to label the nuclei and F43 anti-discs large (Developmental studies hybridoma
bank; details given in Table 2.3) to stain for cell membranes. After removal of primary antibody,
brains were washed again (3 x 1 min then 3 x 10 min) with 0.05% PBST at RT, followed by
incubation with the secondary antibody in 5% (w/v) BSA in 0.05% (v/v) PBST on a on a bench-top
rotator (~ 5 rpm) at 4 °C overnight. Secondary antibodies used were either anti-rat Alexa Fluor® 594
or anti-mouse Alexa Fluor® 488. The secondary antibody was removed and a final wash (3 x 1 min
then 3 x 10 min) with 0.05% (v/v) PBST was performed at RT. Brains were then transferred to a clean
microscope slide (Fronine) and mounted using Vectashield hard set mounting medium for
fluorescence (Vector). Clear nail varnish was used to seal the edges of the coverslip. Following

mounting, brains were imaged within 48 h using a Leica SP2-405 inverted confocal microscope.

Table 2.3: Antibodies used for Drosophila immunohistochemistry

Antibody Dilution ~ Animal Company

anti-HA high affinity 1/1000 Rat Roche

anti-rat Alexa Fluor® 594 1/1000 Donkey Life Technologies

anti-Elav-9F8A9 1/100 Mouse Developmental studies hybridoma

bank (University of lowa, USA)
anti-mouse Alexa Fluor® 488 1/1000 Goat Life Technologies

F43 anti-discs large 1/100 Mouse Developmental studies hybridoma
bank (University of lowa, USA)
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2.5 DROSOPHILA

2.5.1 Drosophila maintenance and lifespan
Fly stocks were cultured according to the “Basic Methods of Culturing Drosophila” guidelines

provided by the Bloomington Drosophila stock centre (Bloomington, Indiana). Briefly, flies were
cultured in 4 inch glass vials containing cornmeal media (104.33 g/L agar, 875 g/L dextrose, 875 g/L
maize, 175 g/L yeast, 29.16% (v/v) nipagin) at 25 °C and 65-75% humidity unless otherwise stated.
Flies were anaesthetised using CO, and examined under a dissecting microscope. Virgin flies were
collected within 8 hours of eclosion at 25 °C, or within 16 hours at 18 °C over the course of 1 or 2
weeks. Generally for each cross performed 20 virgin females were collected and mated with 5 males.
The lifespan of Drosophila is split into three main developmental stages; embryonic, larval and adult,
and the reproductive life cycle changes depending on what temperature they are kept at. Briefly, at 25
°C the reproductive life cycle of a Drosophila is about 10 days, with a newly laid egg undergoing
embryogenesis after ~ 24 hours, pupa forming at ~ day 5-6, and adults emerging from the pupal case
(eclosion) at ~ day 10. Females are able to mate 12 hours after eclosion (Figure 2.1). When flies are
kept at 18 °C, each developmental stage takes twice as long. For example an adult will take 20 days to

emerge from the pupal case.
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Embryo 1% instar | 2™ instar 3 instar Pupa Adult
larva larva larva
Day 1 2 3 4 5 6 7 8 9 10

Figure 2.1: Overview of the various developmental stages of the Drosophila lifespan (modified
from Ong et al., 2015).

2.5.2 Drosophila stocks used
Fly stocks used and their origin are summarised in Table 2.4. Full names of fly lines (where available)

are given, with any short hand names used throughout this thesis in bold in brackets. Flies were either
obtained from Bloomington, self-generated by members of the Dobson lab, or gifted from other
members of the University of Cambridge Chemistry Department. Detailed descriptions of what each
fly line does and how they were used in experiments are given in the methods section of the

respective chapters.
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Table 2.4: Fly stocks used.

Bloomington Self-generated Gift
P{GAL4-elav.L}2 deaat-1-GFP;Gal80 | UAS-clusterin (Clu; Sarah Meehan)
UAS-mCD8::RFP UAS-TDP-43;clusterin  (TDP;Clu;

Leila Luheshi)

dEAAT1-Gal4::UAS-GFP HA tagged UAS-TDP FL (TDP-43;
Leila Lueshi)

P{Eaat-Gal4.R}2 (dEAATL- UAS-mCD8::GFP (Teresa Pereira de

Gal4) Barros)

51D(yM{int.Dm}ZH2Aw*;M{3x
P3RFP.attP}ZH-51D) (51D)

W[1118]

26 QUANTITATIVE COLOCALISATION ANALYSIS OF MULTICOLOUR CONFOCAL
MICROSCOPY IMAGES

Quantitative colocalisation analysis was used to determine the degree of colocalisation in multicolour
fluorescence microscopy images. Colocalisation was determined by calculating values which
represent the proportion of colocalised pixels in an image. These values were calculated using the

Pearson’s coefficient and the overlap coefficient, whose formulas are given below.

2.6.1 Pearson’s correlation coefficient (R,)

Z(SlfSlu\'e) X (52, — SZ.M)

R = d
\/Z(SI,- — Slae)? X 3 (52 — $240)?

Where S1 and S2 represent signal intensity of pixels in channels 1 and 2 respectively; and S1a and S2

ave are the average intensities of these channels (Demandolx and Davoust, 1997).
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2.6.2 Overlap coefficient

ZSII X 32,

I3 (S1)” x 2 (52:)°

Where S1 and S2 represent signal intensity of pixels in channels 1 and 2 respectively (Manders et al.,
1993).

R =

2.7 INVITRO PROTEIN AGGREGATION ASSAY
Clusterin was purified from human plasma obtained from Wollongong Hospital (Wollongong, NSW,

Australia) as previously described (Wilson and Easterbrook Smith, 1992). The synthetic peptide
corresponding to residues 286-331 of TDP-43 was obtained from China Peptides and Thioflavin T
from Sigma. TDP-43,g6-331 Was dissolved in water (pH 11.3), followed by the addition of 10 X HEPES
buffer (0.5 M HEPES, 1 M sodium chloride, 0.001% azide, pH 7.4), so that the final concentration of
TDP-432¢6.331 Was approximately 448 uM. TDP-432g6.331 (224 pM) was incubated at 37 °C in 1 X
HEPES buffer (0.05 M HEPES, 0.1 M NaCl, pH 7.4) with no additions, or containing SOD1 at 2 uM
or clusterin at 0.22, 0.022, 0.011, or 0.008 uM whilst shaking for 16 h in a 384 well plate. SOD1 was
also incubated without the addition of TDP-43 (data not shown). Thioflavin T (20 uM) was added to
each well prior to incubation in a FLUOstar OPTIMA with an excitation filter of 440 +/- 10 nm and

an emission filter of 490 +/- 10 nm.

2.8 TISSUE CULTURE

2.8.1 Cultured cell lines
Murine motor neuron-like hybrid cells (NSC-34), murine astrocyte cells (Ast-1) and murine Neuro-2a

(N2a) neuroblastoma cells were obtained from American Type Culture Collection. The three cell lines
were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen) supplemented with
10% (v/v) foetal calf serum (FCS; Bovogen Biologicals) at 37 °C in a humidified, 5% (v/v) CO;

atmosphere unless otherwise stated.

2.8.2 Transient transfection of cultured cells
DNA for use in transfections (see section 2.8.3) was purified using a QIAGEN Maxi plasmid

purification kit, according to the manufacturer’s instructions. DNA concentration and purity was

determined by UV spectrophotometry at 260 and 280 nm. One day before transfection, cells were
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plated so that they were 70-95% confluent at the time of transfection. Cells were transfected using
Lipofectamine™ 2000 (Invitrogen) according to the manufacturer’s instructions, using a
Lipofectamine™ 2000: DNA ratio of 4 pL:1 pg. Transfected cells were incubated at 37 °C for 48

hours prior to experimental use.

2.8.3 Plasmids
The following 3 plasmids were used for the transient transfection of cultured cells;

1) pEGFP-N1 (Invitrogen). This plasmid was used as a positive control for all transfections
performed, and encodes enhanced green fluorescent protein (EGFP).

2) pEGFP-N1-TDP-CTF (Addgene, #28197). This plasmid carries an insert for amino acids 216-
414 of human TDP-43, tagged with EGFP at the carboxy terminus.

3) M337V TDP-43-TurboGFP (Origene, #RG210639). Originally encoding for WT TDP-43
(GFP tagged), the M337V mutant was created and gifted by Associate Professor lan Blair.

2.8.4 Cell lysis
Cells to be lysed were removed from tissue culture flasks with 0.05% Trypsin-EDTA (1x; Gibco by

Life Technologies), washed with DMEM supplemented with 1% (v/v) FCS, and then centrifuged at
300 x g for 5 min at RT. The pellet was then resuspended in sterile ice cold lysis buffer (10 mM
HEPES, pH 7.4) with cOmplete protease inhibitor cocktail (Roche) and 0.1 mg/mL DNAse (Sigma)
and kept on ice for 20 min. Cells were then lysed in a gentleMACS™ dissociator (Miltenyi Biotec)

using the “Homogenization of tissue for protein extraction” protocol and the “Protein_01” program.

2.8.,5 Cell stress and calcein orange labelling
Cells transfected with TDP-43-GFP were incubated overnight (16 h) in 20 pM MG-132 (Sigma) to

inhibit the proteasome. They were then detached with 0.05% Trypsin-EDTA (1x; Gibco by Life
Technologies), washed with DMEM supplemented with 1% (v/v) FCS, and centrifuged at 300 x g for
5 min at RT. The pellet was then resuspended in 20 uM Calcein Orange™ (AAT Bioquest) for 30 min
at 37 °C, followed by washing with PBS. Cells were either analysed by flow cytometry as detailed
below or imaged by confocal microscopy. Cells that were destined to be analysed by confocal
microscopy were grown on round coverslips placed inside the wells of tissue culture plates.
Coverslips were removed from the wells, washed 3 X with PBS and then mounted on a clean
microscope slide using Vectashield hard set mounting medium. Confocal microscopy of the slides
was performed using a Leica TCS SP5 Il microscope. Following analysis, images were merged using

Image J software.
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29 FLOW CYTOMETRY

Following detachment by 0.05% Trypsin-EDTA (1x; Gibco by Life Technologies), cells were
centrifuged as described above and washed with PBS. Pellets were resuspended in 400 pL of PBS and
transferred to FACS tubes. Before analysing each sample, 1 pL of the nuclear stain RedDot™2
(Biotium) was added to the samples and allowed to incubate for 10 min at RT. This was to stain the
nuclei of dead cells, which were electronically excluded from the analysis. Flow cytometry was
performed on a BD LSR Il or BD LSRFortessa X-20 flow cytometer (Becton Dickinson). Excitation
was at 488 nm (blue laser) and emissions were collected at 695 +/-40 nm (RedDot2), 575 +/-26 nm
(Calcein Orange) and 525 +/-20 nm (pEGFP). Data was collected using FACSDiva software (Becton

Dickinson) and analysed using FlowJo software (TreeStar Inc).

43



---Chapter 3: Investigating the spread and toxicity of TDP-43 in a Drosophila larval model of ALS---

CHAPTER 3: INVESTIGATING THE SPREAD AND TOXICITY OF TDP-43 IN A
LARVAL DROSOPHILA MODEL OF ALS

3.1 INTRODUCTION
ALS is a common neurodegenerative disease characterised by a focal point of onset and contiguous

spread of symptoms. It has recently been proposed that “prion-like” mechanisms of protein
propagation represent a pathogenic pathway which could explain the outward pattern of spread
observed in ALS. Prions are proteins that can propagate a self-replicating conformation, spread
between cells and transmit a disease phenotype. Many studies have been conducted to investigate
prion-like properties of SOD1, and have found it capable of both self-propagation and cell-to-cell
spread. TDP-43 contains a glycine rich C-terminal domain that resembles prion domains and studies
have shown that TDP-43 is capable of aggregating in a self-templating manner and cell-to-cell spread
in cultures of SH-SY5Y cells (Nonaka et al., 2013). However it remains to be determined if it can
spread between cells or tissues in vivo. This study aimed to investigate for the first time whether TDP-
43 is able to spread cell-to-cell in vivo by utilizing a Drosophila model in which TDP-43 is expressed
in a specific subset of glial cells, and if the co-expression of the extracellular chaperone clusterin can

influence any spread.

Clusterin was introduced briefly in Chapter 1 as a key component of the extracellular protein quality
control system, with the ability to ATP-independently inhibit aggregation of a wide range of proteins.
The clusterin gene is located on chromosome 8p21-p12 in humans and is ubiquitously expressed
during both development and in adults (Trougakos, 2013). Clusterin is first expressed in the ER as a
glycosylated precursor protein, which undergoes further N-linked glycosylation and intracellular
cleavage producing a 75-80 kDa heterodimer of o and 3 subunits linked in anti-parallel by 5 disulfide
bonds, which is then secreted into the extracellular space (sClu; DeSilva et al., 1990; Burkey et al.,
1991). There is currently no X-ray crystallography data available for clusterin but it is predicted to
contain three amphipathic a-helices, and two coiled-coil a-helices (Figure 3.1; Jenne and Tschopp,
1989; DeSilva et al., 1990). It is thought that these amphipathic helices mediate the binding of
clusterin to a diverse array of molecules (Bailey et al., 2001). A nuclear localisation signal has also

been identified (Jones and Jormay, 2002).
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Figure 3.1: Schematic representation of the predicted structure of human clusterin. The
precursor peptide is cleaved between amino acids 22 and 23 to remove the signal peptide (light blue)
and between residues 227 and 228 to generate the o (green) and B (orange) chains. These chains are
assembled in antiparallel to form a mature heterodimer consisting of a cysteine rich centre (red) linked
by 5 disulfide bridges (red ovals). The bridges are flanked by two coiled-coil a-helices (blue) and
three amphipathic a-helices (purple). Yellow dots indicate N-glycosylation sites (Zoubeidi et al.,
2010).

In addition to secreted clusterin, alternative isoforms of clusterin have also been proposed, including a
truncated form which localises to the nucleus, although the existence of this alternative isoform and
its relevance are controversial. Blot analysis of nuclear lysate show a 45-55 kDa band identified as
nuclear clusterin (nClu) by several papers (Reddy et al., 1996; Yang et al., 2000) and clusterin has
been imaged in the nucleus of stressed and dying cells by immunofluorescence microscopy (Leskov et
al., 2003; Yang et al., 2000), but more recent work could not confirm the nuclear localisation of
clusterin, even in apoptotic cells (Prochnow et al., 2013) and the presence of nClu has yet to
established in live cells. While sClu is cytoprotective, enhanced expression and accumulation of nClu
has been proposed to promote cell death, for example during apoptosis (Reddy et al., 1996), and
treatment with ionizing radiation (Yang et al., 2000), tumor necrosis factor alpha or anti-estrogen
(O’Sullivan et al., 2003). However the amount of endogenous clusterin isoforms present (even in
stressed cells) is very low compared to sClu, suggesting that the "alternative isoforms™ are
physiologically irrelevant and do not account for the reported changes in subcellular distribution of
clusterin (Prochnow et al., 2013). Greater detail about why clusterin was chosen for this study will be

given in the introduction of Chapter 4 (4.1).

Drosophila was an attractive model to use for this study, as they are already extensively used to study

many neurodegenerative diseases including Alzheimer’s, Parkinson’s, Huntington’s and of course
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ALS. Expressing TDP-43 in Drosophila can recapitulate many aspects of ALS disease pathology. For
example the expression of full length, mutant, or a C terminal fragment of hTDP-43 in the motor
neurons of flies causes loss of nuclear TDP-43, accumulation of cytoplasmic TDP-43, and motor
dysfunction (Voigt et al., 2010). It is possible to express a wide variety of TDP-43 variants (for
example human or Drosophila, various mutations, truncated, or tagged) in any number of expression
sites such as the eye, sensory neurons, motor neurons, all neurons, all glia or subsets of glia.
Additionally the nervous system of Drosophila shares many functional and structural features with
that of the vertebrate nervous system, with its neurons and glia organised into centres with specific
functions. Glial cells make up ~90% of cells in the vertebrate nervous system and have important
roles in nourishing, supporting and insulating neurons, and are also required for the proper function
and development of the nervous system (Shin et al., 2005; Awasaki et al., 2008). In vertebrates glial
cells are divided into the following types, astrocytes (provide support for neuronal growth),
oligodendrocytes (ensheath and myelinate axons), microglia (immune cells that respond to infection
and trauma) and Schwann cells (Doherty et al., 2009). Drosophila provide an easily genetically
manipulated system for the study of neurodegenerative diseases as their glia are divided into distinct
types that share many morphological and molecular similarities to those in vertebrates, and their
central nervous system (CNS) provides a relatively simple but well characterised model (Doherty et
al., 2009). Glial cells in the CNS are classified into three types; surface, cortex and neuropil
associated glial cells. Surface glia, as the name suggests, are closely associated with the CNS surface
and form a sheath around the brain, isolating it from the haemolymph of the fly’s open circulatory
system. Sometimes these cells protrude into the cortex and fill the space between outer neurons; they
also play a role in regulating CNS permeability and act as the blood brain barrier. Cortex glia enwrap
individual neurons in the cortex in a three-dimensional scaffold. They may have roles in providing
trophic support for neurons as well as modulating neuronal functions. Cortex glia share structural and
developmental characteristics with vertebrate astrocytes. Neuropil glia lie further inside the brain and
surround the neuropil, and play important roles in axon path-finding (Doherty et al., 2009; Awasaki et
al., 2008; Ito et al., 1995). Neuropil glia are comparable with oligodendrocytes in vertebrates
(Pereanu et al., 2005).

Glial cells have an important role in protecting against excitotoxicity by clearing excess excitatory
neurotransmitters, such as glutamate, in the mammalian CNS. Increased levels of glutamate are seen
in various neurodegenerative diseases including ALS. In vertebrates the clearing of neurotransmitters
is carried out by excitatory amino acid transporters (EAATS), which are expressed mainly in glial
cells or in neurons (Besson et al., 1999). Drosophila has a single high affinity glutamate transporter
termed dEAATL, which is selectively expressed in a subset of differentiated glia in the CNS and not

in neurons. It is expressed in 10% of glial cells in the larval and adult CNS (Rival et al., 2004). In the
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Drosophila model of ALS used in this study, TDP-43 was expressed in these dEAAT1 expressing
glial cells. Although pan-glial drivers such as the REPO-Gal4 line exist, TDP-43 was only expressed
in the dEAAT1 positive subset of glial cells for several reasons. Firstly, it was hoped that by
expressing TDP-43 in a smaller subset of glial cells, any potential toxicity would be reduced, making
any phenotypic effects of clusterin co-expression easier to observe. Secondly, it was not known how
much if at all TDP-43 would spread from the glial cells where it was expressed. Again the aim was to
make any spread of TDP-43 and potential effect of clusterin more visible and easy to image by
limiting expression to a smaller subset of cells. Finally, a system was desired that would give the
highest insurance that the proteins were expressed in glial cells only and not in neurons. In Drosophila
glia and neurons have a common precursor, neuroglioblasts. Various transcription factors are
responsible for determining the fate of these precursor cells, including the glial differentiation factor
reversed polarity (REPO), which promotes differentiation to form glia, while dEAAT1 is expressed
only in subsets of glia that are already differentiated (Lee and Jones, 2005; Soustelle, 2002; Yuasa et
al., 2003). It would be ideal to have a driver protein found in glia whose expression was as far
removed from the common precursor cells as possible, thus the dEAALtL driver line was chosen. In
summary, a Drosophila model of ALS where TDP-43 and/or clusterin could be expressed in a subset

of glial cells was created and used to address the following aims:

1) Determine if expression of human TDP-43 (hTDP-43) in a subset of glial cells from the
embryonic life stage onwards was sufficient to cause premature lethality and locomotor
defects.

2) Determine if the co-expression of clusterin was able to influence lethality or locomotion.

3) Determine if hTDP43 could spread from glia to surrounding cells and if clusterin could
influence any spread.

4) ldentify cell types that hTDP-43 was spreading to.

3.2 METHODS
There are many systems available to control the expression of both endogenous and transgenes in

Drosophila. This study utilised the GAL4/UAS system, which allows precise spatial control of any
given transgene (Brand and Perrimon, 1993). A DNA plasmid containing a tissue-specific promoter
region able to promote expression of the GAL4 gene is stably integrated into the genome of one fly
line. In this "driver" fly line, the GAL4 protein is produced only in the tissue of interest but has no
target gene to activate. In a second (“reporter”) fly line, a DNA plasmid containing a GAL4 dependant
gene of interest downstream of a unique GAL4 binding site (or upstream activation sequence, UAS) is
stably integrated into the genome. Every cell has the UAS but the gene of interest is silent in the
absence of the GAL4 activator. When the GAL4 and UAS fly lines are crossed, in the offspring
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inheriting both engineered sequences, GAL4 will be expressed in a cell or tissue specific manner and
bind to the UAS, thus activating expression of the target gene in the desired tissue (Figure 3.2; Brand
and Perrimon, 1993; Konsolaki, 2013; Nichols, 2006). A description of the fly lines used and crosses
performed in this study are given below. Flies were maintained according to the methods outlined in

section 2.5.1 unless otherwise stated.

Gene specific GAL4 UAS Gene of
promoter (GAL4 binding site) interest

7N\
— H_1 'O—&%———.

Tissue-specific Transcriptional activation of
expression of GAL4 gene of interest

Figure 3.2: The GAL4/UAS expression system. One fly line is generated to express the yeast
transcription factor GAL4 under the control of a gene specific promoter. A second line is generated
that has a gene of interest behind the Gal4 binding site (UAS). When these two strains are mated, the
progeny express the gene of interest exclusively in the tissues defined by the gene specific promoter
(modified from Nichols, 2006).

3.21 dEAAT1-Gal4 driver line crosses
As discussed in section 3.1, the dEAATL protein is expressed in about 10% of glial cells in the larval

CNS. The dEAAT1-Gal4 driver line produces the Gal4 protein only in dEAATL expressing cells.
Male dEAAT1-Gal4 driver line flies were crossed with virgin female “gene of interest” flies. In this
case these were UAS-TDP-43, UAS-clusterin, or UAS-TDP-43;clusterin flies (TDP-43, Clu, or
TDP;Clu respetively). The progeny of these crosses will have inherited a copy of the gene of interest
from their mother and a copy of the driver line from their father, and will thus express the gene of
interest in dEAAT1 positive cells only. As a negative control, UAS-51D (51D) flies were crossed
with the dEAAT1-Gal4 driver line. 51D flies do not have a “gene of interest” insert, but have the
same genetic background as the TDP-43 flies. Once the progeny reached the third instar larval stage

they were dissected and immunohistochemistry performed according to the methods outlined in
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section 2.4.2. Additionally, to test for any non-specific interactions of the secondary antibodies used,
progeny from the above four crosses were stained for TDP-43 as outlined in section 2.4.2, but with
the omission of primary antibodies. For each cross 10 larvae brains were dissected for staining. This
was the maximum number possible as each brain had to be fixed within 30 minutes of being
dissected. Of the 10 brains dissected for each cross, normally between 2-3 brains would be lost or
damaged during staining and washing. All remaining brains were examined by confocal microscopy
and ~5-12 images were collected from ~2-3 different brains per genotype, with each image containing
~40 cells or more within the field of view, depending on the objective used. The various anatomical

regions of a Drosophila larval brain are shown below in Figure 3.3 for future reference.

150 um

Figure 3.3: Confocal microscopy image of a 3rd instar larval brain showing annotated
anatomical regions.

3.2.2 dEAAT1-Gal4::UAS-GFP driver line crosses
Like the dEAAT1-Gal4 driver line discussed above, the dEAAT1-Gal4::UAS-GFP line produces the

Gal4 protein in dEAAT1 expressing cells. However in this line the UAS-GFP reporter has also been
recombined onto the same chromosome as the dEAAT1-Gal4, meaning that dEAATL positive cells
will also express cytosolic GFP. Male driver line flies were crossed with virgin female “gene of
interest” (TDP-43, Clu, 51D or TDP;Clu) flies. The progeny of these crosses express the gene of
interest in dEAAT1 positive cells, which also express cytosolic GFP. Once the progeny reached the
third instar larval stage they were dissected and immunohistochemistry performed according to the
methods outlined in section 2.4.2. 10 brains were dissected for each cross and following washing and
staining all remaining brains were imaged by confocal microscopy; ~5-10 high power images were

collected from ~3 different brains per genotype, with each image containing ~30 cells of more within
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the field of view, depending on the objective used. One low power Z stack (16 slices, with each slice
consisting of an average of at least 12 images) containing the entire brain within the frame of the
image was also obtained for each of the 4 genotypes. Additionally, two control crosses were
performed. Firstly male dEAAT1-Gal4::UAS-GFP flies were crossed with virgin UAS-mCD8::RFP
females. mCD8::RFP is a fusion protein between mouse lymphocyte marker CD8 and red
fluorescence protein. The progeny of this cross should have dEAAT1 positive cells expressing
cytosolic GFP, as well as RFP localised predominantly to the cell membrane, as mCD8 is a
transmembrane protein (Lee and Luo, 1999). Secondly, as a negative control UAS-w1118 (w1118)
flies were crossed with the dEAAT1-Gal4::UAS-GFP driver line. W1118 flies do not have a “gene of
interest”, but have the same genetic background as the Gal4 driver line and UAS lines (except for
TDP-43, which as previously mentioned has a 51D background). For each cross performed 10 brains
were dissected, all remaining brains were examined by confocal microscopy and ~3-5 images (of

whole brains) were collected from each of ~3 different brains per genotype.

3.2.3 Uncrossed TDP-43 and TDP;Clu reporter lines
As an additional control third instar larvae from uncrossed reporter TDP-43 and TDP;Clu lines were

dissected and stained for TDP-43 as outlined in section 2.4.2. This was to ensure that the uncrossed
fly lines were not expressing any TDP-43, to confirm that any expression and spread observed in the
above crosses was genuine. For each line 10 brains were dissected, all remaining brains following
washing and mounting were examined by confocal microscopy and 3 images (of whole brains) were

collected from each of 3 different brains per fly line.

3.2.4 Quantitative co-localisation analysis of confocal microscopy images
dEAAT-Gal4::UAS-GFP driver line crosses were prepared according to section 3.2.2. For each

genotype (TDP-43 or TDP;Clu) 10 larval brains were dissected according to section 2.4.2 and
mounted onto microscope slides. Approximately 7-8 brains per genotype remained intact throughout
this process and were examined by eye under the confocal microscope to ensure there were no large
discrepancies between samples. One Z stack (consisting of 16 slices, with each slice consisting of an
average of at least 12 images) was obtained from one whole brain, as well as 6-8 high magnification
images from ~2-3 different brains. These 22-24 images (each containing a red and green channel)
were then imported individually into Image] and the “just another colocalisation plugin” (JACoP)
used to calculate the Pearson’s and Overlap coefficients as described in section 2.6. The means for
each coefficient were then calculated, and a t test performed to determine if the mean coefficients of
the TDP-43 and TDP;Clu flies were significantly different.
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3.3 RESULTS

3.3.1 Expression of TDP-43 in a specific subset of glial cells in Drosophila larval CNS results
in spread to other cell types

Male dEAAT1-Gal4::UAS-GFP flies were crossed with virgin female TDP-43, TDP;Clu, Clu, or 51D
flies to create progeny that expressed the gene of interest in dEAAT1 positive glial cells (which also
expressed cytosolic GFP). Following dissection, immunohistochemistry was performed to label HA-
tagged TDP-43 and the brains imaged on an inverted confocal microscope. A Z stack consisting of 16
slices was obtained to collect images from different focal planes within the brain (with each slice
consisting of an average of at least 12 images). The Z stack was then flattened into a single image
using the “Z-project” tool in ImagelJ. In all 4 crosses GFP florescence (shown in green) was detected
in cortical cell bodies at the periphery of the larval CNS, in a pattern corresponding to dEAAT1
expressing cells previously published (Figure 3.4; Rival et al., 2004). As expected TDP-43 (shown in
red) was only detected in progeny from the TDP-43 and TDP;Clu crosses (Figure 3.4 top left and
right respectively), and was completely absent from the Clu and 51D control crosses (Figure 3.4
bottom left and right respectively). The progeny expressing TDP-43 alone or co-expressing TDP-43
and clusterin (Figure 3.4 top left and right respectively) both showed many cells containing TDP-43
but not GFP, suggesting that TDP-43 had spread from dEAATL positive glial cells to other
surrounding cell types. This was particularly evident in the optic lobes. Both crosses also had a
portion of TDP-43 which remained within the dEAAT1 positive glia where it was expressed, seen as
an overlap of the red TDP-43 and green glia (yellow), best seen in the ventral nerve cord of the
TDP;Clu fly.
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Figure 3.4: Glial expression of TDP-43 results in the spreading of TDP-43 to non-glial cells.
Confocal microscopy images of third instar larval brains of Drosophila melanogaster expressing
TDP-43, co-expressing TDP-43 and clusterin, or clusterin in glial cells under control of the dEAAT1-
Gal4::UAS-GFP driver. TDP-43 is shown by anti-HA (red) staining, while glial cells are green.
Yellow indicates co-localisation of TDP-43 and glial cells. Control used was the non-transgenic 51D.
Images presented were obtained by flattening a single Z stack (consisting of 16 individual images)

from one whole brain per genotype into a single image using the “Z-project” tool in Image].

In an attempt to quantify the spread of TDP-43 the “Just another colocalisation plugin” (JACoP) for
ImageJ was used to calculate The Pearson’s coefficient (PC) and overlap coefficient (OC). The brains

from flies expressing TDP-43 (TDP-43) or TDP-43 and clusterin (TDP;Clu) were dissected and
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prepared according to section 2.4.2. Images (24 for TDP;Clu, and 22 for TDP). each containing a red
(TDP-43) and green (glia) channel, were individually imported into ImageJ as described in section
3.2.4. Threshold values used for the calculations were those set automatically by JACoP. PC values
range from +1 to -1, where +1 is perfect co-localisation, and 0 is no or random co-localisation, and a
negative value indicates that the distribution of the two colours are inversely related. OC gives values
between 1 and 0 and indicates an actual overlap of signals, for example an OP of 0.5 implies that 50%
of both red and green channels overlap. Note that co-localisation represents TDP-43 that has remained
in the glial cells where it was originally expressed, and thus a higher coefficient means less spread of
TDP-43 to non-glial cells. Both the PC and OC were significantly higher in the TDP;Clu flies than in
the TDP-43 flies (P<0.05), meaning that the TDP;Clu flies had a higher % of overlap between TDP-
43 and glia (Figure 3.5). These results suggest that in the larval brains of Drosophila, clusterin co-

expression is able to significantly reduce the spread of glial TDP-43.
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Figure 3.5: (A) Pearson’s coefficients and (B) Overlap coefficients calculated from images of
flies expressing TDP-43 or co-expressing TDP-43 and clusterin. A value of 1 indicates perfect co-
localisation of TDP-43 and glial cells, where 0 is no or random co-localisation. Values were
calculated using the JACoP plugin in Imagel. *** = significant difference (P<0.05). Error bars
represent SEM. N = 22 (TDP-43) and 24 (TDP-43 + clusterin).

A second cross was then set up to ensure that the dEAAT1-Gal4::UAS-GFP fly line was driving
expression of the gene of interest in the appropriate dEAAT1 positive cells. To do this a RFP tagged
control protein (mMCD8) was selected that once expressed, should remain in the same location. Male
driver line flies were crossed with virgin female UAS-mCD8::RFP flies, and the brains of third instar
larva imaged on an inverted confocal microscope. In this case only one image from a single plane of
focus was obtained to visualise individual cells more clearly, and thus no Z-stack was created (12
averages were still obtained). Figure 3.6A shows the progeny of this cross. The low power image on

the left reveals that RFP was not detected in areas distinct from GFP expression, suggesting that the
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dEAAT-1-Gal4::UAS-GFP driver is correctly driving expression of the RFP tagged mCD8 protein in
dEAAT1 positive cells. As mentioned in section 3.2.2, the mCD8::RFP protein is localised
predominantly to the cell membranes, while the GFP should be expressed throughout the entire cell.
The high power image in Figure 3.6A showing the ventral nerve cord confirms the membrane
localisation of mCD8::RFP. In addition to the RFP fluorescence observed in the membranes of
dEAATL cells, faint fluorescence was seen throughout the entire brain. To check whether or not this
was the result of incorrect RFP expression or background fluorescence, dEAAT1-Gal4::UAS-GFP
flies were crossed with w[1118] flies. W[1118] flies do not have a “gene of interest” insert but have
the same genetic background as the dEAAt1-Gal4::UAS-GFP and UAS-mCDS8::RFP flies. The
progeny of this cross have a pattern of GFP fluorescence indicative of dEAATL cells, and the same
faint autofluorescence throughout the entire brain (Figure 3.6B), with no specific localisation pattern
for RFP. To ensure that the secondary antibodies used were not binding non-specifically, an extra
control experiment was performed, where dEAAT1-Gal4 flies were crossed with reporter line flies,
and the larvae stained for TDP-43, but with the primary antibody omitted. As expected no TDP-43
staining was observed (Appendix 1). Finally, uncrossed TDP-43 and TDP;Clu reporter line larvae
were stained for TDP-43, resulting in no specific detection of TDP-43 (Appendix 2).
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Figure 3.6: Immunohistochemistry images of Drosophila third instar larva expressing
mCD8::RFP (A), or w1118 (B) in glial cells under the control of the dEAAT1-Gal4::UAS-GFP
driver. w1118 flies do not have a “gene of interest” and were used as a negative control. Low

power images showing a merge of red and green florescence are shown on the left panels, while the
right panels show high power images of the red and green channels both separately (right) and merged
(left). mCD8::RFP is red while GFP is green. Images presented are representative of multiple images

obtained from ~2-3 brains.

3.3.2  Neurons were identified as one cell type to which TDP-43 had spread from glia
The results above suggested that when expressed in dEAAT1 positive glial cells, TDP-43 was able to

spread to other cell types. A new set of crosses was then performed to attempt to identify what some
of these cells were. First, male dEAAT1-Gal4 flies were crossed with virgin female TDP-43,
TDP;Clu, Clu, or 51D flies to create progeny that expressed the gene of interest in dEAATL positive
glial cells. Unlike in the crosses above, these glial cells did not express GFP. Following dissection,

immunohistochemistry was performed to label HA-tagged TDP-43 and Discs large (DIg). Dlg is a
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member of a group of proteins called membrane-asssociated guanylate kinase homologs (MAGUKS)
and is localised at synaptic junctions in neurons (Hough et al., 1997). It was used to stain the
membranes of neurons to determine if they contained TDP-43. Figure 3.7 shows both high (right
panel) and low (left panel) power microscopy images of the ventral nerve cord (VNC) of third instar
larvae CNS. Neuronal cell bodies (green) can be seen in all 4 crosses. The long thin “fingers” coming
from the sides of the ventral nerve cord likely represent axon projections, which extend out to the
abdominal peripheral nervous system (Grueber et al., 2007). Again as expected, only the TDP and
TDP;Clu crosses show TDP-43 (red) expression. Both with and without clusterin co-expression,
axonal distribution of TDP-43 was observed. The high power images reveal instances of TDP-43 co-
localising with axonal projections of neurons, indicated by the co-localisation of TDP-43 (red) and
Dlg (green) indicated by white arrow heads. Co-expression of clusterin did not stop the spread of

TDP-43 to the axonal projections of neurons.
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Figure 3.7: TDP-43 is able to spread from glial cells to the axonal projections of neurons. Low
(left) and high (right) power confocal microscopy images of third instar larval brains of Drosophila
expressing TDP-43, co-expressing TDP-43 and clusterin, or clusterin in glial cells under control of the
dEAAT1-Gal4 driver. TDP-43 is shown by anti-HA (red) staining, while anti-discs large (green)
detects the membranes of motor neurons. Yellow indicates co-localisation of TDP-43 and the
membrane of motor neurons (indicated by white arrow heads). 51D is the non-transgenic control.

Images presented are representative of multiple images obtained from ~2-3 brains.

To confirm that TDP-43 was able to spread to neurons, crosses (described in section 3.2.1) were set
up to produce flies that expressed TDP-43 or TDP-43 and clusterin in dEAAT1 positive glial cells. As
previous results showed no expression of TDP-43 in the Clu and 51D flies, these crosses were not
repeated. Following dissection of the CNS from third instar larvae, immunohistochemistry was
performed to label HA-tagged TDP-43 and the protein ELAV. The ELAV protein is the product of the
embryonic lethal abnormal visual system (elav) gene. ELAV is found in all immature and mature
neurons and is not detected in neuroblasts or glia, making it an excellent neuronal marker (Robinow
and White, 1991). In addition ELAV is localized to the nucleus meaning it can be used to determine
the cellular location of TDP-43. Figure 3.8 contains images from a single Z-plane of the ventral nerve
cord, with the nuclei of neurons shown in green, and TDP-43 in red. In the TDP-43 cross, the high
power image on the right clearly shows an instance of co-localisation between the nucleus of a neuron
and TDP-43 (yellow, indicated by white arrow head in upper right panel). The red fluorescence in the
nucleus of this cell is much brighter and stronger than in the surrounding area of the cytosol, where
fluorescence appears duller and punctate. There are also cells in the low power image of Figure 3.8
which show the same dull punctate staining of TDP-43 surrounding an ELAV labelled nucleus, but
without any co-localisation between the two (white arrow head). The flies expressing TDP-43 and
clusterin (TDP;Clu) have similar types of ELAV and TDP-43 staining to those observed in the flies
expressing TDP-43 only (TDP), i.e. duller punctate staining in the cytosol surrounding a more intense
area of TDP-43 in the nucleus, although no co-localisation of TDP-43 and ELAV was observed in the

brains imaged (blue arrow head in lower right panel).
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Figure 3.8: TDP-43 is able to spread from glial cells to co-localise with the nucleus of motor
neurons. Low (left) and high (right) power confocal microscopy images of third instar larval brains of

Drosophila melanogaster expressing A) TDP-43, or co-expressing B) TDP-43 and clusterin, under
control of the Deeat-1-GAL4 driver. TDP-43 is shown by anti-HA (red) staining, while anti-ELAV
(green) detects the nucleus of motor neurons. Yellow indicates co-localisation of TDP-43 and the
nucleus of motor neurons (upper left and right panel, white arrowheads). Blue arrowhead indicates
where TDP-43 was not found to co-localise with the nucleus of motor neurons. Images presented are

representative of multiple images obtained from 2 brains.
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3.3.3 Expression of TDP-43 in a specific subset of glial cells in Drosophila larval CNS causes
premature lethality, regardless of clusterin co-expression

To test the toxicity of TDP-43 expression, virgin female gene of interest flies (TDP-43, TDP;Clu, Clu,
52D) were crossed with both dEAAT1-Gal4 and dEAAT1-Gal4::UAS-GFP male driver lines. In each
cross, including those where clusterin was co-expressed in glial cells, the expression of TDP-43 was
extremely toxic, as the vast majority of progeny (> 95%) did not reach the pre-pupal or pupal stage of
the Drosophila life cycle, which occurs approximately 5-6 days after fertilisation (at 25 °C). Of the
flies that did reach the pupal stage, none reached adulthood which normally occurs approximately 10

days after fertilisation.

3.4 DISCUSSION
TDP-43 is present in all cases of SALS and in vitro is able to act as seeds triggering the aggregation

of native TDP-43. Cell-to-cell spread of TDP-43 has yet to be demonstrated in vivo. The purpose of
this study was to create a Drosophila model of ALS which could be used to determine if TDP-43 is
capable of cell-to-cell spread in vivo, if the expression of TDP-43 in glial cells was toxic and if the co-
expression of the extracellular chaperone clusterin could reduce spread and toxicity. The ability of
TDP-43 to spread cell-to-cell was tested by creating a fly line in which TDP-43 was expressed in a
subset of dEAAT1 positive glial cells, which also expressed cytosolic GFP. The brains of third instar
larvae revealed that a surprisingly large amount of TDP-43 had spread to non-glial cells (Figure 3.4).
Clusterin appeared to reduce the spread of TDP-43, at least in the cases of the particular brains
imaged, as suggested by significantly higher (P<0.05) Pearson’s and Overlap coefficients in the flies
co-expressing clusterin compared to those expressing TDP-43 only (Figure 3.5), but it was not enough
to stop the spread of TDP-43 to neurons. Although the Pearson’s and overlap coefficients indicated
that clusterin was able to influence the spread of TDP-43, the methods of quantitative co-localisation
analysis used in this chapter have several disadvantages. For quantitative co-localisation analysis of
microscopy images to be accurate, the images collected have to be suitable. For example the signals
collected in each image must be easily distinguished from noise and background, uncontaminated by
auto fluorescence generated by the sample itself, and free of signal bleed through between
fluorophores (Dunn et al., 2011). As mentioned previously, however, auto fluorescence is a common
problem when imaging Drosophila tissue. The PC was first used to quantify co-localisation as it can
be measured without any form of pre-processing, is simple to use and is thus generally safe from user
bias. It is also not overly sensitive to the intensity of background fluorescence. However this method
is not without its disadvantages. It is generally recommended that PC be measured for individual cells
by hand drawing a region of interest over the image, and is thus limited for use in simple images. It is
also recommended to use in images where the intensity of each fluorescent channel (ie red and green)

are similar (Zinchuk et al., 2007). Thus the PC is not ideal for this study as co-localisation within the
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entire larva brain (eg Z stacks), not within single cells, was desired. The overlap coefficient was also
used, which indicates an overlap of the red and green fluorescence channels and so represents the true
degree of co-localisation. It has the advantage of being applicable even when fluorescence of one
channel is stronger than the other, but also has the drawback of being very sensitive to background
fluorescence. This method can also produce false co-localisation when applied to images with high
molecular density or poor resolution (Wu et al., 2012). In summary, quantitative co-localisation
analysis is difficult. There are multiple methods available, all which have advantages and
disadvantages. There is no universal method used to deal with background fluorescence in images.
Analysis of whole fly brains is also not ideal, as most coefficients are accurate only when used on a

region of interest containing individual cells.

To confirm that the spread observed in the fly larvae was genuine, an extra cross was set up. The
dEAAT1-Gal4::UAS-GFP line was crossed with both a line expressing an RFP tagged membrane
protein, and a control line lacking a gene of interest but having the same genetic background as the
Gal4 and UAS lines. Figure 3.6A shows that when the RFP tagged membrane protein was expressed
in the dEAATL positive cells, it remains in those cells, as seen by the co-localisation between RFP
and GFP. There is also faint red fluorescence throughout the brain, but this also appears in the w1118
control cross (Figure 3.6B). This suggests that the red fluorescence throughout the brain seen in both
Figure 3.6A & B is due to autofluorescence, and not incorrect expression of RFP. These results
indicate that the dEAAT1-Gal4::UAS-GFP driver is working correctly, and the spread of TDP-43

between cells is genuine.

Once it had been established that TDP-43 had spread from the dEAAT1 positive subset of glial cells,
this study then sought to identify what cells TDP-43 had spread to. Flies expressing the gene of
interest in dEAATL positive cells were generated, and motor neurons were labelled using either an
antibody to stain the cell membranes or nucleus. Figure 3.7 remarkably shows that TDP-43 is able to
spread from glia cells to axon projections of motor neurons. This was also observed in flies that co-
expressed clusterin (Figure 3.7). The extent to which TDP-43 localises to axons has been a topic of
interest, and recently studies have begun to show that it is recruited to motor axons where it co-
localises with mRNA binding proteins. In primary cultures of motor neurons TDP-43 is localised in
discrete, highly mobile granules along motor neuron dendrites, axons, and growth cones leading to the
suggestion that TDP-43 has a potential role in axonal mMRNA regulation, and enhanced axonal
localisation may contribute to disease pathology. In support of this, alterations to TDP-43 levels in
motor neurons caused a severe reduction of axon outgrowth and branching, and ALS-derived
mutations in TDP-43 increased both the cytoplasmic and axonal levels of the protein (Fallini et al.,

2012). Insoluble TDP-43 aggregates have also been seen localised to axons in photoreceptors (Estes et
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al., 2013), and C-terminal fragments of TDP-43 form aggregates in dendrites and axons of motor
neurons in culture (Fallini et al., 2012). Additionally, when TDP-43 was overexpressed in the spinal
motor neurons of chick embryos, TDP-43 progressively mislocalised in the cytoplasm and axons
(Tripathi et al., 2014). Results from the above literature and those reported in this thesis support the
idea that TDP-43 regulates axon outgrowth, and enhanced axonal localisation may interrupt vesicle,
protein, and mRNA trafficking, cause truncation of axon projections and contribute to disease
pathology. Understanding the functions and mechanisms involved in axonal TDP-43 may help gain
new insight into ALS pathology, and perhaps ultimately in the development of new therapeutic

strategies.

To confirm that TDP-43 was reaching motor neurons, the brains of 3" instar larvae were then stained
for TDP-43 and ELAV, a protein localised to the nucleus of neurons. In the TDP-43 flies, TDP-43
was found co-localised with the nucleus of neurons and in cytoplasmic inclusions. The TDP;Clu flies
also showed cytosolic TDP-43, as well as TDP-43 that appeared to be in the nucleus of neurons, as
the TDP-43 fluorescence was seen surrounding the ELAV (nuclear) fluorescence, but no direct co-
localisation was observed, at least in the brains imaged. The results of this study demonstrate that
when TDP-43 is expressed in a subset of glial cells, it is able to spread to surrounding cell types.
Although some of these cell types were revealed to be neurons, Figure 3.8 also shows a number of
TDP-43 positive cells that do not correspond to neurons. The question remains then, where is TDP-43
spreading to? As previously mentioned, the dEAAT1-Gal4 drivers were used here to drive protein
expression in dEAATL positive glial cells, which only make up about 10% of total glia. In future
experiments the glia specific anti-Repo antibody could be used to label most glial cells, to determine

if TDP-43 is spreading throughout the glia as well as to neurons.

Finally, this study showed that expression of TDP-43 in a subset of glial cells in Drosophila larvae
was toxic regardless of clusterin co-expression. However a proper survival assay was not able to be
performed, as expression from the embryo stage onwards was so toxic that flies failed to reach the
pupal stage, making meaningful analysis of lifespan during the 5 day larval stage difficult.
Additionally, in Drosophila, glial cells contribute to almost all aspects of nervous system
development. In embryos glia regulate neuronal viability, and during subsequent development they
secrete neurotrophic factors, aid in axon guidance, participate in neurotransmitter recycling, and
remove apoptotic cells. Disruption of glial function can result in severe neurological defects (Booth et
al., 2000; Lee at al., 2005). Thus the toxicity observed in our study could be a result of disrupting
important developmental processes. ALS is most commonly a disease of late onset, once glial and
neuronal cells are fully developed. In order to create an accurate model of ALS, in which glia and

neurons can develop normally allowing an adult survival assay to be performed, an inducible system
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needed to be established, where TDP-43 expression could be “switched on” in adult flies. This was
the next step undertaken in this study with the generation of an inducible Gal80 expression system

and will be discussed in Chapter 4.

Due to the premature lethality that resulted when TDP-43 was expressed throughout the embryonic
and larval stages of the Drosophila lifecycle, it was impossible to perform survival and locomotor
assays. Larval locomotor assays are done by placing an individual larva in a petri dish containing 2%
agarose over graph paper with a 0.2 cm? grid, and counting the number of grid lines crossed in 1 min.
Larvae that were expressing TDP-43 under the Gal4/UAS expression system used were so
compromised that they did not travel enough to allow comparison between TDP-43 and TDP;Clu
genotypes. The inducible Gal80 system described in the following chapter was used to overcome this
problem too, as locomotor assays could be performed on adults to assess the decline in motor function

over time as a result of TDP-43 expression.

To summarise, the results presented above suggest that in a Drosophila larval model of ALS, TDP-43
was able to spread from the subset of glial cells where it was initially expressed, to surrounding cell
types, a result previously only observed for SOD1. It appears that co-expression of the extracellular
chaperone clusterin was able to significantly reduce this spread (P<0.05), however as discussed above

the methods used to quantify the spread were subject to several disadvantages.

Using immunohistochemistry it was established that TDP-43 was able to spread from the dEAAT1
positive glial cells to a number of neurons, reaching as far as their axons regardless of clusterin co-
expression. It has been suggested that “prion-like” transfer of protein could be achieved through
exosomes, tunnelling nanotubes, vesicle mediated exocytosis, or through direct release from damaged
cells. Additionally, expression of TDP-43 in glial cells was lethal to flies, and co-expression of
clusterin was unable to rescue flies from this toxicity. Previous studies have observed that TDP-43
expression in glia is toxic and affects locomotor function, but the molecular mechanisms behind this
were unknown (Estes et al., 2013). Survival and locomotor assays were performed on adult flies and
are described in Chapter 4. Results in this chapter support the growing theory that glial cells play
important roles in ALS pathology. Studies often examine and compare the effects of TDP-43
expression in glia and neurons separately, but it may be possible that the phenotypic consequences of
the two overlap as TDP-43 spreads between cell types. It remains important however that any effect
of clusterin on the spread of TDP-43 should be quantified, and an inducible system developed to

examine the effect of TDP-43 on mature glia.
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CHAPTER 4: INVESTIGATING THE SPREAD AND TOXICITY OF TDP-43 IN AN
ADULT DROSOPHILA MODEL OF ALS

4.1 INTRODUCTION
In Chapter 3 it was demonstrated that TDP-43 expression in the glial cells of Drosophila larvae

resulted in both premature lethality and the spread of TDP-43 to non-glial cells (including motor
neurons) regardless of clusterin co-expression. As a logical next step, an inducible system which
would allow neurons and glia to develop normally before TDP-43 and/or clusterin expression was
induced in the glia of adult flies was developed. Such a system would permit a survival assay to be
performed to determine if TDP-43 was still toxic when expressed in mature glial cells, and if the co-
expression of clusterin affected this toxicity. The development of an adult model would also allow the
performance of a climbing assay to assess the effects of transgene expression on locomotor function.
Since the results in Chapter 3 showed that TDP-43 could spread to motor neurons in larvae, it was of
interest to examine whether TDP-43 expression in adult glial cells resulted in the same spread and
caused locomotor dysfunction, and if so, whether the co-expression of clusterin could inhibit the loss

of locomotor function.

Many studies have examined the toxicity of SOD1 and TDP-43 expression in various cell types and
both autonomous and non-autonomous mechanisms of toxicity have been observed. The expression of
human SOD1 in the motor neurons of adult Drosophila causes increased expression of chaperones
including Hsp70 in glial cells which do not express SOD1 (Watson et al., 2008), an effect referred to
as non-cell autonomous. The expression of SOD1 also caused cell autonomous damage to motor
neurons, meaning that the motor neurons which expressed SOD1 exhibited a disease phenotype, in
this case progressive accumulation of SOD1 and a progressive loss in motor function. Other studies
have identified different consequences of SOD1 expression in either motor neurons or glial cells. For
example, expression of human (hSOD1) or Drosophila (dSOD1) SOD1 in motor neurons of
Drosophila did not cause a reduction in lifespan yet expression of dSOD1 in glial cells did (Watson et
al., 2008; Kumimoto et al., 2013). Interestingly the expression of MT dSOD1 in either motor neurons
or glia reduced the lifespan of the flies, but when expressed in both the glial and motor neurons
actually increased fly lifespan (Kumimoto et al., 2013). It seems that at least in the case of SOD1,
expression of protein may have a beneficial or harmful effect depending on which cell type it is

expressed in.

Studies have been performed expressing TDP-43 in specific cell types, for example in astrocytes or
motor neurons in vitro and vivo, but these have yielded conflicting results. Non-cell autonomous

mechanisms of toxicity have been observed in rats that were engineered to express the TDP-43 mutant
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M337V. When expressed only in astrocytes, motor neuron degeneration and atrophy of skeletal
muscles was observed (Tong et al., 2013). Another study generated astroglia derived from human
iPSCs which carried the M337V TDP-43 mutation and had increased levels of TDP-43. When these
cells were co-cultured with iPSC-derived motor neurons they did not have an adverse effect on motor
neuron survival and no non-cell autonomous TDP-43 proteinopathy was observed (Serio et al., 2013).
In Drosophila, pan-neuronal expression of Drosophila or human TDP-43 (hTDP-43) resulted in a
reduced adult lifespan, motor neuron death, formation of cytoplasmic aggregates, and reduced
locomotor ability or motor neuron dysfunction (Diaper et al., 2013b; Estes et al., 2011; Li et al., 2010;
Hanson et al., 2010). When expressed in larvae or adults with a pan-glial driver, hTDP-43 hindered
motor function and mis-localised from the nucleus to form cytoplasmic puncta, yet did not have a
lethal effect on larvae or adults (Estes et al., 2013). In yet another study, pan-glial expression of
dTDP-43 was lethal to larvae, with flies never reaching adulthood (Diaper et al., 2013a). It appears
that there are not only differences between how each cell type responds to expression, but also
differences between the expression of either human or Drosophila TDP-43. TDP-43 is a highly
conserved protein in human and Drosophila with the most conserved regions being the RNA binding
domains. Amino acid alignment shows 59% identity and 77% similarity between the N-terminals and
RNA binding domains of hTDP-43 and dTDP-43 (Wang et al., 2004), and both are interchangeable in
in vitro splicing assays. The C-terminal domain of Drosophila TDP-43 is larger than in human TDP-
43 and has fewer glycine residues (Ayala et al., 2005). Perhaps the conflicting results described above
are due to the differences in the C-terminal domains of human and Drosophila TDP-43, as the
majority of mutations associated with ALS are located here and this glycine rich domain is also
considered the prion-like domain. Regardless, it is clear that astrocytes and glial cells do play an
important role in ALS pathogenesis, and studies which focus on the functions of astrocytes and

microglia will help further our understanding of the disease.

The experiments described in the following section of this thesis were designed with the aim of
creating a TDP-43 Drosophila model of ALS that could be used to examine both the role that glial
cells play in disease pathogenesis, and the potential of the extracellular chaperone clusterin as a
therapeutic. It has been demonstrated that the up-regulation of intracellular chaperone expression
reduces TDP-43 aggregation and toxicity. For example the expression of hTDP-43 in adult motor
neurons of flies causes locomotor defects and reduced lifespan, but chaperone expression significantly
reduces the rate of locomotor decline and rescues lifespan. Up-regulated chaperone expression also
reduced the number of insoluble cytoplasmic aggregates that formed as a result of expressing TDP-43
in the Drosophila eye (Gregory et al., 2012). Furthermore, overexpression of HSP70 protects from the
rough eye phenotype caused by overexpression of WT or MT TDP-43 (Estes et al., 2011). The current

study chose to examine the effects of clusterin expression on TDP-43 proteinopathy in Drosophila for
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several reasons. Firstly clusterin has been associated with a number of neurodegenerative and protein
deposition diseases - overexpression has been observed in diseases such as scrapie, Pick's disease,
dementia, and SALS, and it has been found co-localised with deposits in AD, macular degeneration,
dementia, and Down syndrome (Calero et al., 2000; Grewal et al., 1999; Wyatt et al., 2013). Clusterin
gene polymorphisms are also associated with AD (Jun et al., 2010; Gu et al., 2011). Secondly
clusterin is a potent chaperone that can inhibit protein aggregation at highly sub-stoichiometric molar
ratios, for example it is able to inhibit lysozyme fibril formation at clusterin:lysozyme ratios of 1:80
(Kumita et al., 2007). It is also has a broad specificity and can inhibit aggregation of a range of
proteins with differing structures (Poon et al., 2000). Lastly, as discussed in section 1.3.3, although
clusterin is an extracellular chaperone, during ER stress it can be retrotranslocated from the secretory
system to the cytosol, where it may act as an intracellular chaperone (Nizard et al., 2007; Li et al.,
2013). Clusterin has also been shown to promote autophagy under stress conditions. Autophagy
involves the disassembly and recycling of cellular components, is usually cytoprotective and helps
maintain homeostasis (Zhang et al., 2014). Clusterin has the potential to be used, either alone or in
combination with other chaperones, as a therapeutic tool for the treatment of ALS, and is thus worthy
of investigation. A Drosophila model of ALS in which hTDP-43 is expressed in a small subset (10%)

of adult glial cells was used to determine if:

1) Expression in a subset of adult glial cells was sufficient to reduce lifespan and cause
locomotor defects.

2) The co-expression of clusterin was able to influence toxicity or locomotion.

3) hTDP-43 could spread from glial cells to other cells, and if clusterin could influence any

spread.

42 METHODS

In Chapter 3 it was explained how the GAL4/UAS system can be used to express a transgene in a
tissue specific manner. When a GAL4 driver line and a UAS reporter line are crossed, expression of
the transgene in the desired tissue is activated. This means that expression occurs during the embryo
stage and throughout the larval, pupal, and adult stages of the Drosophila life cycle. While the
GAL4/UAS system allows for the precise spatial control of a transgene, it does not allow for any
temporal control. To allow for temporal control during development the GAL4/GALS80 system was
used. In this system GAL4 driver lines are created which ubiquitously express the temperature
sensitive GALS80 protein (GAL80"); GALB8O0" reversibly inhibits GAL4 function. At 18 °C GALS80"®
functions normally and binds to the transcriptional activation domain of GAL4, preventing GAL4

mediated transcriptional activation. This process has no harmful phenotype of its own. At 25 °C
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GALS80" is dysfunctional and thus GAL4 is able to function normally (Martin et al., 2011; Wolf and
Rockman, 2011; del Valle Rodriguez et al., 2012; Figure 4.1).
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Figure 4.1: The GAL4/GALB80 expression system. Ubiquitous expression of the temperature
sensitive GAL80® is incorporated into the GAL4/UAS system. At 18 °C GALB80" reversibly represses
activation of GAL4 by binding specifically to the GAL4 activation domain. At 25 °C GALB80" is
dysfunctional and GAL4 can function normally again (modified from Nichols, 2006).

4.2.1 dEAAT-1-GFP;Gal80 driver line crosses
The dEAAT-1-GFP;Gal80 driver line was derived from the dEAAT-Gal4::UAS-GFP line described

in Chapter 3. The dEAAT-1-GFP;GALS8O driver line is similar to the dEAAT-Gal4::UAS-GFP line in
that it produces the Gal4 protein in dEAAT1 expressing cells which also express cytosolic GFP. As
outlined in section 3.1, the Drosophila glutamate transporter dEAATL is expressed in about 10% of
Drosophila glial cells at all developmental stages, thus progeny generated using dEAAT lines will
express the protein of interest in this small subset of glial cells that express the glutamate transporter.
The dEAAT-1-GFP;GALS80 driver line differs in that it also includes ubiquitous expression of
GALS80". This line was used to create a system where the expression of the genes of interest could be
“switched on” by moving the progeny of a cross from 18 °C to 25 °C after 20 days, once they had
reached eclosion and hatched into adults. Male driver line flies were crossed with virgin female “gene
of interest” (TDP-43, Clu, TDP;Clu or 51D) flies. These crosses were performed at 18°C. After 20
days the flies reached eclosion and were collected after hatching and immediately moved to 25 °C
where they were allowed to mate for 24 h. Following mating, non-virgin females were kept and
maintained at this temperature for the rest of their development, where they were used for either

survival assays, negative geotaxis (climbing) assays, or immunohistochemistry.
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4.2.2 Gal80 Survival assay
dEAAT-1-GFP;Gal80 driver line crosses were performed as described above in section 4.2.1.

Following mating, non-virgin female flies were collected and kept at no more than 10 flies per vial.
311 (TDP-43), 118 (TDP;Clu), 246 (Clu) and 229 (51D) flies were collected, individually counted,
and transferred to fresh food 3 times a week over the course of the 80+ day experiment. A survival
curve was generated and the median survival of each genotype was compared and analysed using one-
way ANOVA followed by Tukey’s post test.

4.2.3 Negative geotaxis (climbing) assay
A climbing assay was performed to assess motor function. Flies expressing TDP-43, clusterin, or co-

expressing TDP-43 and clusterin in glial cells were generated as described above using the heat
inducible Gal80 system (see section 4.2.1). 51D flies were used as a control. After 20 days at 18°C
adults were collected and allowed to mate at 25 °C for 24 h. Following mating non-virgin female flies
were collected and used for the experiment. For each of the 4 genotypes, 10 flies were placed into
separate 25 mL tissue culture pipettes (Greiner Bio-One) that were plugged at the bottom and 15 mL
mark (top) with cotton wool. After being moved to the tubes, flies were placed at 25 °C for 10 min to
allow for recovery. Following recovery their climbing ability was analysed each day for 10 days, with
flies returned to glass vials (containing media) after each assay was performed. Analysis was
performed at the same time each day to avoid any variation that may arise due to differences in
activity of flies at different times of the day. For each genotype, 3 repeat measurements were
obtained. A climbing index score was calculated based on the formula below where ntotal represents
the total number of flies in the tube (10), and ntop and nbottom represents the number of flies in the
top or bottom third of the tube 30 seconds after the flies were gently tapped to the bottom. The
average climbing index of the 3 repeats was calculated and plotted. If a fly died or was lost during
transfer it was replaced with a fly of the same age and genotype, from a stock that had been kept in
identical conditions. Motor function was only assessed until day 10 to avoid replacing too many of the
TDP-43 flies that were dying, which could skew the results to favour more healthy/living TDP-43

flies.

Formula: ¥ [(ntotal + ntop — nbottom)/ntotal]

4.2.4  Immunohistochemistry
For immunohistochemistry, non-virgin females were collected at the following 4 time-points: pre-

induction (PI), day 0, day 5, and day 10. For the PI time point, female flies were collected
immediately after hatching (20 days after cross was set up) before they were moved to 25 °C. “Day 0”
was counted as the first day after mating at 25 °C, and so it should be noted that although referred to

as day 0, the flies had already been at 25 °C for 24 h. Day 5 and 10 refer to 5 and 10 days post mating.
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For each of the 4 time-points of the 4 genotypes, 5 adult brains were dissected (~ 80 brains total).
Dissecting adult brains takes more time and skill than dissecting larvae, and thus only 5 brains per
genotype could be dissected in the allocated time. Of the 5 brains dissected, usually no more than one
would be lost or damaged during staining and washing. All remaining brains were examined under the
confocal microscope, and ~5-10 high power images were collected from ~2-3 brains (on average) per
genotype. Additionally for each genotype one Z stack consisting of 16 slices (with each slice
consisting of an average of 12 individually acquired images) was obtained. The Z stack was then
flattened into a single image using the “Z-project” tool in ImageJ unless otherwise stated. Details of

antibodies and staining procedures used are given in section 2.4.2.

43 RESULTS

4.3.1 Induced expression of TDP-43 in a specific subset of glial cells in Drosophila CNS
reduces lifespan and decreases locomotor ability

Using the temperature sensitive dEAAT-1-GFP;GALS80 expression system the genes of interest were
expressed in adult dEAAT1 positive glial cells. Expression of TDP-43 in these cells resulted in a
significant reduction of mean lifespan compared to WT flies (12 days v 46 days; p < 0.0001; Figure
4.2). Co-expression of clusterin with TDP-43 did not significantly increase the mean lifespan
compared to flies expressing TDP-43 alone (13 days v 12 days; p < 0.9888). Interestingly, expression
of clusterin alone caused a significant increase in mean longevity of Drosophila compared to WT flies
(61 days v 46 days; p < 0.0001).
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Figure 4.2: Expression of TDP-43 in adult glial cells results in significant reduction of medial
lifespan. Plot showing the median survival of adult flies expressing TDP-43, TDP;Clu, or clusterin in

dEAAT1 positive glial cells compared to non transgenic wild type (WT, 51D) flies. Expression was
controlled using a temperature sensitive dEAAT-1-GFP;GALS80 driver. Lifespans were analysed by
one-way ANOVA. N = 311 (51D), 118 (TDP;Clu), 246 (Clu), and 229 (51D) grouped into tubes of no
more than 10 flies. Each data point represents the median survival of one tube of (no more than) 10
flies. ***+ = significant, p< 0.05. Error bars = SEM.

Next the sum of all the data from individual tubes was plotted to give an overall survival curve
(Figure 4.3). The curve shows that flies expressing TDP-43 had a maximum lifespan of 20 days, while
those expressing TDP;Clu lived to a maximum of 29 days. Clusterin flies lived up to 81 days,
compared to WT which lived up to 80 days.
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Figure 4.3: Survival data demonstrates that expression of TDP-43 in adult glial cells reduces
longevity, which is not significantly affected by clusterin co-expression. Plot showing the survival

of Drosophila expressing TDP-43, TDP;Clu, and clusterin in adult dEAAT1 positive glial cells
compared to non-transgenic wild type (WT, 51D) flies. N = 311 (51D), 118 (TDP;Clu), 246 (Clu),
229 (51D) grouped into tubes of no more than 10 flies per genotype. Each data point represents the

total percentage of flies alive on a particular day.

A climbing assay was also performed to assess deterioration of motor neurons associated with TDP-
43 expression and any effect of clusterin co-expression. Flies expressing TDP-43 showed a decrease
in locomotor ability from day 5 onwards and a 29.5 % reduction in climbing ability compared to age-
matched non-transgenic flies at the 10 day end point of the assay (Figure 4.4A). One-way ANOVA
analysis of data from the 10 day time point indicated that the mean climbing index of the TDP-43 flies
was significantly lower than that of control flies (P < 0.05; Figure 4.4B). In contrast, the mean
climbing indices of clusterin and TDP;Clu flies were not significantly different from the control.
Thus, at the 10 day time point, clusterin co-expression maintained locomotor ability at a level
comparable to that of control and clusterin(only)-expressing flies. The results shown are from a single
experiment; this assay could not be repeated in the available time frame due to problems with

temperature control in the incubators housing the flies.
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Figure 4.4: Climbing assay data demonstrates that expression of TDP-43 in adult glial cells
results in reduced locomotor ability, which is able to be rescued by the co-expression of
clusterin. A) Locomotor assay comparing control flies (51D) with flies expressing (in adult glial

cells) TDP-43, TDP-43 and clusterin, or clusterin alone. Each data point represents the mean of 30
measurements. Error bars represent SEM. B) Comparison of day 10 climbing indices for control flies
(51D) versus flies expressing (in adult glial cells) TDP-43, TDP-43 and clusterin, or clusterin alone.
Differences between genotypes were analysed by a one-way ANOVA. The mean climbing index for
TDP-43 flies was significantly lower than 51D controls *** = P < 0.05. Error bars represent SEM,
N=30.

The primary goal of the work described in this chapter was to generate flies that could be used to
examine the phenotypic consequences in adults of TDP-43 and clusterin expression. The number of
progeny generated, however, was only sufficient to allow the dissection of brains at 4 time points and
their analysis by immunohistochemistry to examine spreading of TDP-43 (as done with the larvae in
Chapter 3). Not knowing how rapid spread might be, 4 time points during the first ten days of

expression were selected, with the earliest time point being 24 h post-induction (Day 0).
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4.3.2 Expression of TDP-43 in a specific subset of glial cells in the adult Drosophila CNS
results in rapid spread to other cell types

Male dEAAT-1-GFP;GALS8O flies were crossed with virgin female TDP-43, TDP;Clu, Clu, or 51D
flies to create progeny that expressed the gene of interest in dEAAT1 positive glial cells, which also
expressed cytosolic GFP. Brains were dissected at four time points; Pl (i.e. before progeny were
moved to 25 °C), day 0, day 5 and day 10 after being moved to higher temperatures to induce
expression. Immunohistochemistry was performed to label HA-tagged TDP-43 and the brains imaged
on an inverted confocal microscope as outlined in section 2.4.2. Gains for each image acquired were
identical. In all 4 crosses GFP fluorescence was detected in neuropil areas in a pattern corresponding
to dEAAT1 expressing cells previously published (Figure 4.5 & Figure 4.6; Rival et al., 2004). The
intensity of GFP fluorescence can be seen to increase over time, from almost nil at the Pl time point
(Figure 4.5), to a bright strong punctate signal at day 10 (Figure 4.6). The diffuse green fluorescence
seen in each of the 4 crosses at the PI time point is due to auto-fluorescence, a common complicating
factor when imaging Drosophila brain tissue (Berg et al., 2010; Figure 4.5). As expected TDP-43
(shown in red) was only detected in progeny from the TDP-43 and TDP;Clu crosses, and was
completely absent from the Clu and 51D control crosses at all time points (Figure 4.5 & Figure 4.6) In
both the flies expressing TDP-43, and those expressing TDP-43 and clusterin, TDP-43 was not
detected at the pre-induction time point, indicating that when progeny were kept at 18 °C Gal80 was
efficiently binding to Gal4 and preventing TDP-43 expression (Figure 4.5). By day 0 however, both
GFP (green) and TDP-43 (red) were detected indicating that after being moved to 25 °C, the
expression of TDP-43 and GFP was successfully induced. In addition, the day 0 time point shows
instances where TDP-43 did not co-localise with GFP, suggesting that after only 24 h TDP-43 had
spread from the glial cells (which contain GFP) where it was originally expressed to other cell types
(Figure 4.5).
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Figure 4.5: Expression of TDP-43 and GFP throughout the brains of adult Drosophila over a 24
h time period following induction. Confocal microscopy images of the brains of adult Drosophila

expressing in glial cells either TDP-43, TDP-43 and clusterin (TDP;Clu), or clusterin alone. In the
smaller panels TDP-43 is shown by anti-HA staining (red), while glial cells are green. Large panels
show the merged image. 51D is a non-transgenic control. The results for the pre-induction time point
show that TDP-43 and GFP expression was successfully supressed when progeny were kept at 18 °C.
The day 0 time point shows the induction of TDP-43 and GFP expression. At the day 0 time point
TDP-43 was observed in cells that did not contain GFP, suggesting that TDP-43 had spread from
where it was originally expressed. Images presented were obtained by collecting one Z stack
(consisting of 16 individual images) from one brain per genotype, which was then flattened into a

single image using the “Z-project” tool in ImageJ.
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Figure 4.6: The spread of TDP-43 throughout the brains of adult Drosophila over a 10 day time
period. Confocal microscopy images of the brains of adult Drosophila expressing in glial cells either

TDP-43, TDP-43 and clusterin (TDP;Clu), or clusterin alone. In the smaller panels TDP-43 is shown
by anti-HA staining (red), while glial cells are green. 51D is a non-transgenic control. Large panels
show the merged image. The regions appearing as yellow in the image of TDP;Clu brain indicate co-
localisation of TDP-43 and glial cells at day 10. Images presented were obtained by collecting one Z
stack (consisting of 16 individual images) from one brain per genotype, which was then flattened into

a single image using the “Z-project” tool in ImageJ.

When examining the spread of TDP-43 in the brains of flies expressing either TDP-43 or co-
expressing TDP-43 and clusterin, after 24 h at 25 °C (day 0), high power images reveal the majority
of TDP-43 (red) observed was not co-localised with the glia (green), suggesting that TDP-43 is able to
move from these cells extremely quickly, within 24 hours of being expressed (Figure 4.7).While the
majority of TDP-43 was observed to be outside the glia, it was still possible to see some glial cells
that retained TDP-43 throughout the brain. This was most clearly seen in the optic lobes of the flies,
and is indicated by white arrow heads in Figure 4.7A. The white boxes indicate the area of the brain
which has been magnified, in this case the right optic lobe. At this time point of the experiment no
obvious differences between the flies expressing TDP-43 and those expressing TDP-43 and clusterin
could be observed. While control experiments described in Chapter 3 showed that in the larval system
used the protein of interest is correctly expressed in the glial cells, due to time constraints no
equivalent experiments to re-confirm that TDP-43 is initially correctly expressed in the glia were
performed for the adult inducible system. However the driver line used in this chapter (dEAAT-1-

GFP;Gal80) was derived from the driver line used in Chapter 3 and should thus function the same.
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Figure 4.7: Immunofluorescence images of the brains of adult Drosophila at day 0 expressing TDP-43 (A) or co-
expressing TDP-43 and clusterin (B). Low power images (whole brain) are in the top panel, and high power images

(primarily right optic lobe) are at the bottom. TDP-43 is shown in red while GFP is shown in green. The clearest cases
of glial cells containing TDP-43 were in the optic lobes, indicated by white arrow heads pointing to yellow areas of

TDP-43 and glia overlap. The images presented are not a Z stack but a single image from one plane of focus.
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Interestingly, while very little TDP-43 was detected in the glia at day O, this increased over time. This
may, however, be due to the fact that at day 10 expression of both TDP-43 and GFP are at a
maximum level, and thus any overlap between the two will be most easily detected. By day 5,
differences in TDP-43 expression patterns between TDP-43 and TDP;Clu flies were observed. For
example, in the flies expressing TDP-43 only, TDP-43 was located mainly in the centre of the brain,
and was less abundant in the optic lobes, while in flies expressing TDP-43 and clusterin the converse

was true (Figure 4.8).
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Figure 4.8: Expression of TDP-43 (red) in the brains of 5 day old adult Drosophila expressing A)
TDP-43 or B) TDP-43 and clusterin. White dotted lines indicates regions of the brain as outlined in
the anatomical cartoon. The images presented were obtained by collecting 1 Z stack which was then
flattened into a single image using the “Z-project” tool in Imagel.

Higher magnification images of the optic lobes and central regions of day 5 brains revealed that the
flies which co-expressed TDP-43 and clusterin contained a greater amount of TDP-43 which
remained in the glial cells where it was originally expressed, when compared to flies that expressed
TDP-43 only. This is visualised as "yellow cells" due to the co-localisation of TDP-43 (red) and GFP
(green) expressed in glia (Figure 4.9; white arrow heads). In the TDP;Clu flies, co-localisation of
TDP-43 and GFP was particularly prominent in the optic lobes, although some instances of lo-

localisation were also observed in the central brain region.
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Figure 4.9: Immunofluorescence images of the optic lobe and central brain regions of 5 day old
adult Drosophila expressing TDP-43 or co-expressing TDP-43 and clusterin (TDP;Clu). TDP-43

is shown in red and glial cells are shown in green. Instances of TDP-43 detected in glial cells are
shown by white arrow heads. Areas highlighted in blue shading in the brain schematic (above)
indicate the area of the brain being imaged in the panels below. The images presented are not a Z

stack but a single image from one plane of focus.

At day 10, TDP-43 and TDP;Clu brains also showed considerable differences in the distribution of
TDP-43, particularly in the optic lobes. Figure 4.10 shows higher magnifications of both the optic
lobes and central brain regions of TDP and TDP;Clu flies. Again, in flies expressing TDP-43 and
clusterin, but not in flies expressing TDP-43 only, TDP-43 was detected in optic lobe glial cells.

Examples of TDP-43 detected in glial cells of the central brain region of TDP-43 and TDP;Clu flies
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are shown in Figure 4.10. While the results presented here are consistent with the theory that TDP-43
is able to spread from glial cells to surrounding cell types, as seen in the larval system, this data is
only preliminary and more work will be needed to both confirm the same is happening in adults and

to develop a method of accurately quantifying spread.
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Figure 4.10: Immunofluorescence images of the optic lobe and central brain regions of 10 day
old adult Drosophila expressing TDP-43 or co-expressing TDP-43 and clusterin (TDP;Clu).

TDP-43 is shown in red and glial cells are shown in green. Instances of TDP-43 detected in glial cells
are shown by white arrow heads. Areas highlighted in blue shading in the brain schematic (above)
indicate the area of the brain being imaged in the panels below. The images presented are not a Z

stack but a single image from one plane of focus.
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44 DISCUSSION

4.4.1 Expression of TDP-43 in a subset of glial cells in Drosophila reduces lifespan
The need for an inducible Drosophila expression system arose from the observation that when

expressed from the embryonic stage of development onwards, glial hTDP-43 was extremely toxic,
causing premature lethality and making survival and locomotor assays difficult. An inducible system
would allow the nervous system to develop normally before the expression of TDP-43. Furthermore,
since ALS is a late onset disease, the inducible system would provide a more relevant Drosophila
model of ALS.

Using a temperature sensitive inducible system it was found that expression of hTDP-43 in dEAAT1
positive glial cells caused a significant reduction in mean lifespan compared to WT flies (12.49 days v
46.46 days; p < 0.0001; Figure 4.2). The toxicity observed in the adults, and the larvae (section 3.3.3)
is comparable to that seen in experiments performed by Diaper et al. (2013a), in which pan-glial
expression of dTDP-43 caused premature lethality and age-related motor abnormalities. It was
initially surprising that despite expression in only a subset of glial cells (representing 10% of the total
glial population) lethality comparable to that resulting from pan-glial expression was observed. This
led to the question of how this particular subset of cells could play such a large role in toxicity.

4.4.2 How might glutamate transporters contribute to toxicity?
As outlined in Chapter 3, a fly line was used in which expression of the protein of interest could be

driven in only glial cells that expressed the high affinity glutamate transporter dEAAT1. Glutamate is
the primary excitatory neurotransmitter in the central nervous system. In a normal synapse, glutamate
is released from the presynaptic terminal where it activates specific receptors resulting in an influx of
Na* and Ca?' ions into the post-synaptic element and ultimately an action potential. Glutamate
transporters are required for glutamate clearance in the synaptic cleft and protect neurons from
glutamate excitotoxicity and neurodegeneration. In humans five transporters have been identified;
EAAT1 and EAAT2 are astroglial type transporters, with EAAT2 (expressed mainly by astrocytes)
being responsible for 90% of clearance from motor neurons. EAAT3 and EAAT4 are neuron type
transporters, and EAAT5 expression is retina specific (Foran and Trotti, 2009; Sasaki et al., 2000).
Drosophila have a single transporter called dEAAT1 which is expressed by a subset of glial cells.
There is much evidence that glutamate induced excitotoxicity contributes to ALS and neuronal death.
ALS patients show a large increase in plasma and cerebrospinal fluid glutamate levels, decreased
glutamate uptake and decreased EAAT?2 expression levels (Andreadou et al., 2008; Rothstein et al.,
1992; Lin et al., 1998). SOD1 mouse models have also shown down regulation of glutamate transport
activity and decreased glutamate transporter levels (Canton et al., 1998; Wilson et al., 2003).
Glutamate transporters are also vital in flies, as RNA interference (RNAi)-mediated loss of
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Drosophila transporter dEAATL in adult flies results in a shortened lifespan (10-13 days at 29 °C) and
deficits in escape and flying behaviours, which can be rescued by the expression of the human
transporter EAAT2 or the administration of the antiglutamateric drug riluzole, which is the only drug
currently approved to treat ALS patients and regulates glutamate release and postsynaptic receptor
activation (Rival et al., 2004; Foran and Trotti, 2009).

More recently links between TDP-43 expression and EAAT levels in ALS have been identified,
suggesting that TDP-43 either directly or indirectly regulates transporter mRNA levels via distinct cell
type specific mechanisms. mRNA of human EAAT1 and EAAT2 has been identified as potential
TDP-43 targets, and pan-glial over expression of dTDP-43 in Drosophila results in a down regulation
of dEAATL levels (Tollervey et al., 2011; Diaper et al., 2013a). In the current study it appears that
expressing TDP-43 in dEAAT1 expressing cells shortens lifespan to the same extent as complete
knockdown of dEAAT1. These results, together with those of the studies described above, suggest
that in the adult Drosophila model used in this study the observed toxicity may be caused by a
reduction in glutamate transporter levels caused by over-expression of TDP-43. An interesting
extension of the experiments performed in this chapter would be to treat TDP-43 expressing flies with
riluzole in food to determine if this could improve lifespan thus confirming whether glutamate
induced excitotoxicity was occurring, and to measure glutamate and glutamate transporter levels in

flies that express TDP-43 and/or clusterin.

4.4.3 Co-expression of clusterin with TDP-43 did not result in an increase in lifespan
When co-expressed with TDP-43 in motor neurons, clusterin has been previously shown to increase

the average longevity of flies, compared to flies expressing TDP-43 alone (20 + 0.53 days vs 15 +
0.39 days; p=0.0006; Gregory et al., 2015). The current work tested whether clusterin would have a
similar effect when expressed with TDP-43 in a subset of glial cells. While the co-expression of
clusterin with TDP-43 increased lifespan by 1 day, this increase was not statistically significant and
could be a result of clusterin having an effect on general aging rather than TDP-43 induced toxicity
(Figure 4.2, 13.35 days v 12.49 days; p < 0.9888). As previously mentioned, the retrotranslocation of
clusterin to the cytosol is a phenomenon dependant on ER stress. In the study by Gregory et al.
(2015), the expression of TDP-43 in the neurons was shown to induce ER stress, demonstrated by
higher levels of an ER stress marker in homogenates of the heads of flies expressing TDP-43 versus
control flies. It may be that expressing TDP-43 in the dEAAT1 positive glia does not induce ER
stress, and thus clusterin is not able to be translocated to the cytosol where it can act as an intracellular
chaperone. Testing homogenates of fly heads for ER stress markers would determine if ER stress was
induced in the flies and, if it was not, ER stress could be artificially induced to determine if this

enabled clusterin to work as an intracellular chaperone and increase the lifespan of the TDP-43 flies.
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Furthermore, more generally, it is possible that neurons and glia differ substantively in terms of their
relative vulnerability to TDP-43 expression and their responses to it. Glial transporters are responsible
for the majority of glutamate transport, and when in rats these are impaired, increased levels of
extracellular glutamate, neurodegeneration and paralysis result; in contrast, loss of neuronal
transporters produced only mild neurodegeneration and did not increase extracellular glutamate levels
(Rothstein et al., 1996). Thus, if over-expression of TDP-43 is capable of disrupting the function of
glutamate transporters, the toxic effects may be greater when expressed in glial cells compared to

neurons, over-powering any protective effect of clusterin.

4.4.4  The expression of clusterin alone caused an increase in lifespan
Finally, the survival assay revealed that the expression of clusterin alone in glia caused a significant

increase in mean longevity compared to WT flies (Figure 4.2; 60.56 days v 46.46 days; p < 0.0001),
suggesting that in this model clusterin is able to delay aging in Drosophila. A number of animal
models support the role that chaperones play in extending longevity. For example, the expression of
Hsp22 in Drosophila increases both lifespan and resistance to oxidative stress (Morrow et al., 2004;
Morrow and Tanguay, 2015), while in C. elegans the up-regulation of stress response genes including
those for Hsps results in increased longevity (Walker et al., 2003). Results observed in this study are
comparable with a previous study in which the expression of secreted clusterin both ubiquitously and
restricted to the motor neurons of Drosophila resulted in an extension in lifespan as well as greater
tolerance to heat shock and oxidative stress (Lee et al., 2012). Lee et al. (2012) also demonstrated that
flies which overexpressed secreted clusterin had reduced levels of reactive oxygen species (ROS).
Chronic damage cause by ROS-induced oxidative stress and dysregulation of the proteostasis network
are features common to the multi-factorial process of aging. The results of the survival assay reported
here and that performed by Lee et al. (2012) confirm that clusterin may play an important role in
aging and age related diseases by acting to reduce both (i) the accumulation and toxicity of protein

aggregates, and (ii) ROS levels by functioning as an antioxidant protein.

445 Expression of TDP-43 in a specific subset of glial cells in Drosophila decreased
locomotor ability

There is an increasing volume of evidence suggesting that glial cells are significant contributors to
motor neuron degeneration in ALS through non-cell autonomous mechanisms. Various in vivo and
cell co-culture experiments have demonstrated that astrocytes expressing MT SOD1 are able to trigger
ALS symptoms and induce motor neuron death (Papadeas et al., 2011; Marchetto et al., 2008; Nagai
et al., 2007) and extracellular MT SOD1 can induce microgliosis resulting in the death of motor
neurons (Urushitani et al., 2006). We aimed to test in vivo whether human TDP-43 expression in a

small subset of glial cells was sufficient to cause motor neuron degeneration in Drosophila and if co-
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expression of clusterin was able to prevent or delay this degeneration by performing a climbing assay.
The first result that this assay revealed was that glial expression of TDP-43 resulted in an age
dependant decrease in locomotor ability with a significantly lower climbing index at the end point of
the assay compared to control flies (Figure 4.4B, P < 0.05), suggesting that glial TDP-43 expression,
even in a small subset of glial cells, is sufficient to result in motor neuron degeneration. This is
consistent with several published in vivo studies; for example, in rats the expression in astrocytes of
MT TDP-43 resulted in paralysis and non-cell autonomous motor neuron death (Tong et al., 2013),
and Drosophila larvae which expressed TDP-43 in all glial cells had significantly impaired locomotor
function comparable to larvae which expressed TDP-43 in motor neurons (Estes et al., 2013). The
current findings do, however, differ from a previous study in which astrocytes generated from ALS
patients carrying a TDP-43 mutation were grown in co-culture in vitro with motor neurons. In this
study the motor neurons did not suffer from any adverse effects as a result of being in co-culture with
MT TDP-43 astrocytes (Serio et al., 2013). These differences could be the result of several factors.
Firstly, in vitro co-culture models may not be able to fully recapitulate the interactions that occur
between glia and motor neurons in vivo, and thus may not represent the complex disease mechanisms
that occur during ALS progression. Similarly astrocytes that have been differentiated in vitro may
behave differently to those that have matured in in vivo. Lastly, the differentiated astrocytes used by
Serio et al. (2013) have been reported to express TDP-43 at moderate levels which may be
insufficient to affect motor neurons (Tong et al., 2013). In the in vivo model of ALS used in the
current study the glial cells are able to develop and interact with neuronal cells normally, and should
thus avoid the first two issues outlined above. The Drosophila model also overexpresses human TDP-
43 at high levels which may explain why expression in glial cells was sufficient to induce motor
neuron degeneration, but not in the experiments performed by Serio et al. (2013). The results outlined
above provide additional evidence to support the theory that non-neuronal cells can contribute to

neurodegeneration, but relatively little is known about the mechanisms involved.

4.4.6 How might glial cells contribute to motor neuron degeneration?
It is thought that glial cells can contribute to motor neuron degeneration in two main ways. The first is

by the release of various toxic factors; this was demonstrated by several studies which expressed
SODL1 in astrocytes (Papadeas et al., 2011; Marchetto et al., 2008; Nagai et al., 2007). Similarly,
astrocytes that express TDP-43 produce increasing amounts of pro-inflammatory cytokines,
chemokines, free radicals and neurotoxic mediators proportional to the amount of TDP-43 they
express, and can provoke a hyperactive innate immune response which increases neurodegeneration
(Swarup et al., 2011). Microglia can also contribute to neurodegeneration, as early in ALS they
undergo a process called reactive microgliosis and release a variety of substances that worsen

neurodegeneration. The second major mechanism involves the loss of critical glial function, for
85



---Chapter 4: Investigating the spread and toxicity of TDP-43 in an adult Drosophila model of ALS---

example via the loss of the glutamate transporters, altered potassium buffering and metabolic support
(Valori et al., 2014). Loss of glutamate transporters is the most well understood and the only
confirmed pathogenic mechanism in both humans and animal models. In rats the expression of MT
TDP-43 in astrocytes causes a progressive loss of the glutamate transporters EAAT1 and EAAT2 in
the spinal cord and is sufficient to kill spinal motor neurons (Tong et al., 2013), and the ubiquitous
overexpression of MT SODL1 in rat spinal cord causes a loss of EAAT2 (Howland et al., 2002). The

effect of TDP-43 expression on glutamate transporters is discussed above.

4.4.7 Co-expression of clusterin with TDP-43 protected locomotor function
The most intriguing result revealed by the climbing assay was that the co-expression of clusterin

protected locomotor function throughout the assay to levels comparable to that of the non-transgenic
control, with only a slight decline in function observed from day 6 onwards (Figure 4.4A). This
indicates that while the glial expression of clusterin was unable to significantly extend the lifespan of
flies, it is able to delay the degeneration of motor neurons at least in the early stages of the disease. As
mentioned previously, the assay was only carried out for 10 days. This is because flies that express
TDP-43 have a very rapid decline in longevity from day 10 onwards as seen in Figure 4.3, having a
mean lifespan of only 12 days. It was thus difficult to obtain data over a longer time period.

The climbing assay was performed according to experimental procedures already established within
the laboratory, in which pre-prepared pipette tubes were re-used for each repeat of the assay and a
traditional negative geotaxis assay was performed to measure how many flies climbed above a pre-
determined height after 30 seconds. An alternative “Rapid Iterative Negative Geotaxis or “RING”
assay has recently been described (Nichols et al., 2012), in which 25 flies are transferred into 10 cm
polystyrene tubes, and the average height climbed per vial over three seconds is recorded. The RING
assay is advantageous as more replicates are able to be measured at one time, over a shorter time
frame giving it a very high throughput. This assay is also more sensitive as the height climbed in a
defined period is quantified, meaning that more subtle differences in climbing defects may be
observed. The authors describing the RING assay also note that it is critical that vials must not be
reused after each day of testing, as flies placed into used vials do not climb to the same extent as they
would in fresh vials (Nichols et al., 2012). This may explain why results presented here show a
decline in motor function in the control and clusterin groups during day 6 and 7, and in fact a gradual
decline for all groups over the course of the assay. ldeally the experiment would be repeated using the
RING assay with a larger number of flies, or at least repeated using fresh pipettes each day.
Regardless, from the results obtained it does appear that the co-expression of clusterin in the dEAAT1

positive glial cells is able to prevent or at least delay the TDP-43 induced degeneration of motor
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neurons in the Drosophila model, although the mechanisms by which it does this remain to be

identified and will be discussed further in Chapter 5.

4.4.8 Expression of TDP-43 in a subset of glial cells in Drosophila results in rapid spread to
other cell types

The brains of adult Drosophila were imaged at various time points to determine if TDP-43 was able to
spread from the glial cells where it was expressed, to other cell types. The results reveal that from 24
hours onwards TDP-43 was observed in cells that did not express dEAAT1. This is similar to what
was observed in the larvae (Chapter 3.3.1), and is consistent with TDP-43 moving out from dEAAT1
positive glial cells to other surrounding cell types. Prior to induction, there was no detectable
expression of GFP or TDP-43, meaning that the proteins of interest were not being expressed before
the flies were moved to 25 °C. In hind sight, it would have been ideal to have earlier image time
points, for example 1, 5, and 10 h after protein expression was induced, as by 24 h most of the TDP-
43 had already exited from the dEAAT1 cells. Images at earlier time points would allow confirmation
of the initial localisation of TDP-43 in the desired cells, and also provide a time frame for how
quickly the protein was able to spread. Regardless, combined with the results obtained using the larval
expression system, it appears likely that TDP-43 is able to rapidly spread from the cells in which it
was initially expressed, and that this movement was not prevented by co-expression of clusterin. It
remains possible that clusterin can delay the spread of TDP-43 during the first 24 h of expression

before becoming overwhelmed, but this would require further work to confirm this.

In summary, the results obtained in this study using Drosophila reveal that even when TDP-43 is
expressed in a subset of glial cells, it results in a reduction of lifespan and decrease in locomotor
ability, confirming the important role that non-neuronal cells play in the pathology of ALS. The
results particularly highlight the potential importance of glutamate transporters, as the toxic
phenotypes occurred when TDP-43 expression was restricted to the glial cells which contained them,
despite the fact that they represent only 10% of total glial population. It was also demonstrated that
co-expression of clusterin with TDP-43 did not significantly extend lifespan but did rescue the
locomotor function of flies. This supports the possibility of chaperones being developed for use as
therapeutics in the future, either by up-regulation of endogenous chaperones or the administration of

synthetic alternatives.
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CHAPTER 5: INTERACTIONS BETWEEN CLUSTERIN AND TDP-43 IN VITRO AND
IN CELLS

51 INTRODUCTION
Experiments performed with Drosophila described in the previous two chapters suggest that when

overexpressed in the glial cells, TDP-43 is able to rapidly spread to surrounding cell types including
motor neurons. Results also show that glial TDP-43 expression leads to decreased lifespan and
locomotor defects, with the co-expression of clusterin able to reduce these phenotypes to some extent.
The experiments described in this chapter were designed to examine interactions between clusterin

and TDP-43 beyond those observed in the Drosophila model, by addressing the following three aims;

1) To perform an assay to establish if clusterin is able to inhibit the in vitro aggregation of TDP-
43, thus potentially accounting for the reduction in toxicity and locomotor defects observed in
Drosophila.

2) Investigate whether interactions between clusterin and TDP-43 occur in humans by
examining human spinal cord tissue from control and ALS patients, to detect co-localisation
of TDP-43 and clusterin.

3) To develop a mammalian cultured cell system that could be used to examine cell-to-cell

spread of TDP-43, with the eventual goal of determining any effects of clusterin.

It is well established that in the nervous system, clusterin is constitutively expressed by neurons and
both resting and active astrocytes. Expression is upregulated in response to stress such as traumatic
brain injury, nerve crush, inhibition of Hsp90 and glutamate induced excitotoxicity (Pasinetti et al.,
1994; Charnay et al., 2008; VVan Beek et al., 2000; Wiggins et al., 2003; May et al., 1992; Ohlsson et
al., 2003; Zinkie et al., 2013). In addition it is also overexpressed in the brains of people affected by
CNS disorders such as Alzheimer’s disease, and increased clusterin mRNA levels have been detected
in the spinal cord and motor cortex of SALS patients (Grewal et al., 1999). Neuronal loss has also
been shown to result in a substantial increase in clusterin mRNA levels in neighbouring cells, for
example following neuronal death in rats there is a rapid overexpression of clusterin mRNA in the
remaining living neurons, and a delayed up-regulation in the glia (May et al., 1992; Strocchi et al.,
1999). Under normal conditions clusterin is secreted into the extracellular space where it acts as an
extracellular chaperone, however recently it has been demonstrated that under conditions of stress it
can be retrotranslocated from the secretory system to the cytosol, where it may act as an intracellular
chaperone (Nizard et al., 2007; Li et al., 2013). Intracellular accumulation of clusterin has also been
observed in the dying neurons of rats (Dragunow et al., 1995). More recently, lumbar spinal cords

from symptomatic transgenic SOD1%%* mice were found to contain neuronal inclusions that labelled
88



strongly for both clusterin and SOD1 (Zinkie et al., 2013). Clusterin is expressed by neurons and
overexpressed during times of stress (including ALS) and is a constituent of SOD1 containing
inclusions in rat motor neurons in the lumbar spinal cord. Thus it was of interest to examine whether
in human cases of ALS, clusterin was found in the cytosol of motor neurons and if it was a constituent
of TDP-43 containing inclusions. This would be the first case of intracellular clusterin protein being
observed in human ALS tissue, and could provide evidence for interactions between clusterin and
TDP-43.

To investigate whether clusterin might interact with TDP-43 inside the motor neurons of ALS
patients, the white and grey matter of human spinal cord tissue was examined for the presence of
intracellular clusterin and TDP-43. The spinal cord is separated into 31 segments; 8 cervical, 12
thoracic, 5 lumbar, 5 sacral and 1 coccygeal. Thoracic sections were used in this study. When viewing
a transverse section of spinal cord, such as the samples that were analysed, the white matter can be
seen in the periphery surrounding the symmetrical H shaped grey matter in the centre. The grey matter
contains the neurons and glia, and is divided into the dorsal, lateral, and ventral horns (Figure 5.1).

Cervical Cord
Dorsal Horn
Lateral Horn ——
Ventral Horn

Thoracic Cord
Lateral Dorsal Horn
Funiculus Lateral Horn
/ Ventral Horn

Lumbar Cord
Dorsal Horn
Lateral Horn
Ventral Horn

Sacral Cord
Dorsal Horn ————ro '

Lateral Horn
Ventral Horn

Cross Section Cross Section

Figure 5.1: Spinal cord section showing the white and grey matter in four spinal cord levels.
Sections of the H shaped grey matter are highlighted in purple, green and orange in the left images.
The spinal cord image on the right shows the locations of the cervical, thoracic, lumbar and sacral

levels (top to bottom; modified from Dafny, 2010).
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When imaging the grey matter of spinal cord sections, it was the ventral horn that was imaged, as this
is where the motor neurons that innervate skeletal muscles are found, as well as interneurons that help
to fine tune motor output. The white matter contains bundles of myelinated axon tracts, which carry
information up and down the spinal cord. Myelin is formed by oligodendrocytes in the central nervous
system and is essential to the survival and function of neurons. Up to 99% of an axon’s surface can be
myelinated and thus only a small percent is exposed to the extracellular environment. The horns of the
grey matter divide the white matter into posterior, lateral and anterior columns or funiculi. Images
presented of the white matter are of the lateral funiculus, a name given to describe a large group of
nerve fibres found in a certain area (Cho, 2015; Bican et al., 2013; Craven, 2005; Morrison et al.,
2013).

The remaining aim of the work described in this chapter was to develop an experiment where the
prion-like spread of TDP-43 between different cell types could be examined in cell culture. The aim
was to test whether such a spreading process as observed in Drosophila occurred in vitro, with the
major potential advantage being that results obtained using cell cultures would be easy to quantify and
replicate. Chapter 3 outlined the difficulties associated with quantifying the spread of TDP-43 and
effect of clusterin co-expression in the fly models, so a cell model utilizing flow cytometry was
designed to hopefully circumvent these issues. Chapter 1 introduced the term prion-like used to
describe a protein propagation mechanism that is proposed to be a common force driving
neurodegeneration in a number of diseases, including ALS. For a protein to act in a prion-like way it
must be able to propagate in a self-templating manner and transmit cell-to-cell. As outlined in section
1.7.1, it has been demonstrated that aggregated SOD1 can act as a seed to induce misfolding and
aggregation of native SOD1 protein, as well as transmit between cultured cells. Similarly TDP-43
aggregates have been shown to drive the co-aggregation of native TDP-43 and are capable of
propagating between cultured SH-SY5Y cells (refer to section 1.7.2). This chapter describes the
development of a co-culture system using murine motor neuron like and astrocyte cell lines to

examine whether spread from glia to motor neurons seen in Drosophila also occurred in vitro.

52 METHODS

5.2.1 Immunohistochemistry of human spinal cord sections
Three prepared sections from three different control spinal cord tissue samples (see section 2.3) were

examined according to section 2.4.1 of materials and methods, with 25 images in total collected. Two
prepared sections from two different sporadic ALS spinal cord tissue samples were similarly

examined, with 24 images in total collected.
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5.2.2 Invitro protein aggregation assay
Refer to section 2.7 of materials and methods.

5.2.3 Co-culture of cells
Murine Ast-1 (astrocyte-like) cells were transiently transfected with (i) M337V TDP-43 tagged with

C-terminal GFP (MT TDP-43-GFP), or (ii) a C terminal region of TDP-43 (amino acids 216-414
only; CTF-TDP-GFP) tagged with C-terminal GFP. To ensure the optimal transfection efficiency 3
different transfection reagents were tested using 4 different ratios of transfection reagent:DNA. X-
tremeGENE HP DNA Transfection Reagent (Roche), X-tremeGENE 9 DNA Transfection Reagent
(Roche) and Lipofectamine® 2000 Transfection Reagent (ThermoFisher Scientific) were tested at
ratios of 1:1, 3:1, 4:1 and 5:1. Using Lipofectamine® 2000 at a ratio of 4:1 yielded the highest
transfection efficiency of ~40% (data not shown) and thus these conditions were used for all further
transfection of Ast-1 cells. Cells transfected with MT TDP-43-GFP were stressed with MG-132 to
induce aggregation, while cells transfected with the C terminal fragment of TDP-43 formed
aggregates without additional treatment (section 2.8.5). Transfected cells were then mixed equally
with murine NSC-34 (motor neuron-like) cells that were labelled with calcein orange (section 2.8.5)
and grown in co-culture in DMEM supplemented with 5% (v/v) FCS. Flow cytometry was performed
after 24 h to detect cell populations that were positive for both calcein orange and GFP, representing
NSC-34 cells that were associated with TDP-43-GFP that had originated in the Ast-1 cells (Figure
5.2). Compensation was applied to the samples to remove any "spill over" fluorescence between
emission collection windows for the two different fluors. A compensation matrix was computed by
defining positive and negative populations for each fluorescence channel used, and then applying the
matrix computed to the appropriate samples. Samples that had been compensated were then used for

the remaining analysis.
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Figure 5.2: Experimental outline for co-culture experiment. NSC-34 cells labelled with calcein
orange were mixed 1:1 with Ast-1 cells transfected with GFP labelled TDP-43 and grown in co-
culture for 24 h. Flow cytometry was used to detect calcein labelled NSC-34 cells that contain TDP-
GFP that originated from the Ast-1 cells.

5.2.4 Preparation and application of exogenous TDP-43 to cells
Murine N2a (neuroblastoma) cells were transiently transfected with MT TDP-43-GFP or CTF-TDP-

GFP. The cell lysate (prepared according to methods outlined in section 2.8.4) from these cells was
added to NSC-34 cells and incubated for 24-48 h in DMEM supplemented with 5% (v/v) FCS. Flow
cytometry and confocal microscopy was performed after 24 or 48 h to detect (green fluorescing)
NSC-34 cells that also had GFP fluorescence, which would represent NSC-34 cells that had taken up
TDP-GFP originating from the N2a cells. Cell lysate from N2a cells was added to the NSC-34 cells at
a ratio of 2:1 (for every 1 NSC-34 acceptor cell, the lysate from 2 transfected N2a cells was added) in

an attempt to increase the extent of uptake of TDP-43.
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5.3 RESULTS

5.3.1 Clusterin is able to potently inhibit the aggregation of a C-terminal fragment of TDP-43
in vitro

After observing both an increase in lifespan and rescue of motor activity in TDP-43 flies that co-
expressed clusterin, as well as a decrease in the spread of TDP-43 in larvae, we next sought to
confirm that clusterin is able to inhibit the aggregation of TDP-43 by performing an in vitro
aggregation assay. Owing to its inherently high propensity to aggregate, full length TDP-43 is
notoriously difficult to express and purify, limiting in vitro studies of its aggregation. The C-terminal
domain of TDP-43 is the most aggregation prone region of the protein and a synthetic peptide
corresponding to this region provides a practical option to examine features of TDP-43 aggregation in
vitro. Under the conditions tested, the TDP-432¢6.331 peptide began to aggregate after a lag phase of
about 2 h (Figure 5.3) and clusterin was able to increase this lag phase and inhibit aggregation at
ratios as low as 1:25000 (Clu:TDP-43). At a ratio of 1:1000 clusterin completely inhibited
aggregation of TDP-432s6.331. The aggregation of TDP-43s6.331 Was not affected by the addition of
SOD1 (a non-chaperone control protein) even when added at a 1:500 ratio of SOD1: TDP-43,g6-331.
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Figure 5.3: Clusterin inhibits the in vitro aggregation of a C-terminal TDP-43 peptide. TDP-
4386-331 (224 UM in HEPES, pH 7.4) was incubated at 37 °C with shaking, in the presence of various
molar ratios of Clu:peptide (see key) or with the non-chaperone control protein bovine superoxide
dismutase (SOD1) at a molar ratio of SOD1:TDP-43 = 1:500. Peptide aggregation was monitored by
Thioflavin T fluorescence. Error bars represent the standard error of the mean (n=4). The result shown

is representative of several independent experiments.
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5.3.2 Intracellular clusterin is observed in ALS-patient post mortem spinal cord motor
neurons and the myelin sheath of oligodendrocytes and was seen to co-localise with
TDP-43.

In this chapter we sought to examine for the first time the location of clusterin in human ALS and
control spinal cord tissue, and importantly whether it co-localised with TDP-43. We examined both
the white and grey matter of the spinal cord in 3 control and 2 SALS samples. White matter consists
almost exclusively of bundles of motor and sensory axons each coated with a myelin sheath created
by oligodendrocytes, which have a dense and uniform longitudinal orientation in the spinal cord
(Sparrey, 2009). In both SALS samples examined clusterin and TDP-43 were detected in “rings” of
fluorescence, in a pattern which corresponds to previously published data showing specific cellular
markers for Schwann cells, which are the equivalent of oligodendrocytes in the peripheral nervous
system (Brown et al., 2012) and myelinated axons in the spinal cord of mice (Kang et al., 2013). It
was thus concluded that the “ring” staining observed probably corresponds to myelinated axons. In
the control sample TDP-43 also showed dense staining in (unidentified) areas outside
oligodendrocytes. In the control sample designated 05/418, clusterin and TDP-43 staining patterns
were detected that were very similar to those observed in the SALS tissue (Figure 5.4, left panel). To
ensure that the secondary fluor-labelled antibodies were not binding non-specifically, white and grey
matter of ALS tissue (09/066) that had been reacted with only the secondary antibodies was also

examined. As expected no fluorescence was detected (appendix 3).
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Figure 5.4: Clusterin and TDP immunoreactivity in the white matter of control (05/418) and ALS (10/223) human spinal cord. Low (left) and high (right) power
confocal microscopy images of thoracic spinal cord tissue sections. Clusterin is shown by green staining and TDP-43 is shown by red staining.
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Clusterin levels and staining patterns in the white matter of each of the 3 control samples were then
examined to see if there was any variation between them (Figure 5.5). In sample 07/743, there was a
marked decrease in the level of clusterin observed and none of the characteristic “ring” patterns of
clusterin staining seen in the other two control samples. Sample 07/743 had a post mortem interval
(time elapsed since patient death) of 68 h, higher than both the other controls (50 h for 05/418 and 33
h for 04/273).

07/743 05/418 04/273

150 um

Figure 5.5: Clusterin immunoreactivity in the white matter of three different samples of control
human spinal cord. Clusterin is shown by green staining.

Next, clusterin and TDP-43 were examined in the grey matter of human thoracic spinal cord sections,
which contain neuronal cell bodies and glial cells (Figure 5.6). In all ALS and control samples high
levels of cytoplasmic clusterin were detected within large motor neurons located in the ventral horn.
In the control samples clusterin appeared as distinct puncta, whereas in the ALS tissue staining was
more diffuse. In control tissue TDP-43 was observed in the nucleus of motor neurons, whereas
cytoplasmic TDP-43 aggregates were seen in SALS tissue. Occasionally nuclear TDP-43 was also
seen in SALS tissue. Importantly, even in this small sample size, we found an example of co-
localisation between clusterin and TDP-43 in the tissue of a SALS patient, but not in control tissue, as

shown by white arrow head.
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Figure 5.6: Clusterin and TDP-43 immunoreactivity in the grey matter of control (05/418) and ALS (10/223) human thoracic spinal cord sections. Low (left) and high
(right) power confocal microscopy images of motor neurons in thoracic spinal cord tissue sections. The high power images (right) of the ALS tissue contains 4 separately
acquired images, presented in the one panel, with a unique scale bar for each image. Cytoplasmic clusterin (green) and nuclear TDP-43 (red) staining was observed in the
motor neurons of both control and ALS tissue. Cytoplasmic TDP-43 was observed in the motor neurons of ALS tissue, in one case co-localising with clusterin (white arrow
head).
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5.3.3 Establishing a co-culture system to examine the spread of TDP-43 between cells
The results presented in the previous two chapters obtained using transgenic Drosophila suggest that

TDP-43 is able to spread between cell types in vivo, but the nature of the models used made it difficult
to quantify spread. Thus a co-culture system was established in which spread between different cell
types could be quantified by flow cytometry. The M377V mutant of TDP-43 was initially chosen to
transfect the “donor” cells of this system (Ast-1), as when stressed with MG-132 these cells form
aggregates visible by confocal microscopy. The dye calcein orange™ was chosen to label the
“acceptor” cells (NSC-34). Calcein orange™ is a fluorescent probe used for labelling and monitoring
cellular functions of live cells, and is spectrally distinct from GFP. It is also well retained within cells
and thus will not spread to neighbouring cells in culture. To determine if calcein orange™ could be
used to track cell populations over several days, NSC-34 cells were incubated with 10 or 20 uM
calcein and analysed by flow cytometry after 24, 48 and 72 h. Cells incubated with 20 uM calcein
could be easily differentiated from unlabelled cells at 24 h after labelling (Figure 5.7).
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Figure 5.7: Calcein orange labelling of NSC-34 cells. Fluorescence histogram overlays for NSC-34
cells labelled with 0, 10 or 20 pM calcein orange and analysed after 24, 48 and 72 h by flow

cytometry.

Ast-1 cells transiently transfected with MT-TDP-43-GFP were added to NSC-34 cells labelled with
calcein orange. After 24 h cells were analysed by flow cytometry. Dead cells were identified by
staining with RedDot2 and reduced FSC; live cells were gated and used for all further analysis (Figure

5.8).
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Figure 5.8: Pseudo colour plot of co-cultured Ast-1 and NSC-34 cells labelled with RedDot2. Plot
shows forward scatter and RedDot2 fluorescence (695/40-A) of a mix of Ast-1 and NSC-34 cells.
Live cells (red elipse) and dead cells (black elipse) were electronically gated and only the
fluorescence of live cells collected.

To identify cells that were dual labelled for both calcein orange and GFP, unlabelled NSC-34 cells
were analysed by flow cytometry and the data displayed as pseudo colour plots showing both calcein
orange and GFP fluorescence. A gate was applied to the plot to separate events into four quadrants,
with the lower left representing cells that did not contain either calcein orange or GFP, the lower right
representing cells containing calcein orange only, the upper left containing GFP only, and the upper
right containing both GFP and calcein orange (Figure 5.9). Gates were set so that no control cells ever

appeared in the upper right quadrant.
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Figure 5.9: Pseudo colour plot showing calcein orange (575/26-A) and GFP (515/20-A)
fluorescence of NSC-34 control cells. Gates have been placed to separate the cells into 4 quadrants

representing cell populations that are positive for GFP, calcein orange, or calcein orange + GFP
fluorescence. In this image the bottom left quadrant contains 100% of the cells and these do not

contain either GFP or calcein orange.

The gating strategy was then applied to analyses of co-cultured cells, to reveal the % of cells that

contained both GFP and calcein orange (Figure 5.10).
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Figure 5.10: Pseudo colour plots of (A) co-cultured cells and (B) NSC-34 control cells. Plots show
calcein orange (575/26-A) and GFP (515/20-A) fluorescence. Gates that were set using the control
cells (Fig. 5.9 above) have been applied to the co-cultured cells. In panel A, 1.88% of live cells from

the co-culture contain both GFP and calcein.

Results showed that in the co-culture 1.62% =+ 0.27 (range, n=2) of cells contained both GFP and
calcein orange fluorescence, meaning that these were NSC-34 cells containing GFP tagged TDP-43
that originated in Ast-1 cells. This experiment was then repeated using a GFP tagged C terminal
fragment of TDP-43 (CTF-TDP-GFP), with the hope that as the C terminal fragment of TDP-43 is
very aggregation prone, the transiently transfected cells would contain a higher number of aggregates
resulting in more spread between cell types. Compensation and gating was performed as described
above. Results showed that 1.29% =+ 0.05 (range, n=2) of cells contained both GFP and calcein orange
fluorescence meaning that these were NSC-34 cells containing CTF-TDP-GFP that originated in Ast-
1 cells.

5.3.4 Establishing a cell culture system to examine the uptake of exogenous non-autonomous
cell-generated TDP-43

In an attempt to increase the amount of cell to cell transfer of TDP-43 measured, a culture system was
developed in which donor (N2a) cells were lysed after being transiently transfected with GFP tagged
MT TDP-43 and the whole cell lysate was added to the receptor (NSC-34) cells. N2a cells were used
as the donor cells this time as it is a suitable transfection host and generally yields a higher
transfection efficiency than Ast-1 cells. To determine the % of acceptor cells that were associated
with GFP, both unlabelled (control) NSC-43 cells and NSC-43 cells that had been co-cultured with
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N2a cell lysate (containing MT TDP-43-GFP) were analysed by flow cytometry. Below is an example
of the process undertaken to set appropriate gates in order to assess TDP-43 uptake. Cell size and
granularity (forward scatter (FSC) and side scatter (SSC), respectively), for a population of unlabelled
NSC-34 cells after 24 h are plotted in Figure 5.11A. Dead cells were identified by plotting RedDot2
fluorescence versus FSC; live cells were gated and used for all further analysis (Figure 5.11B). GFP
fluorescence and FSC scatter for live cells only were then displayed as pseudo colour plots and a gate
placed on unlabelled NSC-34 cells to separate the cell population into two sections representing the
cut off where cells appearing in the top section count as GFP positive and those in the bottom section
do not (Figure 5.11C). The gates defined using the unlabelled NSC-34 cells were then applied to the
co-culture samples, and the % of GFP positive cells for both control and co-culture sample were

plotted as bar graphs.
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Figure 5.11: Plots of NSC-34 control cells labelled with RedDot?2. Plots show A) forward and side

scatter, B) RedDot2 fluorescence versus forward scatter; live cells have been selected by gating (red
elipse), and C) GFP fluorescence of live cells. The horizontal line in C separates the plot into two
sections, with the top section representing cells that are positive for GFP, and the bottom section cells

that are negative for GFP.

The first experiment was performed according to the methods outlined in sections 2.8.4. Samples
were analysed by flow cytometry after 24 and 48 h of culture. After 24 h, 0.9% of acceptor NSC-34
cells were positive for GFP fluorescence when compared to the control NSC-34 cells. After 48 hours
in the presence of exogenous MT TDP-43-GFP, this number increased to 1.6% compared to control
NSC-34 cells, a statistically significant difference (P=0.0204; Figure 5.12).
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Figure 5.12: Percentages of NSC-34 cells gated as ""GFP positive' following 24 or 48 h
incubation with (or without) cell lysate containing MT TDP-43-GFP. * = significant difference

(p=0.0204, n = 3). Error bars represent SEM.

This experiment was repeated with NSC-34 cells that were grown on coverslips, which 48 h after the
addition of the cell lysate containing MT TDP-43-GFP were mounted on microscope slides and
imaged on the confocal microscope. This was to determine if the TDP-43 found associated with cells
via flow cytometry, was in fact inside the cells. Confocal microscopy revealed a small population of
cells that contained MT TDP-43-GFP. Examples of both nuclear (Figure 5.13A and B) and
cytoplasmic (Figure 5.13C and D) MT TDP-43-GFP were observed. The nuclear MT TDP-43-GFP
had a diffuse pattern of fluorescence, while the cytoplasmic MT TDP-43-GFP appeared to be punctate
and granular. In addition the cells that contained cytoplasmic MT TDP-43-GFP show signs of
apoptosis, appearing rounded and condensed with signs of blebbing (Hacker, 2000).
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15 um

Figure 5.13: Confocal microscopy images showing NSC-34 cells that have taken up exogenous
MT TDP-43-GFP originally expressed in transfected N2a cells. NSC-34 cells were cultured in the

presence of cell lysate prepared from transfected N2a cells that had generated intracellular aggregates
of MT TDP-43. TDP-43 is shown in green. 34 images were collected from cells grown on 2

individual coverslips. Results presented are representative of multiple images.

The experiment was then repeated, but instead of transfecting the donor cells with MT-TDP-43-GFP,
they were transfected with a plasmid encoding CTF-TDP-GFP (see section 2.8.3). After 24 h in the
presence of exogenous CTF-TDP-GFP, 0.95% of acceptor NSC-34 cells were positive for GFP
fluorescence when compared to the control NSC-34 cells, a statistically significant difference
(P=0.003). By 48 hours this number had dropped to 0.7% and was not significantly different to
control cells (P=0.1784; Figure 5.14).
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Figure 5.14: Percentages of NSC-34 cells gated as "GFP positive'" following 24 or 48 h
incubation with exogenous CTF-TDP-GFP. N = 3. ** = significantly different (P=0.003).

As was done previously with MT-TDP-43, cell lysate from cells containing CTF-TDP-GFP was
added to NSC-34 cells that had been grown on coverslips. After 24 hours these cells were imaged on
the confocal microscope to determine the location of CTF-TDP-GFP within the cells. CTF-TDP-GFP
was seen in cells that appeared to be dead or dying, as well as those that were still alive (Figure 5.15).
Panels A and B of Figure 5.15 show strong CTF-TDP-GFP fluorescence in cells that appear to be
small and condensed suggesting they are dying. Interestingly CTF-TDP-GFP was observed in what
appeared to be cellular debris in the areas around dying cells, or in the cytosol of nearby cells, as
indicated by white arrows. Panels C and D show instances where CTF-TDP-GFP appeared to span the
distance between two cells that were close to one another, either by a single unbroken process (C) or
by what could be discreet aggregates in close proximity (D). Finally cytoplasmic CTF-TDP-GFP was
also observed with staining appearing punctate and granular (E and F). No clear examples of CTF-

TDP-GFP appearing in the nucleus of healthy looking cells was observed.
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Figure 5.15: Confocal microscopy images showing NSC-34 cells that have taken up exogenous
CTF-TDP-GFP, originally expressed in transfected N2a cells. NSC-34 cells were cultured in the

presence of cell lysate prepared from transfected N2a cells that had generated intracellular aggregates
of C-terminal TDP-43 fragments. CTF-TDP-GFP is shown in green and was observed in dead or
dying cells (A, B), between two cells that were close to one another (C, D) and in cytosolic aggregates
(E, F). White arrows indicate instances where CTF-TDP-GFP was observed in what appeared to be
cellular debris. 42 images were collected from cells grown on 2 individual coverslips. Results

presented are representative of multiple images.
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5.4 DISCUSSION

5.4.1 Clusterin potently inhibits the aggregation of a C-terminal fragment of TDP-43 in vitro
Previous work reported in this thesis showed that in vivo clusterin was able to protect motor function

when co-expressed with TDP-43 in the glial cells of Drosophila, and reduce the spread of TDP-43 to
surrounding cells, however the mechanisms by which it was able to do so were unknown. An
aggregation assay was performed to examine whether the protective effect observed in Drosophila
might be due to clusterin preventing the aggregation of TDP-43. It is well established that clusterin is
able to inhibit the amorphous aggregation of a broad range of proteins with varying structures at ratios
of clusterin:substrate varying from 1:1.3 to 1:11 (Humphreys et al., 1999; Poon et al., 2000), but it has
also been shown to inhibit amyloid fibril formation of certain proteins at much lower ratios, ranging
from 1:100 to 1:500 (Yerbury et al., 2007). We tested the ability of clusterin to inhibit the aggregation
of a peptide corresponding to the C-terminal domain of TDP-43 (CTF-TDP) at various clusterin:client
protein ratios. We found that clusterin was surprisingly potent, as it was able to completely inhibit the
aggregation of CTF-TDP at a ratio of 1:1000, and was able to increase the lag time prior to
aggregation at a variety of ratios of clusterin: CTF-TDP (Figure 5.3). The ability of clusterin to inhibit
aggregation even at very low concentrations is thought to be due to the species along the fibril
forming pathway with which clusterin interacts. Briefly, this pathway begins with the formation of
soluble prefibrillar oligomers or nuclei during the lag phase, which can sequester aggregation prone
intermediates which leads to fibril growth during the elongation phase, finally followed by the
formation of mature fibrils (Wilson et al., 2007). Clusterin is thought to bind to prefibrillar oligomers
that are present during the lag phase of fibril formation. Oligomers are capable of initiating
aggregation even when present in low abundance which could potentially explain how clusterin could
be so efficient even at such low clusterin:substrate ratios (Yerbury et al., 2007; Wilson et al., 2007). In
support of this clusterin has been shown to efficiently sequester oligomeric forms of the amyloid-f1.40
peptide formed during both aggregation of amyloid-p monomers and the disaggregation of amyloid-f3
fibrils (Narayan et al., 2011). While TDP-43 deposits in ALS are generally described as being
amorphous or granular, studies have shown that synthetic peptides of regions of the C-terminal
domain of TDP-43 are capable of forming fibrillar structures or 3-sheet rich oligomers in vitro. For
example the TDP-432s7.32> peptide fragment formed fibres and had an extremely high aggregation
propensity, while TDP-43366.431 cOuld self-associate to form Thio T-reactive oligomers that may serve
as a nuclei for aggregation (Chen et al., 2010; Mompean et al., 2014). Most importantly, the same
peptide used in the current study has been identified as an amyloidogenic and neurotoxic region of the
C-terminus, with sigmoidal Thio-T fluorescence and aggregation curves common to those of other
amyloid forming proteins. Time lapse atomic force microscopy revealed that the aggregation process
began with the presence of granular oligomers followed by mixtures of oligomers and short
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protofibrils and finally mature fibrils (Weirui et al., 2011). Full length TDP-43 has also been shown to
form toxic amyloid oligomers that have exposed hydrophobic surfaces in frontotemporal lobar
dementia patients (Fang et al., 2014). Thus it is possible that in the Drosophila model used (Chapters
3 & 4), clusterin may be binding to toxic oligomers via exposed hydrophobic regions, to either
prevent the aggregation of CTF-TDP or prevent damage caused by toxic oligomeric species. Due to
the ability of clusterin to potently inhibit the aggregation of TDP-43256.331, future experiments utilising
Drosophila models could also express a C-terminal fragment of TDP-43 in the glial cells to determine

whether co-expression of clusterin results in an increased protective effect.

5.4.2 Intracellular clusterin is observed in ALS-patient post mortem spinal cord motor
neurons and myelin sheaths and was seen to co-localise with TDP-43

The results in Chapter 4 indicate that in the Drosophila model used, clusterin co-expression reduces
the loss of motor function that results from the expression of TDP-43, suggesting that clusterin and
TDP-43 may be interacting in some way. In humans clusterin is widely expressed in the nervous
system particularly by neurons and astrocytes in the spinal cord, and has been shown to
retrotranslocate from the secretory pathway to the cytosol under conditions of ER stress, which is
implicated in the pathology of ALS. Thus it is logical that clusterin may be found inside the motor
neurons of ALS patients, potentially associated with TDP-43 containing aggregates. Human thoracic
spinal cord tissue from both SALS and control individuals were examined via confocal microscopy to

visualise the location of TDP-43 and clusterin in the white and grey matter.

The appearance of TDP-43 in the grey matter of both control and ALS patient tissue sections was as
expected. In control patient tissue TDP-43 was localised to the nucleus of cells, while in ALS patient
tissue it was found primarily in the cytosol in what appeared to be large inclusions (Figure 5.6). In the
white matter TDP-43 was observed in both the control and ALS patient tissue samples. As outlined
above, white matter contains myelinated axon tracts. Myelin is exclusively produced by
oligodendrocytes which are among the most abundant cell types in the CNS, and so it was thought
that in the samples examined TDP-43 was in the cytoplasmic extensions of oligodendrocytes that
make up the myelin sheath. Cytoplasmic localisation of TDP-43 has previously been shown to occur
in oligodendrocytes. Consistent with our results, the immunolabelling of ALS tissue in previous
studies has revealed wide spread TDP-43 positive inclusions in oligodendrocytes in the grey and
white matter of spinal cord samples (Philips et al., 2013; Brettschneider et al., 2014). However in
contrast to our results, Philips et al. (2013) did not detect any TDP-43 in the spinal cords of control
patients. Testing a greater number of control tissue samples for the presence of TDP-43 may reveal
whether the results observed in this current study are atypical. Additionally co-staining for TDP-43

and markers of oligodendrocytes would confirm that TDP-43 was present in this cell type.
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Abnormalities in oligodendrocytes have also been described in mouse models of ALS. In SOD1
transgenic mice oligodendrocytes were seen to undergo progressive and extensive degeneration (Kang
et al., 2013; Philips et al., 2013) and also contained increased amounts of SODL1 in both the nuclei and
cytoplasm (Yiwen et al., 2014). It is thought that abnormalities in oligodendrocytes including the
presence of aggregation prone proteins may affect their ability to provide adequate support to motor
neurons. Oligodendrocyte dysfunction may contribute in a non-cell autonomous way to the death of

motor neurons in ALS.

The presence of clusterin was also examined in both the grey and white matter. In the grey matter
cytoplasmic clusterin was observed in the large ventral horn motor neurons of both control and ALS
tissue samples (Figure 5.6). In the control tissue clusterin appeared as small distinct bright spots
which is consistent with its expected presence inside the ER and Golgi apparatus where it is
glycosylated and cleaved before being secreted into the extracellular space. However, in the motor
neurons from ALS patients clusterin staining appeared to be more diffuse consistent with it being
present throughout the cytosol. Clusterin was also observed in the white matter of 2/3 of the control
tissue samples, in what may be myelin sheaths of oligodendrocytes (Figure 5.4). A larger sample size
including control samples from younger individuals may help distinguish if clusterin in
oligodendrocytes is a normal feature or age related. Chaperones including Hsp90, Hsp70, and a-B
crystallin have previously been detected in cultured primary oligodendrocytes and myelin fractions
from mouse brains. Multiple chaperones are involved in the correct synthesis of myelin proteins, and
in cases of multiple sclerosis, a disease that involves de-myelination, Hsp70 has been shown to
associate with myelin basic protein, possibly in an attempt to prevent degradation of the myelin sheath
(Neri et al., 1997; Aquino et al., 1998; Cwiklinska et al., 2003; Jung and Michalak, 2011).
Additionally, in cultured oligodendrocytes HSPs have been found associated with tau-positive
inclusion bodies, which are feature of a variety of neurodegenerative diseases such as Alzheimer's
disease (Richter-Ladnsberg and Bauer, 2004). Clusterin has also been previously observed in the
damaged oligodendrocytes of rats. During Wallerian degeneration (a process where part of a neuronal
axon dies after being cut or crushed) clusterin appeared in white matter non-neuronal cells presumed
to be oligodendrocytes, in large globules, accompanied by the breakdown of myelinated axons
(Torngvist et al., 1996). Oligodendrocytes are very metabolically active cells responsible for the
maintenance of the myelin sheath, a process requiring a great amount of energy, meaning they are
particularly sensitive to stress. It has therefore been suggested that an effective protein quality control
system is crucial for oligodendrocytes to both survive and adequately perform their function of
supporting neuronal cells (Goldbaum and Richter-Landsberg, 2004). The role of astrocytes and

microglia have been well studied recently and it is accepted that astrocytes are important contributors
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to disease. The role of oligodendrocytes is less well studied but oligodendroglial dysfunction may be a

contributor to motor neuron dysfunction in ALS (Philips et al., 2013).

Finally it was found that in motor neurons of spinal cord grey matter, TDP-43 and clusterin were
observed to both be in the cytoplasm in ALS patients, but not control patients (Figure 5.6). Notably in
one case clusterin and TDP-43 were seen to co-localise within a motor neuron cytoplasm of an ALS
patient, but not in controls. In the instances where TDP-43 and clusterin did not co-localise, clusterin
was found in the immediate vicinity of the TDP-43 positive aggregate, often even surrounding it.
These results suggest that in ALS clusterin might with TDP-43 in vivo. When viewed together with
the ability of clusterin co-expression to prevent TDP-43 induced locomotor dysfunction and reduce
the spread of TDP-43 in Drosophila (see Chapters 3 and 4), the results are consistent with clusterin
interacting with TDP-43 to affect ALS pathology. Ideally a greater number of spinal cord sections
should be examined to detect more instances of clusterin and TDP-43 co-localising within human

motor neurons.

5.4.3 Co-culture systems demonstrate the spread of TDP-43 from astrocyte cells to motor
neuron like cells

Results obtained using the Drosophila model (Chapters 3 & 4) suggested that in vivo TDP-43 is able
to spread from the glial cells where it was initially expressed to surrounding cells including motor
neurons. In this chapter an in vitro co-culture system was established in order to quantify the spread of
TDP-43 from astrocytes to motor neurons using murine cells. The M337V mutant and 216-414 C-
terminal fragment, both tagged with GFP were expressed in Ast-1 cells, which were then grown in co-
culture with NSC-34 cells. Flow cytometry revealed that after 24 hours, 1.62% of NSC-34 cells
contained MT-TDP-43, and 1.29% of NSC-34 cells contained CTF-TDP-GFP (section 5.3.3), both of
which had originated in the Ast-1 cells, indicating that TDP-43 had spread from the astrocyte cells to
the motor neuron like cells. This result is consistent with a previous study which demonstrated that
phosphorylated TDP-43 aggregates could be propagated between cultured SH-SY5Y cells (Nonaka et
al., 2013). They found that 2.9% of acceptor SH-SY5Y cells contained TDP-43 originating from the
donor SH-SY5Y cells, a slightly higher percentage than observed in this current study. The co-culture
experiments performed in the Nonaka study had the following differences when compared to those
described in this thesis; (i) cells were grown in co-culture for 3 days, which was not possible in this
current study due to the dye used to label the acceptor cells, which after 3 days was no longer able to
distinguish acceptor cells. Perhaps if an alternative method of labelling acceptor cells was established,
allowing the co-culture experiment to proceed for 3 days, a greater level of spread might be observed.
For example rather than using calcein orange to label the NSC-34 acceptor cells, antibodies specific to

NSC-34 cells could be used instead. This would be advantageous as it would allow for the co-culture
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experiment to proceed for 3 days or more, but would also increase the wash steps required throughout
the experiment thus increasing amount of cells lost from the coverslip. (ii) SH-SY5Y cells were used
as both the donor and acceptor cells. SH-SY5Y are a human neuroblastoma cell line which is
particularly suitable for transfections, while the Ast-1 cells used in this thesis generally did not have a
high transfection efficiency. It appears likely that there is a dose dependant relationship between
expression levels of protein in donor cells and protein uptake in acceptor cells, which is why a second
culture system, utilising cells with a higher transfection efficiency was generated. Regardless of the
low percentage of acceptor cells observed to contain TDP-43, it appears that both MT-TDP-43-GFP
and CTF-TDP-GFP are able to spread from astrocyte cells to motor neuron like cells, although the
mechanisms by which it does so remain unclear. The ability of TDP-43 aggregates to spread from cell
to cell in ALS patients may explain the progressive onset of symptoms, and lead to new therapeutic

strategies involving stopping the propagation of aggregated proteins.

5.4.4 Motor neuron like cells take up exogenously applied TDP-43
After demonstrating that both MT TDP-43-GFP and CTF-TDP-GFP were capable of spreading from

one cell type to another in co-culture, an attempt was made to increase the percentage of cells that
took up TDP-43. It was decided to lyse cells expressing TDP-43, and apply the cell lysate containing
aggregated TDP-43 to the acceptor cells. This would allow the cells to be incubated in the presence of
TDP-43 for longer than 24 hours, as calcein orange would no longer be needed to track the acceptor
cells. It was hoped that by allowing the cells to grow in the presence of TDP-43 for a longer period of
time, a greater percentage would take up TDP-43. Additionally the donor cells were changed from

Ast-1 to N2a cells, as N2a cells have a higher transfection efficiency than Ast-1 cells.

Cells were first transfected with MT TDP-43-GFP, lysed, and the lysate incubated for 24 or 48 h with
NSC-34 cells which were subsequently analysed by flow cytometry. After 48 h a significant number
of NSC-34 cells were positive for GFP fluorescence (1.6%, P=0.0204) compared to control cells,
suggesting that they had at least associated with GFP-tagged MT TDP-43 (Figure 5.12). Cells were
then imaged using a confocal microscope to determine the location of MT TDP-43-GFP and see
whether the NSC-34 cells had indeed taken up the protein. MT TDP-43-GFP was observed either in
the nucleus of intact, normal looking cells, or as aggregates in the cytoplasm of cells that looked to be
dying (Figure 5.13). These results show that MT TDP-43-GFP is taken up by cells and can form
cytoplasmic aggregates that appear to be toxic to the cells they are in. It has been suggested that one
way TDP-43 may propagate between cells is via the release of aggregates from dying cells, which can
be taken up by surrounding cells. The presence of non-aggregated nuclear MT TDP-43-GFP may be
the result of native TDP-43 from the cell lysate being taken up by the acceptor NSC-34 cells. After
transfecting the N2a cells with MT TDP-43-GFP, they are treated with MG-132 to induce
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aggregation. This process does not ensure the aggregation of all the MT TDP-43-GFP present in cells,
thus there will non-aggregated MT TDP-43-GFP that originated in the nucleus present in the cell
lysate added to the NSC-34 cells.

This experiment was then repeated using a GFP tagged C-terminal TDP-43 fragment. As C-terminal
fragments are extremely aggregation prone, transfected cells expressing these form cytoplasmic
inclusions without any need to treat with MG-132. In fact when visually examined with a microscope,
every cell that was transfected with the CTF-TDP-GFP contained inclusions. It was found that when
MT TDP-43-GFP was applied to the cells, the fraction of live cells that contained GFP was greatest at
the 48 h time point, however when CTF-TDP-GFP was applied, the fraction of live cells containing
GFP was greatest at 24 h (Figure 5.14). This could mean that either the C-terminal fragment of TDP-
43 is more toxic than the MT TDP-43-GFP, or that it is more readily degraded. Confocal microscopy
showed no nuclear CTF-TDP-GFP in the NSC-34 acceptor cells. C-terminal TDP-43 fragments are
particularly aggregation prone and form abnormal cytoplasmic inclusions, examples of which were
observed (Figure 5.15E-F). CTF-TDP-GFP was also seen in cells that were very clearly dead or dying
(Figure 5.15A-B), which is logical as the aggregates formed from C-terminal fragments are toxic, and
can cause neuronal toxicity via toxic gain of functions for example by interfering with normal cellular
functions (Zhang et al., 2009; Chunxing et al., 2010). Interestingly in the instances when a dying cell
containing TDP-43 was observed, cellular debris containing CTF-TDP-GFP was also seen in close
proximity. This may represent one possible way that TDP-43 is able to spread in culture, through the
release of TDP-43 aggregates from dying cells, which are able to be taken up by surrounding cells.
Future experiments should be performed to determine whether the uptake observed is specific to

TDP-43-GFP, or if other GFP-labelled proteins would also be taken up to a similar extent.

These experiments were successful in demonstrating that both MT and C-terminal fragments of TDP-
43 can spread from astrocytes to motor neuron like cells where they can form cytoplasmic aggregates
which may be toxic to cells (toxicity assays would need to be performed to confirm this). However,
the percentage of cells which had taken up TDP-43 was low. Various alterations to the culture
systems were made in an attempt to increase the extent of uptake. For example, in addition to MT
TDP-43, a C-terminal fragment of TDP-43 were used. This fragment is very aggregation prone and
results in a higher number of inclusions in transfected cells. The establishment of a culture system
which measured the uptake of exogenously added cell-generated TDP-43 allowed a greater amount of
TDP-43 to be added to the motor neuron cells. As the donor cells are lysed in this system, non-
astrocytic donor cells could be used. N2a cells were chosen as they are easily transfected and result in
a greater number of cells expressing TDP-43. For every NSC-34 acceptor cell, lysate from 2

transfected N2a cells was added (outlined in section 5.2.4). Despite these various strategies aimed at
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increasing TDP-43 uptake, the greatest percentage of cells containing TDP-43 measured was 1.62%.
While this number is consistent with a previous study which found that 2.9% of cells took up TDP-43
in a co-culture system (Nonaka et al., 2013), experiments measuring the effects of clusterin on uptake
or the mechanisms of TDP-43 spread would be more reliable and easier to quantify if this fraction of
cells were higher. A greater percentage of cells would be particularly beneficial for the flow
cytometry analyses, which rely on setting gates to define GFP positive and negative cells; thus a
larger population of cells containing GFP would result in less error. It is likely that in order to increase
the percentage of cells that take up TDP-43, exogenous TDP-43 will need to be added to acceptor
cells in greater quantities than were achievable in this study. One way to do this would be to
centrifuge the lysate from a larger number of cells transfected with TDP-43 to concentrate the
aggregated TDP-43 and remove cellular debris. Once this process has been optimised an array of
further experiments could then be performed, including investigating the mechanisms of TDP-43
propagation between cells, and any effects that clusterin may have on this propagation. In addition a
control experiment should be performed to ensure that any spread of TDP-43-GFP observed is
specific to the presence of the TDP-43 protein, and not GFP. A simple way to test this would be to
repeat the experiment as described in section 5.2.4, but rather than transfect the N2a cells with MT
TDP-43-GFP or CTF-TDP-GFP, they should be transfected with pEGFP-NL1.

It is thought that the mechanisms allowing TDP-43 to transfer between cells may be similar to those
described for SOD1 (see section 1.7), and future experiments should be performed to test this. One
simple method would be to inhibit pinocytosis by incubating cells at a low temperature, and
determining if this affected the uptake of TDP-43. While this is an easy method, low temperatures
also inhibit most other physiological processes in cells. An alternative method would be treating cells
with a pharmacological inhibitor of micropinocytosis, such as 5-(N-ethyl-N-isopropyl)-amiloride
which blocks the sodium/proton exchanger, and examining if this inhibits the uptake of aggregated
TDP-43. The secretion of TDP-43 via exosomes could also be examined. Previous studies have
isolated exosomal fractions by ultra-centrifuging culture supernatants to remove cellular debris and
pellet membrane vesicles (Gomes et al., 2007). The same could be done with conditioned medium
collected from cultures of cells transfected to express TDP-43. The pellets could then be examined by
electron microscopy to determine if exosomes were present as has been done previously for SOD1
(Grad et al., 2014). This same study also used immunogold labelling with a SOD1 specific antibody
to show surface localised SOD1 on exosomes, a technique which could be modified to detect TDP-43.
Western blot analysis could also be used to confirm the presence of exosomal proteins such as
LAMP-1 and flotillin-1 in the exosomal pellet fractions (Alvarez-Erviti et al., 2011). Finally, further
experiments could be performed to determine if clusterin is able to prevent the spread of TDP-43
between cells or the uptake of TDP-43. This could be done in one of three ways; i) sSiRNA could be
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used to knock down the expression of clusterin in acceptor cells, followed by analysis via flow
cytometry and confocal microscopy to determine whether this results in an increase in TDP-43 spread
and uptake. ii) Clusterin could be overexpressed in the acceptor cells, followed by the same analyses.
iii) Before the addition of exogenous TDP-43 to acceptor cells, TDP-43 could be incubated with
purified clusterin to determine whether this decreases uptake or TDP-43 related toxicity.

The results in this chapter suggest a possible role for clusterin in preventing TDP-43 aggregation in
ALS. The aggregation assay performed demonstrates that clusterin is able to potently inhibit the
aggregation of a C-terminal fragment of TDP-43, and the human tissue data shows that clusterin and
TDP-43 are both found in the same cellular compartments of motor neurons in human ALS patients,
and may even co-localise within cells. The role of extracellular chaperones in neurodegenerative
diseases has been studied very little, and the ability of clusterin to interact with TDP-43
extracellularly, possibly while TDP-43 is being transmitted between cells, or intracellularly after
retrotranslocation to the cytosol, may provide new and exciting opportunities for the development of

novel treatment strategies, some of which will be discussed in the next -chapter.
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CHAPTER 6: CONCLUSIONS

6.1 AIMS
This project aimed to investigate the three aspects of ALS pathogenesis. Firstly, the ability of TDP-43

to spread from one cell type to another was assessed in vivo using a Drosophila model of ALS (see
chapters 3 & 4) and in vitro using neuronal and astrocyte cell lines (see Chapter 5). TDP-43 has not
yet been shown to spread from cell-to-cell in vivo, and demonstrating that it is able to do so would
provide further evidence that TDP-43 acts in a prion-like way in the pathogenesis of ALS and would
help to explain the spread of symptoms that is observed in the disease. Secondly, the extent to which
non-neuronal cells contribute to disease progression in vivo was investigated by expressing TDP-43 in
a subset of glial cells of Drosophila to determine if this resulted in motor neuron defects and
premature mortality (see section 4.3.1). While the death of motor neurons is a hallmark of ALS,
understanding the role non-neuronal cells play in disease progression may ultimately help to design
future therapeutic strategies possibly targeted at glial cells. Finally, interactions between the clusterin
and TDP-43 were investigated in vitro, in vivo using the Drosophila model, and in post mortem
human tissue from ALS patients. Clusterin is a potent chaperone with broad substrate specificity and
is able to be retrotranslocated to the cytosol under conditions of ER stress (see section 1.3.3). If
clusterin is shown to inhibit the aggregation of TDP-43 it opens the possibility of utilising
extracellular chaperones as potential therapeutics. There are as of yet no published reports of clusterin
being a constituent of TDP-43 inclusions in human ALS cases, but this observation would provide
evidence that in ALS clusterin is interacting with TDP-43, possibly via retrotranslocation to the
cytosol where it acts as an intracellular chaperone to inhibit TDP-43 aggregation, or perhaps via

extracellular interactions with TDP-43 as it spreads from cell-to-cell.

6.2 PRION-LIKE SPREAD OF TDP-43
This study was successful in developing models in which the cell-to-cell spread of TDP-43 could be

examined in cell-culture, and more importantly in vivo using a Drosophila model of ALS. When
expressed in the brains of Drosophila either from the embryonic or adult stage of the fly’s life cycle,
TDP-43 was later observed in cell types that differed from the subset of glial cells in which it was
originally expressed (Figure 3.4, Figure 4.5 and Figure 4.6). Immunohistochemistry revealed some of
these cells to be motor neurons (Figure 3.7 and Figure 3.8). This was unique to TDP-43 as when the
RFP tagged control protein mCD8 was expressed in its place, it was only observed in the cells where
initially expressed (Figure 3.6). Similarly, when astrocyte cells (Ast-1) expressing MT or a C-terminal
fragment of TDP-43 were grown in co-culture with motor neuron like cells (NSC-34), flow cytometry
showed that after 24 hours up to 1.6% of the motor neuron cells had taken up TDP-43 (section 5.3.3).
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It was known that TDP-43 was entering the NSC-34 cells as opposed to associating with the cell
surface only, as confocal microscopy of cells which had been grown in the presence of exogenously
applied MT TDP-43 or C-termainal fragments of TDP-43 revealed the protein to be present in
cytoplasmic inclusions within cells (Figure 5.13 and Figure 5.15). From these results it was thus
concluded that TDP-43 is capable of cell-to-cell spread, in this case from glial cells to motor neurons.
The ability of TDP-43 to propagate between cells may provide a molecular basis for the clinically
observed spread of symptoms in the disease. The results in this thesis are novel in that they represent
the first time that cell-to-cell spread of TDP-43 has been demonstrated in vivo and leads to the
conclusion that like SOD1, TDP-43 fulfils the two criteria of being a prion-like protein: it is capable
of propagating in a self-templating manner and of cell-to-cell spread. While this thesis demonstrates
that TDP-43 is able to propagate amongst cells, the mechanisms by which it does so remain to be
elucidated. As TDP-43 is an intracellular protein in order for it to propagate between cells it would
need to be released from the original cell and taken up by another. The ability of both MT and WT
SOD1 aggregates to penetrate the cell membrane of cells via micropinocytosis has previously been
demonstrated, and both can be secreted from cells in exosomes which can subsequently be taken up
by surrounding cells (Munch et al., 2011; Basso et al., 2013; Grad et al., 2014). It is thought that
TDP-43 may propagate via similar mechanisms, with TDP-43 aggregates being taken up by cells
where they can recruit native TDP-43 into aggregates, leading to a self-perpetuating system of
aggregation within cells and spread between cells. Results throughout this thesis support this theory,
and further experiments such as those described in section 5.4.4 should be conducted to confirm this.
These experiments could help determine whether TDP-43 spreads via the release of exosomes, and if

TDP-43 is taken up by cells via pinocytosis as theorised below in Figure 6.1
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Figure 6.1: Putative mechanisms for the intracellular transmission of TDP-43. Large aggregates
containing misfolded TDP-43 may be release from dead or dying cells (1) and subsequently taken up
by neighbouring cells via pinocytosis (2). Alternatively misfolded TDP-43 may enter the ER-Golgi
system and the vesicle-mediated secretory pathway and become incorporated into an exosome, where
it exits the cell via secretion. These exosomes might then be taken up by neighbouring cells (3).
Misfolded TDP-43 may also induce subsequent cycles of propagated protein misfolding which can

convert native TDP-43 into non-native TDP-43 and ultimately aggregates (4).

6.3 THE ROLE OF NON-NEURONAL CELLS
The role of non-neuronal cells in ALS pathogenicity was examined using a Drosophila model of

ALS, where the expression of TDP-43 was restricted to glial cells, specifically those that express the
glutamate transporter dEAATL1. As discussed in sections 1.4.2.3 and 1.4.2.7, non-neuronal cells can
contribute to neurodegeneration in various ways, for example via the secretion of various toxic factors
from activated astrocytes or the loss of glutamate transporters in the astrocytes of ALS patients,
resulting in glutamate induced excitotoxicity. The loss of glutamate transporters has been confirmed
in both human ALS cases and animal models of the disease, but it is unknown whether loss of
transporters is a primary cause of ALS or a secondary effect of the disease. Previous studies using

Drosophila models have shown that glial expression of TDP-43 was both lethal to flies and hindered
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motor function, and glutamate transporter knockdown was sufficient to shorten the lifespan of flies
(Estes et al., 2013; Diaper et al., 2013a). In this study we found that the expression of TDP-43 only in
glial cells which expressed the Drosophila glutamate transporter dEAAT1 was sufficient to cause
significantly reduced lifespan (Figure 4.2) and locomotor defects (Figure 4.4), despite the fact that this
cell type represents only 10% of the total glial cells. This combined with the links between TDP-43
and EAAT levels outlined in section 4.4.2 suggests that not only is TDP-43 capable of hindering the
effectiveness of glutamate transporters, but this hindrance is enough to cause disease phenotypes even
when the cells containing the transporters are surrounded by healthy astrocytes. This suggests that of
the two ways non-neuronal cells can contribute to neurodegeneration in ALS, the loss of glutamate
transporters may be the most critical, and thus the design of therapeutic strategies targeting non-
neuronal cells should focus on preventing the loss of glutamate transport. Future experiments could
examine whether the co-expression of clusterin could prevent the loss of glutamate transporters in the
Drosophila model used in the current study. Previous studies have used reverse transcription
polymerase chain reaction (RT-PCR) to examine alterations in mRNA levels of EAAT1 in
Drosophila (Diaper et al., 2013a) and such techniques could be utilised to examine the effect of
clusterin and TDP-43 co-expression.

6.4 INTERACTIONS BETWEEN CLUSTERIN AND TDP-43
Interactions between TDP-43 and clusterin were examined in vitro, in vivo, and in post mortem

thoracic spinal cord sections from ALS patients. Clusterin was co-expressed with TDP-43 in the glial
cells of Drosophila to determine if the chaperone could (i) reduce the spread of TDP-43 from cell to
cell, (ii) increase the longevity of flies expressing TDP-43 and (iii) protect flies against locomotor
defects induced by the expression of TDP-43. While clusterin expression did not significantly extend
the lifespan of flies expressing TDP-43, it did have a significant impact on the spread of TDP-43 and
prevented the deterioration of motor neurons as flies expressing TDP-43 and clusterin had a climbing
index at the assay end point comparable to control flies (Figure 4.4). As discussed in section 4.4.7
flies expressing TDP-43 had an average lifespan of 15 days, but the climbing assay was only carried
out for 10 days to prevent bias towards healthier living flies. It is thus likely that while clusterin
expression was able to protect locomotor function up to day 10 of the assay, it would be unable to do
so throughout the entire lifespan of the flies. The experiments performed with Drosophila suggest that
clusterin was able to prevent or at least delay the toxicity to motor neurons caused by the expression
of TDP-43. What the experiments do not show are the mechanisms by which it is doing so, or if

clusterin was acting in the extracellular or intracellular space.

To determine if the protective effects of clusterin observed in Drosophila were due to it acting as a

chaperone with TDP-43, an in vitro aggregation assay was performed. It was found that clusterin is a
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potent inhibitor of the aggregation of TDP-4356.331 peptide, which represents a C-terminal fragment of
the protein (Figure 5.3). Clusterin increased the lag phase of TDP-43,g6.331 aggregation at ratios as low
as 1:25000 (Clu:TDP-43) and completely inhibited aggregation at a ratio of 1:1000. While it would
have been ideal to test the chaperone activity of clusterin on full length TDP-43, as mentioned in
section 5.3.2 the protein is extremely aggregation prone and is thus very difficult to express and
purify. However in ALS TDP-43 undergoes several pathological modifications (outlined in section
1.6.2) including cleavage to generate C-terminal fragments which contribute to ALS pathogenesis.
The glycine rich C-terminal domain of TDP-43, referred to as the prion-like domain due to its similar
amino acid composition to yeast prion forming domains, contains the majority of mutations associated
with ALS. Thus in vitro experiments using peptides corresponding to the C-terminal domain of TDP-
43 are relevant to ALS pathogenesis. The ability of clusterin to inhibit the aggregation of a C-terminal
fragment of TDP-43 leads to the possibility that it may have a protective role in ALS, and suggests
that in Drosophila clusterin may have protected motor neurons from TDP-43 mediated toxicity by
inhibiting the aggregation of TDP-43.

Next, immunohistochemistry was performed on sections of thoracic spinal cord from ALS patients to
visualise the location of TDP-43 within motor neurons, and to determine if cytoplasmic clusterin was
present inside these cells and if clusterin co-localised with aggregates containing TDP-43. In the ALS
samples clusterin was found diffusely in the cytosol of many cells as well as in distinct puncta, and
one motor neuron was identified in which clusterin co-localised with TDP-43 (Figure 5.6). In the
examples where clusterin and TDP-43 did not co-localise, clusterin was often found in close
proximity to TDP-43. Co-localisation between clusterin and TDP-43 was not seen in the control
samples. These observations suggest that clusterin may be involved in ALS and interacts with TDP-43
in an attempt to prevent protein aggregation. In the case where clusterin was found co-localised with
TDP-43, it is possible that clusterin was interacting with TDP-43 in one of two ways. Clusterin could
act as an extracellular chaperone, binding to the exposed hydrophobic regions of misfolded TDP-43 as
it transmits between cells, which was shown to be possible using the Drosophila model. These
chaperone-client complexes could then be internalised via receptor mediated endocytosis and directed
to the lysosome to be degraded (summarised in Figure 1.2). Alternatively clusterin could be acting as
an intracellular chaperone, after being retrotranslocated to the cytosol (see section 1.3.3). During
either process, it is likely that in the end stages of disease clusterin may become overwhelmed and the
chaperone becomes sequestered into aggregates, a theory supported by the identification of several
intracellular chaperones present in inclusions from ALS tissue (see section 1.5.3). While the
experiments performed in this thesis do not reveal if clusterin is acting extracellularly or
intracellularly, the fact remains that clusterin can be present in both spaces and may in fact have a

dual action in ALS. Clusterin can inhibit the aggregation of a broad range of proteins with differing
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structures, and it is therefore possible that clusterin is also able to inhibit the aggregation of other
proteins involved in ALS. Proteins such as SOD1, the RNA-binding protein fused in sarcoma (FUS)
and optineurin are all present in protein aggregates in ALS. Perhaps staining human tissue for
clusterin and the aforementioned proteins via immunohistochemistry could reveal instances of co-

localisation between clusterin and other proteins involved in ALS.

6.5 IMPLICATIONS FOR THE DEVELOPMENT OF THERAPEUTIC STRATEGIES
As emphasised throughout this thesis, ALS is a disease with multiple pathological mechanisms that

contribute to neurodegeneration, and thus a successful treatment will likely need to target multiple
mechanisms simultaneously, or even target the one mechanism in multiple ways. Prion-like
mechanisms of protein propagation is one mechanisms that contributes to neurodegeneration in ALS.
It may also represent a molecular pathway that is common to several aggregating proteins involved in
ALS. The development of therapeutic strategies designed to inhibit these processes could be ideal as
they have the potential to be effective on multiple proteins. There are two main approaches that could
be used if treatments aimed at disrupting prion-like mechanisms of protein propagation were
developed. The first would be to try to stop proteins from undergoing self-propagated misfolding by
stabilising proteins in their native state, and the second would be to disrupt the uptake or release of
protein aggregates thus preventing transmission to surrounding cells. Several advances have already
been made on the first approach. For example transthyretin (TTR) is a native tetrameric protein that
can unfold and undergo amyloidosis in vivo resulting in heart and nervous system pathology. Small
molecules that bind to and stabilise the tetramer have been developed. One such example is tafamidis,
which is able to stop TTR amyloidosis and has been approved by the European Medicines Agency for
use as a treatment in humans (Johnson et al., 2012). Other molecules have been identified which act
as chaperones by binding to and stabilizing MT SOD1 against aggregation and unfolding. Although
these are not ideal for use in therapeutics in humans as they have the potential to bind other protein
targets, they represent a starting point for drug development (Nowak et al., 2010). Disrupting the
uptake or release of protein aggregates could be achieved with the use of antibodies to “capture”
protein seeds as they move between cells, or by targeting receptors needed for the uptake or release of
proteins. The former approach has the advantage of specifically targeting protein aggregation, while
the latter approach is disadvantageous as inhibiting endocytosis, micropinocytosis, or exosome release
could have adverse effects by interfering with other normal processes (Brettschneider et al., 2015).
Additionally clearing protein aggregates from the extracellular space as they transmit between cells
may also be effective. The prion-like mechanisms involved in ALS protein propagation present
multiple opportunities for therapeutic interventions, and it is likely that if a successful treatment is

developed in the future it would not involve just one of the above approaches, but multiple.
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Glutamate induced excitotoxicity is another mechanism associated with ALS pathogenesis. Riluzole
is the only drug approved for the treatment of ALS, and works by blocking the release of glutamate.
However this drug only increases the lifespan of patients by a few months. The increase in knowledge
regarding the loss of glutamate transporters in ALS suggests that strategies aimed at restoring the
levels and function of said transporters may be successful in preventing excitotoxicity, especially if
used in combination with glutamate blockers. Immunohistochemical analysis of the spinal cords of
ALS patients revealed that the astroglial-type glutamate transporter EAAT? is selectively diminished
in the later stages of disease progression (Sasaki et al., 2000). More recently the Drosophila glutamate
transporter dEAAT1 was identified as a potential direct target of TDP-43 when it was demonstrated
that glial specific overexpression of TDP-43 resulted in decreased dEAATL transcript levels (Diaper
et al., 2013a). These studies combined with the results described in this thesis suggest that TDP-43
dysfunction can affect glutamate transporter levels. As clusterin can inhibit the aggregation of TDP-
43, perhaps it or other chaperones could be utilised in future therapeutic strategies aimed at preventing
the dysfunction and aggregation of TDP-43, thus preventing the TDP-43 induced loss of glutamate

transporters.

As discussed in section 1.9, many intracellular chaperones have been shown to prevent aggregation
and protect against neurotoxicity at least in the early stages of disease progression, especially when
used in combination. The discovery that clusterin, an extracellular chaperone, can potently inhibit the
aggregation of TDP-43 means that it should be further investigated for use in future therapeutic
strategies. The work described in this thesis showed that clusterin is able to inhibit the aggregation of
TDP-43 and is found associated with TDP-43 in neuronal inclusions in ALS tissue, but it did not
determine whether in these systems the two proteins are initially interacting in the extracellular or
intracellular space. It may be possible that clusterin represents a unique chaperone that has the
potential to do both. If clusterin and TDP-43 were indeed interacting in the extracellular environment,
clusterin could potentially be utilised to interact with TDP-43 and SOD1 as they transmit between
cells. If clusterin was acting in the intracellular environment it could be used to inhibit the aggregation
of proteins within cells to help prevent the release of protein aggregates into the extracellular space.
The use of small molecules that act as chaperones, or the increased expression of multiple chaperones
including clusterin, could represent a successful strategy to treat ALS, especially if used in
combination with other approaches such as the drug riluzole, which targets glutamate induced

excitotoxicity.

6.6 FUTURE DIRECTIONS
TDP-43 has been shown to be capable of propagating in a self-templating manner and this thesis

demonstrated that it is also capable of cell-to-cell transmission, but did not determine the mechanisms
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by which it does so. These mechanisms may be similar to those described for SOD1 as TDP-43 has
been found in exosomes isolated from the blood and CSF of ALS patients (Feneberg et al., 2014). The
work described in this thesis could be expanded in the future as described in detail in section 5.4.4 to
investigate how TDP-43 is propagating between cells and how it enters cells, and if clusterin is able to
influence these processes. An in vitro aggregation assay demonstrated that clusterin is able to inhibit
the aggregation of TDP-43, and in the Drosophila model used the co-expression of clusterin was able
to reduce the locomotor defects associated with TDP-43 expression. However it was not determined
if this was due to clusterin acting on TDP-43 in the extracellular or intracellular environment.
Similarly, while the presence of TDP-43 and clusterin co-localised in the motor neurons of ALS
patients suggested that in ALS these proteins may interact, where the proteins might interact remains
unknown. Future experiments could focus on determining whether TDP-43 and clusterin interact in
the intracellular or extracellular space. This could be done using the Drosophila model developed.
The retrotranslocation of clusterin to the cytosol is dependent on ER stress and experiments could test
Drosophila for markers of ER stress. Previously it has been shown that the expression of TDP-43 in
the motor neurons of flies results in the increase of ER stress markers (Gregory, 2011), and it could be
examined whether expression of TDP-43 in dEAAT1 expressing glial cells results in a similar
increase in ER stress markers. The presence of such markers would indicate that expression of TDP-
43 in the subset of glial cells was sufficient to induce ER stress thus enabling clusterin to relocate to
the cytosol. Additionally it could be determined how clusterin is getting into the cytosol. Nizard et al.
(2009) postulate that retrotranslocation occurs through a mechanism similar to the ER associated
protein degradation pathway. Small interfering RNA (siRNA) can easily be introduced into cultured
cells and is used to knock down gene expression. Using siRNA, known retrotranslocation channel
proteins could be silenced in an attempt to determine whether clusterin translocates from the

ER/Golgi to the cytoplasm via these channels.

6.7 SUMMARY
This study has established for the first time that TDP-43 is able to spread from cell-to-cell in vivo,

indicating that in ALS TDP-43 may have prion-like modes of transmission similar to those of SOD1.
However, this work should be expanded using the cell culture methods developed to determine what
mechanisms are involved in TDP-43 transfer between cells. In addition it was established that
expression of the extracellular chaperone clusterin in the glial cells of Drosophila was able to protect
flies against motor neuron death induced by the expression of TDP-43. It was also shown that
clusterin is able to potently inhibit the aggregation of TDP-43.g6.331 in vitro, suggesting that in
Drosophila clusterin may have prevented the death of motor neurons by inhibiting the cytoplasmic
aggregation of TDP-43. Finally, this study identified for the first time the presence of clusterin in the

cytosol of motor neurons from the spinal cords of ALS patients where it was found to be co-localised
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with aggregates containing TDP-43. This suggests that clusterin may inhibit the cytoplasmic
aggregation of proteins, including TDP-43, in ALS. Defining both the mechanisms involved in
protein propagation and aggregation, as well as roles that chaperones play in inhibiting these
processes, will lead to an increased understanding of the complex and multifactorial disease that is

ALS, and could ultimately provide the basis for the development of new therapies.
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CHAPTER 8: APPENDIX
APPENDIX 1

Male dEAAT1-Gal4 driver line flies were crossed with the following virgin female “gene of interest”
flies; TDP-43, clu, TDP;clu and 51D. Once the progeny reached the third instar larval stage they were
dissected and immunohistochemistry performed according to the methods outlined in section 2.4.2,
with the exception that the primary anti-HA antibody used for the detection of HA-tagged TDP-43
was omitted. This was to test whether any non-specific binding was occurring with the secondary
anti-rat Alexa Fluor® 594 antibody. In all four crosses no signal corresponding to Alexa Fluor® 594
fluorescence was detected, indicating that the secondary antibody binds specifically to the primary
anti-HA antibody (Figure 8.1).

150 um 150 pm

150 pm 150 pm

Figure 8.1: Immunofluorescence images of Drosophila third instar larva stained with the
relevant secondary anti-rat Alexa Fluor® 594 antibodies only. Flies are expressing A) TDP-43, B)

co-expressing TDP-43 and clusterin, or C) clusterin in glial cells under control of the dEAAT1-Gal4
driver. TDP-43 (if detectable) would be shown by anti-HA (red) staining. D) Non-transgenic 51D

control. Images presented are representative of multiple images obtained from ~2-3 brains

151



- Chapter 8: Appendix

APPENDIX 2

Third instar larvae from uncrossed reporter TDP-43 and TDP;clu lines were dissected and stained for
TDP-43 as outlined in section 2.4.2. Immunofluorescence analysis did not detect any specific

fluorescence that would indicate expression of TDP-43 in the uncrossed fly lines (Figure 8.2).

150 um 150 um

Figure 8.2: Immunofluorescence images of Drosophila third instar larva stained for HA-tagged
TDP-43. Larvae from uncrossed A) TDP-43 and B) TDP;clu reporter lines were dissected and

imaged. TDP-43 (if present) would be shown by anti-HA (red) staining. Images presented are
representative of multiple images obtained from ~2-3 brains
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APPENDIX 3

Thoracic spinal cord sections from SALS (09/066) patients were treated and stained for clusterin and
TDP-43 as described in section 2.4.1, with the exception that the primary antibodies used for the
detection of clusterin (goat anti-clusterin) and for TDP-43 (polyclonal rabbit anti-TARDBP) were
omitted to test whether any non-specific binding was occurring with any of the secondary antibodies.
When both the white and grey matter was examined, no specific fluorescence corresponding to
clusterin or TDP-43 was detected, indicating that the secondary antibodies used bound specifically
only to the primary antibodies used (Figure 8.3). Gains used were equivalent to those used to obtain
Figure 5.5 in Chapter 5.

White Grey

B ..

150 pm

Figure 8.3: The white and grey matter of human thoracic spinal tissue from an ALS (09/066)
patient stained as to detect clusterin and TDP-43 but with the omission of primary antibodies.

Clusterin would be shown by green staining, and TDP-43 by red (if present).
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