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SUMMARY

The cause of axon degeneration in ALS remains poorly understood. In recent years it has
become clear that the onset of symptoms in ALS occurs after a potentially lengthy pre-
symptomatic period in which key processes become dysfunctional, notably axonal
transport, regulation of calcium and communication between motor neurons and non-
neuronal cells. This thesis aims to investigate the relationship between excitotoxicity,

non-neuronal cells and degeneration of the motor neuron axon.

Substantial evidence implicates glutamate excitotoxicity in the pathogenesis of ALS.
However, the mechanism by which excitotoxicity results in axon degeneration is not well
understood. This thesis has utilised primary cell culture techniques and
immunocytochemistry to investigate the effect of targeted excitotoxin exposure to
cortical neurons. Excitotoxicity in the somatodendritic compartment resulted in
degeneration of the untreated distal axon and extensive degeneration of neuronal
structures in the treated compartment. However, targeted excitotoxicity to the distal axon
also resulted in degeneration of the axon, in the absence of degenerative changes to the
untreated somatodendritic compartment. Immunocytochemical and western blot analysis
indicated distally mediated excitotoxicity likely occurred via the AMPA receptor. In

addition, distally triggered degeneration occurred in a caspase-dependent manner.

Degeneration of the neuromuscular junction occurs early in the development of ALS,
occurring in conjunction with die-back of the motor neuron distal axon. This thesis has
examined a wide range of neuromuscular junction-associated proteins in the mSOD1
G93A mouse model of ALS. Analysis of key structural proteins at the gastrocnemius
muscle indicated very early differences in the structure of the mSOD1 G93A

neuromuscular junction relative to the wild-type controls. For some structural



components (rapsyn and nestin), the differences were most apparent at the onset of
physical symptoms (12 weeks), however for nerve terminals and Schwann cells,
significant differences were apparent as early as 8 weeks of age. Most previous research
has focused on loss of the presynapse from the post-synaptic acetylcholine receptors
(AChR) as a marker for loss of the neuromuscular junction, however this thesis indicates
that many key structural proteins are affected in the early stage of ALS prior to AChR
changes. Targeting such proteins may provide a novel therapeutic target for treatment in

ALS.

In this thesis, primary cell culture techniques have been used to develop a novel in vitro
model for motor neurons, incorporating glial cells, motor neurons and skeletal muscle
with the spatial organisation as occurs in vivo. Spinal motor neurons co-cultured with
either glial cells or skeletal muscle under standard culture conditions developed different
morphological characteristics, with the cell feeder layer affecting the development of
neurites, axonal extension and survival during early development. Incorporation of
spatially organised cells resulted in improved survival of motor neurons, whilst
promoting robust axonal extension. The formation of rudimentary neuromuscular
junctions within the distal compartment indicated maturation of the circuit. These
cultures are the first to replicate the spatial organisation of the lower motor
neuron/neuromuscular junction circuit within an in vitro model. Additionally, such
preparations are achieved without the addition of extraneous growth factors, known to
affect later maturation of the motor neuron. Targeted excitotoxicity to the
somatodendritic compartment of mature cultures resulted in significant axon degeneration
and loss of proximal structures (soma, dendrites and axons), however targeted

excitotoxicity to the distal axon did not result in distal axon degeneration.
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These results indicate a number of novel findings: Firstly, the distal axon of cortical
neurons is capable of mediating excitotoxicity in a caspase-dependent manner. Secondly,
degeneration of the neuromuscular junction in vivo is preceded by changes to the
underlying structures. Thirdly, appropriate growth of motor neurons in vitro requires both
the presence of glial and muscle cells, and relevant spatial organisation of these cells.
Targeted excitotoxicity to motor neurons yielded a different response to that from
compartmented cortical cells. In conclusion, this thesis demonstrates the importance of
often under-recognised components of the lower-motor neuron - neuromuscular junction
circuit in the pathogenesis of ALS, culminating in the development of a novel cell culture
preparation for the investigation of spinal motor neurons in vitro. In addition, this thesis
has uncovered two novel sites for potential therapeutic intervention in neurodegenerative

disease; the cortical neuron axon and structural changes at the neuromuscular junction.
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Chapter 1 — Introduction

1 LITERATURE REVIEW

1.1 AMYOTROPHIC LATERAL SCLEROSIS

The mammalian motor system is complex and highly integrated, linking the motor cortex
of the brain to skeletal muscle fibres in the periphery. Disruption to components of this
circuit can result in loss of voluntary control and onset of paralysis. The motor system
contains a number of sites which are particularly vulnerable to damage, notably the motor
neuron itself, the skeletal muscle fibre and the synapse which connects the two; the
neuromuscular junction (NMJ). Motor neuron disease (MND), initially reported in the
1840s by Duchenne and Aran, relates primarily to disturbed functioning of the motor
system. Subsequent histological and pathological studies of MND indicated selective
degeneration of the corticospinal tract motor neurons and the spinal cord (Charcot and
Joffrey, 1869; Cleveland, 1999). The term motor neuron disease now collectively refers
to progressive motor neuron degeneration involving either upper or lower motor neuron

populations or both (Turner et al., 2013).

MND is the third most frequent cause of neurodegenerative disease, behind Alzheimer’s
disease and Parkinson’s disease (Forman et al., 2004). In 1869 the French physician Jean-
Martin Charcot described a specific form of MND, termed amyotrophic lateral sclerosis
(ALS) (Charcot and Joffrey, 1869). ALS is recognised as the most common form of
adult-onset MND, affecting 1-2 individuals per 100,000 (Chio et al., 2013; Mehal et al.,
2013). ALS progresses rapidly from onset and death occurs usually 2-5 years from
diagnosis primarily from respiratory failure (Gruis and Lechtzin, 2012) or cardiac
conduction abnormalities (Scherer and Bedlack, 2012). Clinical diagnostic criteria are
derived from the El Escorial and modified Airlie House criteria (Brooks et al., 2000;
Traynor et al., 2000), which requires evidence of both upper and lower motor neuron

1



Chapter 1 — Introduction

degeneration (Figure 1.1). Patients who present with symptoms indicating only lower
motor neuron (LMN) involvement are classified as progressive muscular atrophy (PMA),
whilst patients demonstrating only upper motor neuron (UMN) involvement are
diagnosed with primary lateral sclerosis (PLS) (reveiwed in Van Damme and Robberecht,
2013). Furthermore, a diagnosis of ALS requires the absence of neuropathological
features of other diseases, including neurological disturbances to sensation, autonomic
and visual systems (Ince et al., 1998b; Turner et al., 2013). Initial clinical presentation in
ALS varies widely but typically manifests as focal asymmetric weakness in one or more
limbs (limb onset) in 80% of patients, or slurring of speech indicating bulbar onset in
20% of cases (Leigh and Ray-Chaudhuri, 1994; Jackson and Bryan, 1998; Ravits and La
Spada, 2009; Turner et al., 2013). Subsequent symptoms segregate according to the
involvement of specific populations of motor neurons. Initial involvement of LMNs
causes weakness, muscular atrophy and fasciculations, whereas predominantly UMN
involvement causes weakness, spasticity and hyperreflexia (Rothstein, 2009; Turner et
al., 2013). Dysphagia and dysarthria may present regardless of specific motor neuron
population involvement. Whilst most neurologists identify ALS as a single disease based
on the characteristic nature of progressive motor neuropathy, strong evidence points to a

potentially wider aetiopathogenic spectrum (Turner et al., 2013).

Neurons in the prefrontal and temporal cortex appear affected in ALS to varying degrees
(Ringholz et al., 2005). Frontotemporal lobar degeneration (FTLD) affects 3-4
individuals per 100,000, with the resulting language and behavioural abnormalities
termed frontotemporal dementia (FTD). FTD is the second-most common form of
dementia in adults under 65 years of age after Alzheimer’s disease (Snowden et al., 2007,
Ratnavalli, 2010) and fourth-most common cause of dementia after 65 following

Alzheimer’s disease, dementia with Lewy bodies and vascular dementia (Barker et al.,
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2002; Arvanitakis, 2010; Ratnavalli, 2010). FTLD is estimated to affect up to 15% of
ALS patients (Ringholz et al., 2005; Lillo and Hodges, 2009). A further 50% of ALS
patients have evidence of subtle deficits in cognition or behaviour (Ringholz et al., 2005).
Similarly, 40% of patients with FTLD show evidence of motor involvement (Lomen-
Hoerth et al., 2002; Burrell et al., 2011). Several histological findings are common to
both ALS and FTLD, notably mislocalisation of the DNA binding protein tar-DNA
binding protein 43 (TDP-43) (Neumann et al., 2006). Additionally, chromosome 9 open
reading frame 72 (C9ORF72) mutations are common to both ALS and FTLD (DelJesus-
Hernandez et al., 2011; Renton et al., 2011). These links between FTLD and ALS
suggest the two disorders form part of a continuum of neurological diseases (Neumann et

al., 2006; Lillo and Hodges, 2009; Robberecht and Philips, 2013).

Current therapeutic strategies for ALS are largely limited to palliative care and the
administration of a single drug, riluzole (Rilutek) (Bensimon et al., 1994). Riluzole has a
modest effect in ALS, increasing patient life-expectancy by 2-3 months, however there is
no demonstrable effect on clinical measures such as muscle strength (Miller et al., 2012).
A benzothiazole derivative, riluzole is proposed to act via a number of neuroprotective
mechanisms including modulation of glutamatergic neurotransmission to reduce
excitotoxicity via modulation of glutamate release, blockade of Ca*" and Na™ channels
and activity on the GABAergic system (Cheah et al., 2010). Cell culture investigations
indicate riluzole can prevent glutamate and N-methyl-D-aspartate (NMDA) induced
degeneration of cultured cortical and motor neurons (Malgouris et al., 1994; Estevez et
al., 1995; Koh et al., 1999). In addition, riluzole acts on non-neuronal cells, by increasing
glutamate uptake on cultured astrocytes (Dall'igna et al., 2013) and increasing glutamate
transport in cultured muscle and neuronal cells via activation of the AMP-activated

protein kinase (AMPK) pathway (Daniel et al., 2013). To date, discovery of new drugs
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for the treatment of ALS has been unsuccessful. Dexpramipexole, a similar benzothiazole
derivative, recently held some clinical promise (Cudkowicz et al., 2011; Rudnicki et al.,
2013), however phase III clinical trials were discontinued in early 2013 due to failure to

demonstrate efficacy in function or survival.

1.1.1 Causes of ALS

About 10% of ALS cases demonstrate a clear genetic link, however the cause remains
unknown for 90% of cases, termed sporadic ALS (sALS) (Turner et al., 2013). Despite
this, clinical and pathological similarities between familial and sporadic onset ALS
suggests a common pathogenesis, implicating a wide array of disease modifying
processes irrespective of specific mutant activity (Bruijn et al., 2004; Robberecht and
Philips, 2013). The ALS brain and spinal cord is characterised by extensive activation of
glial cells (reviewed in Philips and Robberecht, 2011). Altered communication between
motor neurons and glial cells has been linked with many of the pathological signs of ALS
motor neurons (Julien, 2007; Haidet-Phillips et al., 2011). Furthermore, the toxicity of
mutations, particularly those in superoxide dismutase 1 (SOD1) may be mediated via
glial cells rather than directly within motor neurons (Clement et al., 2003; Di Giorgio et
al., 2007; Nagai et al., 2007; Kang et al., 2013). The resulting non-cell autonomous
theory of ALS highlights the widespread nature of pathology; ALS is not limited to motor
neurons (Clement et al., 2003; Boillée et al., 2006a,b). Current hypotheses propose that
motor neurons represent a ‘weak link’ in many motor disorders in which rescuing the
mutant phenotype in motor neurons alone does not ablate the disease (Roselli and Caroni,

2012). Onset of disease and degeneration of motor neurons may occur following the
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cumulative effect of multiple sub-threshold insults resulting in motor neuron dysfunction,

degeneration and ultimately neuronal death (Adalbert and Coleman, 2012).

At present, the causative factors for ALS remain unknown, with age and sex the only
proven risk factors, with risk increasing with age (peak incidence between 60-70 years of
age) and increased susceptibility in males (ratio of 1.5 to 1) (McCombe and Henderson,
2010). Non-proven risk factors include smoking (Alonso et al., 2010), environmental risk
factors (Vinceti et al., 2012) including toxin exposure (Bradley et al., 2013) and some
pesticides (Kamel et al., 2012). It has even been suggested that previous exposure to
poliomyelitis or other viruses may result in ALS via retrograde axonal transport of
pathogens (Chou and Norris, 1993; Alfahad and Nath, 2013). ALS is also putatively
associated with a history of musculoskeletal trauma and concussion with particular regard
to sporting injuries (Lehman et al., 2012), heavy manual activities and electric shock
(Sirdofsky et al., 1991; Abhinav et al., 2007). Increased incidence of ALS in retired
Italian soccer players (Chio et al., 2005) and American NFL players (Lehman et al.,
2012) raises concerns over safety within these sports and toxin exposure via playing
grounds, although these associations remain unconfirmed (Vanacore et al., 2013). The
incidence of ALS is more common amongst individuals with a high level of fitness and
lower than average body mass index prior to onset of disease, suggesting a possible
premorbid phenotype (Scarmeas et al., 2002; Veldink et al., 2005). The variance in
disease onset relative to risk exposure suggests early and repeated damage to motor
neurons may predispose them to degeneration, however disease is likely to occur from a

combination of genetic and environmental factors.
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1.1.2 Genetics of ALS

Familial ALS (fALS) or ALS cases with a clear inherited link account for 10% of patients
and involves mutations to a large number of genes, including SOD1, RNA processing

proteins, and those that regulate cellular homeostasis and axonal transport (Table 1.1).

Mutations to SOD1 (mSOD1), accounting for 20% of fALS cases, were discovered over
20 years ago following identification of a disease-relevant locus on chromosome 9
(Siddique et al., 1991). SOD1 mutations have since been well characterised, with over
100 mutations spread throughout the encoding sequence of the gene (Rosen et al., 1993;
Robberecht and Philips, 2013). SOD1 is a 32kDa cytosolic homodimeric metalloenzyme
that binds Cu”*" within the active site for dismutase activity and a regulatory Zn>"
(Fridovich, 1978; Banci et al., 2008). SOD1 undergoes a number of post-translational
modifications required for dimerisation of the subunits, formation of disulphide bonds

and acquisition of the catalytic metal ions (Arnesano et al., 2004; Banci et al., 2008).

SOD1 mutations present with varying onset and disease progression, however with few
exceptions, mutations are inherited in an autosomal dominant manner (Clement et al.,
2003). Within North American populations the alanine to valine substitution at position 4
(A4V) is the most common mutation, occurring in approximately 50% of cases and is
typified by aggressive onset and progression (Boillée et al., 2006b), with minimal
involvement of the corticospinal tract (Cudkowicz et al., 1998). Toxicity of mutant SOD1
in fALS was initially attributed to loss of dismutase activity (Rosen et al., 1993), however
ablation of SOD1 or overexpressed wild-type SOD1 in mutant mice did not alter disease
(Bruijn et al., 1998). Toxicity of mSODI is generally attributed to a novel gain of
function (Tsuda et al., 1994), however recent investigations into mSOD1”" mice indicates

some pathology may still be attributed to loss of dismutase activity (Flood et al., 1999;
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Fischer et al., 2011). mSOD1 misfolds, undergoes ubiquitination, oligomerises and forms
insoluble aggregates (Basso et al., 2006), placing stress on both the proteasomal and
autophagy protein degradation pathways (Bendotti et al., 2012; Chen et al., 2012b). Both
human ALS tissue and animal models contain increased phagosomes, indicative of
perturbed protein degradation (Morimoto et al., 2007; Sasaki, 2011). This process
induces unfolded protein stress on the cell, resulting in eventual microglial activation
(Saxena et al., 2009; Saxena and Caroni, 2011). The mechanisms by which misfolded

mSOD1 escapes degradation are not known.

Other known toxic effects of mSOD1 include accumulation of neurofilaments (Rouleau
et al., 1996) and damage to mitochondria (Liu et al., 2004; Vijayvergiya et al., 2005;
Deng et al., 2006). The role of biochemically altered SOD1 in SALS remains highly
speculative (Rothstein, 2009), however oxidised wild-type SOD1 is also able to misfold
and aggregate, with demonstrable toxic effects on motor neurons (Rakhit et al., 2002;
Ezzi et al., 2007; Bosco et al., 2010). Clinical similarities between sporadic and inherited
forms of ALS suggest that elucidating the mechanisms underlying fALS may provide

insight into both forms of the disease (Bruijn et al., 2004; Robberecht and Philips, 2013).

In 1994, a mSOD1 mouse line was developed via the overexpression of a single-amino
acid substitution of glycine to alanine at position 93 in human SODI1 (Gurney et al.,
1994) and has since become one of the most widely used models of ALS. The G93A
model recapitulates many aspects of human ALS, including axonal and mitochondrial
dysfunction, progressive neuromuscular dysfunction, gliosis and loss of motor neurons
(Gurney et al., 1994; Ripps et al., 1995; Bruijn et al., 1997; Dal Canto and Gurney, 1997,
Nagai et al., 2001). A number of other mSOD1 rodent models have also been developed,
notably the G85R strain that is characterised by a slower disease trajectory (Bruijn et al.,

1997). The development of ALS-like symptoms in these models is dependent on the

7
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specific mutation, the transgene expression level, gender, and genetic background
(Heiman-Patterson et al., 2005). Both G93A and G85R mutations are associated with the
toxic gain-of function attributed to mSODI1 toxicity, however the two mutations differ in
dismutase activity which is present in the G85R and lacking in G93A (Borchelt et al.,
1994; Bruijn and Cleveland, 1996). It has been suggested that the G85R mutation results
in a much greater propensity for the protein to aggregate thus resulting in toxicity (Bruijn
etal., 1997; Wang et al., 2009). The average life-expectancy of mSOD1 mouse models is
greatly affected by the genetic background, with a mixed background generally
conferring a longer lifespan (Heiman-Patterson et al., 2005; Heiman-Patterson et al.,
2011). mSOD1 G93A mice develop an obvious disease phenotype at 111 days, termed
‘onset’ (Dobrowolny et al., 2005), characterised by hind-limb tremors (Wooley et al.,

2005).

Cellular abnormalities are present even during embryonic development, notably abnormal
neuronal architecture (Amendola et al., 2004) and neuronal hyperexcitability (van
Zundert et al., 2008). mSOD1 positive aggregates are present in the ventral horn from
P30 (Gould et al., 2006). A number of pathologies are present just before symptom onset,
including abnormal muscle fibre distribution (Baloh et al., 2007), abnormal action
potentials (Geracitano et al., 2003) increased expression of UPS (ubiquitin-proteasome
system) target genes (Kieran et al., 2007), presence of neurofilament positive spheroids in
the anterior and lateral horns of the spinal cord (Tu et al., 1996), gliosis (Kieran et al.,
2007) and loss of motor neurons (Lambrechts et al., 2003). Muscle atrophy is apparent as

the disease progresses (Dobrowolny et al., 2005).

A number of other genes have become implicated in ALS, with the notable discovery of
mutations to RNA/DNA binding proteins within the last 5 years. Mutations to TDP-43

were described in 2008 and account for 5% of fALS cases (Kabashi et al., 2008;

8
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Sreedharan et al., 2008; Da Cruz and Cleveland, 2011). This was perhaps not surprising
following the discovery that aggregated wild-type TDP-43 forms a key component of the
large ubiquitinated protein aggregations that are also characteristic of sALS cases
(Neumann et al., 2006). TDP-43 pathology is not exclusive to ALS and forms a key
component of pathology in FTLD. Toxicity of TDP-43 occurs via two proposed
mechanisms; loss of nuclear activity and presence in the cytoplasm, with mutant TDP-43
demonstrating a higher tendency for cytoplasmic mislocalisation and aggregation
(Johnson et al., 2009; Barmada et al., 2010). TDP-43 is involved in the regulation of over
half of human and mouse brain transcripts (Polymenidou et al., 2011; Tollervey et al.,
2011; Lanson and Pandey, 2012), in particular, neuronal development proteins (Fujii et
al., 2005; Polymenidou et al., 2011; Tollervey et al., 2011). TDP-43 also auto-regulates
its own expression (Ayala et al., 2011; Avendano-Vazquez et al., 2012). A number of
genes are potentially affected by mutant TDP-43 misregulation in ALS including ATXN-2
(Elden et al., 2010), survival motor neuron (SMN) and apolipoprotein A-II (Bose et al.,
2008), neurofilament light chain (NFL) (Strong et al., 2007) and histone deacetylase 6
(HDAC-6) (Kim et al., 2010). NFL and HDAC-6 are both reduced in the motor neurons
of ALS patients (Kabashi et al., 2008). In addition, proteins involved in synaptic activity
are affected by loss of nuclear TDP-43, including an NMDA receptor, an ionotropic
glutamate receptor and neurexins 1 and 3 (Da Cruz and Cleveland, 2011; Polymenidou et
al., 2011; Lanson and Pandey, 2012). Recently, TDP-43 levels have also been correlated

with regulation of fat deposition and glucose homeostasis in mice (Stallings et al., 2013).

Mutations in the gene encoding fused-in-sarcoma and translocated in sarcoma
(FUS/TLS), another RNA binding protein, were discovered the year after TDP-43
(Kwiatkowski et al., 2009; Vance et al., 2009). FUS/TLS mutations are proposed to

account for 4% of fALS (Da Cruz and Cleveland, 2011; Lanson and Pandey, 2012). FUS-
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linked fALS appears clinically similar to TDP-43 fALS, with the notable absence of
TDP-43 positive inclusions, rather, the characteristic cytoplasmic aggregates are
immunoreactive for FUS (Sun et al., 2011; Lagier-Tourenne et al., 2012). FUS mutations
are relatively specific for ALS, with the exception of ALS-linked FTLD (Lagier-
Tourenne et al., 2010). FUS is not associated with other neurodegenerative disorders,
including ‘pure’ FTLD. FUS is a member of the ‘spliceome’, forming a component of
mRNA splicing machinery (Andersen and Al-Chalabi, 2011; Ishigaki et al., 2012),
consequently, FUS/TLS is implicated in alternative splicing of a large number of mRNA
transcripts (Rogelj et al., 2012; Orozco and Edbauer, 2013). Many of the binding partners
to FUS have not yet been identified, however FUS/TLS has been proposed to play an
indirect role in regulation of initiation of transcription (Sephton et al., 2011). TLS may be
involved in regulation of the actin stabilising protein NdI-L required for stabilisation of
dendritic spines (Fujii and Takumi, 2005). A number of FUS targets overlap with TDP-43
binding, including HDAC-6 and microtubule-associated protein tau (MAPT) (Kim et al.,

2010; Orozco et al., 2012).

Most recently, a large hexanucleotide repeat in the non-coding region of the CO9ORF72
promoter was discovered (DeJesus-Hernandez et al., 2011; Renton et al., 2011). Mutated
C90ORF72 accounts for approximately 40% of fALS patients, and is also associated with
around 40% of inherited FTLD cases (DeJesus-Hernandez et al., 2011; Renton et al.,
2011). C9ORF72 mutations are not exclusive to ALS and FTLD, with mutations also
present in Alzheimer’s disease (Majounie et al., 2010), however COORF72 mutations are
not associated with movement disorders such as Parkinson’s disecase (Majounic et al.,
2012a; Harms et al., 2013). CO9ORF72 cases have a characteristic phenotype with
common bulbar onset, frequent frontotemporal involvement and may form a subset of

ALS patients (Byrne et al., 2012; Chio et al., 2012). Some C9ORF72 patients may
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develop psychosis (Snowden et al., 2012). The hexanucleotide (GGGGCC) repeat acts in
a dose-dependent manner, with <20 repeats considered normal and >30 repeats correlated
with disease, with many patients having 100-1000 repeats (Delesus-Hernandez et al.,
2011; Renton et al., 2011). Susceptibility to the pathogenic expansion is age-dependent,
with under 35 year olds considered non-penetrant and those over 80 years of age
considered fully penetrant (Majounie et al., 2012b). One of the mechanisms of COORF72
toxicity has been proposed to occur via the production and aggregation of short di-peptide
repeat proteins (DPR) (Ash et al., 2013; Mori et al., 2013). DPR proteins are produced
via alternative repeat-associated non-ATG-initiated (RAN) translation and may interfere
with protein expression or gene translation (Zu et al., 2011). The discovery of COORF72
in combination with TDP-43 and FUS strongly supports a potential role for altered RNA
translation in the pathogenesis of ALS. This is supported by the finding of TFP-43 and
FUS in rare sALS cases (Kabashi et al., 2008; Mackenzie et al., 2010; Lanson and
Pandey, 2012), and that COORF72 may account for up to 10% of sALS (Debray et al.,

2013).

Additional mutations are involved in familial ALS across a diverse range of genes and
cellular processes. Mutated alsin (Yang et al., 2001) and senataxin (Chen et al., 2004b)
result in defective DNA processing and repair. Mutations to optineurin (Maruyama et al.,
2010) and valosin-containing protein (Johnson et al., 2010) result in formation of
intracellular aggregates that colocalise with TDP-43. Defects in the proteasome system
occur with mutations to ubiquilin 2 resulting in impaired proteins degradation (Deng et
al., 2011). Mutations within hypoxia-inducible genes including vascular endothelial
growth factor (Oosthuyse et al., 2001) and the related angiogenin (Greenway et al., 2004;
Greenway et al., 2006) result in hypoxic-related cell stress. Mutations to the cytoskeletal

proteins include neurofilaments (Al-Chalabi et al., 1999), peripherin (Gros-Louis et al.,
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2004) and profilin-1, essential for conversion of monomeric actin to filamentous actin
(Wu et al., 2012a), result in cytoskeletal abnormalities and associated deficits in cellular
transport. Additionally, deficits in axonal transport are caused by mutations to vesicle-
associated membrane protein (VAPB) (Nishimura et al., 2004). Mutations to ataxin-2
demonstrate a dose-dependent toxicity, with 22-23 poly-Q repeats present in normal
individuals, 23-24 repeats present in a number of ALS patients, and >34 repeats
associated with spinocerebellar ataxia (Elden et al., 2010). The longer ataxin poly-Q
repeat results in formation of stress granules and TDP-43 positive aggregations (Hart and
Gitler, 2012). Mutations to the tyrosine kinase ephrin receptor (Eph4) modify disease
progression, with missing Eph4 slowing disease in animal models and human patients
(Van Hoecke et al., 2012). A similar disease modifying locus 1p34.1 has been recently

described to modulate age of onset (Ahmeti et al., 2013).

1.2 PATHOGENESIS OF ALS

ALS is characterised by widespread loss of motor neurons throughout the corticospinal
system (Sasaki and Iwata, 1999; Zhang et al., 2011), including the primary motor cortex,
brainstem cranial nerves and the anterior spinal cord (Kiernan and Hudson, 1991; Nihei
et al., 1993; Milonas, 1998; Tsuchiya et al., 2002). The cause of this degeneration is
poorly understood. The complex biology of ALS indicates many concurrent disease
processes, including axon degeneration, slowed axon transport, neuronal death, glial
activation and glutamate excitotoxicity (reviewed in Robberecht and Philips, 2013)
(Figure 1.2). However, it is difficult to ascertain which of these processes are pathogenic
and which are homeostatic adaptive responses (Quinlan, 2011). Additionally, pathology

is not restricted to motor neurons, with inhibitory interneurons lost throughout the
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corticospinal system (Nihei et al., 1993; Petri et al., 2003; Mackawa et al., 2004). These
same affected regions are characterised by extensive glial activation in humans (Kushner
et al., 1991; Kawamata et al., 1992; Nagy et al., 1994; Schiffer et al., 1996; Turner et al.,

2004; Philips and Robberecht, 2011).

The key pathological finding in ALS is the presence of inclusion bodies within motor
neurons (Hirano et al., 1967). These inclusions develop prior to neuronal loss and include
the ALS-specific Bunina bodies, comprising predominantly tubular and vesicle structures
(Wood et al., 2003; Okamoto et al., 2008), perikaryal accumulations of phosphorylated
neurofilaments and ubiquitinated proteins (Cluskey and Ramsden, 2001) as well as
widespread ubiquitinated proteinaceous inclusions (Leigh et al., 1991; Ince et al., 1998a).
The main protein constituent of the latter inclusion type was discovered to be TDP-43 in
most SALS and non-SOD1 or FUS fALS (Neumann et al., 2006; Tan et al., 2007; Liscic
et al., 2008). Somal phosphorylated eosinophilic inclusions comprising organelles,
aggregated misfolded proteins, ubiquitin, neurofilaments, proteasome components and
other sequestered proteins are also common in motor neurons throughout the spinal cord

and primary motor cortex (Murayama et al., 1989; Wood et al., 2003).

Recent investigations indicate that contrary to what was previously thought,
proteinaceous inclusions are not restricted to motor neurons, with cytoplasmic ubiquitin-
positive inclusions present in the hippocampus, cerebellum and neocortex of some ALS
patients, particularly those with C9ORF72 repeat expansions (Ikemoto et al., 2000;
Mahoney et al., 2012). Similar pathology is also present in interneurons (Martin and
Chang, 2012) and glial cells (Stieber et al., 2000; Haidet-Phillips et al., 2011). The
formation of astrocytic hyaline inclusions (Kato et al., 1999; Miller et al., 2004;
Yamanaka et al., 2008b) may precede motor neuron pathology in mouse models

(Barbeito et al., 2004). The toxicity of these inclusions is not well understood, however
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their presence highlights an important role for glial cells in the pathogenesis of ALS

(Barbeito et al., 2004; Estes et al., 2013).

Non-neuronal cells are being increasingly appreciated in the pathogenesis of ALS. Glial
cells have been shown to mediate the effects of mSODI1 in chimeric animal models
(Clement et al., 2003) as well as in cell culture models utilising human embryonic stem
cell derived motor neurons (Hedlund and Isacson, 2008). The now commonly used ‘non-
cell autonomous’ theory of ALS pathogenesis, or the notion that motor neurons are not
affected alone, came to the forefront of research through experiments performed with
chimeric animals and culture systems demonstrating the critical role of astrocytes in the
disease (Boillée et al., 2006a). Survival of cultured motor neurons is drastically reduced
when co-cultured with mSODI1 expressing astrocytes, or following exposure of motor
neurons to conditioned medium from mSODI1 expressing astrocytes (Nagai et al., 2007;
Hedlund and Isacson, 2008). Several studies indicate that mSOD1 expression must occur
in both motor neurons and glial cells to induce toxicity (Gong et al., 2000; Pramatarova et
al., 2001; Boillée et al., 2006b). Conversely, mSOD1 expressing motor neurons remain
protected when surrounded by glial cells expressing wild-type SOD1 (Clement et al.,

2003).

Activated astrocytes and microglia are widespread throughout the primary motor cortex,
lateral descending and corticospinal tracts and the spinal cord in human ALS and mouse
models (Barbeito et al., 2004; Miquel et al., 2012). Gliosis is a complex response,
resulting in the release of a diverse range of factors including growth factors, cytokines,
cell surface and matrix proteins, nitric oxide, excitotoxins, proteases and proinflammatory
molecules (Hanisch, 2002; Kuhle et al., 2009). Astrocytes and microglia are implicated in
disease progression (Boillée et al., 2006b; Henkel et al., 2009; Appel et al., 2011) and

dysfunction of motor neurons prior to neuronal death (Barbeito et al., 2004; Van Den
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Bosch and Robberecht, 2008). Furthermore, mSOD1 expression in astrocytes exacerbates
loss of the motor neurons (Di Giorgio et al., 2007). Astrocyte mediated damage may
occur via altered glucose metabolism between astrocytes and motor neurons (Cassina et
al., 2008; Ferraiuolo et al., 2011). Abnormal proliferation of astrocytes occurs in ALS
and has been likened to that of cancerous cells (Miquel et al., 2012), however ablation of
astrocyte proliferation does not alter disease outcome in ALS mouse models (Lepore et

al., 2008).

In mSOD1 models, early disease is characterised by increased levels of proinflammatory
mediators indicating chronic inflammation (Almer et al., 2001; Ilzecka et al., 2001;
Yasojima et al., 2001; Almer et al., 2002; Kuhle et al., 2009), similar findings are present
in human CSF (Simpson et al., 2004; Goldknopf et al., 2006). Extensive gliosis is also
present within the spinal cord (Hall et al., 1998; Levine et al., 1999; Alexianu et al.,
2001; Gowing et al., 2008) and sciatic nerve of ALS mice (Chiu et al., 2009). However
whilst anti-inflammatory drugs such as minocycline have proven effective in mSODI1
mouse models (Kriz et al., 2002; Van Den Bosch et al., 2002; Zhu et al., 2002), none
have translated into human therapy (Fondell et al., 2012). A critical outcome of a pro-
inflammatory state is down-regulation of glial cell trophin expression (Hanisch and
Kettenmann, 2007). The cause of this inflammatory state is attributed to increasing
numbers of activated (M1) microglia (Chiu et al., 2013), with M1 microglial numbers
correlating with disease severity (Turner et al., 2004; Moisse and Strong, 2006). Studies
into the role of M1 microglia in ALS indicates that they may play a role in determining
progression of disease potentially via further propagation of the inflammatory response

(Hanisch, 2002; Zhao et al., 2006; Ransohoff and Perry, 2009).

The role of oligodendrocytes in ALS is being increasingly recognised. Oligodendrocytes

are proposed to play two key roles in ALS, notably myelination and energy transfer with
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axons needed for axonal health (Lee et al., 2012). The latter process of lactate shunting is
critical for axonal function (Funfschilling et al., 2012). Perturbations to the
oligodendrocyte-axon lactate shunt via downregulation of the monocarboxylate
transporter 1 (MCT1) in mice results in axon degeneration and neuronal loss (Lee et al.,
2012). Furthermore, MCT1 is reduced in the motor cortex of ALS patients (Lee et al.,
2012). Interestingly a similar lactate-dependent mechanism may be mediated via
astrocytes (Cassina et al., 2008; Ferraiuolo et al., 2011). Oligodendrocytes are
progressively lost in ALS (Kang et al., 2013), however their role in ALS remain
uncertain, in particular, their role in determining disease onset (Yamanaka et al., 2008a;
Kang et al., 2013). Of particular interest to this thesis, is that oligodendrocytes are
vulnerable to glutamate excitotoxicity, a known pathogenic process in ALS (refer to
section 1.3). So-termed white-matter excitotoxicity, oligodendrocyte vulnerability to
glutamate is likely to perturb protective interactions between oligodendrocytes and axons
(both cortical and motor). Furthermore, evidence indicates that glutamate receptor
subunits are present along myelinated axons (internodal regions). Whilst the function of
these receptors is unknown, their presence could mean that excitotoxicity may be
mediated directly via the axon (Matute et al., 2007, Matute and Ransom, 2012). These
findings raise interesting questions about how excitotoxicity affects the neurons within
the cortex and spinal cord, with relevance to ALS, FTLD and other neurodegenerative

diseases.

1.2.1 Upper motor neurons

Much of the information regarding cortical pathology in ALS has been gathered from

human tissue at autopsy, and in particular loss of the Betz cells and pyramidal neurons in
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the motor cortex is one of the defining features of the disease (Nihei et al., 1993).
Additional evidence for UMN involvement in ALS comes from cognitive impairment in
some patients, strengthening the links between ALS and FTLD. Cortical neurons in
FLTD contain ALS-like ubiquitinated intracellular aggregates (Ikemoto et al., 2000;
Mabhoney et al., 2012). Gliosis is also prevalent throughout the cortex in ALS and FTLD
(Mahoney et al., 2012). Additional investigations indicate that the integrity of the blood-
brain barrier is compromised in ALS raising questions over vascular integrity in ALS

(Winkler et al., 2013).

It was initially thought that mSOD1 mouse models, whilst recapitulating distal motor
neuron degeneration, had limited or no cortical involvement (Wong et al., 2002; Ralph et
al., 2005; Niessen et al., 2006). However recent advances in experimental technology
have enabled cortical investigation in mSODI1 mice, with results indicating the cortical
involvement is present (Ozdinler et al., 2011). UMNSs (corticospinal and corticobulbar
motor neurons) are lost at post-natal day 30 (P30) in mSOD1 G93A mice (Ozdinler et al.,
2011), with notable dendritic pathology at P60 (Yasvoina et al., 2013). In addition,
cortical involvement in mSOD1 G93A mice is not restricted to the motor cortex, with
neuronal loss throughout the neocortex. This was accompanied by gliosis within these

brain regions (Ozdinler et al., 2011).

1.2.2 Lower motor neurons

Large swellings are frequent in the proximal portion of the ALS motor neuron axon
(Delisle and Carpenter, 1984). These swellings contain aggregated neurofilaments,
ubiquitinated proteins and mitochondria (Bergeron et al., 1994). The ALS LMN axon is

characterised by a slowing of bidirectional axonal transport (Rothstein et al., 1992;
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Fischer-Hayes et al., 2013; Millecamps and Julien, 2013), particularly with regard to
mitochondria transport (Sheng and Cai, 2012). Consequently, motor neurons have slowed
mitochondrial turnover (Fischer-Hayes et al., 2013; Millecamps and Julien, 2013) with
increasing prevalence of abnormal mitochondria at the distal axon terminals, and within
distal axonal varicosities as a result of slowed anterograde transport (Dadon-Nachum et
al., 2011; Garcia et al., 2013). Selective damage to dynein, a retrograde transport
molecule results in a severe motor phenotype in mice, attributed to dysfunctional

transport of target-derived factors to the soma (LaMonte et al., 2002).

Slowed axon transport in mSOD1 G93A mice is dependent on activation of axonal p38
mitogen-activated protein kinases (MAPKSs) and phosphorylation of the bidirectional
motor protein kinesin, reducing mobility (Morfini et al., 2013). The combination of these
processes results in axonal-specific pathology and has been proposed as a potential

mechanism for gain-of-function in SOD1 mutants (Morfini et al., 2013).

Accumulated autophagosomes in spinal motor neurons are a common feature of sALS (Li
et al., 2008; Sasaki, 2011), and are associated with sequestered cytoplasmic organelles
including mitochondria (Sasaki, 2011). Autophagosome accumulation is linked to
reduced activity of the retrograde motor protein dynein/dynactin (Ikenaka et al., 2013). In
situ hybridisation analysis indicates dynein/dynactin levels are reduced in the spinal
motor neurons of ALS patients (Jiang et al., 2007). Normal functioning of molecular
motor proteins is dependent on binding to microtubules (Reed et al., 2006; Dompierre et
al., 2007), however reduced microtubule acetylation perturbs binding (Dompierre et al.,
2007; d'Ydewalle et al., 2011). Inactivation of HDAC-6, a key o-tubulin deacetylase and
putative splice target of FUS/TLS and TDP-43, is neuroprotective in neurodegenerative
disease models, including Huntington’s disease, Parkinson’s disease (Outeiro et al., 2007;

Pallos et al., 2008) and recently in mSOD1 G93A mice (Taes et al., 2013). Additionally,
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HDAC-6 regulates transport of mitochondria in hippocampal neurons (Chen et al.,

2010a), highlighting the importance of maintaining axonal transport systems.

Mouse models have been used extensively to demonstrate that ALS is primarily a distal
axonopathy, whereby extensive distal axon degeneration occurs prior to symptom onset,
preceding loss of motor neurons (Frey et al., 2000; Fischer et al., 2004; Dadon-Nachum
etal., 2011). A similar finding was discovered following analysis of an ALS patient who
died unexpectedly, demonstrating severe distal degeneration without measurable changes
in the number of spinal motor neurons (Fischer et al., 2004). Moreover, in both mSOD1
G93A and G85R models, a significant decrease in the number of spinal motor neurons is
only present after symptom onset, by which time approximately two thirds of ventral root
motor axons had degenerated (Fischer et al., 2004; Schaefer et al., 2005; Gould et al.,
2006; Pun et al., 2006). Analysis of MNs indicates deficits in axon transport well prior to
degeneration in mSOD1 mice (Warita et al., 1999; Williamson and Cleveland, 1999) and
in human ALS (Bradley et al., 1983; Sasaki and Iwata, 1996). These similarities, along
with the cortical findings mentioned above, strengthen the notion that mSOD1 mice are
valid models of human ALS and early degenerative changes in the mSOD1 mouse may

similarly reflect early changes in many human cases.

1.2.2.1 Axon degeneration

Axon degeneration is proposed to be a fundamental process in the development of
clinical symptoms in ALS. Axon degeneration in ALS is suggested to occur via a ‘dying
back’ pathology, where degeneration begins with the distal axon and progresses
proximally (Fischer et al., 2004; Fischer and Glass, 2007; Adalbert and Coleman, 2012)

(Figure 1.3). This is supported by the finding of extensive loss of motor neuron axons in
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ALS patients and mouse models without the corresponding loss of cell bodies (Fischer et
al., 2004; Gould et al.,, 2006; King et al., 2012). The mechanism by which this
degeneration occurs is not well understood, with hypotheses extending from degeneration
and dysfunction within the motor neuron (Rothstein, 2009; Barrett et al., 2011) to a
potential pathological effect exerted by the skeletal muscle (Dobrowolny et al., 2008;
Wong and Martin, 2010; Da Cruz et al., 2012). In addition, it is not clear how glutamate
excitotoxicity, a known pathological process in ALS, results in degeneration of the motor

neuron distal axon.

Wallerian degeneration, a form of axon degeneration that occurs following injury, shares
many of the features of axon degeneration in ALS (Beirowski et al., 2010). During
Wallerian degeneration, the distal portion of the axon below the injury forms ‘beads’
which is then followed by fragmentation (Adalbert and Coleman, 2012). Much of the
information regarding Wallerian degeneration has come from investigating a spontaneous
mouse mutant with dramatically slowed Wallerian degeneration (Lunn et al., 1989;
Coleman and Freeman, 2010). Damaged axons of this WId® mouse survive for longer than
wild-type axons (Mack et al., 2001; Coleman and Freeman, 2010). Transected axons are
capable of conducting action potentials for up to 3 weeks following injury (Gillingwater
and Ribchester, 2001) and neuromuscular transmission persists at some NMJs for up to
14 days in WId® mice in contrast to 12-24 hours in axotomised wild-type NMJs
(Ribchester et al., 1995). Similarly, neuropathy induced by topical neurotoxin application

shows delayed degeneration in WId® mice (Wang et al., 2001).

When crossed with the mSOD1 G93A mouse, WId® only resulted in a very modest
increase in survival, with no discernible change in the number of motor neurons (Fischer
et al., 2005). A number of factors may underlie this lack of protection. WId® protection

requires normal mitochondrial function (Avery et al., 2012; Fang et al., 2012) which is
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known to be perturbed in ALS (Garcia et al., 2013). Additionally, as mentioned above,
ALS is increasingly considered to occur from motor neuron die-back which may begin at
the NMJ (Frey et al., 2000; Fischer et al., 2004). There is no evidence at present that Wld®
actively protects the NMJ, instead NMJ preservation is likely to occur secondary to

prolonged survival of the distal axon segment.

The prolonged survival of WId® axons is attributed to the formation of a novel fusion
protein between the NAD" synthesising enzyme Nmnatl with the ubiquitination factor
Ubedb (Mack et al., 2001; Schoenmann et al., 2010). The mechanism by which the
fusion protein promotes axonal survival is currently not known, with some evidence
suggesting a role in mitochondrial function, however the fusion protein may alternatively
act via a cytoplasmic or golgi locus (Coleman and Freeman, 2010; Avery et al., 2012;
Wang and Barres, 2012). A similar effect is achieved with knock-out of dSarm/Sarm1 in
Drosophila, preventing distal axon degeneration following axotomy (Osterloh et al.,
2012). These results support the hypothesis that axon degeneration may be mediated by
local energy demand rather than the soma (Zhu and Sheng, 2011). Indeed, before the
mechanisms underlying the delayed degeneration characteristic of the WId® mouse were
discovered, injury-induced axon degeneration was proposed not to occur via lack of
nutrients, instead injured axons were proposed to self-destruct through an active and
regulated process (Buckmaster et al., 1995; Raff et al., 2002) as distinct from apoptosis
(Deckwerth and Johnson, 1994; Burne et al., 1996; Finn et al., 2000). The initial
selectivity for degeneration of fast-fatiguable motor neurons in ALS supports a theory of

local energy demand versus function (Saxena et al., 2009).
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1.2.3 The neuromuscular junction

The NMJ is a highly specialised synapse between the skeletal muscle fibre and spinal
motor axon terminal. Degeneration of the neuromuscular junction (NMJ) is considered a
hallmark feature of ALS pathology, resulting in muscle weakness and progressive
paralysis (reviewed in Rocha et al., 2013). The process of NMJ degeneration in ALS is
similar to that which occurs in developmental remodelling and also following axotomy
(Gillingwater and Ribchester, 2003). Interestingly, loss of the NMJ occurs before
symptom onset in mouse models (Frey et al., 2000; Fischer et al., 2004; Pun et al., 2006).
Loss of synaptic connectivity is preceded by weakened synaptic transmission
(Gillingwater et al., 2002; Rocha et al., 2013) and progressive displacement of synaptic
vesicles (Gillingwater et al., 2003). It is interesting to note that neurodegenerative
mechanisms appear to be compartmented in neurons and that the synapse represents a
distinctive neuronal compartment (Mattson et al., 1998; Gillingwater and Ribchester,
2001; Raff et al., 2002). Loss of the NMJ in ALS is often considered to occur in
conjunction with distal die-back of the motor neuron (Da Cruz et al., 2012; Johri and

Beal, 2012; Krakora et al., 2012).

Loss of NMJs in ALS is not uniform across fibre types: Fast-twitch muscle fibres which
are innervated by fast-firing phasic motor neurons are preferentially vulnerable in G93A
disease in human and mouse models (Frey et al., 2000; Atkin et al., 2005; Pun et al.,
2006). Small-caliber type I axons persist later into disease in both human patients and
mSOD1 rodent models (Kawamura et al., 1981; Bruijn et al., 1997). This preferential
vulnerability of type II fast motor neurons is exacerbated by transient ischaemic injury in
mSOD1 G93A mice (David et al., 2007). Sprouting of the disease resistant motor
neurons and subsequent reinnervation of fibres maintains muscle function through the

carly stages of disease (Hegedus et al., 2008; Gordon et al., 2010; Johnson and Mitchell,
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2013). This is accompanied by the presence of unusually large motor units in ALS,
comprising predominantly type I motor neurons, suggesting compensatory plasticity
(McComas et al., 1971; Schaefer et al., 2005). In healthy systems, this reinnervation will
trigger a switch in muscle fibre type following reinnervation by a different motor terminal
(Pette, 2001), however this does not occur in symptomatic ALS, with the muscle fibre
retaining the original fibre characteristics (Baloh et al., 2007). It remains unclear whether
the lack of fibre-type switching occurs due to dysfunction within the muscle fibre or

originates from the motor terminal.

The mature NMJ is a tripartite synapse, with a terminal (or junctional) Schwann cell
enveloping the synapse, much in the same way as an astrocyte does around a CNS
synapse (Feng and Ko, 2008). An additional population of peri-synaptic cells at the NMJ,
the extralaminar capping cells, has been proposed (Court et al., 2008), however both the
identity of the cells and their role in ALS remains poorly understood. Much of the
information regarding the key signals at the NMJ has been gathered from developmental
studies, utilising genetically modified models (Wu et al., 2010). Consequently, the role of
many of the proteins involved in the NMJ development, maintenance and repair are not

known in ALS.

Development of the NMJ requires precise and coordinated signalling between the motor
neuron terminal and skeletal muscle fibre (Ferraro et al., 2011) (Figure 1.4). Skeletal
muscle fibres prepare for innervation by expression and prepatterning of AChRs along
the myofibre surface at low density (1,000um™) (Hartzell and Fambrough, 1973; Cohen
and Fischbach, 1977). In contrast, the density of AChRs at the mature synapse is >10,000
um’ directly adjacent to the motor terminal, and less than <10 pum™ on the extrasynaptic
membrane (Hartzell and Fambrough, 1973; Cohen and Fischbach, 1977; Salpeter and

Loring, 1985; Salpeter et al., 1988). The location of prepatterned AChR clusters does not
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influence the site of NMJ formation (Anderson and Cohen, 1977; Frank and Fischbach,

1979; Ferraro et al., 2011).

Release of nerve-derived factors rapidly localises AChRs to the motor axon terminal
(Godfrey et al., 1988). Agrin, a 400kDa proteoglycan (Tsen et al., 1995; Denzer et al.,
1997) induces aggregation of AChRs (Nitkin et al., 1987; Magill-Solc and McMahan,
1988; McMahan, 1990) via interactions with MuSK (muscle-specific kinase), rapsyn and
Dok7 (Apel et al., 1997; Bruneau et al., 2005; Kim and Burden, 2008; Inoue et al., 2009).
MuSK was initially proposed as the post-synaptic target of agrin (DeChiara et al., 1996),
however the two molecules do not directly interact, implicating involvement of an
intermediate protein/complex (MASC) (Glass et al., 1996). MASC was recently
identified as LRP4, a member of the low-density lipoprotein lipase receptor family (Wu
et al., 2012b). MuSK-mediated aggregation of AChRs can occur in the absence of agrin,
such as during pre-patterning of AChRs via MuSK autophosphorylation, however
localisation of AChRs along the myofibre surface is widespread and uneven (DeChiara et
al., 1996; Mittaud et al., 2004; Wu et al., 2010). In the presence of agrin, MuSK-

mediated AChR aggregation is firmly localised to the motor terminal.

Expression of AChRs is maintained by synaptic nuclei via nerve-derived neuregulin
(NRG1) interacting with ErbB proteins (Altiok et al., 1995; Chu et al., 1995; Jo et al.,
1995; Moscoso et al., 1995; Zhu et al., 1995). Additionally, loss of NRG-1/ErbB
signalling results in destabilisation of AChR via dephosphorylation of a-dystrobrevin-1
(Schmidt et al., 2011). NRG-1 bound ErbBs activate ERK (Bevan and Steinbach, 1977,
Altiok et al., 1997), and JNK (Si et al., 1996; Si et al., 1999) to activate GABP-a
(LaMarco et al., 1991; Thompson et al., 1991). Activated GABP-o. dimerises with
GABP-B within synaptic nuclei to promote AChR transcription (LaMarco et al., 1991;

Thompson et al., 1991). Additional targets of GABP-a/p transcription include utrophin

24



Chapter 1 — Introduction

and acetylcholinesterase (AChE) (Fromm and Burden, 1998; Sapru et al., 1998;

Schaeffer et al., 1998).

Simultaneously, non-synaptic nuclear expression of AChRs is downregulated in a
voltage-dependent manner (Borodinsky and  Spitzer, 2006) via Cdk-5
activation/inhibition (Fu et al., 2005; Lin et al., 2005). Release of ACh at the developing
junction depolarises the muscle fibre, raising intracellular Ca”", activating CamKII,
protein kinase C and calmodulin (Li et al., 1992; Tang et al., 2001; Fu et al., 2005),
subsequently deactivating myogenin transcription of AChRs (Sanes and Lichtman, 2001)
via phosphorylation of myogenin (Mendelzon et al., 1994; Macpherson et al., 2002).
Myogenin is upregulated following denervation via HDAC-4 to reduce DACH2
inhibition of myogenin to increase AChR expression (Eftimie et al., 1991; Mejat et al.,

2005; Tang and Goldman, 2006; Cohen et al., 2007; Tang et al., 2009).

Maturation of the NMJ occurs during the first month postnatally in mice, as determined
by the presence of synapsin I (Lu et al., 1996) and clustering of mitochondria in the
perijunctional area of the muscle fibre (Lee and Peng, 2005). NMJs mature from an initial
‘plaque’ organisation to take on the characteristic “pretzel” shape of the mature synapse
comprising a central fold with branching secondary folds (Marques et al., 2000). Motor
units are established as extraneous polysynaptic connections are systematically pruned
from muscle fibres (Brown et al., 1976; Walsh and Lichtman, 2003; Wu et al., 2010).
Motor neurons that fail to make synaptic connections with skeletal muscle undergo
programmed cell death via p75™'~ dependent caspase activation, potentially reflecting

successful acquisition of limited skeletal muscle-derived trophins (Taylor et al., 2007).

The role of Schwann cells at the neuromuscular junction is being increasingly recognised.

The non-myelinating Schwann cells that encapsulate the junction, termed terminal or
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perisynaptic Schwann cells play an active role during development of the neuromuscular
synapse and regulate long term synaptic changes (Araque et al., 1999; Feng and Ko,
2008). Whilst not essential for appropriate motor axon pathfinding, Schwann cells are
crucial for full development of the in vivo synapse (Riethmacher et al., 1997; Lin et al.,
2000). Schwann cells migrate alongside developing motor axons and are present at the
developing synapse shortly after initial nerve-muscle contact (Kelly and Zacks, 1969;
Herrera et al., 2000), and rely on axonally derived neuregulin for survival (Riethmacher
et al., 1997; Lin et al., 2000; Wolpowitz et al., 2000). Perisynaptic Schwann cells may
additionally rely on muscle-derived NT-3 (Trachtenberg and Thompson, 1997).
Perisynaptic Schwann cell processes guide regenerating axon terminals during synaptic
remodelling (Ko and Chen, 1996). The role of Schwann cells in ALS is not well
understood. Targeted deletion of mutant SOD1 from Schwann cells in mice resulted in
the unexpected aggravation of disease (Lobsiger et al., 2009), in contrast with
neuroprotective effects of a similar mutant knock-down from astrocytes (Yamanaka et
al., 2008b). This is suggestive of a critical role for SOD1 dismutase activity in Schwann

cells, however how this contributes to disease remains to be explored.

The role of skeletal muscle in the pathogenesis of ALS remains controversial. Reduced
mSOD1 expression in skeletal muscle has no effect on survival in mouse models (Miller
et al., 2006; Da Cruz et al., 2012). Additionally, transplantation of skeletal muscle
between mSOD1 G93A mice and wild-type mice suggests mSOD1 expression in skeletal
muscle alone does not result in ALS pathology (Carrasco et al., 2010). Conversely, others
have shown muscle-specific expression of both G37R and G93A SODI mutations in
mice results in ALS-like motor deficits, with pathology present in the skeletal muscle and
also in spinal motor neurons (Wong and Martin, 2010). Upregulating insulin-growth

factor-1 (IGF-1) via retroviral delivery to the spinal cord (Kaspar et al., 2003) or muscle-
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specific expression (Dobrowolny et al., 2005) delays disease progression in ALS mice.
Similarly, muscle-specific expression of transgenic GDNF is neuroprotective in G93A
mice (Li et al., 2007). A potential explanation for the discrepancy between studies is that
differential aggregation of mSOD1 species between skeletal muscle and spinal motor
neurons reflects differing proteasomal and chaperone activity between the two cell types,
thus allowing mSOD1 species to preferentially aggregate in spinal motor neurons (Onesto
et al., 2011; Wei et al., 2013). Systemic metabolic abnormalities in ALS may extend to
the skeletal muscle, alternatively, abnormalities to mitochondria, particularly muscle
mitochondria, may drive disease onset (Dupuis et al., 2003). This is particularly evident
in further studies by Dupuis et al. (2009), demonstrating that muscle-specific
mitochondrial uncoupling in mice is sufficient to destabilise NMJs and trigger
degeneration of motor neurons (Dupuis et al., 2009). Abnormal energy homeostasis may
also explain the finding that NMJ degeneration in the mSOD1 G93A mouse is preceded
by abnormal action potential firing (Magrané et al., 2012). Moreover, abnormal
mitochondria accumulate at the peri-junctional skeletal muscle sarcolemma (Zhou et al.,

2010).

1.3 EXCITOTOXICITY IN ALS

To date, many mechanisms have been proposed to explain motor neuron degeneration in
ALS, including oxidative stress, glutamate excitotoxicity, inflammation, altered
functionality of ionic channels, apoptosis, ER stress, defects in the unfolded protein
response (UPR), increased protein nitration, defects in axonal transport, mitochondrial
dysfunction and energy imbalance (Carriedo et al., 1996; Estevez et al., 1999; Casoni et

al., 2005; Kuo et al., 2005; Van Den Bosch et al., 2006; Zona et al., 2006; Guatteo et al.,
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2007; Boillée and Cleveland, 2008; Foran and Trotti, 2009; Pieri et al., 2009; Carunchio
et al., 2010; McCombe and Henderson, 2011) (Figure 1.2). In combination, these
mechanisms suggest that the disease is multifactorial in origin (Eisen, 1995; Rothstein,
2009). For the purpose of this thesis, discussion will focus on excitotoxicity, specifically

the role of non-neuronal cells in mediating the neuronal response to excitotoxicity.

A substantial body of evidence implicates glutamate excitotoxicity in ALS, however the
reasons behind the apparent selective vulnerability to motor neurons and subsequent
intracellular damage and axon degeneration are not well understood. Evidence for
excitotoxicity in ALS patients is two-fold. Firstly, patients typically demonstrate elevated
CSF glutamate levels (Plaitakis and Caroscio, 1987; Rothstein et al., 1990), with
glutamate levels corresponding to disease severity (Spreux-Varoquaux et al., 2002). ALS
patient CSF induced excitotoxic degeneration in cultured neurons (Olney, 1990), the
toxic compound later identified as glutamate (Rothstein et al., 1990). Secondly, the only
current therapy for ALS patients is the anti-excitotoxic drug Riluzole (Bensimon et al.,
1994; Cheah et al., 2010), proposed to act via a number of anti-excitotoxic mechanisms
(Chang et al., 2010). Furthermore, the motor neurons which are resistant to ALS

pathology are also resistant to excitotoxicity (Brockington et al., 2013).

1.3.1 Glutamatergic neurotransmission

Glutamatergic neurotransmission accounts for approximately one third of CNS excitatory
synaptic activity (Watkins and Evans, 1981; Cotman et al., 1987). Under normal
conditions, both intracellular and extracellular concentrations of glutamate remain under
tight regulation to ensure abnormal intracellular signalling events do not occur (Orrenius

et al., 1989; Baimbridge et al., 1992). Extracellular glutamate is maintained at 0.6uM
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(Benveniste et al., 1984), with 2-5uM extracellular glutamate considered pathogenic
(Meldrum and Garthwaite, 1990; Rosenberg et al., 1992). Glutamate is rapidly cleared
from the synaptic cleft by astrocytic transporters and returned to the motor neuron
following temporary conversion to glutamine (Laake et al., 1995). Within the motor
neuron, glutamate is resynthesised by glutaminase (Laake et al., 1995) and transported
into vesicles by specialised transporter proteins to ensure intracellular levels of glutamate
remain constant at 10mM (Kvamme et al., 1985; Bellocchio et al., 2000; Herzog et al.,

2001).

1.3.1.1 Glutamate receptors

Glutamate receptors fall into two main categories: ionotropic receptors, or ligand gated
ion channels; and g-protein coupled metabotropic receptors (mGluRs) (Van Damme et
al., 2005) (Figure 1.5). Ionotropic receptors are further divided into N-methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), and kainate
receptor subtypes, as classified by their pharmacological activity to the exogenous
glutamate analogues NMDA, AMPA and kainic acid (Seeburg, 1993; Hollman and
Heinemann, 1994). Tonotropic glutamate receptors are permeable to sodium (Na") and
potassium (K") ions with variable permeability to calcium, depending on the receptor
type and subunits present (Van Damme et al., 2005). Specific combinations of glutamate
receptors and their subunit composition may influence motor neuron susceptibility to
excitotoxicity (King et al., 2006). Both ionotropic and metabotropic receptors are
implicated in ALS; classically ionic are associated with direct toxicity via neurons and
metabotropic via glial cells (Van Den Bosch et al., 2006), however closer investigation of

glial cells, notably oligodendrocytes and astrocytes, indicates they may be direct targets
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for ionotropic mediated excitotoxicity (Belachew and Gallo, 2004; Matute et al., 2006;

Verkhratsky and Kirchhoft, 2007).

mGluRs act via g-protein coupled second messenger systems to induce release of calcium
from intracellular stores or to reduce adenyl cyclase activity (Sladeczek et al., 1985).
mGluRs respond slowly following activation and are reportedly involved in regulation of
long-term synaptic changes within neurons in response to glutamate neurotransmission
(Bortolotto et al., 1999; Heath and Shaw, 2002). Broadly, mGluRs are classified
according to their cellular localisation and downstream signalling (Nicoletti et al., 2011).
mGluRs are also expressed on glial cells (Ohishi et al., 1994; Berger et al., 2012). Glial
mGluRs in particular may be involved in the pathogenesis of ALS, regulating essential
functions including cell proliferation, glutamate uptake, neurotrophic support and

regulation of inflammation (Berger et al., 2012).

AMPA receptors (AMPA-R) mediate fast synaptic glutamatergic neurotransmission. A
critical property of AMPA-Rs is calcium permeability, determined by the calcium
impermeable GIuR2 subunit. Absent or incorrectly edited GluR2 confers Ca®"
permeability to the neuron (Hollmann et al., 1991; Kawahara et al., 2004). Regulation of
GluR2 is crucial to the cell in determining susceptibility to excitotoxicity. Motor neurons
have decreased expression of GIluR2, resulting in an inherent susceptibility to
excitotoxicity (Damme et al., 2002). Interestingly, motor neurons that remain spared in
ALS have higher expression of GluR2 (Ludolph et al., 2000). GluR2 expression on motor
neurons is influenced by surrounding cells, in particular reactive astrocytes via release of
TNF-a during prolonged inflammation (Yin et al., 2012). In addition, GluR2 and GluR3
are known to be expressed on microglial cells (Noda et al., 2000). Prolonged activation of
these receptors results in release of inflammatory cytokines from microglial cells, further

potentiating the excitotoxicity/inflammatory response (De et al., 2005).
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Kainate receptors (KA-R) comprise GIuR5-7 and share 75-80% sequence homology, yet
only approximately 40% with GluR1-4, indicating a potential separate family of receptors
(Hollman and Heinemann, 1994). Like AMPA-Rs, and other ligand-gated ion channels,
KA-Rs have four putative transmembrane domains and extracellular C terminus. GluRs5-
7 undergo alternative splicing and RNA editing, altering channel permeability to ions and
affinity to agonists KA and glutamate. An additional two high-affinity KA-Rs KA1 and
KA2 share 37% sequence homology with GluR1-4 and 43% with GluR5-7 (Sakimura et
al., 1990; Werner et al., 1991; Herb et al., 1992; Hollman and Heinemann, 1994). KA-Rs
are implicated in excitotoxicity alongside AMPA-Rs. The two non-NMDA ionotropic
receptor subtypes are often considered together, owing in part to the receptor homology,
but also that both AMPA-Rs and KA-Rs are activated by kainic acid, thus making it
difficult to discern which receptor is mediating excitotoxic damage. Interestingly, KA-R
mediated excitotoxicity is associated with activation of the caspases 3 and 9, resulting in
apoptosis (Matute and Cavaliere, 2011). This is in contrast with AMPA-R mediated
excitotoxicity which results in activation of caspases 8 and 3 and necrosis (Matute et al.,
2006; Sanchez-Gomez et al., 2011). Immature oligodendrocytes are vulnerable to KA-R
mediated excitotoxicity (Matute et al., 2007; Matute, 2011), however KA-R expression is
down-regulated during oligodendrocyte maturation, with the predominant glutamate
receptor being the NMDA-R (Karadottir et al., 2005; Salter and Fern, 2005; Micu et al.,

2006).

NMDA-R activation is slower than AMPA-Rs and is associated with the slow excitatory
activation and longer-term changes to the synapse such as long-term potentiation (LTP)
and long-term depression (LTD) (Kullmann et al., 2000). The NMDA receptor (NMDA -
R) forms a calcium permeable membrane pore, sensitive to the excitatory amino acids

glutamate and glutamine (Henneberry et al., 1989; Ludolph et al., 2000). Regulation of
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NMDA-R calcium permeability occurs via voltage-dependent Mg”" blockade of the
channel (Henneberry et al., 1989; Ludolph et al., 2000). Due to their high permeability to
calcium, NMDA-Rs are considered the prime receptor for excitotoxicity (Murphy et al.,
1988; Frandsen and Schousboe, 1993), which may be mediated by NOX2 signalling
(Reyes et al., 2012). The key determinant of NMDA-R excitotoxicity appears to be
synaptic vs extrasynaptic localisation of receptors (Bindokas and Miller, 1995).
Activation of synaptically localised receptors under normal conditions is typically
protective, however activation of extrasynaptic receptors is largely toxic (Hardingham et
al., 2002; Hardingham and Bading, 2010). Discrimination between synaptic and
extrasynaptic activation may be achieved via phosphorylation of a key amino acid
residues encoding the originating location (synaptic vs extrasynaptic) on translocating

proteins, such as Jacob (Hardingham and Bading, 2010; Fainzilber et al., 2011).

1.3.1.2 Glutamate transporters

Following neurotransmission, glutamate is rapidly cleared from the synaptic cleft via
excitatory amino acid transporters (EAAT) 1-5 located predominantly on presynaptic
astrocytes (Arriza et al., 1994; Bosch et al., 2006). EAATSs are also located on pre- and
post-synaptic neuronal membranes (Lee and Pow, 2010). Astrocytes are able to highly
concentrate glutamate via active electrogenic sodium-potassium coupling and conversion
of glutamate to glutamine to maintain low extracellular glutamate concentrations (Trotti
et al., 1998; Heath and Shaw, 2002). Impaired clearance of glutamate from the synapse
has been linked with the development of excitotoxicity. EAAT2 in particular is
potentially inhibited by kainic acid (Arriza et al., 1994). Furthermore, the rat EAAT2

homologue GLT1 is down-regulated in cultured neurons (Rodriguez-Kern et al., 2003),
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as is GLT1 in human ALS tissue (Rothstein et al., 1995), with corresponding elevated
extracellular glutamate levels (Van Damme et al., 2005). A number of studies have
shown that glutamate levels in human patient CSF is high enough to induce excitotoxicity
in cultured motor neurons (Couratier et al., 1993; Nagai et al., 2007), however these
findings remain controversial. Additional studies by Yang and colleagues (2009)
demonstrate that impairing the communication between astrocytes and neurons results in
impaired astrocyte function and reduced GLT1 expression in a toxic feed-forward
pathway. EAATSs are also particularly vulnerable to permanent inactivation by oxidation
from reactive oxygen species thus resulting in elevated extracellular glutamate (Bruno et

al., 2000).

1.3.2 Excitotoxicity

Neuronal vulnerability to excessive glutamate was first described in the 1950s with the
observation that application of glutamate triggered retinal degeneration (Lucas and
Newhouse, 1957). Excitotoxicity has since been recognised as a pathogenic mechanism
in a number of neurodegenerative conditions, including ischaemia, glaucoma,
Alzheimer’s disease, epilepsy, multiple sclerosis and brain trauma (Hynd et al., 2004;
Kostic et al., 2012) (Choi, 1988; Saggu et al., 2008; Saggu et al., 2010). Excitotoxicity
occurs by over-stimulation of excitatory amino acid receptors, resulting in calcium influx
and consequential pathological changes triggering neuronal loss (Carriedo et al., 1996;
Doble, 1996; Van Den Bosch et al., 2000). The response of an individual neuron to
excitotoxicity is dependent on a number of factors, including the intensity and duration of
the excitatory insult, and the profile of excitatory receptors or downstream signalling

molecules expressed by the cell (Arundine and Tymianski, 2003). Neuronal excitotoxic
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injury is characterised by the formation of focal swellings, termed varicosities or beads
along the dendritic arbour (Ikonomidou et al., 1989), accompanied by loss of spines
(Hasbani et al., 2001; Tkegaya et al., 2001). Excitotoxicity has also been implicated in
axon degeneration, and in cultured cortical neurons degeneration is preceded by
neurofilament loss (Chung et al., 2005). Furthermore, excitotoxicity has been shown to
result in a distal axonopathy in retinal ganglion cells (Saggu et al., 2008) and cultured
motor neurons (King et al., 2007). The recent discovery of glutamate receptor subunits
within myelinated CNS axonal nanocomplexes (Ouardouz et al., 2009a,b) raises further
questions into the pathogenesis of ALS. In particular, the notion that the axon itself could
be a direct target of excitotoxicity (Stirling and Stys, 2010; Matute and Ransom, 2012). It
is currently unknown how excitotoxicity results in axonal degeneration and recent

findings have raised questions over exactly how excitotoxicity is induced in neurons.

Excitotoxicity may arise from different mechanisms, predominantly either from direct
excitotoxicity or indirect. Direct excitotoxicity occurs following increased activation of
glutamate receptors. This may occur due to increased extracellular glutamate or
glutamate receptor agonists such as kainic acid (Bar-Peled et al., 1999; Ludolph et al.,
2000; Van Damme et al., 2005; Van Den Bosch et al., 2006). Additionally, potent
excitotoxic compounds such as quinolinic acid are produced during the inflammatory
cascade (Stone and Perkins, 1981; Chen et al., 2011). This mechanism is the predominant
cause of excitotoxicity following traumatic brain injury, epilepsy, hypoxia and
hypoglycaemia (Ludolph et al., 2000; Van Damme et al., 2005) via release of glutamate
from injured and necrotic cells or reduced synaptic glutamate clearance via transporter
blockade (Ludolph et al., 2000; Heath and Shaw, 2002; Van Damme et al., 2005; Van
Den Bosch et al., 2006). Conversely, indirect excitotoxicity occurs when extracellular

levels of glutamate are normal, with the neuron becoming more sensitised to normal
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glutamate levels. This process was described by Henneberry and colleagues (1989) after
describing that oxygen or glucose stress to cells markedly reduced Mg*" binding to the
NMDA receptor, thus conferring increased Ca®* permeability via the receptor (Cox et al.,
1989; Henneberry et al., 1989). A similar effect occurs in the absence of the GluR2
AMPA receptor subunit, resulting in greater Ca®" permeability following normal
neurotransmission (Ludolph et al., 2000; Van Den Bosch et al., 2000). In addition, a
number of environmental toxins such as f-oxalyl-N-amino-L-alanine (BOAA) can trigger
excitotoxicity via mitochondrial damage, resulting in oxidative stress and elevated
intracellular calcium (Van Damme et al., 2005; Van Den Bosch et al., 2006). This is in
contrast with other toxins, such as the cyanobacterial toxin ss-N-methylamino-L-alanine
(BMAA) which induces excitotoxic neuronal death by direct stimulation of both NMDA
and non-NMDA glutamate receptors (Vyas and Weiss, 2009). Additionally, BMAA has
been demonstrated to exert excitotoxicity-independent toxicity via interruption of protein
handling (Dunlop et al., 2013). The common mechanism for both forms of excitotoxicity

is abnormal intracellular handling of calcium ions.

Calcium is a powerful intracellular signalling molecule and as such, intracellular Ca**
levels are maintained under strict control (Parone et al., 2013). Transient increases in
intracellular Ca®" occur following neurotransmission via voltage-gated ion channels
during action potential propagation as well as in response to ligands binding to their
associated receptors. Such increases are rapidly buffered by calcium binding proteins and
mitochondrial sequestration of excess calcium (Berridge et al., 2003; Parone et al., 2013).
The toxic action of glutamate in neurodegenerative disease occurs in a calcium-dependent
process (Choi, 1987; Arundine and Tymianski, 2003). Motor neurons have reduced Ca”"
buffering proteins than less susceptible neuronal sub-types, rendering them more

vulnerable to elevated intracellular Ca’" (Ince et al., 1993). Under pathological
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conditions, a sustained elevation of intracellular calcium overwhelms the protective
mechanisms and can lead to irreversible damage to intracellular components including
nuclear genetic material, resulting in apoptotic or necrotic cell death (Orrenius et al.,
1989; Orrenius et al., 2003; Van Damme et al., 2005). Such activity is evidenced by
activation of calcium effectors such as proteases, endonucleases, some kinases and nitric

oxide synthase (Berridge et al., 2003).

1.3.2.1 Vulnerability of motor neurons to excitotoxicity

Motor neurons are sensitive to excitatory amino acid toxicity, demonstrating vulnerability
to kainic acid in vitro (Rothstein et al., 1993; Carriedo et al., 1996; King et al., 2007) and
in vivo (Sun et al., 2006). A number of factors contribute to this sensitivity of motor
neurons when compared with other neuronal subtypes, including differential expression
of glutamate receptors, specifically the AMPA GluR2 subunit (Vickers et al., 1993;
Vandenberghe et al., 2000). Mutant mice lacking ADAR, an enzyme required for normal
editing of GluR2, develop motor neuron dysfunction attributed to increased permeability
of the motor neurons to Ca>" (Hideyama et al., 2010). Additionally, motor neurons are
deficient in calcium binding proteins which are required for the generation of rapid Ca*"
signals in other neurons (Ince et al., 1993). Instead, Ca>" buffering in motor neurons is
almost exclusively performed by the mitochondria (Parone et al., 2013). Induced
expression of calcium-binding proteins such as calbindin D, in cultured motor neurons
attenuates excitotoxicity by increasing the Ca®" buffering capabilities of the cells (Roy et
al., 1998), however there is little evidence to show a similar mechanism occurs in vivo.
Interestingly, the motor neurons which remain largely spared in ALS, nobably those of

the occulmotor and Onuf’s nuclei are less vulnerable to excitotoxicity. These resistant
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motor neurons do not share the unique receptor or calcium binding protein expression

profiles as vulnerable motor neurons (Alexianu et al., 1994).

This specific vulnerability of motor neurons to excitotoxicity has been used as a basis for
development of non fALS mouse models of ALS, such as transgenic mice with increased
calcium permeability of AMPA receptors which develop a motor phenotype late in life
(Kuner et al., 2005). Furthermore, pathology in mSOD1 mouse lines can be reduced by
pharmacological blockade of AMPA receptors, specifically targeting the GluR2 subunit
(Tateno et al., 2004), suggesting a close relationship between mSODI1 and excitotoxicity.
The mechanism for this interaction is not well understood, however mutations to SODI1
are associated with increased production of reactive oxygen species and altered
mitochondrial calcium dynamics, both of which are linked with excitotoxicity (Kruman et
al., 1999). One proposed mechanism for excitotoxicity focuses on altered RNA editing of
glutamate receptors leading to increased vulnerability to excitotoxicity (Kawahara et al.,

2004).

Both upper and lower motor neurons exhibit hyperexcitability in the presymptomatic
period in human patients (Vucic and Kiernan, 2006; Kiernan and Petri, 2012) and in
transgenic SOD1 mice (van Zundert et al., 2008). Hyperexcitability may arise from an
imbalance between inhibitory and excitatory neuronal inputs. Whilst the direct
consequence of hyperexcitability is not known, it is commonly theorised that
hyperexcitability may increase the susceptibility of motor neurons to additional insults,
including excitotoxicity (Bae et al., 2013). Hyperexcitability of the motor system is a
ubiquitous clinical finding in ALS (Kiernan, 2009), with patients typically presenting
with muscle fasciculations and cramps (Kleine et al., 2008), such that fasciculation
potentials, detected by electromyography (EMG), are considered a hallmark finding in

ALS patients (Swash, 2012). Furthermore, human ALS patients are characterised by an
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increase in persistent Na' conductances which sensitises the axon to depolarisation
(Mogyoros et al., 1998; Kanai et al., 2006; Nakata et al., 2006; Vucic and Kiernan, 2006;
Vucic et al., 2007). Regulation of motor neuronal excitability occurs via interneuronal
inhibition (Goulding, 2009). Critically, the main inhibitory neurotransmitter -
aminobutyric acid (GABA), is reduced in ALS patients indicating reduced interneuronal
inhibition (Turner and Kiernan, 2012). Unregulated modulation of motor neuron
excitability is linked to development of excitotoxicity and subsequent pathology in ALS

(Martin and Chang, 2012; Bae et al., 2013).

1.3.2.2 Non-neuronal cells influence the susceptibility of motor neurons to

excitotoxicity

Glial cells within the CNS play a key role during excitotoxicity. Specifically, glial cells
influence neuronal vulnerability to excitotoxicity and determine neuronal survival (Dugan
et al., 1995; Rothstein, 2009). Astrocytes have been intimately linked with excitotoxicity
in ALS. Specifically, astrocytes are heavily involved in a number of aspects of
excitotoxicity. Astrocytes can alter motor neuron expression of glutamate receptors,
likely in their capacity of modulating glutamatergic neurotransmission between motor
neurons (Yang et al., 2009). Astrocytic modulation of synaptic activity occurs largely via
expression of glutamate transporters (Rothstein et al., 1996; Cleveland and Rothstein,
2001) which are reduced in ALS (Rothstein et al., 1995). Activation of astrocytes
correlates with a targeted up-regulation of the calcium-permeable GluR2 subunit on
motor neurons via TNF-a release (Van Damme et al., 2007a; Yin et al., 2012).
Additionally, the wvulnerability of oligodendrocytes to excitotoxicity may result in

secondary damage to surrounding neurons (Matute, 2011).
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1.4 PROJECT AIMS

The aim of this thesis is to investigate the association between excitotoxicity and
axonopathy in ALS, and to better understand the process of NMDA degeneration in this

devastating disease.

In recent years, a number of significant advances have been made toward understanding
the pathogenesis of ALS (Robberecht and Philips, 2013). Notably, a substantial body of
evidence exists to implicate excitotoxicity in ALS. However, a number of key processes
still remain to be identified. It remains unclear if distal axonopathy arising from
excitotoxicity is mediated directly via the axon or via somatodendritic glutamate
receptors. Furthermore, the role of skeletal muscle in the development of motor neuron
distal axonopathy is poorly understood. Determining both the primary site and source of
excitotoxicity in ALS will provide insight into the initial pathogenesis of excitotoxicity in

ALS and subsequent disease progression.

The work in this thesis will address these hypotheses and following aims:

1. Excitotoxicity is a pathogenic process in ALS that results in primary
degeneration of the axon.

2. The regulation of skeletal muscle Ca®* forms a critical component in the
development of distal axonopathy in ALS.

3. Perturbed signalling between motor neurons and non-neuronal cells serves as a

trigger for excitotoxicity.
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Aim 1 — To determine the effect of targeted excitotoxicity in a compartmented

neuronal culture model.

The mechanisms by how excitotoxicity, primarily considered a somatodendritic event,
results in degeneration of the axon, are not well understood; in particular, how this occurs
without loss of the cell body. Recently, evidence has suggested the axon itself may be a
primary target for excitotoxicity, following the discovery of glutamate receptor subunits
in internodal regions within white matter (Ouardouz et al., 2009a,b; Matute and Ransom,
2012). This thesis has utilised novel primary cortical neuron culture techniques to
investigate axonally-mediated excitotoxicity. Additionally, this thesis has investigated
similarities and differences between axonal excitotoxicity and ‘classical’ somatodendritic

excitotoxicity.

Aim 2 — To investigate pathological changes to the neuromuscular junction of the

mSOD1 G93A mouse model of ALS.

The role of skeletal muscle in the pathogenesis of both ALS and excitotoxicity remains
controversial, however it has been proposed that altered muscular Ca>" homeostasis may
contribute to motor axon instability (Dobrowolny et al., 2005). A better understanding of
the distal pathology relating to loss of the NMJ will provide valuable insight into the
wider disease process, and may also indicate potential new avenues for therapeutic
intervention. Degeneration of the NMJ is considered a key pathological hallmark of ALS,
and this progressive degeneration of the NMJ is recapitulated in the mSODI1 G93A
mouse model of ALS which develops symptoms in a predictable and consistent manner .
This thesis has investigated the NMJ in the mSOD1 G93A mouse to better understand the

temporal and structural detail of this degeneration.
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Aim 3 — To develop a novel in vitro platform for investigation of the lower motor

neuron-neuromuscular junction circuit.

Despite a number of in vitro and in vivo models used to investigate excitotoxicity in
motor neuron, the process still remains largely a mystery and none yet completely
recapitulate the complexities of motor neuron growth in vivo. Perturbed motor neuron-
non neuronal cell signalling may form the basis of dysfunction and may prove the tipping
point which finally triggers ALS pathology. The interactions between a motor neuron and
its associated glial cells and skeletal muscle target are vital for appropriate development,
maturation and function of the motor neuron. Thus, a thorough understanding of early
changes within the distal motor system is vital for approaching future therapeutic
strategies. This thesis describes novel techniques to create a compartmented culture

paradigm for motor neurons.

Aim 4 — To investigate targeted excitotoxicity in a novel compartmented model of

lower motor neurons in vitro.

Despite the well-known connections between excitotoxicity and degeneration of motor
neurons, the mechanisms by which this occurs are not well understood. In particular, how
glial and muscle cells mediate the response of motor neurons to excitotoxicity. This
thesis has investigated the response of motor neurons to focal excitotoxicity in a novel

compartmented culture system developed in aim 3.
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2 MATERIALS AND METHODS

2.1 ANIMAL CONDITIONS AND CARE

All animal experimentation was performed in accordance with the guidelines stipulated
by the University of Tasmania Animal Ethics Committee, in accordance with the
Australian Code of Practice for the care and use of animals for scientific purposes.
Animals were obtained via Animal Services (University of Tasmania) and housed in
microisolator cages under standard conditions (20°C, 12/12 hours light/dark cycle) with
ad libitum access to food and water. Water, food and bedding were changed twice

weekly.

Transgenic YFP mice (strain Tg(Thyl-YFP)16Jrs, Jackson Laboratory, USA) express
yellow fluorescent protein (YFP) in a subset of neurons including motor neurons, with
expression driven by the neuron-specific thyl promoter (Feng et al., 2000). The YFP
strain was maintained as a hemizygotic line, obtained from C57Bl1/6 females crossed with
hemizygous YFP males. Embryos for cell culture were obtained from timed matings, the
finding of a mucous plug designated embryonic day 0.5. YFP mice were genotyped at

four weeks of age following weaning by detection of YFP fluorescence in ear-clips.

Male transgenic mice expressing a high copy number of the mutant human SOD1 with a
Gly-93-Ala substitution (strain B6.Cg-Tg(SOD1*G93A)1Gur/J, Jackson Laboratory,
USA) (Gurney et al., 1994) were maintained as a hemizygotic line, obtained from time-
mated crosses between C57Bl/6 females and hemizygous mSOD1 G93A males. This
mating regime is as suggested by Jackson Laboratories. mSOD1 G93A mice were
monitored daily from 112-140 days of age to assess disease progression. Food was placed

on the floor of the cage to facilitate feeding. The mice used for these studies were
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humanely killed before reaching their ethical end-point, generally 24 weeks of age in this
mSODI1 model. Ethical end-point was reached when mice had lost 20% body weight or

were unable to right themselves within 30 seconds.

mSOD1 G93A mice were genotyped using standard PCR techniques from tail-clips.
DNA was extracted using the Wizard® Genomic DNA purification kit (Promega)
following the manufacturers instructions, and the concentration measured at A260. PCR
was carried out using GoTaq® green PCR mix (Promega), a minimum of 100ng whole
DNA and the following primer sets at a final concentration of 1.33uM; forward: 5’- CAT
Cag CCC TAA TCC ATC TgA -3’, reverse CgC gAC TAA CAA TCA AAg TgA. PCR
cycling was performed on an Eppendorf Mastercycler gradient PCR machine using the

following cycles;

95°C 3 minutes

95°C 30 seconds

65°C 30 seconds 35 cycles
72°C 45 seconds

72°C 2 minutes

4°C hold

PCR product was detected with Cybr Safe” on a 2% agarose gel.

2.2 PRIMARY CELL CULTURE

All tissue dissection was performed using microscopic guidance (Nikon SMZ800 fitted
with a fibre-optic light source Fiber-Lite, Dolan-Jenner Industries) in a laminar flow hood

(Purair-VLF, Airscience). Stainless-steel instruments were autoclaved and sprayed with
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70% ethanol prior to use. All tissue processing and subsequent maintenance of cultures
was performed in a Class II Biosafety Cabinet (Purifier, Labconco) using aseptic

technique.

13mm round glass coverslips (Marienfeld) were etched by immersion in 4M nitric acid
for 4 hours followed by 30 minute rinse under running water. Coverslips were rinsed 3x
10 minutes in MilliQ® water. Coverslips were dried and autoclaved for use with cell
culture. Treated coverslips were placed in individual wells of 24 well culture trays
(Iwaki) using sterile tweezers. Sterility of trays was ensured by exposing to UV radiation
for 15 minutes prior to coating coverslips with cell-type specific substrates. Substrates
were incubated for 24 hours at room temperature and removed. Wells were filled with
cell-type specific medium and trays allowed to equilibrate under standard cell culture

conditions (37°C, 5% CO,) for two hours prior to addition of cells.

2.2.1 Microfluidic culture devices

The microfluidic device for culturing neuronal cells was developed by Taylor and
colleagues (2005) to provide significant advances over previous techniques to
compartmentalise neurons. Microfluidic devices are fabricated from PDMS to create two
distinct compartments, separated by microchannels (10um x 450pum). The design of the
devices enables neuronal cells to be plated into one compartment and axons are able to
extend into the second compartment. Additionally, such devices maintain two fluidically
isolated microenvironments, allowing treatments to be applied to either the cell body or

axon of cultured neurons (Figure 2.1).
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Microfluidic chambers (SND450, Xona microfluidics) were prepared by removing
surface particles with adhesive tape followed by sterilisation in 70% ethanol for 1 hour.
Chambers were allowed to dry, attached to 22mm’® glass coverslips (Livingstone,
Germany) and placed in 6 well trays (Iwaki). 22mm’ coverslips for use with microfluidic
chambers were not acid-treated, however coverslips for compartmented rat motor neuron
cultures were exposed to plasma treatment (Electro-Technic Products, Inc. Model BD-
20V) for 30 seconds to facilitate substrate coating and chamber adhesion. Assembled
devices were coated with substrates (refer to Chapters 3.2.1 and 5.2.1) for 24 hours.
When different substrates were applied to distal and proximal compartments, a small
mark was made on the under-side of the coverslip using permanent marker. Substrates
were removed, devices filled with neuron initial medium and allowed to equilibrate under
standard cell culture conditions (37°C, 5% CQO,) for 2 hours prior to addition of cells.

Culture medium was removed immediately prior to cell plating.

2.3 PHARMACOLOGICAL MANIPULATIONS

Pharmacological manipulations to cell cultures were performed at relative culture
maturity (9DIV cortical neurons or 10DIV motor neurons) to either the proximal or distal
compartment of microfluidic chambers. Compounds for treatment were diluted in
warmed culture medium. Chambers for treatment were prepared by filling the side to be
left untreated with warmed culture medium (400puL). 200uL treatments were added to the
desired side. Ensuring the volume of the treated side was less than the untreated side
creates fluidic isolation between the compartments. When both sides of the device
required treatment, volumes were kept identical (200uL) to prevent fluid transfer between

compartments.
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2.3.1 Live cell imaging

Microfluidic devices were imaged under sterile conditions, returned to incubator
conditions and re-imaged at desired timepoints. Live cell imaging was performed on an
inverted microscope (Nikon TiE motorised fluorescence microscope fitter with a cooled
CCD camera, NIS Software version 3.21) equipped with a temperature controlled
chamber. Sterility of cultures was established by sealing chambers with a second sterile

coverslip.

2.4 IMMUNOCYTOCHEMISTRY

Cells were fixed in 4% paraformaldehyde (PFA). All culture medium was removed from
both sides of microfluidic devices and PFA added to one well of each side of the device.
Chambers were incubated for 30 minutes at room temperature on an orbital shaker. PFA
was removed and devices filled with PBS. Microfluidic chambers were carefully
removed and washed for re-use (refer to section 2.2.1). Cells were rinsed 3 x 10 minutes
in PBS and permeabilised using 0.3% Triton-X-100 diluent for 15 minutes. For methanol
fixation cells were fixed and permeabilised for 20 minutes at -20°C with ice-cold
methanol, followed by 3 x 10 minute PBS washes. Diluent permeabilisation was omitted
following methanol fixation. Primary antibodies were added at pre-determined
concentrations, diluted in PBS (Table 2.1) and incubated at room temperature for 1 hour
followed by overnight at 4°C. Coverslips were rinsed 3 x 10 minutes in PBS and species-
appropriate secondary antibodies (Table 2.2) added in PBS. Secondary antibodies were
incubated for 2 hours at room temperature in the dark. Immediately following secondary
antibody removal, nuclei were counterstained using either nuclear yellow (Hoechst
S769121, Sigma) or DAPI (4’,6-Diamidino-2-Pheylindole, Sigma) in PBS to visualise
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nuclei (Table 2.3) and incubated 15 minutes at room temperature. Cells were rinsed 3 x
10 minutes in PBS and 1x in milliQ® prior to mounting on glass slides using
PermaFluor® mounting medium (Dako). Slides were allowed to thoroughly dry at room

temperature in the dark.

. 594
a-bungarotoxin

(0-BTx) staining of cultures for neuromuscular junction identification
was performed prior to diluent permeabilisation. a-BTx was added at 1:400 in PBS for 30
minutes in the dark. Subsequent antibody incubations were also performed in the dark.

Phalloidin****** staining for filamentous actin (f-actin) was performed at 1:200 for the

last 30 minutes of secondary antibody staining.

2.5 ANIMAL PERFUSION AND TISSUE PROCESSING

Animals were sacrificed by injection of 140mg/kg sodium pentobarbitone. Transcardial
perfusion was performed using 4% PFA in 0.1M phosphate buffer. Hind limbs were
removed and post-fixed in 4% PFA for 24 hours post-perfusion. Tissue was washed in
PBS and gastrocnemius muscles carefully dissected using microscopic guidance. For
cryoprotection, gastrocnemius muscles were transferred to 30% sucrose in PBS for 48
hours at 4°C. Gastrocnemius muscles were snap-frozen in cryomatrix tissue compound
(OCT; Thermoscientific, UK), and sectioned transversely into 40um sections using a
cryostat (Leica, Australia). Tissue sections were placed directly onto slides, allowed to

air-dry overnight and used immediately for immunohistochemistry.
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2.6 IMMUNOHISTOCHEMISTRY

Muscle sections were washed (3 x 1 hour) in PBS to remove OCT. a-BTx (Table 2.3)
staining was performed for 30 minutes and tissue washed 3 x 10 minutes. Antigen-
retrieval was performed using ice-cold methanol for 30 seconds and sections were
permeabilised using 0.3% Triton-X-100 for 2 hours. Primary antibodies were applied in
PBS for 1 hour at room temperature and overnight at 4°C. Sections were washed 3 x 10
minutes in PBS, species and isotype specific secondary antibodies were applied for two
hours at room temperature in the dark. Nuclei were visualised using DAPI (Table 2.3)
diluted in PBS for 15 minutes. Tissue sections were washed 3 x 10 minutes and glass
coverslips applied using Permafluor mounting medium (Dako, Australia). Slides were

allowed to thoroughly dry at room temperature in the dark.
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3 CHRONIC EXCITOTOXICITY INDUCES AXON DEGENERATION

IN COMPARTMENTED CORTICAL NEURONAL CULTURES

3.1 INTRODUCTION

Neuronal glutamate receptors, the mediators of excitotoxicity, are found on post-synaptic
densities where they are involved in synaptic transmission. However,
immunohistochemical techniques have demonstrated the presence of glutamate receptors
at numerous extrasynaptic sites including the soma, dendrites and spines (reviewed in
Newpher and Ehlers, 2008) and presynaptically (Tovar and Westbrook, 2002).
Importantly, electrophysiological techniques have also indicated that these receptors can
be functional (Andrasfalvy and Magee, 2001; Bardoni et al., 2004). Dendritic
extrasynaptic receptors, and specifically NMDA receptors, have been particularly
implicated in excitotoxicity (Sattler et al., 2000). Current evidence supports that notion
that synaptic receptor activation promotes neuroprotection through activation of survival
genes and suppression of apoptotic genes whereas extrasynaptic stimulation promotes
cell death (Hardingham et al., 2002), although this may be due to differences in receptor
subunits (Liu et al., 2007). Thus the distribution of synaptic and extrasynaptic NMDA
receptors, rather than total calcium load, influence neuronal susceptibility and responses

to excitotoxicity (reviewed in Hardingham and Bading, 2010).

Although excitotoxicity is considered primarily a neuronal somatodendritic insult,
glutamate toxicity has also been demonstrated to occur in white matter tracts lacking
neuronal cell bodies. This type of toxicity, often associated with brain injury, ischemia
and glaucoma (Stys and Li, 2000; Saggu et al., 2008), has been attributed to glial cells

known to express functional glutamate receptors (Micu et al., 2006; Matute, 2007).
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Astrocytes are directly vulnerable to excitotoxicity via NMDA receptor activation (Lee et
al., 2010). In addition, oligodendrocytes are directly vulnerable to AMPA mediated Ca*"
excitotoxicity resulting in demyelination and secondary axonal pathology (Yoshioka et
al., 1995; Bannerman et al., 2007). Excitotoxic activation of glial cells, in particular
astrocytes, is associated with increased inflammation (Chen et al., 2010b). A number of
inflammatory cytokines and inflammatory metabolites such as quinolinic acid are known
to be involved in the excitotoxic process (Stone and Perkins, 1981; Chen et al., 2011).
Furthermore, astrocytes play a critical role in modulating extracellular glutamate levels
via EAAT?2 transport and recycling of glutamate back to neurons (Trotti et al., 1998;
Heath and Shaw, 2002). Perturbations to this process are common in the pathogenesis of

excitotoxicity.

However, the recent identification of axonal glutamate receptor subunits within axonal
internodal nanocomplexes, raises the possibility of direct axonal excitotoxicity (Ouardouz
et al., 2009a,b). The functional status of these receptors remains disputed; they may be
involved in local regulatory mechanisms within the internodal nanocomplexes they reside

in (Matute and Ransom, 2012).

Investigation of the expression of glutamate receptors in different neuronal compartments
and their role in excitotoxicity is difficult under standard culture conditions due to the
inability to specifically target excitatory agonists. Similarly, in vivo investigations are
complicated by the presence of glial cells. To overcome this, microfluidic devices (Taylor
et al., 2005) were used to establish compartmented embryonic cortical neuron cultures.
Such devices allow fluidic isolation of distal axons from cell bodies, thus allowing focal
exposure of the axon or soma to excitotoxins. In this study, the maturation of primary
mouse cortical neurons was examined within a microfluidic device, in addition to

immunocytochemical and western blot analysis of the expression of glutamate receptor
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subunits in both the somal and distal axon compartments. To determine if excitotoxin
induced axon degeneration can result from somal or axonal exposure to excitotoxin, the
effect of a chronic (24hr and 72hr) exposure of glutamate was investigated within both

proximal and distal compartments
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3.2 METHODS

3.2.1 Cortical neuron culture

Cortical neurons were prepared from the cerebral cortices of embryonic day 14.5 (E14.5)
C57Bl/6 mice. Time-mated females were sacrificed by CO,, embryos removed and
decapitated. Heads were kept on ice for the duration of the dissection to minimise tissue
degradation. The superficial layers of each cortex were removed under microscopic
guidance and transferred to ice-cold Hanks Balanced Salt Solution (HBSS; Gibco).
Meningeal layers were removed and tissue transferred to Sml HBSS. Cortical tissue was
trypsinised (0.0125%) for 5 minutes, followed by removal of HBSS and mechanically
triturated in 1ml neuron initial medium (Table 8.1). Cell density was determined using
the trypan blue dye exclusion assay and the volume adjusted to achieve 8x10° cells per
ml. 20ul of the resulting cell suspension was plated into the cell body compartment of
prepared microfluidic chambers (refer to Chapter 2.2.1). Plated chambers were returned
to incubator conditions to facilitate cell adhesion for 30 minutes before filling with
neuron initial medium and returning to the incubator. Medium was replaced with neuron
subsequent medium (Table 8.1) at 2 days in vitro (2DIV) and maintained with weekly Y5

medium changes.

3.2.2 Live cell labelling

To determine the percentage of neurons which extended axons via the microchannels into
the distal axon compartment, the lipophilic membrane stain CM-Dil (1pg/mL; Molecular
Probes) was added to the distal axon compartment. Fluidic isolation between the distal

compartment and proximal compartment was achieved as described in Chapter 2.3.
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Microfluidic devices were then incubated for 4 hours under standard cell culture
conditions, followed by a medium change. Subsequent experimentation was performed

the next day as required.

For morphological analysis of neuronal processes, neurons were transfected with a
plasmid expressing Green Fluorescent Protein (GFP; pmax GFP, Lonza). 800ng plasmid
DNA was applied to the proximal chamber using the Lipofectamine 2000 reagent
(Invitrogen) for 6 hours under standard cell culture conditions and according to
manufacturers instructions. Growth medium was replaced and transfected neurons

visualised by fluorescence microscopy after 24 hours.

3.2.3 Excitotoxicity

Excitotoxicity was initiated in mature (11DIV) cultures (n = 5 repeats) by a single
application 100uM glutamate, kainic acid or NMDA in culture medium (Chung et al.,
2005) to either the proximal/cell body or the distal axon chamber. Cultures were
incubated under standard cell culture conditions for 24 hours and fluidic isolation
between treated and non-treated chambers was achieved as described above. Additional
cultures were treated with 100uM glutamate for 72 hours to the axonal chamber,

beginning at 10DIV. Treated cultures were fixed with 4% PFA following treatment.

Pharmacological antagonism of kainate and NMDA receptors was achieved with 100uM
CNXQ or MKS801 diluted in culture medium to either the proximal or distal chamber.
Cells (n = 2) were maintained in receptor antagonists for 1 hour prior to treatment with

glutamate, kainic acid or NMDA. Treated cultures were fixed with 4% PFA.
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3.2.4 Inhibition of caspase activity

The pan-caspase inhibitor Z-VAD-FMK (10uM; R&D Systems) was added to either the
distal axon or proximal chamber to inactivate caspase activity. Cultures (n = 3) were pre-
incubated with Z-VAD-FMK in culture medium for 2 hours and excitotoxicity

subsequently induced as described above.

3.2.5 Cell fixation and immunocytochemistry

Cortical neuron cultures were fixed with 4% PFA as described in Chapter 2.4.
Alternatively, cells were fixed in methanol for visualisation of the NR1 antigen (note:
AMPA receptor immunoreactivity was not affected by this method of fixation). This was
followed by incubation with primary antibodies (Table 2.1) and followed by secondary

antibodies (Table 2.2) in PBS. Nuclei were stained using Nuclear Yellow (Table 2.3).

3.2.6 Western blot

For Western blot analysis, all protein from the proximal/somal or distal chambers were
harvested from 10x microfluidic device (n=2 repeats) in ice-cold Tris-Trion buffer
(10mM Tris, pH 7.4; 1000mM NaCl; ImM EDTA; ImM EGTA; 1% Triton-X-100; 10%
glycerol; 0.1% SDS and 0.5% deoxycholate) supplemented with protease inhibitor
cocktail (Complete™, Roche). Samples were separated by 12.5% SDS PAGE. Coomassie
Brilliant Blue staining was also performed on a gel from each experiment. Remaining
protein from gels were transferred to a PVDF membrane and blocked overnight in 5%
non-fat dried skimmed milk powder. Membranes were incubated in primary antibodies

(Table 2.1). Membranes were washed in TBS-Tween. Species appropriate HRP
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(horseradish-peroxidase)-conjugated secondary antibodies (Table 2.2) were applied and

visualised with chemiluminescent peroxidase substrate (Sigma).

3.2.7 Quantitation of axon degeneration

Four images were randomly captured from each distal axon chamber and immunolabelled
for neurofilaments. A 4 x 5 50pum? grid was superimposed on each imaging using Adobe
Photoshop (CS5) (Figure 3.1). Axons in each square of the grid were scored as either
whole, beaded (distinguishable swellings connected by sections of axon) or fragmented
(disconnected swellings) (Figure 3.1). Overall degeneration was calculated as the sum of
beaded and fragmented axons. Values were expressed as a percentage of total axons.
Total values from each square were averaged for each coverslip and analysed using
Student’s t-Test or one-way ANOVA with Tukey’s post-test comparisons. P<0.05

considered significant. Data are represented as mean + SEM.
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3.3 RESULTS

3.3.1 Developmental characteristics of compartmented cortical neuronal culture

Mouse cortical neuron cultures were established within compartmented microfluidic
culture devices (Taylor et al., 2005) and their growth characteristics were examined over
a time course (Figure 3.2). Initial neuronal development (1-3DIV) was restricted to the
proximal chamber. By 5DIV, the neurons had extended multiple neurites within the
somal chamber and axons were present within the microchannels. At 7DIV long,
relatively unbranched axons were present extending from the microchannels into the
distal axon chamber, forming an extensively branched network at 11DIV. Isolated axonal
health declined from 14DIV, with extensive distal axon degeneration present at 15DIV.
Degeneration of axons within the distal axon chamber from 15DIV was not accompanied

by degeneration within the somal chamber.

Double immunolabelling verified that axons (NFM immunoreactivity) were present in the
distal axon chamber, with neuronal cell bodies and dendrites (MAP2 immunoreactivity)
restricted to the somal chamber (Figure 3.3), as previously described by Taylor et al.
(2005). NFM immunoreactive axons were also present in the somal chamber. Neurons
with axons extending into the distal chamber were identified by incubating the distal axon
chamber with CM-Dil prior to treatment. CM-Dil was taken up by the axons and
transported to the cell body (Perlson et al., 2009) (Figure 3.3). Dil retrograde labelling
from the distal axon chamber indicated that approximately 30% of neurons extended

axons to the distal chamber.

Neuronal maturity in compartmented cultures was determined by examining the presence
of growth cones, synapses and spines. Previous investigations have demonstrated that
under standard conditions, immature neurons prior to the development of synapses, have
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numerous growth cones (Haas et al., 2004). As neurons mature, punctate synapses and
mushroom shaped spines are formed on the dendrites accompanied by the loss of growth
cones (King et al., 2006). In the current study, the presence of growth cones in
compartmented cultures was examined by phalloidin staining for filamentous actin and
synaptic puncta were visualised by immunolabelling with the presynaptic marker
synaptophysin, in addition to the dendritic marker MAP2. Dendritic spine morphology
was determined by examination of neurons transiently transfected with a GFP expression
construct. In the somal chamber at 11DIV, few growth cones were present and
synaptophysin positive puncta were immunolabelled along MAP2 immunopositive
dendrites (Figure 3.4A), with the number and density of puncta varying between cells,
congruent with previous investigations (King et al., 2006). Furthermore, GFP expression
revealed short, mushroom-shaped spines (Figure 3.4B) on the dendrites in addition to a
number of long filopodial spines (Figure 3.4C). These data indicate that, in the somal
chamber, synapses were present in accordance with neuronal maturity in standard
cultures (King et al., 2006). However, in the distal axonal chamber at this developmental
stage, large growth cones were present on the tips of axons (Figure 3.4D,E), indicating a

stage of immaturity not usually seen in standard cultures at this time point in vitro.

3.3.2 Glutamate receptor expression in compartmented cultures

To examine whether components of the machinery required for functional glutamatergic
signalling, and therefore excitotoxicity, were present, the expression of glutamate
receptor subunits was determined. Expression of both NMDA and AMPA receptors was
examined within the somal and distal axon chambers of mature (11DIV) cultures by

immunocytochemistry using glutamate subunit specific antibodies. The expression
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profiles of the receptors varied between neurons within each culture. Within the somal
chamber, immunoreactivity for AMPA (GIluR1) and NMDA (NR1) receptor subunits was
present throughout the soma, with punctate expression along the dendrites (Figure 3.5
A,B). Within the distal chamber, AMPA subunit labelling (GluR4) was frequently
present and punctate along distal axons and within the growth cone (Figure 3.5C).
Immunoreactivity for NMDA receptors was occasionally present within distal axon

growth cones (Figure 3.5D).

To confirm the presence of glutamate receptor subunits in the somal and distal axon
chambers, protein was harvested from each chamber and glutamate receptor subunit
expression determined by western blot analysis. Coomassie staining of SDS/PAGE gels
demonstrated a good yield of protein from both chambers (Figure 3.5 E). Western blots
confirmed the presence of NMDA (NRI1 labelling at 120kDa) and AMPA (GluR1 GluR2,
GluR3 and GluR4 labelling at 100kDa) receptors in the somal chambers (Figure 3.5F).
Interestingly, western blot analysis also demonstrated the presence of AMPA receptors in
protein harvested from the distal axon chamber. NMDA receptors, however, were not
detected in the distal axon chamber. Together, these data indicate differential expression
of glutamate receptors subunits on both the somatodendritic compartment and distal axon
of the cortical neuron, with strong evidence for the presence of AMPA receptor subunits

in the axon.

3.3.3 Functional contribution of expressed glutamate receptors to focal

excitotoxicity

To determine the role of the axon in mediating excitotoxicity, mature (11DIV) mouse

cortical neurons were treated with 100uM glutamic acid or vehicle control, applied to
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either the somal or the distal axon chamber of the microfluidic device, and maintained for
24 hours post-treatment. Following treatment, distal axon degeneration was assessed

based on neurofilament immunoreactivity for axonal integrity.

Glutamate applied to the somal chamber resulted in extensive neuronal degeneration,
both within the treated chamber and at the untreated distal axon. Specifically, axons in
both chambers frequently showed a beaded morphology and additionally complete axon
fragmentation was present in some axons. Quantitative analysis of neurofilament
immunoreactivity in the untreated distal axon chamber demonstrated that somal
glutamate treatment resulted in a significant (P<0.01) three-fold increase in total axon
degeneration, including the sum of both beaded and fragmented axons (80.5% =+ 2.9).
Beading (32.2% + 2.4) and fragmentation (49.5% + 3.3) were significantly (P<0.01)
increased relative to untreated controls (26.9 % + 2.8 total damage; 13.5% + 1.7 beading;
14.3% + 1.5 fragmentation) (Figure 3.6A). Widespread axonal degeneration was also

present in the treated somal chamber (not quantified) (Chung et al., 2005).

Next, the axons were specifically targeted to determine whether axonal excitotoxicity
could also result in degenerative changes. Twenty-four hour glutamate exposure also
resulted in beading and fragmentation of the distal axon. Quantitative analysis of
neurofilament immunoreactivity demonstrated a significant (P<0.01) 1.5 fold increase in
total degeneration (46.7% =+ 3.2%), axonal beading (21.3% =+ 1.0%) and axonal
fragmentation (25.5% =+ 2.3%) when compared with untreated controls (26.9 % + 2.8%,
total damage; 13.5% + 1.7% beading; 14.3% + 1.5% fragmentation) (Figure 3.6A). The
degenerative changes in distally treated cultures was significantly (P<0.01) 1.5 fold less
than the distal degeneration in somal treatment, assessed as both axonal beading and

fragmentation.
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The neuron-wide effects of somal and axonal excitotoxin exposure were examined to
determine the extent of neuronal damage. In addition to distal axon morphology
(neurofilament immunoreactivity) (Figure 3.6B-D), changes to dendrites (MAP2
immunoreactivity) (Figure 3.6E-G) and overall cell health were examined, using nuclear
yellow to assess nuclear integrity (Figure 3.6H-J). Somal excitotoxicity resulted in severe
dendritic beading at 24 hours post-treatment (Figure 3.6E), as has been described
previously (Park et al., 1996). There was a significant (20% = 3.2%, P<0.01) increase in
apoptotic (condensed) nuclei following somatodendritic excitotoxicity (Figure 3.61). In
contrast to somal exposure, the unexposed somal chambers of distally treated cultures had
no change to dendritic morphology relative to controls (Figure 3.6G). The nuclear
morphology of CM-Dil stained neurons were assessed, however there was no difference
in the percentage of apoptotic nuclei between axonal excitotoxicity at 24 hours and

untreated controls (25.4% £ 2.0% 24hr excitotoxicity; 22.7% + 1.3% control).

To investigate whether delayed apoptosis occurred, through dying-back from the axon,
cultures were treated with 100uM glutamate to the distal axon chamber for 72 hours at
10DIV and axon degeneration and cell death assessed. 72 hour treated cultures
demonstrated a significant (P<0.01) increase in total axon degeneration from untreated
controls (52.5% =+ 4.3% and 32.5% + 2.6% respectively), however this was not
significantly (P>0.05) different to cultures treated for 24 hours (46.7% =+ 3.2%) (Figure
3.7A). Additional cultures were labelled with CM-Dil to the distal axon chamber prior to
treatment to specifically label neuronal soma with axons in the distal chamber. Following
treatment, the nuclear morphology of Dil positive soma was assessed with no significant
(P>0.05) change to the percentage of apoptotic nuclei relative to controls (13.9% + 1.9%

72 hour glutamate, 17.8% + 1.4% controls) (Figure 3.7B).
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3.3.4 Both NMDA and AMPA/KA receptors contribute to distal axon degeneration

following targeted excitotoxicity

To determine which glutamate receptors are involved in axonal excitotoxicity, 11DIV
cultures were treated with 100uM KA or NMDA to either the proximal or distal chamber.
Somatodendritic exposure of both glutamate receptor agonists resulted in a significant
(P<0.05) increase in distal axon degeneration compared with untreated controls (Figure
3.8A). Distal application of KA did not result in a significant (P>0.05) change in distal
axon degeneration, however distal NMDA did resulted in a significant (P<0.05) increase
in distal axon degeneration (Figure 3.8A). To further investigate the receptors involved,
11DIV distal axons were pre-incubated in either CNQX or MKS801 prior to exposure to
100uM glutamate to either the proximal or the distal compartment. The preliminary
results obtained in these analyses suggest distal excitotoxicity may not be mediated solely
via NMDA or non-NMDA receptors (Figure 3.8B). Pre-incubation of cells with both
CNQX and MKS801 reduced distal axon degeneration to similar levels of the vehicle-

treated controls (Figure 3.8B).

3.3.5 Mechanisms of focal excitotoxin induced axonal degeneration

To investigate whether axon degeneration following soma or axonal excitotoxicity
involved activation of caspases and apoptotic pathways, 11DIV cultures were pre-
incubated with 10uM Z-VAD-FMK pan-caspase inhibitor to either the somal or distal
axon chambers. Cultures were subsequently treated with 100uM glutamate for 24 hours
to induce excitotoxicity. The efficacy of the inhibitor was confirmed by a significant

(P<0.05) decrease in apoptotic nuclei following somal excitotoxicity when compared to
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the same treatment with no inhibitor (16.06% + 3.93% glutamate only; 3.93% =+ 3.15

inhibition + glutamate).

Somal caspase inhibition prior to somal excitotoxicity significantly (P<0.01) decreased
distal axon degeneration (31.3% + 3.2%) when compared with somal treatment alone
(54.5% + 2.3%) (Figure 3.9A). Axonal caspase inhibition combined with somal
excitotoxicity also significantly (P<0.01) reduced axon degeneration (36.4% =+ 2.1%)
(Figure 3.9A). Somal caspase inhibition and axonal caspase inhibition similarly
significantly (P<0.01) decreased axon degeneration in conjunction with axonal
excitotoxicity (2.5% + 4.0% and 9.9% + 2.4% respectively) compared with axonal
excitotoxicity alone (20.6% =+ 3.2%) (Figure 3.9B). For both axonal and somal
excitotoxicity there was no significant (P>0.05) difference between somal and axonal

application of caspase inhibition.
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3.4 DISCUSSION

In this study, primary cortical neurons were grown in a compartmentalised microfluidic
device to determine the expression of glutamate receptors in specific neuronal
compartments and to investigate degenerative responses following chronic targeted distal
axon excitotoxicity. Of relevance to the current study, previous investigations (Choi,
1987; Liu et al., 1996; King et al., 2006) have demonstrated that neuronal vulnerability to
excitotoxicity is dependent on neuronal maturity and expression of glutamate receptor
subunits, which is variable between cell types. Thus, for the current study it was

important to determine the maturity of neurons within the microfluidic culture chambers.

Under standard growth conditions, development of primary murine cortical neurons
occurs via a sequence of predetermined steps that include neurite outgrowth, polarisation
and elongation, followed by movement of glutamate receptors into the synapses and loss
of immaturity markers such as growth cones (Dotti et al., 1988; Haas et al., 2004). The
timing of these developmental stages is dependent on culture density (de Lima et al.,
1997; Rao et al., 1998). Assessment of neuronal growth of cultures in microfluidic
chambers indicates that development occurs in a similar manner to standard cortical
culture within the somal chamber, including the presence of mature spines and punctate
glutamate receptor subunits at 11DIV. However, in the axonal chamber, even at relative
culture maturity (11DIV), numerous axonal growth cones remained present. The presence
of growth cones is likely to be due to the inability of presynaptic neurons to find post-
synaptic partners in this culture system and may affect the axonal expression of glutamate

receptor subunits.

The current data indicate that, in addition to the well-documented expression of glutamate

receptor subunits on the somatodendritic compartment of cultured primary cortical
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neurons (King et al., 2006), glutamate receptors, and in particular AMPA receptors, were
also present on axons. Excitotoxic stimulation of axonal glutamate receptors resulted in
axonal degeneration, which, unlike somatodendritic exposure, was confined to the
exposed segment of the axon and did not cause retrograde degeneration or apoptotic cell
death, even at extended time-points of 72 hours. The application of both KA and NMDA
to the distal axon compartment resulted in distal axon degeneration, however there was
no significant protective effect following pharmacological blockade of either NMDA or
non-NMDA receptors. These data also suggest the presence of functional glutamate

receptor complexes on the axons in this chamber.

3.4.1 Axon degeneration and excitotoxicity

Axon degeneration following glutamate receptor stimulation has been previously reported
in a number of studies. In vitro studies have indicated that axon degeneration occurs as a
result of chronic excitotoxicity in cultured motor (King et al., 2007) and cortical (Chung
et al., 2005) neurons. In these studies, however, glutamate or other agonists were globally
applied to the cells and so it is unclear if axon degeneration occurred from toxicity to
somatodendritic glutamate receptors, or receptors present on axons, growth cones or pre-
synaptic terminals. In vivo studies have allowed focal excitotoxin exposure of neuronal
compartments. Somal glutamate exposure to retinal ganglion cells resulted in a
degeneration of the distal axon (Saggu et al., 2008), confirming excitotoxic axonal
degeneration in the unexposed axon segment, consistent with the current study in cortical
neurons. In vivo glutamate exposure to myelinated axons also resulted in axonal damage
to the optic nerve (Matute, 1998) and external capsule (Fowler et al., 2003). The

vulnerability of myelinating oligodendrocytes to excitotoxicity has been well documented
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and myelin has been demonstrated to play a role in axonal excitotoxicity (Fowler et al.,
2006). However, studies using myelin-deficient Shiverer mice show that compact myelin

is not required for AMPA toxicity to axons (Pitt et al., 2010).

A study by Underhill and Goldberg (2007) utilised a Campenot style compartmentalised
culture system to directly examine the role of glutamate receptor activation in axon
degeneration in the absence of glial cells. Their data demonstrated that brief (two hour)
axonal exposure to glutamate receptor agonists, NMDA or AMPA, did not result in
significant axonal degeneration. Conversely, the current study using a compartmentalised
microfluidic culture system, demonstrates the novel finding that chronic (24 hour)
glutamate exposure results in axonal blebbing and fragmentation in a proportion of axons.
The reasons for these conflicting results may be the length of time of the exposure, the
agonists used or differences in the culture systems, which may select for isolation of
axons from specific cell types. Interestingly, in vivo studies also suggest difference in
chronic versus acute excitotoxic axonal exposure (Matute, 1998). These data suggest that

excitotoxicity can be mediated through glutamate receptors expressed on the axon.

3.4.2 [Excitotoxicity and glutamate receptor expression

In the current study excitotoxicity could be mediated through glutamate receptors
expressed either on the axon shaft or on the growth cones. Glutamate receptors can be
trafficked to the axonal compartment and in particular their presence within growth cones
during neuronal development has been well documented (King et al., 2006), with a
proposed involvement in pathfinding (Zheng et al., 1996). Recently, subunits for AMPA
and kainate receptors have been shown to be present on myelinated axons (Ouardouz et

al., 2009a; 2009b), although the functional activity of these receptors is currently
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disputed. This data confirms the presence of AMPA receptors in the axonal compartment
of cultured axons by immunocytochemical labelling and Western blot analysis. The role
of these axonal glutamate receptors is unclear, however the expression of functional
NMDA and non-NMDA receptors on glial cells (Gallo and Russell, 1995; Verkhratsky
and Kirchhoff, 2007) raises the possibility that axonal glutamate receptor subunits may
facilitate glutamatergic signalling between axons and myelinating oligodendrocytes or

astrocytes.

A limitation of the current study is that cultured distal axons were unable to synapse on
other neurons, preventing the formation of the presynaptic terminal. This excludes the
possibility that excitotoxicity was mediated through presynaptic receptors. In vivo, both
NMDA and AMPA receptors are found presynaptically, where they are thought to
regulate glutamate release (recently reviewed in Pinheiro and Mulle, 2008) and could
potentially be targets for excitotoxic stimulation. Although the expression pattern of
axonal glutamate receptors may differ in vivo, the current study suggests that
excitotoxicity can be mediated through extra-synaptic glutamate receptors expressed on

the axon.

The demonstration of the extra-synaptic expression of glutamate receptor subtypes
(Passafaro et al., 2001; Tovar and Westbrook, 2002; Kane-Jackson and Smith, 2003; van
Zundert et al., 2004), suggests a wider role for glutamate than solely as an inter-neuronal
excitatory transmitter (Araque and Perea, 2004). Glutamate receptor subunits at non-
synaptic sites on dendrites and spines are thought to act as a reserve supply of synaptic
receptors (for recent review see Newpher and Ehlers, 2008). However,
electrophysiological recordings indicate that these extrasynaptic receptors are functional
(Andrasfalvy and Magee, 2001) and a modulatory role has been suggested, through

activation by glutamate spillover from the synapse or glial derived glutamate (Diamond
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and Jahr, 2000; Jourdain et al., 2007). In terms of pathological stimulation of glutamate
receptors, extrasynaptic and synaptic receptors have been reported to play a significantly
different role in excitotoxicity. Stimulation of synaptic NMDA receptors is
neuroprotective, whilst activation of extrasynaptic NMDA receptors triggers neuronal
degeneration (Hardingham et al., 2002). Although, some authors demonstrate preferential
expression of receptor subunit types at extrasynaptic sites is responsible for this effect

rather than localisation itself (Liu et al., 2007).

3.4.3 Mechanisms of axonal glutamate excitotoxicity and implications to disease

Mechanism of axonal degeneration, including potential differences between axonal and
somal glutamate stimulation, can not be fully determined in the current study, however,
the protective effect of a pan-caspase inhibitor suggests the involvement of pathways
associated with apoptosis. It is of particular interest to note that application of inhibitors
to either the soma or axon provided protection from degeneration. The role of axonal
caspases in axonal degeneration is being increasingly recognised and has been reported in
a number of models (Schoenmann et al., 2010; Smith et al., 2011). This study also
suggests that retrograde signalling to the soma is involved in axon degeneration following
axonal excitotoxicity, without inducing frank apoptosis. Further elucidating the
mechanisms of excitotoxin induced axon degeneration will be the subject of future

studies using this model.
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3.4.4 Conclusions

The findings of the current study have a number of implications for our understanding of
neurodegenerative disease. Excitotoxicity within the white matter has been shown to
occur in a number of degenerative conditions including glaucoma (Saggu et al., 2008)
and multiple sclerosis (Pitt et al., 2003), and is also common following injury (reviewed
in Lau and Tymianski, 2010). Furthermore, axonal excitotoxicity may be involved in any
condition involving excitotoxic pathogenesis including, potentially, amyotrophic lateral
sclerosis (Van Damme et al., 2005) and Alzheimer’s disease (Hynd et al., 2004), with
local regions of excitotoxicity triggering axon degeneration and synaptic loss. At present,
excitotoxic damage is attributed to neuronal soma and glial cells, and secondary axon
degeneration via axon-glia signalling. The current study suggests that axon degeneration
could occur from direct exposure of the axon to excitotoxins. However, axonal
excitotoxicity did not result in a dying back, even 72 hours following exposure. The
relative immaturity of the axons through lack of presynaptic targets and therefore
retrograde signals from postsynaptic cells may be a factor in the lack of die-back in this
study. It is currently unknown how axonally mediated excitotoxicity affects a cell’s
survival in mature cells in vivo in the long-term. Additionlly, further investigations are
required to determine which receptor complex is primarily responsible for axonally
mediated excitotoxicity. Determining both the receptors involved and the signalling
mechanisms involved in distal axon degeneration following excitotoxicity may have
therapeutic implications as intervention may need to be directed specifically to induce

axon protection.
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4 DEGENERATION OF THE UNDERLYING STRUCTURAL

PROTEINS OCCURS DURING DEGENERATION OF THE MSOD1

G93A NMJ

4.1 INTRODUCTION

There is increasing evidence that the distal axon and synapse are an early and important
cellular target for pathology in ALS (Raff et al., 2002; Wishart et al., 2006). Loss of NMJ
is considered the first pathophysiological event in ALS and occurs from loss of the motor
neuron axon resulting in loss of the post-synaptic apparatus (Dupuis and Loeffler, 2009).
Consequently, degeneration in ALS is regarded by many as a distal pathology which
develops from ‘dying back’ of the motor neuron distal axon (Fischer et al., 2004; Fischer

and Glass, 2007).

Clinical distal defects have also been characterised in human ALS, indicative of dying
back axonopathy (Fischer et al., 2004; Fischer and Glass, 2007). Electromyography
(EMG) demonstrates loss of motor neurons accompanied by fasciculation potentials and
spontaneous fibrillation in human skeletal muscles (Maselli et al., 1993). Similarly,
quantitative morphometric analysis has established distal-to proximal progression of
axonopathy in ALS patient phrenic nerves (Bradley et al., 1983). Histological analysis of
human skeletal muscle biopsies from confirmed ALS cases reported loss of presynaptic
components from the NMJ (Tsujihata et al., 1984). Difficulties in accessing high-quality
pre-symptomatic or early symptomatic human skeletal muscle samples has hindered
investigation of early distal changes in ALS, however many of these processes are
replicated by murine models of ALS, including the commonly used mSOD1 G93A

mouse (Fischer et al., 2004). In the mouse, post-synaptic AChRs slowly dissipate from
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the initial healthy ‘pretzel’ organisation and become increasingly shrunken and
fragmented over several weeks following denervation (Li and Thompson, 2011). This is
proposed to occur via progressive destabilisation of the basal lamina (Marshall et al.,
1977; Li and Thompson, 2011). Human skeletal muscle biopsy samples from diagnosed
ALS patients indicate a similar slow process of AChR dissociation (Tsujihata et al.,

1984).

In addition to distal degeneration, mSOD1 models have revealed a number of pre-
symptomatic changes, including vulnerability to environmental stresses such as hypoxia
during the presymptomatic period (David et al., 2007). Such environmental triggers have
been demonstrated to act in multiple neuronal compartments, including the NMJ (David
et al., 2007). Murine models for peripheral motor neuropathy, bax deletion and mSOD1
G93A have also indicated that the triggering and regulation of degeneration in ALS
occurs in a compartmented manner, with prevention of somal degeneration rarely
extending to protection of the distal axon or improvement in clinical outcomes (Sagot et
al., 1995; Gould et al., 2006; Dewil et al., 2007). Thus, degeneration of the distal
components is a key process in ALS, however the sequence of changes is not fully
known. Furthermore, understanding the post-synaptic changes will help determine the

role of muscle versus motor neuron in the mechanisms of degeneration of the NMJ.

The NMIJ is a complex synapse with numerous interconnected signalling pathways
involved in coordination between synaptic input and muscle contraction (Wu et al.,
2010). Development of the NMJ requires precise signalling between the motor terminal
and skeletal muscle fibre to coordinate localisation of post-synaptic AChRs to enable
synaptic transmission (reviewed in Wu et al., 2010). Much of the information regarding
the structural components of the NMJ has been gathered in developmental models

utilising a variety of protein knock-down and gene silencing techniques (reviewed in Wu
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et al., 2010). Consequently, little is known about many of the structural proteins in the
context of aging and degenerative models. Briefly, formation of the NMJ centres around
three main pathways; 1) agrin/LRP4/MuSK signalling to promote aggregation of AChRs
at the developing synapse, 2) NRG1/ErbB signalling to stabilise the synapse and promote
AChR expression by synaptic nuclei and 3) ACh voltage-dependent neurotransmission
and signalling to downregulate AChR expression by non-synaptic muscle nuclei (Sanes
and Lichtman, 1999; Wu et al., 2010; Nishimune, 2012). For the purpose of this project, a
number of proteins that perform a range of functions in these signalling cascades were

selected for investigation in a timecourse of the mSOD1 G93A mouse.

The mSOD1 G93A mouse develops ALS-like symptoms around 86 days of age, reaching
end-point between 160 and 175 days of age (Gurney et al., 1994) and is widely used in
ALS research. The mSOD1 G93A mouse has a rapid disease progression, thus making it
a suitable model to investigate pathology in a time and cost effective manner. In mSODI1
models, the timing of NMJ loss varies depending on the muscle fibre composition
(Fischer et al., 2004; Pun et al., 2006). The role of skeletal muscle in degeneration of the
NMJ remains controversial in both ALS and in associated animal models (Dupuis and
Loeffler, 2009). Specific down-regulation of mSODI in transgenic mSOD1 models has
no effect on the disease process (Miller et al., 2006; Towne et al., 2008). Conversely,
muscle-specific expression of mSOD1 produced some key features of ALS, notably
spinal cord astrocytosis and inflammation, and also severe pathology within the skeletal
muscle (Dobrowolny et al., 2008; Wong and Martin, 2010). Despite the controversy,
some still regard the skeletal muscle as a primary target for mSOD1 mediated toxicity
(Dobrowolny et al., 2005; Dobrowolny et al., 2008; Wong and Martin, 2010), with

beneficial effects of IgF-1 and exercise noted (Kaspar et al., 2003). Others have
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suggested an active role of the muscle fibre in development of ALS (Cappello et al.,

2012).

One of the disadvantages to a mSOD1 model is the potential for the rapid progression to
obscure some of the more subtle aspects of degeneration. Onset of degeneration in the
mSOD1 G93A mouse consistently begins with the hind-limbs, leaving the forelimbs
relatively spared (Gurney et al., 1994; Chiu et al., 1995; Azzouz et al., 1997; Bendotti
and Carri, 2004). The forelimb muscles in the mouse represent a currently understudied
region of murine musculature (Mathewson et al., 2012) and may represent a novel insight

into presymptomatic alterations that occur at the NMJ in the mSOD1 mouse model.

In this study, pre-synaptic motor terminals, skeletal muscle proteins nestin, rapsyn and
dystrophin and Schwann cells were examined over a time-course of mSOD1 G93A and
wild-type control mice. Although we know that the presynaptic axons die back before the
AChRs are lost it is unclear if this is preceded by loss of postsynaptic structural proteins
or alteration to the terminal Schwann cells. Analysis of pre-synaptic terminals indicated a
significant loss of colocalisation with post-synaptic a-BTx staining at 56 days of age. At
84 days, presynaptic terminals, nestin, rapsyn and Schwann cells were significantly less
colocalised with o-BTx compared with controls. Dystrophin colocalisation was
significantly reduced from a-BTx by 112 days. Analysis of the forelimbs, however only
indicated a decrease in pre-synaptic terminals late in disease, at 140 days. These results
indicate that loss of pre-synaptic terminals is likely the main factor in development of
ALS pathology however these results also indicate that loss of a-BTx is preceded by

alterations to the underlying postsynaptic structure.
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4.2 METHODS

All animal use was approved by the Animal Ethics Committee of the University of
Tasmania. Mice were housed in 12 hour light/dark cycles and monitored daily for signs
of distress or illness. mSOD1 G93A (Chapter 2.1) mice (Gurney et al., 1994) were
checked daily from 16 weeks of age to monitor disease progression, with additional food
placed on the floor of the cage as required. To minimise suffering, animals were
sacrificed if considered to have reached end-point, determined by either a 20% loss from
maximal body weight or inability to right once rolled onto their back (Schutz et al.,

2005).

4.2.1 Tissue collection

WT and high copy number mSODI1 G93A mice at 28, 56, 84, 112 and 140 days of age
(n=4 each group) were transcardially perfused with 4% paraformaldehyde. The hind-limb
lateral gastrocnemius muscle and forelimb extensor muscles were dissected (refer to
figure 4.1) and cryoprotected prior to sectioning. The forelimb extensors incorporate the
extensor carpi radialis longus, extensor digitorum communis, extensor digitorum lateralis
and extensor carpi ulnaris (Elashry et al., 2009; Mathewson et al., 2012) (Figure 4.1) and
was selected as a region analogous to the gastrocnemius muscle in the absence of a
directly comparable muscle mass. Muscles were cryo-sectioned at 40pum, beginning 1mm
from the lateral surface in gastrocnemius and 100um from the lateral surface in forelimb
muscle. Sections were placed directly onto coated FLEX immunohistochemistry slides
(Dako) and washed 4 hours in PBS at room temperature to remove OCT compound for
immunohistochemistry. Tissue sections were processed identically to minimise batch
variation.
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4.2.2 Immunohistochemistry

Sections were stained for acetylcholine receptors (AChRs) using a-BTx (Table 2.3). a-
BTx was applied to each section (1:200) for 30 minutes. Sections were washed 1x 1min
in ice-cold methanol to reveal epitopes, followed by 4 hours in 0.1% Triton-X-100
diluent to permeabilise cells. Neurofilaments were labelled using a cocktail of mouse-anti
phosphorylated  neurofilaments (SMI312) and mouse-anti  dephosphorylated
neurofilaments (SMI32). Sections were incubated in primary antibodies or isotype
controls (Table 2.1) for 1 hour at room temperature followed by overnight at 4°C. Excess
antibodies were removed in PBS washes (3x 10 min). Species-specific Alexa488
antibodies (Table 2.3) were added and incubated for 2 hours at room temperature.
Sections were incubated in DAPI (Table 2.3) for 20 minutes at room temperature.
Sections were washed 3x30 minutes and coverslips mounted using PermaFluor (Dako)

mounting medium. Slides were allowed to fully dry prior to microscopy.

4.2.3 Quantitation

Each immunohistochemical marker was assessed relative to a-BTx. For the purpose of
this investigation, NMJs were considered “occupied” if there was evidence of complete
or partial association with pre-synaptic markers and a-BTx (Cappello et al., 2012)
(Figure 4.2). Similarly, assessment of post-synaptic structures relative to a-BTx staining
were scored as “colocaslied” or “non-colocalised”. Analysis was performed using a Leica
upright fluorescence microscope (refer to Chapter 2.6) and using a dual 488 and 594
cube/filter to visualise both labels simultaneously. Gastrocnemius NMJs were counted
from 3 fields of view (20x) from comparable regions of the muscle. All NMlJs in the

forelimb muscles were counted. All counts were performed blinded to the genotype and
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age of the animal. N=3 for all time-points and genotypes. Statistical analysis was
performed using two-way ANOVA with Tukey’s post-hoc test, P<0.05 considered
significant (GraphPad Prism version 5). Data represented + standard error of the mean

(SEM).

75



Chapter 4 — Results

4.3 RESULTS

To determine changes to the NMJs over time, muscle sections were obtained from
mSOD1 G93A and wild-type littermate controls over the life-span of the mSOD1 G93A
mouse, from late post-natal development to endstage disease. The time-points chosen
reflect a number of stages in the progression of ALS-like disease in these mice, with 28
and 56 days representing the presymptomatic period, 84 days representing onset, 112
days representing mid-stage disease and 140 days representing late disease (Gurney et al.,
1994; King et al., 2012). Transgenic mice reached ethical end-stage around 150 + 4 days
of age, similar to previous studies (Cowin et al., 2011). As is well characterised in this
mouse model, the transgenic and wild-type mice were morphologically indistinguishable
from birth until around 100 days of age, where mild leg tremors became visible in the
hindlimbs when handled by the tail. At the 112 day point, mSOD1 G93A mice were
noticeably slimmer than their wild-type littermates and had an observably abnormal gait.
Consistent with the literature, by 140 days, the mSOD1 G93A mice had marked muscle

weakness particularly in the hindlimb (Cowin et al., 2011).

4.3.1 Denervation of mSOD1 G93A NMJs in the gastrocnemius muscle is apparent

prior to overt symptom onset

In order to characterise the sequence of changes resulting in denervation of mSOD1
G93A NMls, lateral gastrocnemius muscle sections were immunolabelled with a cocktail
of antibodies to neurofilaments and synaptophysin to visualise the pre-synaptic terminal.
Innervation was defined as NMlJs sharing evidence of either complete or partial
colocalisation of presynaptic elements with a-BTx. In contrast, denervated NMJs had no
presynaptic labelling colocalised with a-BTx staining. There was no significant (P>0.05)
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difference in the proportion of NMJs with presynaptic terminal colocalisation with a-BTx
in wild-type and mSOD1 G93A at 28 days of age. However at 56 days of age, there was a
significant (P<0.05) 14.5% decrease in the proportion of NMlJs with colocalised lablleing
for presynaptic immunolabelling and a-BTx (97.3% + 1.45% wild-type; 83.1% + 1.10%
mSODI1 G93A) (Figure 4.3). At 84 days of age, there was a significant (P<0.05) 44%
decrease in the proportion of NMlJs with colocalised labelling for presynaptic
immunolabelling and a-BTx (88.7% + 2.74% wild-type; 49.5% + 5.26% mSOD1 G93A).
Furthermore, at 112 and 140 days of age there were significant (P<0.05) decreases in the
proportion of NMJs with colocalised presynaptic labelling and o-BTx, representing a
50% and 70% loss from age-matched wild-type MNJs respectively (112 days: 96.5% =+
1.51% wild-type; 58.0% + 5.77% mSOD1; 140 days: 96.4% =+ 2.0% wild-type; 23.4% =+

6.79% mSODI1 G93A).

4.3.2 The structural proteins nestin, rapsyn and dystrophin are progressively lost

from mSOD1 G93A hind-limb NMJs

To further determine the sequence of post-synaptic changes in mSODI tissue, muscle
sections from a range of ages were examined using immunohistochemistry to key NMJ-
associated proteins. At 28 and 56 days of age there was no significant (P>0.05) difference
in colocalisation of either nestin, rapsyn or dystrophin with a-BTx in the gastrocnemius
muscle of wild-type and mSOD1 G93A mice (Figure 4.4). However, at 84 days of age,
there was a significant (P<0.05) decrease in the proportion of NMJs showing nestin
(43.6% =+ 4.24%) and rapsyn (43.0% = 7.68%) colocalisation with a-BTx in mSOD1
gastrocnemius muscles compared to controls (89.1% + 3.56%; 76.9% + 4.4% nestin and

rapsyn controls, respectively). There was no significant (P>0.05) difference in the
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proportion of NMlJs with dystrophin colocalised with a-BTx. Decreased nestin
colocalisation with a-BTx was associated with a change in immunoreactivity to a more
dispersed expression throughout the muscle fibre as previously reported following
denervation (Vaittinen et al., 1999). At 112 days of age, the proportion of NMJs with
dystrophin colocalised with a-BTx staining in mSODI1 gastrocnemius was significantly
(P<0.05) decreased from wild-type (44.09% + 5.19% mSOD1; 90.58% =+ 5.62% wild-
type). Rapsyn and nestin also maintained a significant (P<0.05) decrease in the
proportion of NMJs colocalised with a-BTx compared to wild-type NMJs (Figure 4.3).
By 140 days of age, the proportion of NMJs with each marker colocalised with a-BTx
was further decreased, reflecting a 70%, 63% and 66% loss of nestin, rapsyn and
dystrophin colocalisation with a-BTx respectively. These decreases were significantly
(P<0.01) reduced from age-matched wild-type mice (Figure 4.3). These results indicate
that the organisation of key structural components is affected over time in mSOD1 G93A
skeletal muscles following presynaptic loss, likely reflecting progressive destabilisation

of the post-synaptic receptor complexes.

4.3.3 Schwann cells progressively lose S100 immunoreactivity over a time-course

in mSOD1 G93A hind-limb muscles

The peri-synaptic Schwann cell performs an important role during formation, maturation
and maintenance of the NMJ (Balice-Gordon, 1996; Koirala and Reddy, 2003). To assess
NMJ Schwann cells, mSOD1 G93A and wild-type skeletal muscles were immunolabelled
for the calcium binding protein S100, a marker for Schwann cells and co-stained with a-
BTx. Mature Schwann cells envelope the NMJ, strongly colocalising with o-BTx

staining. At 28 days of age there was no significant (P>0.05) change in the proportion of
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NMJs with S100 colocalised with a-BTx. However by 56 days there was a significant
(P<0.05) decrease in the proportion of NMJs with S100 colocalised with a-BTx (76.6% =+
3.97%), reflecting an 18% loss of colocalisation from a-BTx from age-matched wild-type
NMlJs (93.1% £+ 1.79%). By 84 days of age, the proportion of NMJs with S100
colocalised with o-BTx was further decreased to 44% compared with wild-type,
signifying a significant (P<0.05) decrease (51.5% + 8.36%, 91.3% + 0.85% mSOD1 and
wild-type respectively). The proportion of NMJs with S100 colocalised with a-BTx was
reduced to 57% at 112 days in mSODI tissue compared with wild-type, with a 68%
reduction in the proportion of NMJs colocalised with S100 and a-BTx compared with

wild-type NMlJs by 140 days of age (Figure 4.3).

To determine whether the loss of S100 colocalisation with a-BTx at the NMJ reflected a
loss of Schwann cells or the S100 protein, S100 stained sections were counter-stained
with DAPI to visualise nuclei. Schwann cell nuclei were visible around a-BTx staining in
healthy muscles, colocalised with S100 staining. The distribution of nuclei surrounding
a-BTx staining was not altered in mSOD1 G93A tissue at any age-point despite loss of
S100 immunoreactivity (Figure 4.5). These preliminary results suggest that the loss of
S100 immunoreactivity in the skeletal muscles of aging mSODI1 G93A mice may
represent a loss of the S100 protein rather than initial loss of cells however further

investigations into this process are needed.

4.3.4 NMJ pathology is delayed in the forelimbs of mSOD1 G93A mice

In the forelimb, a significant (P<0.05) decrease in the proportion of NMlJs with
presynaptic terminals colocalised with a-BTx was only present at 140 days of age,

reflecting a 27% decrease in colocalisation (95.1% + 2.17% wild-type; 69.8% 4.75%
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mSOD1 G93A) (Figure 4.6). Analysis of nestin, rapsyn and dystrophin in the forelimb
tissue demonstrated no significant (P>0.05) change in the proportion of NMJs with either
protein colocalised with a-BTx compared to wild-type animals at any age. There was no
significant (P>0.05) difference in the proportion of NMJs with S100 colocalised with a-
BTx in the forelimb muscles of mSOD1 G93A mice at any age. The organisation of
nuclei surrounding 0-BTx staining in the forelimbs was unaffected. These results indicate

that NMJ pathology in the forelimbs is delayed relative to the hindlimbs.
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4.4 DISCUSSION

In this study, a number of post-synaptic structural components of the NMJ were
examined over a time-course in the mSOD1 G93A mouse model of ALS. Quantification
of NMJs with colocalisation of pre- and post-synaptic structures in this transgenic model
indicates that die-back of motor neuron axons is apparent from 56 days of age, with a
dramatic decrease around 84 days, or disease onset. Further investigations using
immunohistochemical labelling of a number of structural proteins were performed to
determine whether denervation is preceded by changes to the post-synaptic structures.
The proportion of NMJs with nestin and rapsyn colocalisation with a-BTx in the
hindlimbs of mSOD mice were not significantly different from wild-type tissue at the
earlier time-points investigated, however demonstrated a significant (P<0.05) decrease at
86 days of age, showing further decreases at 112 and 140 days. The proportion of NMJs
with colocalisation between dystrophin and a-BTx in mSODI1 mice was significantly
decreased at 112 and 140 days of age compared to wildtype. S100 staining for Schwann
cells revealed the proportion of NMJs showing colocalisation of S100 with a-BTx was
significantly (P<0.05) decreased from 56 days onwards. Co-staining with DAPI indicated
that the loss of S100 staining represented a loss of the S100 protein rather than
degeneration of Schwann cells. Finally, analysis of forelimb musculature did not indicate
changes to structural organisation, save for a significant 27% reduction of the proportion

of NMJs with presynaptic terminals colocalised with a-BTx at 140 days.
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4.4.1 Early deficits in colocalisation of pre-synaptic motor terminals with a-BTx

may reflect compensatory remodelling of neuromuscular connections

The loss of pre-synaptic proteins from some NMJs at 56 days of age may reflect a very
early degeneration which is compensated for by sprouting of neighbouring fibres. In
healthy muscle, denervation is rapidly corrected by compensatory plasticity (Magrassi et
al., 1987; Balice-Gordon et al., 1990; Fluck, 2006; Li and Thompson, 2011). If the
reinnervating axon is of a different type to the previous axon, the skeletal muscle fibre
switches type to match the innervating neuron (Pette, 2001). However, the process is
incomplete in ALS, with a failure of the skeletal muscle fibre-switching mechanism
resulting in mixed atrophic groups in contrast with the grouped atrophy which is usually
seen in progressive denervation (Baloh et al., 2007) Similar fibre-type grouping,
indicative of this process can be seen in human ALS and Charcot-Marie-Tooth disease
patients (Brooke and Engel, 1969; Telerman-Toppet and Coers, 1978). Indeed, attempted
reinnervation is present in skeletal muscle biopsies from human ALS patients (Hansen
and Ballantyne, 1978; Fischer and Glass, 2007). Consequently, it remains highly likely
that degeneration of motor neurons in ALS occurs before the onset of symptoms, with the
inherent plasticity of NMJ remodelling compensating for the loss (Mead et al., 2011).
This theory is supported by the present study, indicating a small but significant decrease
in the proportion of NMJs with colocalisation between motor neuron terminals and post-
synaptic receptors at a time-point prior to disease onset. Previous analyses using
comparable approaches have reported similar findings (Cappello et al., 2012). Others
have noted a more dramatic and early loss of presynaptic structures (Fischer et al., 2004),
however differences in protein labelling and the muscles examined may account for the
discrepancies between studies. Additionally, in this study, ‘colocalisation’ was defined as

both partial and complete overlap of immunohistochemical labels with a-BTx staining.
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The importance of using both pre- and post-synaptic NMJ components to determine
synaptic connectivity was highlighted by Li and Thompson (2011) who demonstrated that
complete dissociation of AChRs from NMJs can take up to 11 weeks following

denervation in wild-type mice.

4.4.2 Loss of structural proteins precede loss of post-synaptic receptors

To probe the mechanisms underlying degeneration of the NMJ in the mSOD1 mouse,
further investigations were performed into some of the underlying structural components
of the NMJ. Rapsyn is a critical effector for AChR aggregation (Frail et al., 1987; Zuber
and Unwin, 2013). In addition to AChR binding, rapsyn is critical for a number of
molecular interactions (Phillips et al., 1991; Wu et al., 2010; Piguet et al., 2011),
including binding to the cytoskeleton (Antolik et al., 2007) and molecules such as calpain
(Chen et al., 2007), B-catenin (Zhang et al., 2007) and a-actinin (Dobbins et al., 2008).
The significant decrease in the proportion of NMlJs showing reduced rapsyn
colocalisation with a-BTx was unexpected, however other proteins, including
dystroglycan may also interact with AChRs (Pilgram et al., 2010). Loss of rapsyn
colocalisation has not been investigated in other denervation models, so it remains
unknown whether the pathology as occurs in mSOD1 G93A tissue is common to

denervation or is related to mSOD1 toxicity.

Nestin, an intermediate filament, is highly expressed throughout the developing nervous
system and performs a large number of roles across a very diverse range of cells
(Capetanaki et al., 2007). In the mature fibre, nestin is highly localised to the NMJ and
myotendinous junction in a voltage-dependent manner (Lendahl et al., 1990; Vaittinen et

al., 1999). Nestin associates with AChR clusters (Vaittinen et al., 1999; Kang et al.,
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2007) and unlike other skeletal muscle intermediate filaments, binds with microtubules or
microfilaments (Herrmann and Aebi, 2000) for stabilisation of AChRs (Bloch, 1983;
Weston et al., 2000; Luo et al., 2002; Lee et al., 2009). Nestin is involved in negative
regulation of AChR expression via regulation of Cdk5 activation (Yang et al., 2011).
CdkS5 activity is altered in mSOD1 mouse models, and the toxic p25 fragment of p35
cleavage by CdkS5 is upregulated in mSOD1 G93A muscles (Dobrowolny et al., 2008). In
this study, a decrease in NMJs showing nestin coloclaised with a-BTx coincided with a
more ‘dispersed’ pattern of nestin immunolabelling throughout the central region of the
muscle fibre, similar to that noted by Vaittinen and colleagues (1999). Such alterations in
protein organisation suggest nestin is no longer associated with AChR clusters and
microtubules, which may affect nestin regulation of pathways such as Cdk5 kinase

activity in these NMlJs.

Dystrophin is a member of the dystrophin glycoprotein complex (DGC) required for
maintenance of the NMJ (Lyons and Slater, 1991; Knuesel et al., 1999). Specifically, the
DGC is responsible for organisation and stabilisation of the synaptic folds (Sanes and
Lichtman, 1999; Banks et al., 2003; Shiao et al., 2004) linking the muscle plasma
membrane to the F-actin component of the cytoskeleton (Ervasti and Campbell, 1993;
Banks et al., 2009). The DGC also putatively acts as a scaffold for signalling proteins
including nNOS, calmodulin, phosphoinositol triphosphate 3 and may also be involved
with mitogen activated protein kinase (MAPK) signalling (Rando, 2001) and maintaining
Ca”" homeostasis (Gillis, 1996; Carlson, 1998). Activity of the dystrophin associated
protein complex is not restricted to the NMJ, also performing similar stabilisation of
central synapses and is present in astrocytic end-feet surrounding CNS blood vessels (Na
et al., 2013). Dystrophin mutations are associated with the lethal X-linked muscle

disorder Duchenne muscular dystrophy (DMD)(Koenig et al., 1987; Anderson et al.,
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2002). The symptoms of DMD result from loss of mature dystrophin activity, primarily
by progressive destabilisation of the NMJ rendering the skeletal muscle increasingly
vulnerable to contractile injury (Pilgram et al., 2010). These studies indicate that whilst
loss of dystrophin is not immediately deleterious to the NMJ, it does result in progressive
destabilisation. In the current study, the proportion of NMJs with reduced dystrophin and
a-BTx colocalisation was not significantly different until 86 day of age, or around
symptom onset, suggesting that loss of dystrophin from the NMJ occurs much later
during disease in mSOD1 G93A mice and may reflect disassembly of the AChR complex
from the skeletal muscle membrane. It is currently unknown whether the reduced
colocalisation of rapsyn, nestin and dystrophin with a-BTx at the NMJ in mSOD1 mouse
occurs via the same mechanisms or reflect different disease and degenerative pathways.
However, the role of dystrophin in maintaining Ca>" homeostasis is of particular interest
in ALS, whereby subtle reorganisation of dystrophin and potentially other NMJ structural

components may exacerbate Ca®" mediated damage.

4.43 Altered Ca’ and energy homeostasis may be mediated by the NMJ

The results from this study indicate that there is a significant and progressive loss in the
proportion of NMJs showing colocalisation with S100 and a-BTx in aging mSOD1 mice
compared with wildtypes. The S100 protein family comprises 24 calcium binding and
signalling members (Donato, 2001; Marenholz et al., 2004; Santamaria-Kisiel et al.,
2006). As a group, S100 proteins perform a diverse range of function, including
regulation of Ca®" homeostasis, energy metabolism, cell proliferation, apoptosis,

inflammation and cell migration (Heizmann et al., 2002; Donato et al., 2013). In contrast
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with other Ca®>* binding proteins, many S100 proteins are not restricted to the intracellular

environment, with noted extracellular and paracrine activity (Donato et al., 2009).

S100B is predominantly expressed by glial cells, including astrocytes and Schwann cells
(Bhattacharyya et al., 1992) and is commonly used as an immunohistchemical marker for
the latter. Additionally, activated cells such as astrocytes or dying cells have been
reported to secrete S100B (Shashoua et al., 1984; Van Eldik and Zimmer, 1987), however
the role of the secreted protein remains controversial (Van Eldik and Wainwright, 2003;
Donato et al., 2009). In human ALS patients, CSF and serum levels of S100p are reduced
(Otto et al., 1998; Sussmuth et al., 2003), however immunoreactivity is increased within

spinal motor neurons (Migheli et al., 1999).

A recent investigation using human ALS and mSOD1 G93A tissue also indicated that
S100 loss in skeletal muscles was due to a loss of protein, and additionally noted that
levels of S100 immunoreactivity varied between vulnerable and resistant skeletal muscles
(Liu et al., 2013). This recent finding supports the results from the current study whereby
S100 loss was only significant in the hindlimb muscles and remained spared in the
forelimb over the timecourse studied. Liu and colleagues (2013) proposed that loss of
S100 protein is likely to result in subsequent dysfunction in homeostasis at the NMJ. In
addition to regulation of Ca®", S100B is a potent proliferative signal for skeletal
myoblasts in the presence of basic fibroblast growth factor (Sorci et al., 2003; Riuzzi et

al., 2011) via inhibition of p38 MAPK (Riuzzi et al., 2006).

The role of the skeletal muscle in the pathogenesis of ALS is being increasingly
recognised. In particular, the hypothesis that skeletal muscle energy dysfunction may
precede NMJ degeneration (Dupuis and Loeffler, 2009). Initial evidence for this theory

arose from characterisation of an early deficiency in body-weight in mSOD1 mice which
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was not attributed to muscular atrophy (Dupuis et al., 2004). This was later described as a
chronic energy deficiency, a condition which is partially ameliorated by feeding mSOD1
mice a high-fat diet (Dupuis et al., 2004; Mattson et al., 2007). This state of chronic
energy deficiency has also been described in many human ALS patients, who are

hypermetabolic with increased lipidaemia (Dupuis et al., 2008).

At present, the biological significance of S100 loss in ALS patients and mouse models
remain unclear, however it is likely that the effects of S100f may extend to perturbed

energy regulation and the NMJ, and may additionally affect the skeletal muscle.

4.4.4 The forelimb as a model of presymptomatic degeneration in the mSODI1

G93A mouse

The onset of disease in the mSOD1 G93A mouse is well-characterised and consistently
begins with hind-limb weakness which(Hampson and Manalo, 1998) progresses to a
severe motor disability and finally paralysis of respiratory muscles leading to death whilst
the forelimb muscles remain relatively spared (Gurney et al., 1994; Chiu et al., 1995;
Azzouz et al., 1997, Bendotti and Carri, 2004). The mouse forelimb muscles are
composed entirely of fast fibres, characterised by type II myosin heavy chain isoforms
(ITA, IIB and I1X) (Elashry et al., 2009; Mathewson et al., 2012). This is in contrast with
the gastrocnemius muscle which is composed of both type I and type II fibres (Schiaffino
and Reggiani, 2011). Mathewson et al., (2012) have suggested that the forelimb muscles
are relatively comparable between humans and mice, despite differences in limb function
and skeletal muscle biomarkers between humans and mice. Specifically, mice have an
additional myosin isoform (IIB) which is not present in humans (Mathewson et al., 2012;

Tirrell et al., 2012). An interesting paradox in the mSOD1 G93A mouse model is that the
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forelimbs remain relatively spared during disease, however the muscles are composed
entirely of type II fibres, known to be preferentially vulnerable in ALS (Hegedus et al.,

2008).

In this present study, investigation of pre-and post-synaptic components indicated that the
phenotypic sparing of the forelimbs in mSOD1 G93A mice is supported by delayed
histological pathology. There was a significant decrease in the proportion of NMJs with
colocalisation between presynaptic terminals and a-BTx at 140 days of age, however
there was no difference with any other marker or time-point examined. This finding is
indicative that pathology in the forelimbs may be similar but delayed from that of the
gastrocnemius muscle. The cause for this phenotypic phenomenon is not well understood,
however the most probable cause is differential activity of mutant SOD1 rather than the

composition of the skeletal muscle fibres.

The site of onset of muscle weakness in human ALS is generally distributed evenly
between lower limb, upper limb and bulbar onset (Leigh and Ray-Chaudhuri, 1994;
Jackson and Bryan, 1998; Ravits and La Spada, 2009; Turner et al., 2013), however
human fALS cases with mutations in mSOD1 are more likely to present with lower-limb
onset (Millecamps et al., 2010). This finding supports the notion that the mSOD1 mouse

model remains an excellent model for ALS, particularly for human patients with mSODI.

The delay in disease in the mSOD1 G93A forelimb provides a unique stage to investigate
subtle pathology which may otherwise be masked in the aggressive degeneration
characteristic of the hindlimb musculature. Studies have demonstrated that spinal
pathology in the mSODI1 mouse is widespread throughout both the lumbar and thoracic
regions (Graffmo et al., 2013), however the delayed pathology in the forelimb muscles is

suggestive of potential differences in the disease process which may be localised to
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specific regions of the spinal cord. Additionally, the results from this study indicate
development of the NMJ in the mSOD1 G93A mouse appears to occur normally, with
degeneration occurring from progressive dysfunction within the organism as opposed to

an inherent instability of the NMJ.

4.4.5 Conclusions

The findings from this study highlight the importance of a range of proteins at the NMJ,
indicating that mislocalisation of key structural components may play a role in the
progressive dysfunction of this specialised syanpse. In addition to structural roles, each of
the proteins examined have critical functions in skeletal muscle signalling, with
increasing evidence to suggest that these processes become dysfunctional in ALS.
Furthermore, these results support a growing acknowledgement that non-neuronal
energetic dysfunction is a key process in ALS. These data suggest that such dysregulation
may be affected by loss of Schwann cell S100 in addition to dysfunction within the
skeletal muscle and motor neuron. Finally, these data indicate that the comparatively
under-studied murine forelimb musculature may provide a unique opportunity to

investigate subtle pathology in the mSOD1 mouse.
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S DEVELOPMENT OF A COMPARTMENTED CULTURE MODEL

FOR INVESTIGATING THE LOWER MOTOR NEURON —

NEUROMUSCULAR JUNCTION CIRCUIT

5.1 INTRODUCTION

Lower motor neurons are a unique neuronal subtype. The lower motor neuron is
characterised by a long axon which connects the neuronal soma within the spinal cord to
the NMJ within peripheral skeletal muscle. As such, the motor neuron axon extends
through a range of anatomically distinct locations of the body and is supported by
specific environments with regards to both the cellular milieu and extracellular matrices.
The highly specialised NMJ is situated within the peripheral nervous system, spatially
separated from the motor neuron soma, which is located centrally within the spinal cord,
surrounded by glial cells. A second defining characteristic of the motor neuron is its
specific vulnerability to pathology in ALS. Whilst a large array of potential mechanisms
for this vulnerability has been proposed, it still remains unclear how these interact to
result in degeneration of the motor neuron. This is especially when considering how
excitotoxicity, a widely recognised pathogenic process in ALS (Van Damme et al., 2005;

Van Den Bosch et al., 2006), results in degeneration of the axon and loss of the NMJ.

Neuro-muscular signaling is a two-way process involving an anterograde electrochemical
signal resulting in muscle contraction, and determination of muscle fiber type (Naya et
al., 2000) and retrograde neurotrophic signaling to maintain neuronal health (Kablar and
Belliveau, 2005). Thus, the health and function of the lower motor neuron and the muscle
tissue that is innervated are co-dependent. Degeneration of the NMJ is a key and early

pathological feature of many motor neuron diseases and myopathies. In motor neuron
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disease, dysfunction of the spinal motor neuron results in muscular atrophy, however the
role of neuron-muscle interactions is yet to be fully deciphered (Dupuis et al., 2003;
Dobrowolny et al., 2005; Wong and Martin, 2010). Similarly, the muscular dystrophies,
which involve cycles of muscle necrosis and attempted regeneration affect the health of

the motor neuron and the functioning of the NMJ (Wallace and McNally, 2009).

The development of distal neuropathy in ALS is closely associated with motor neuron
axon degeneration, such that axon degeneration is considered by many to be a primary
pathogenic process in ALS (Chapter 1.2). The mechanisms by which axon degeneration
occurs in ALS is not well understood, however the ALS motor neuron is characterised by
a large number of abnormal cellular processes (protein misfolding, energy deficit, axonal
neurofilament inclusions, slowing of axonal transport, abnormal mitochondria,
particularly in the distal segment), any one of which could cause axon degeneration
(Chapter 1.2.2). Degenerating axons in ALS share features in common with both
Wallerian degeneration and developmental axon pruning, including beading and
fragmentation similar to Wallerian degeneration (Chapter 1.2.2.1). However there are key
differences in the mechanisms underlying Wallerian degeneration and developmental
pruning. Critically, developmental axon pruning occurs in a caspase-dependent
mechanism whereas Wallerian degeneration does not (Parson et al., 1997; Finn et al.,
2000; Chen et al., 2012a). Axon degeneration in ALS has been termed Wallerian-like
degeneration and occurs in a caspase-dependent manner in mouse models (Li et al., 2000;
Pasinelli et al., 2000; Vukosavic et al., 2000) and in vitro (Pasinelli et al., 2000). In vitro
degeneration of the distal axon in ALS is characterised by formation of distal axon

swellings and comparative preservation of the long motor neuron axon (King et al.,
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2007). The formation of distal axon swellings in cultured motor neurons is accompanied

by mislocalisation of dephosphorylated neurofilaments (King et al., 2007).

Cell culture models offer the potential to examine the complex cellular interactions of the
lower motor neuron within controlled environments. However, many current techniques
for culture of motor neurons are based on techniques traditionally used to culture cortical
or hippocampal neurons, consisting of a monolayer of primary neurons grown on varied
substrates (Daniels et al., 2000; King et al., 2011). Such models typically involved co-
culture of spinal motor neurons on either glial or muscle-derived cells and have provided
a considerable insight into the interactions that occur between motor neurons and non-
neuronal cells. However, these models are not able to recapitulate the unique spatial

organisation of the lower motor neuron in vivo.

The Campenot chamber was developed to overcome this problem (Campenot, 1977). The
Campenot chamber consists of a teflon divider which is attached to a scratched glass
coverslip with grease sealant to form three compartments. Neurons plated into the central
compartment extend axons into the outer compartments, aided by the addition of
exogenous growth factors (Campenot, 1977). Whilst this culture model has been
previously used to create compartmented motor neuron cultures (Guo et al., 2010; Guo et
al., 2011), the addition of exogenous growth factors introduces a potentially confounding
issue for studies aimed at probing physiological mechanisms. The growth factors which
are commonly added, BDNF and GDNF alter the cell-surface receptors which are
expressed by the motor neuron, thus potentially altering the subsequent response to
receptor activation (Mattson et al., 1993; Cheng et al., 1995; Mattson, 2008).
Furthermore, neurotrophins including BDNF have been shown to be neuroprotective

during excitotoxicity (Cheng and Mattson, 1994; Mattson, 2008). The development of the
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microfluidic chamber (Chapter 2.2.1) provides the best solution to create compartmented
motor neuron cultures with minimal external manipulation. To date, no studies have used

these devices to investigate spinal motor neuron function or dysfunction.

There is increasing evidence to suggest that the neuronal microenvironment is vital for
neuronal function in vivo and that the interactions between motor neurons and the
surrounding cells play a critical role during development of pathology in ALS (Millet and
Gillette, 2012). Therefore, the aim of this investigation was to develop and characterise a
novel method for culturing spinal motor neurons that incorporates non-neuronal cell
populations and the unique temporal organisation of the lower-motor neuron circuit as
occurs in vivo. Once developed, this model would be suitable for a large range of
downstream applications to study both normal and disease-linked motor neuron
physiology. In this thesis, the compartmented cultures were used to investigate
excitotoxicity in motor neurons. Specifically, the aim of this thesis was to investigate
whether excitotoxic degeneration in motor neurons can occur through the axon or NMJ,
and whether this occurs via similar mechanisms to the excitotoxic degeneration in

cortical neurons, as shown in Chapter 3.
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5.2 METHODS

5.2.1 Primary cell culture

13mm” glass coverslips and microfluidic chambers were prepared for culture as described
in Chapter 3. Glass coverslips were coated with poly-L-lysine (PLL) for glial cells,
collagen for primary skeletal muscle cells, or poly-L-lysine/laminin (PLL-L) for C2C12
myoblasts. Microfluidic chambers were filled with PLL-L on the proximal side and
laminin/collagen to the distal side (Figure 5.1). Flasks were prepared with either PLL or
collagen. All substrates were incubated overnight at room temperature, removed and
devices filled with cell-specific medium. All cell culture substrates were allowed to

equilibrate for 2 hours prior to addition of cells.

5.2.1.1 Primary glial cells

Spinal glial cells were obtained from the spinal cords of two postnatal day 2 (P2)
Sprague-Dawley rats or four P2 C57B1/6 mice. Neonates were decapitated using sharp
scissors. The skin was sterilised using 70% ethanol and pups placed in a clean petri dish
with the back side facing up. The skin was opened using sterile large spring-loaded
scissors and the spinal cord exposed. The spinal cavity was opened with a single
horizontal cut at the base of the tail and the cavity opened using forceps to one side of the
spinal cord. Spinal cords were collected in 100ul drop of HBSS in a sterile petri-dish and
stripped of meninges. Tissue was trypsinised (0.0125% trypsin) for 5 minutes. Trypsin
was removed and tissue triturated in 2ml glial cell medium (Table 8.1) and filtered
through 80nm mesh. Cells were pelleted (300 x g, 5 minutes) and plated into 2x prepared

PLL coated P25 flasks (Iwaki). Cultures were incubated under standard cell culture
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conditions for 24 hours followed by a complete medium change with warmed glial cell
medium. Mixed glial cultures were maintained for 2-3 weeks until confluent with weekly

> medium changes.

Glial cells were passaged by washing the cells once in warmed trypsin/EDTA (refer to
Chapter 8.2), followed by incubation in trypsin/EDTA for 5 minutes. Cells were
dislodged from flasks by firmly hitting with the heel of the hand. Cells were pelleted (300
X g, 5 minutes) and plated either onto 24x PLL coated glass coverslips (rat) or uncoated

coverslips (mouse), or into the proximal chamber of 24x microfluidic devices.

5.2.1.2 Primary skeletal myocytes

Primary myocyte cultures were prepared from the hind limbs of two P2 Sprague-Dawley
rats. Neonates were decapitated using sharp scissors. Skin was sterilised in 70% ethanol
and hind limbs removed. The feet were severed using scissors and tweezers used to
remove skin. Muscle tissue was dissected from hind limb bones and finely minced using
spring-loaded scissors, and transferred to 2mL HBSS. Tissue was incubated in 500ul
collagenase/dispase (refer to Chapter 8.2) for 40 minutes and mechanically triturated.
After trituration, 2ml primary myoblast growth medium (Table 8.1) was added and cells
passed through fine gauze. Cells were pelleted (350 x g, 10 minutes), resuspended in 6ml
myoblast growth medium and plated into two prepared collagen-coated P25 flasks and
grown under standard cell culture conditions. Culture medium was replaced in full after

24 hours and myocytes allowed to grow for a further 4-5 days, or until 70% confluent.

Semi-confluent myoblasts were passaged onto either collagen-coated glass coverslips

(density of 50,000 cells per coverslip) or into the distal compartment of microfluidic
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chambers containing a substrate of laminin/collagen. Primary myoblast growth medium
was removed and cells rinsed 1x (10 seconds) with 1ml warmed trypsin-EDTA. Cells
were incubated for 2 minutes with a second 1ml of trypsin-EDTA and dislodged from the
flask by hitting the flask firmly with the heel of the hand. Cells were pelleted (350 x g, 10
minutes) and added to coverslips or microfluidic chambers. Passaged myoblasts were
allowed to grow for 1 day in primary myoblast medium following passaging, after which
they were transferred to neuron initial growth medium (Table 8.1) to promote

differentiation.

5.2.1.3 C2C12 myoblasts

C2C12 mouse myoblast cells (American Type Culture Collection (ATCC), Virginia,
USA) were maintained at a low passage number (<10) in C2C12 growth medium as
recommended by the manufacturers suggestions (Table 8.1). C2C12 myoblasts were
transferred onto PLL-L coated coverslips or the distal compartment of microfluidic
chambers using the trypsin-EDTA method described above. C2C12 myocytes were
differentiated by serum-shock in C2C12 differentiation medium 1 (CDM1) (Table 8.1)
for 2 days, and transferred to C2C12 differentiation medium 2 (CDM2) (Table 8.1) for
three days thereafter. Cultures were maintained in serum-free neuronal subsequent

medium (Table 8.1) for the duration of cultures.

5.2.1.4 Primary rodent motor neurons

Primary spinal motor neurons were obtained from the spinal cords to E14.5 Sprague-

Dawley rats or E13.5 C57B1/6 mice. Time-mated females were killed by CO,, embryos
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removed and decapitated. Embryo bodies were maintained on ice for the duration of the
dissection to minimise tissue degradation. Spinal cords were removed by placing the
bodies in a sterile petri dish with the spinal cord facing up. Using microscopic guidance,
tweezers were used to score along both sides of the spinal cord to remove skin. The spinal
cord was then removed and transferred to a drop of ice-cold HBSS. Meninges and dorsal
root ganglia were removed using fine forceps and cleaned spinal cords transferred to Sml
HBSS. Tissue was trypsinised (0.00625%) for 5 minutes. Trypsin was removed and cells
triturated in 2mL HBSS. The cell suspension was pelleted in 3.5% bovine serum albumin
(BSA) and enriched for motor neurons in 1.06g/L. Optiprep™ gradient for 25 minutes at
400 x g with the brake off. Motor neurons were pelleted at 700 x g and resuspended in
250ul. Cell density was estimated using the trypan blue dye exclusion assay and the
volume adjusted to achieve 8x10° cells per ml. 10ul motor neurons (8.5x10* motor
neurons) were plated into the proximal compartment of prepared microfluidic chambers
(Chapter 2.2.1) or onto prepared 13mm coverslips with glial cells, myocytes or PLL.
Plated cells were returned to incubator conditions. Medium was replaced with neuron
subsequent medium (Table 8.1) at 2DIV (rat) or 7DIV (mouse) and maintained with

weekly /2 medium changes.

5.2.2 Addition of glia and muscle cells to microfluidic chambers

For primary rat cultures, spinal glial cells were grown in tissue culture flasks to 70%
confluency, before harvesting and adding to the proximal side of microfluidic devices at
motor neuron 2DIV (MN-2DIV) (Figure 5.2A). Neuron initial growth medium (Table
8.1) was removed and glia added at 1.5x10° cells. Glial cells were allowed to adhere for
15 minutes under standard growth conditions, followed by addition of neuronal initial
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medium to fill devices. Devices were returned to the incubator and medium replaced with
neuron subsequent medium at motor neuron 5DIV. Cultures were observed daily to
determine axonal growth into the distal chamber, skeletal muscle cells were added
following secondary neurite extension (MN-7-10DIV). The distal chamber was
maintained in neuron initial growth medium to encourage myoblast proliferation under
standard culture conditions. Growth medium was replaced with neuron subsequent
medium following myotube differentiation and cultures maintained with weekly '

medium changes thereafter.

For mouse-derived cultures, spinal motor neurons were plated directly to PLL-L coated
microfluidic chambers or onto confluent mouse spinal glial cells or C2C12 cells on
coverslips (Figure 5.2B). On both coverslips and in microfluidic chamber, spinal motor
neurons were maintained in neuron initial medium until MN-7DIV, then transferred to
neuron subsequent medium. C2C12 myoblasts were added to the distal compartment of
mouse microfluidic chambers at MN-2DIV. Distal C2C12 myocytes were differentiated
at MN-4DIV with CDM1 for 2 days, then CDM2 for 3 days and finally maintained in

serum-free neuronal subsequent medium for the duration of the culture.

5.2.3 Pharmacological intervention

Excitotoxicity was induced in compartmented lower motor neuron cultures by the
application of 100uM kainic acid in subsequent medium to either the proximal (motor
neuron cell bodies + glia) or the distal (motor neuron distal axons + C2CI12s)
compartment. Cells were treated for 24 hours followed by paraformaldehyde fixation

(Chapter 2.4).
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5.2.4 Immunocytochemistry

Cells were fixed in 4% paraformaldehyde and permeabilised with 0.3% Triton X-100 in
PBS. Primary antibodies (Table 2.1) were diluted in PBS and incubated at room
temperature for 1 hour followed by overnight at 4°C. Species-specific secondary
antibodies were incubated for 2 hours at room temperature (Table 2.2). a-BTx staining,
for evidence of NMJ formation, was performed for 30 minutes prior to cell
permeabilisation and primary antibody incubation (Table 2.3). Nuclei were visualised
with Nuclear Yellow (Sigma, 0.001%, 15min) staining following secondary antibody
labelling. Images were obtained using a Leica DMLB2 upright fluorescence microscope
fitted with a cooled CCD optronics camera. Images were adjusted for brightness and

contrast using Adobe Photoshop (CS5).

5.2.5 Image acquisition and data analysis

Motor neurons grown on spinal glia or muscle were fixed at 3DIV and immunolabelled
for beta-III-tubulin. Four images per coverslip were captured from four separate cultures
for each growth condition. Quantitation was performed blinded to experimental
conditions. Axonal identity was confirmed by positive-tau and negative-MAP2
immunoreactivity. Neurite counts were performed with all neurites present, regardless of
axonal or dendritic identity. Cell survival was counted as the number of motor neurons
per mm”. Axon measurements, neurite numbers and cell numbers were averaged and
analysed using one-way ANOVA with Tukey’s post-test correction for multiple
comparisons, P<0.05 considered significant. For all motor neuron analysis, data was

obtained from a minimum of n=4 separate cultures.
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Formation of NMJs in MN-18DIV compartmented cultures was quantified by differences
to 0-BTx clustering along myotubes in the presence of neurons. a-BTx staining for
AChRs was used to differentiate widespread prepatterned AChR clustering from discrete
synaptic clusters. Cultures were labelled with a-BTx and NFM and images captured
(40x). Images were thresholded in ImagelJ, region of interest (200pm?) selected either
within 20pm of an axon or no axons within 20um and a-BTx stained particles analysed.
Mean area of a-BTx staining was analysed using Student’s 2-Tailed t-test (GraphPad).

P<0.05 was considered significant.

Images for quantification of axon degeneration were captured ensuring image setting
remained constant between image sets. Four distal images were captured for each
coverslip, with a minimum of three individual culture repeats for each group. Images

were superimposed with a 50um grid using Image-J (National Institute of Health, USA).

5.2.6 Electron microscopy

Microfluidic chamber cultures for EM analysis were fixed in 4% paraformaldehyde/2.5%
glutaraldehyde. Microfluidic chambers were removed and cultures dehydrated in acetone.
Coverslips were critical-point dried, sputter coated with platinum and examined using a

Hitachi SU-70 field emission scanning electron microscope.
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5.3 RESULTS

A mixture of immortal cell lines and primary cells were used for this study. Unless

specified, results were in both rat and mouse-derived cultures.

5.3.1 Non-neuronal cellular interactions determine growth characteristics of

primary motor neurons

To determine the effect of substrate or non-neuronal cell interactions on the growth and
development of motor neurons, rat neurons were grown on feeder layers of spinal glial
cells or skeletal muscle cells for 3 days. Co-cultures were fixed and immunolabelled with
neuron-specific beta-Ill-tubulin to identify neuronal morphology. Motor neurons
demonstrated significantly (P<0.01) increased survival when co-cultured with spinal glia
(19.5 + 1.2 cells/mm?) when compared with skeletal muscle feeder layers (13.9 + 1.2
cells/mm?) (Figure 5.3A). Motor neurons co-cultured with glial cells had significantly
(P<0.01) more neurites per neuron (4.0 £ 0.2) compared with motor neurons cultured
with muscle cells (3.0 = 0.1) (Figure 5.3B). Additionally, motor neurons cultured on
skeletal muscle had significantly (P<0.05) longer axons (408.9 + 50.5um) than motor
neurons co-cultured with glial cells (280.0 = 18.8um) (Figure 5.3C). These data indicate
that motor neuron growth is highly sensitive to the presence of different non-neuronal

cells.
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5.3.2 Compartmented, fluidically isolated spinal glia cells and myotubes support

motor neuron growth

To mimic the cellular interactions that occur in vivo, compartmented co-cultures were
developed, incorporating spinal glial cells positioned with motor neuron cell bodies in
one chamber, and motor neuron axons extending to a second chamber containing skeletal
muscle cells (Figure 5.4). The growth of cells in the chambers was monitored daily by
light microscopy. At 2DIV, motor neurons were visible in the proximal chamber, with
short neurites extending from the soma (Figure 5.4A). Motor neuron axons extended into
the microchannels that divide the proximal and distal chambers at 8DIV (Figure 5.4B)
and extend from the microchannels into the distal chamber at 10DIV (Figure 5.4C). Rat

motor neuron distal axons formed a dense network by 14DIV (Figure 5.4D).

Cultured primary spinal glial cells were added to the proximal compartment of rat-
derived cultures at 2DIV. Glial cells which were added to the chambers prior to motor
neurons or simultaneously, resulted in blocked microchannels, thus necessitating delayed
addition. Excessive proliferation of glial cells was controlled by transferring the cell body
compartment to serum-free medium from 5DIV. Failure to add glial cells resulted in
extensive death and degeneration of motor neurons from 3DIV, with no surviving cells
after 6DIV. Primary myoblasts were added to the distal compartment at 14DIV in rat-
derived primary cultures following the formation of the dense axonal network (Figure
5.4D). In contrast, mouse motor neurons degenerated rapidly from the distal compartment
when C2C12 myocytes were absent, necessitating the much earlier addition of myocytes
in these cultures. Earlier addition of rat primary myocytes resulted in microchannels
becoming blocked. Myocytes from both rat primary cultures and C1C12 cells rapidly

differentiated into myotubes, characterised by morphology (elongated shape) and
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physiology (spontaneously contractile) by MN-18DIV (rat) or MN-7DIV (mouse) (Figure

5.4E).

The compartmentalisation of cell types was confirmed in mature cultures at MN-14DIV
(rat) or MN-10DIV (mouse) using immunocytochemistry. Within the proximal chamber,
motor neurons were immunoreactive for MAP2 (dendrites) and NFM (axons) (Figure
5.5A), with axons retaining NFM immunoreactivity for the duration of the culture.
Critically, the neurons in compartmented culture were immunoreactive for
dephosphorylated neurofilaments by 10DIV, had cell bodies greater than 20um and had
an extensive dendritic arbour. Additionally, motor neurons were strongly immunoreactive
for dephosphorylated neurofilaments. These characteristics are strongly indicative of
identification as motor neurons (Sternberger and Sternberger, 1983; Carriedo et al., 1996;
Tsang et al., 2000). MAP2 staining also revealed development of an appropriate number
of neurites, as seen with motor neurons co-cultured with glial cells on coverslips. Glial
cells immunoreactive for GFAP were confined to the proximal chamber (Figure 5.5B).
Immunocytochemical analysis demonstrated spinal glial cultures comprised a mixture of
cells consisting predominantly of GFAP-positive astrocytes, however minor populations

of Ol-positive oligodendrocytes and Ibal-positive microglia were also present.

Motor neuron axons immunoreactive for NFM were present within the proximal chamber
(Figure 5.5A), microgrooves (Figure 5.5C) and distal chamber (Figure 5.5D.E).
Myoblasts were present in the distal chamber shortly after plating (Figure 5.5D) and
remained within the distal chamber after differentiation into myotubes (Figure 5.5E).
Immunocytochemical analysis demonstrated both populations of myotubes were
immunoreactive for the intermediate filament desmin (Figure 5.5E) and nuclear staining

indicated myotubes were multinucleated (Figure 5.5F).
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5.3.3 Characterisation of NMJs in compartmented culture

To determine the extent of interactions between distal axons and cultured myotubes,
compartmented cultures were assessed using both SEM and immunocytochemical
techniques. Light microscopy visualisation of cultures containing differentiated myotubes
indicated that distal axons were interacting with the myotubes. This physical interaction
was confirmed with SEM. Motor neuron axons were visible extending towards and

making physical contact with differentiated skeletal muscle fibers (Figure 5.6A,B).

The extent of these interactions was further probed using immunocytochemistry to
analyse AChR distribution along the skeletal myofibre. Previous studies have
demonstrated that myotubes rapidly switch from “pre-patterned” AChR clustering
characterised by diffuse AChR expression punctated with very small dense clusters, to
synaptic AChR clusters comprising few, discrete clusters and minimal AChR staining
outside these regions (Fischbach and Cohen, 1973; Lin et al., 2001). To visualise
receptors, AChRs were stained with a-BTx and the pattern of receptor localisation was
analysed. a-BTx staining indicated large, discrete a-BTx clusters in close contact with
motor neuron axons (Figure 5.6C, D) as distinct from diffuse a-BTx staining populated
with very small bright puncta characteristic of pre-patterning. Synaptophysin positive

puncta were also present in the vicinity of synaptic-like a-BTx staining (Figure 5.6E).

Synaptic localisation of a-BTx staining was quantified by changes to mean area of a-BTx
particles. a-BTx clusters within 20um of motor neuron axon terminals had significantly
(P<0.01) smaller mean particle area when compared with myotubes >20um from motor
neurons (97.53 + 7.36px, 3777.67 + 339.36px with and without motor neurons

respectively) (Figure 5.7). No difference was detected in a-BTx staining of AChR pre-
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patterning on cultured muscle fibers without added motor neurons when compared with

muscle fibers in co-cultures >20um away from motor neuron terminals.

Further characterisation of NMJ formation in the distal compartment was assessed by a-
BTx staining relative to immunolabelling for rapsyn, nestin and dystrophin at 10DIV in
mouse-derived cultures. Control myocyte cultures, grown in the absence of motor
neurons, were similarly labelled to differentiate between synaptic and pre-patterned
AChR clustering. In co-cultures, synaptic-like o-BTx staining was colocalised with
plaque-like arrangement of rapsyn immunoreactivity (Figure 5.8). This was not evident in

C2C12s cultured without motor neurons (Figure 5.8).

In control C2C12 cultures, nestin immunoreactivity in myocytes was distributed
uniformly throughout the myofibres, with stronger immunoreactivity at the ends of
myofibres (Figure 5.9). In co-cultures, nestin immunoreactivity was less pronounced
throughout the myocyte, with more intense regions of staining around the middle of the
fibre (Figure 5.9). However, alterations in nestin immunoreactivity were not always

associated with direct motor neuron axon contact.

The organisation of dystrophin immunolabelling was additionally altered in the presence
of motor neurons. In control C2C12 cultures, dystrophin labelling was dispersed
throughout the myocytes (Figure 5.10). In motor neuron + C2C12 co-cultures, dystrophin
was more localised to the myocyte periphery, with distinct labelling in the centre of the
fibres (Figure 5.10). Distinct central immunoreactivity of dystrophin was particularly

prominent in myofibres with plaque-like a-BTx staining and contact with motor neurons.

These data indicate the motor neuron axon terminals not only initiate NMJ-like AChR

clustering on primary myotubes under these culture conditions, but the NMJ-like
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connections occur in conjunction with pre-synaptic vesicle accumulation in motor

terminals.

5.3.4 Cultured motor neurons are resistant to axonally targeted excitotoxicity

To investigate the response of compartmented spinal motor neurons to excitotoxicity,
100pum kainic acid was added to either the proximal or distal compartment of mouse-
derived cultures for 24 hours. Excitotoxicity induced in the proximal compartment
resulted in extensive neuronal degeneration, evidenced by fragmentation of
neurofilament-positive axons, reduced MAP2 immunoreactive dendrites and extensive
cell death (Figure 5.11). Quantitation of degeneration of distal axons resulted in a
significant (P<0.05) increase in percentage axon degeneration (combined beading and
fragmentation) from untreated controls (55.8% + 2.58% proximal excitotoxicity; 43.4% =+
2.08% control) (Figure 5.12). Widespread axonal degeneration was present within the
distal compartment. Closer investigation into the type of axonal damage indicated that
proximal kainic acid excitotoxicity initiated a significant (P<0.05) increase in axonal
fragmentation (31.2% + 1.60% proximal kainic acid, 20.9% + 1.90% control) however
there was no significant (P>0.05) change in axonal beading (25.6% =+ 2.00% proximal
kainic acid, 22.5% =+ 1.65% control).Additional cultures were treated with proximal

kainic acid for 4 hours, resulting in mild somatodendritic pathology (Figure 5.11).

Kainic acid was then applied to the distal compartment. There was no detectable change
in neuronal morphology within the untreated proximal compartment (Figure 5.11).
Within the treated distal compartment there was also no change to axonal morphology or

immunoreactivity (Figure 5.11). Quantitation of axonal pathology resulted in no
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significant (P>0.05) change in axonal morphology from control cultures (41.0% + 3.22%
distal excitotoxicity; 43.4% + 2.08% control) (Figure 5.12). These data indicate that
spinal motor neuron axons in co-culture with C2C12 cells are not vulnerable to kainic-

acid induced degeneration via the distal axon.

5.3.5 Caspase activation in cultured motor neurons demonstrates two distinct

patterns of distribution

To further probe the mechanisms of excitotoxicity in these compartmented cultures,
preliminary investigations were performed where both distally and proximally treated
cultures were immunolabelled for activated caspase 3, a putative effector of excitotoxin-
induced axon degeneration (Nikolaev et al., 2009; Simon et al., 2012; King et al., 2013).
In untreated control cultures within the proximal compartment, active caspase 3 smoothly
distributed along axons, with very few apoptotic cell bodies present (Figure 5.13A, E).
Kainic acid excitotoxicity in the proximal compartment almost completely abolished
smooth axonal caspase distribution, with the large majority of axons demonstrating
caspase activation localised to swellings and fragmented axons (Figure 5.13 B). This was
also evident after 4 hours of proximal kainic acid treatment, with almost no smooth
caspase labelling evident (Figure 5.13 C). Within the distal compartment, control cultures
had few caspase-positive axons, with a small number of caspase-positive axonal
swellings (Figure 5.13D). Following proximal KA exposure, the many axons
demonstrated caspase-positive swellings in the distal compartment (Figure 5.13F, G).
Furthermore, distal kainic acid treatment resulted in the development of caspase-positive

puncta, despite the absence of overt degeneration (Figure 5.13H). These results indicate
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that targeted axonal kainic acid exposure induces changes in caspase localisation within

spinal motor in the absence of frank degeneration.
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5.4 DISCUSSION

The primary aim of this chapter was to develop a novel neuronal culture system in which
to study the lower motor neuron and cellular mechanisms relevant to ALS pathogenesis.
Initial investigations utilising standard neuronal culture techniques indicated that different
non-neuronal cells affected development of motor neurons. Consequently, techniques
were developed to spatially and temporally organise motor neurons within the
compartmented chambers to recreate the organisation and cellular interactions of the in
Vivo circuit. Within these cultures, immunocytochemical analysis indicated that the lower
motor neurons developed to relative culture maturity. Furthermore, compartmented lower
motor neuron cultures were characterised by the formation of putative NMJs between the
isolated motor neuron distal axons and skeletal myocytes. Critically, these interactions
were achieved using cells derived from a number of sources. The second aim of this
study was to use this model to investigate excitotoxicity in cultured motor neurons. In
contrast with cortical neurons (Chapter 3), spinal motor neurons are predominantly
susceptible to excitotoxicity via the somatodendritic neuronal compartment, however,
targeted axonal kainic acid did induce subtle changes in the distribution of activated

caspase 3 in the absence of overt axonal degeneration.

5.4.1 Communication between non-neuronal cells and motor neurons is required

for appropriate development of spinal motor neurons in vitro

Signaling between non-neuronal cells and motor neurons is crucial for in vivo
development of the nervous system. In addition to neurotrophins released by CNS glia,

the survival of motor neurons relies on their ability to locate and form synapses with
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skeletal muscle fiber (Oppenheim, 1991; Ekestern, 2004). Glial cells provide factors that
are required for motor neuron development and survival in vivo. Astrocytic release of
glial-cell-line derived neurotrophic factor (GDNF), brain-derived neurotrophic factor
(BDNF), receptor ligands and neuropoietic cytokines is needed for appropriate growth of
motor neurons in vivo (Ekestern, 2004) and influences vulnerability of motor neurons via
P75N™ mediated cell death (Taylor et al., 2007). Furthermore, many of these factors,
particularly BDNF and GDNF are added to dissociated cultures of motor neurons to
promote survival (Digby et al., 1985). Skeletal muscle cells release trophic factors to
promote axonal extension through the developmental extracellular milieu (Taylor et al.,
2007), culminating in formation of neuromuscular junctions. Motor neurons that fail to
form neuromuscular junctions eventually die during in vivo development (Ekestern,

2004).

The data in this thesis demonstrates a differential effect of cell substrate on the growth of
cultured motor neuron. Interaction of motor neurons with specific non-neuronal cell
substrates can significantly affect their survival, dendritic arborisation and neurite
outgrowth. Previously, aspects of this neuronal and non-neuronal signaling can be
mimicked in ‘traditional’ co-cultures of dissociated neurons with glia and/or muscle cells
(Daniels et al., 2000; King et al., 2011). Although axons readily extended into the distal
axon compartment in this study, the presence of skeletal muscle cells was crucial for
long-term survival of motor neuron axons when isolated from the cell body environment.
This was especially clear in mouse-derived motor neuron cultures which rapidly

degenerated when no distal synaptic targets were present.

An interesting feature of this culture model is that motor neuron maturity appears

accelerated, and this was particularly evident in the mouse-derived cultures. Previous
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investigations utilising primary rat motor neurons in co-culture with glial cells indicates
that relative culture maturity is not reached until around 21DIV, evidenced by expression
of dephosphorylated neurofilaments (King et al., 2007). Absence of dephosphorylated
neurofilaments is considered indicative of immaturity in cultured motor neurons
(Vartiainen et al., 1999). Within the present study, motor neurons were strongly
immunoreactive for dephosphorylated neurofilaments at 10DIV. A number of factors
may potentially cause this earlier maturation of motor neurons, including an increased
density of cultured cells and the presence of skeletal muscle in the distal compartment.
However, it is likely that the presence of distal skeletal myocytes plays a key role

potentially via retrograde signalling from the distal terminus.

5.4.2 Fluidically isolated motor neuron axons can form NMJs in vitro

The development of a neuromuscular synapse involves contact and bidirectional
signaling between a motor neuron axon terminal and skeletal muscle fiber (Lin et al.,
2008; Ferraro et al., 2011). When grown in dissociated co-culture with myotubes
(primary or stem cell derived), motor neurons form rudimentary neuromuscular junctions
evidenced by dense clustering of AChRs on the myotube surface in areas adjacent to
motor neuron terminals (Dutton et al., 1995; Guo et al., 2011). This clustering occurs in
conjunction with increased immunoreactivity for the protein synaptophysin, a presynaptic
vesicle marker, within motor neuron terminals (Dutton et al., 1995). Cultured NMJs can
also be grown using spinal cord explants placed such that motor neuron axons extend
towards cultured muscle monolayers (Kobayashi et al., 1987; Mars et al., 2001). In the
absence of spinal motor neurons, skeletal muscle cells are characterised by ‘prepatterned’
expression of AChRs. Such prepatterning develops independently of innervation via
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MuSK-rapsyn interactions (Ferraro et al., 2011). Presynaptic AChR clustering was
evident in our compartmented cultures prior to contact with motor neuron axon terminals.
This data indicate that distal motor axon terminals are sufficient to induce synaptic
clustering of AChRs, which is consistent with studies that demonstrate clustering induced
by the neuronal release of agrin in conjunction with neurotransmitter (ACh) release from

the distal synaptic terminal.

Within this chapter, NMJ formation occurred between isolated distal axons and primary
skeletal muscle fibers. Similarly, a number of experiments demonstrated AChR clustering
induced by motor neurons grown within Campenot compartmented devices (Nelson et
al., 1992; Lanuza et al., 2000), however the effect of the addition of exogenous factors to
promote outgrowth of motor neuron axons in this culture system need to be considered.
In this respect, neurotrophins including BDNF have been shown to alter AChR clustering
on cultured muscle cells and affect subsequent formation of neuromuscular junctions
(Peng et al., 2003; Li et al., 2012). The response to many of these factors is highly
concentration-specific in motor neurons, implicating local axon protein synthesis and a
location-specific component in trophin responses (Nedelec et al., 2012). This novel
microfluidic model demonstrates formation of neuromuscular junctions in cell culture is

possible in a model recapitulating the in vivo cellular organisation.

5.4.3 Differential effects of excitotoxic-induced axon degeneration in spinal motor

neurons compared with cortical neurons

Previous investigations in this thesis have demonstrated that cultured cortical neurons are

vulnerable to excitotoxicity directed to the axon in vitro (Chapter 3), however this did not

112



Chapter 5 — Results

occur following similar treatment to compartmented spinal motor neurons in this present
study. There are a number of likely explanations for this difference. Firstly, the axons of
cortical neurons are proposed to communicate directly with oligodendrocytes via
glutamatergic signalling (Matute, 2011; Matute and Ransom, 2012). In contrast,
communication between the motor neuron axon and Schwann cell does not occur via
glutamate, instead communication occurs via reciprocal NRG-1 signalling (Nave and
Salzer, 2006; Salzer, 2012). At present, there is little evidence regarding the role of NRG-
1 in excitotoxicity. However, a number of recent studies have proposed that in sensory
neurons, NRG-1 signalling may be neuroprotective from excessive glutamate (Liu et al.,
2011; Li et al., 2013). This may occur via reduction of caspase (Liu et al., 2011) or by
modulation of NMDA-R localisation (Schrattenholz and Soskic, 2006). Schwann cells
are not regarded to be vulnerable to excitotoxicity, however are neuroprotective to

cultured motor neurons in experimental excitotoxicity (Ragancokova et al., 2009).

5.4.4 Atypical caspase distribution in cultured motor neurons exposed to

excitotoxicity

Activation of the caspase signalling pathway, in particular casapase-3, is traditionally
considered to result in imminent cell death (Maghsoudi et al., 2012). However, there is
increasing evidence that caspases are involved in a wider range of cellular processes
beyond apoptotic pathways, including axonal pruning (Nikolaev et al., 2009;
Schoenmann et al., 2010; Simon et al., 2012) and synaptic reorganisation (D'Amelio et
al., 2011). More recently, axonal localisation of caspases has been described in a number
of neurodegenerative conditions, including Alzheimer’s disease (Nikolaev et al., 2009),
injury (Chen et al., 2004a) and following excitotoxicity in cultured cortical neurons (King
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et al., 2013). There is increasing evidence to suggest that excitotoxic axon degeneration is
a distinct process from Wallerian degeneration, a proposal which is supported by these
findings (Buki and Povlishock, 2006). The role of these axonally localised caspases is not
known, however a number of relevant substrates for caspase-3 cleavage have been
identified, including cytoskeletal proteins and dynein/dynactin complexes (Simon et al.,
2012). Cytoskeletal cleavage by activated caspase-3 in the axon has been proposed as a
mechanism for formation of axonal beading following excitotoxicity (Schoenmann et al.,

2010).

However, both pre-caspase-3 and activated caspase-3 have also been identified in healthy
axons (Schoenmann et al., 2010), suggestive of a normal axonal function. Within the
present study, activated caspase-3 was detected in motor neuron axons. However, the
distribution of immunoreactivity was unusual, with a proportion of motor neuron axons
demonstrating smooth and dense caspase-3 immunolabelling. In contrast, activated
caspase-3 activation has been previously described to occur in discrete axonal puncta
(Schoenmann et al., 2010; King et al., 2013) or localised to abnormal nuclei (Maghsoudi
et al., 2012). The significance of this atypical caspase distribution is not clear in the
current study. Furthermore, atypical caspase localisation did not correlate with classical
signs of damage within those neurons, suggesting the activation of caspase-3 was not

detrimental to the neuron.
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5.4.5 Spatial organisation of cultured cells is relevant for investigating

neurodegenerative disease

Disruption of signaling between motor neurons and their non-neuronal cells plays a
crucial role in the development of neuromuscular disorders and ALS in particular. The
non-cell autonomous theory of ALS is strongly supported by the impact of glial cells in
progression of motor neuron degeneration (Boillée et al., 2006a). The close interplay
between motor neurons and astrocytes in ALS is evident in chimera studies where mice
with astrocyte-specific expression of mSOD1 develop characteristic motor neuron
pathology, whereas mSODI1 expression restricted to motor neurons only does not
(Clement et al., 2003). Increasing astrocytic expression of Nrf2 in a number of SOD1
mutants delays onset (Vargas et al., 2008). Additionally, astrocyte expression of mSOD1
increases motor neuron susceptibility to excitotoxicity via downregulation of GluR2
expression (Van Damme et al., 2007b). Conversely, reducing astrocytic mSODI1
expression in mouse models reduces microglial activation, prolonging survival

(Yamanaka et al., 2008b).

Whereas, increasing evidence implicates astrocytes as being important contributors to
ALS pathogenesis, the role of muscle in ALS onset/progression remains controversial.
Studies have shown specific mSOD1 expression in muscle initiates ALS-like dysfunction
within the muscle (Dobrowolny et al., 2008), although others have demonstrated no
effect of decreasing mSOD1 expression within mSOD1 mutant muscle (Miller et al.,
2006; Towne et al., 2008). Nevertheless, muscle presents an attractive target for
therapeutic intervention in ALS. Increasing skeletal muscle expression of IGF1 increases
survival in G93A mice, even resulting in reduced inflammation within the spinal cord

(Dobrowolny et al., 2005). mSODI1 G93A mice demonstrate altered mitochondrial
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morphology and signs of energy depletion without immediate axon degeneration or loss
of neuromuscular functionality prior to symptom onset (Da Cruz et al., 2012). In such
mice, the subsequent onset of muscle weakness occurs later, indicating a point at which
compensatory mechanisms become overwhelmed and neuromuscular/distal axon
degeneration begins. However, it still remains unclear what this trigger is. Furthermore,
such a ‘tipping point’ could be encountered at any point within the lower motor neuron
circuit. At present, cell culture investigations into motor neuron and non-neuronal cell
interactions in ALS-like conditions have been performed using traditional monolayer
culture techniques. The current data reports a distinct effect of cellular substrates on the
growth of motor neurons in vitro. This study has implications both in determining the
relevance of specific cell types to the mechanisms of ALS and also for modeling aspects
of the disease in cell culture to include cell types and replicate their unique in vivo

organisation.

5.4.6 Conclusions

The culture paradigm developed in this thesis is characterised by normal growth of motor
neurons and formation of NMJs between motor neuron distal axons and skeletal
myocytes. The ability to experimentally manipulate motor neurons and associated non-
neuronal cells within this compartmented co-culture system will facilitate
experimentation into motor neuron and NMJ physiology. Furthermore, such
investigations will be conducted within physiologically relevant microenvironments,
shown to be critical for appropriate neuronal development (Millet and Gillette, 2012).
The data presented in this study indicate that cultured spinal motor neurons respond to
excitotoxicity via different mechanisms to cortical neurons. In particular, this study has
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demonstrated that excitotoxicity resulting in motor neuron axon degeneration in these
preparations is likely to be mediated via the somatodendritic neuronal compartment.
Additionally, this investigation demonstrated the presence of atypical axonal caspase
immunolabelling, the physiological relevance of which is currently unknown. This model
presents a unique platform for screening potential therapeutic agents for
neurodegenerative disease prior to utilising mouse models. A compartmented culture
approach also allows the addition of cells from a wide variety of sources and will be
suitable for use with induced pluripotent stem cell derived motor neurons from human
patients (Dimos et al., 2008; Egawa et al., 2012). This compartmented motor neuron
culture model represents an exciting opportunity to investigate motor neuron

pathophysiology with the greatest in vivo relevance.
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6 FINAL DISCUSSION

The development of the mSOD1 G93A mouse model of ALS has provided a wealth of
information into the mechanisms involved in the pathogenesis of ALS (Gurney et al.,
1994). Investigations using this model and others have lead to development of a range of
new potential therapies, however at this time, none have successfully progressed through
clinical trials in humans. The repeated failure of such trials has highlighted the fact that
many aspects of ALS pathogenesis remain unexplained. It is still not known how
excitotoxicity results in axon degeneration, nor is the process of distal axon and NMJ
degeneration, thought to be one of the initial pathological alterations in ALS. Until we
have a better understanding of the mechanisms underlying the pathology and progression
of ALS, it remains unlikely that effective therapies will be discovered. The central aim of
this thesis was to investigate axon degeneration in ALS, with a specific focus on how

excitotoxicity is involved in the development of this distal axon pathology.

Glutamate excitotoxicity is a known pathological process in a number of
neurodegenerative conditions, including Alzheimer’s disease, Parkinson’s disease,
traumatic brain injury and motor neuron disease (Chapter 1.3). Similarly, a conserved
pathological hallmark of these diseases is axonal degeneration. How excitotoxicity,
primarily considered to occur through somatodendritic glutamate receptors, results in
degeneration, often of the distal axon, is not known. The recent discovery of glutamate
receptor subunits along myelinated axons raises the question of whether excitotoxicity is
limited to the somatodendritic compartment, or whether the axon may be a primary target
for excitotoxicity as well (Ouardouz et al., 2009a,b; Matute, 2011). Thus, the first aim of

this thesis was to investigate how excitotoxicity results in distal axon degeneration. Data
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within this study (Chapter 3) demonstrates that the axons of cortical neurons are directly

vulnerable to excitotoxicity.

Excitotoxicity following injury is often considered to occur via NMDA-Rs. In contrast,
excitotoxicity in ALS is proposed to occur via AMPA-Rs (Chapter 1.3.2). This may
reflect key differences in the pathogenesis of excitotoxicity, being primarily acute
excitotoxicity in the former and chronic in the latter (Chapter 1.3.2). Alternatively, this
may reflect the fact that AMPA-R permeability to calcium and thus vulnerability to
excitotoxicity can be altered via inclusion or exclusion of the Ca*" impermeable GluR2
subunit. As previously discussed, a number of factors can alter GIuR expression, and of
particular interest is that neuronal expression of GluR2 can be modulated by glial cells
(Chapter 1.3.2.1). Excitotoxicity in the white matter was considered to occur primarily
via NMDA-Rs on oligodendrocytes, resulting in secondary damage to axons (Matute,
1998; Fowler et al., 2003; Fowler et al., 2006; Saggu et al., 2008). Following the
discovery of GluRs on myelinated axons (Ouardouz et al., 2009a,b), the hypothesis that
axons may respond directly to excitotoxicity was proposed by Matute (2011). The data in
this study (Chapter 3) indicates that this can occur in preparations of cortical neuron
axons which are devoid of oligodendroglia. Furthermore, evidence gained from this
investigation indicates that axonally mediated excitotoxicity is likely to occur via AMPA-
Rs (Chapter 3). The neuronal response to excitotoxicity may be mediated via different
pathways depending on axonal vs somatodendritic exposure, thus protective mechanisms

aimed at the soma may have little effect on protection from axonal excitotoxicity.

Excitotoxin-induced neuronal degeneration has been shown to involve activation of
caspases, the effector proteases for apoptosis (Favaloro et al., 2012; King et al., 2013).
The data in this study demonstrates that both somatodendritic and axonally induced

excitotoxicity results in caspase-mediated cortical axonal degeneration. Widespread

119



Chapter 6 — Discussion

blockade of caspase activity reduced proximally induced excitotoxic axon degeneration
and prevented distal excitotoxic axon degeneration in these cortical cultures, critically,
this process can be achieved by either axonal or somatodendritic caspase inhibition

(Chapter 3).

Neurons are unique cells with highly specialised sub-domains. This compartmented
specialisation is critical for neuronal function and enables neurons to span great distances
within the body. Neuronal compartmentalisation is particularly evident when considering
the axon, with studies increasingly highlighting the ability of the axon to respond to
environmental cues through modulation of local mRNA synthesis independently of somal
responses (Cosker et al., 2013). Such processes may be additionally influenced by local
interactions with non-neuronal cells (Cosker et al., 2013). In this study, neuronal
compartmentalisation was evident by simultaneous presentation of markers of maturity
and immaturity in different cellular compartments of cultured cortical neurons (Chapter
3). Cultured cortical neurons developed morphological features of neuronal maturation in
culture (dendritic spines, synaptic puncta, mature-like organisation of GluRs and
response to excitotoxicity), however also retained distal axonal growth cones. A plausible
explanation for this seemingly paradoxical finding is that many axons remained within

the proximal compartment and formed synaptic connections with dendrites.

Neuronal compartmentalisation may also play a critical role in mediating excitotoxicity.
Within the dendrites, localisation of NMDA-Rs to synaptic or extrasynaptic localisations
affects the response of the neuron to subsequent receptor activation (Chapter 1.3.1.1). In
this thesis, it was demonstrated that activation of axonal glutamate receptors results in
degeneration of the axon without overt somatodendritic involvement, highly suggestive
of local modulation of excitotoxicity (Chapter 3). At the dendrites, activation of

differentially localised NMDA-Rs yields either neuroprotective or neurotoxic results
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(synaptic and extrasynaptic NMDARs, respectively) (Hardingham and Bading, 2010).
From this present study it is not clear whether activation of axonal AMPA-Rs under
physiological conditions is likely to be protective or deleterious in vivo. If axonally
localised AMPA-Rs are normally involved in crosstalk with oligodendrocytes during
myelination (Matute, 2007), it is possible that low-level activation of such receptors
could be protective for the axons, however this remains purely speculative. Independent
of the normal functioning of these receptors, the current data indicates that chronic high-

level activation is locally deleterious.

Taking the compartmented nature of neuronal growth into account is especially pertinent
when considering the motor neuron, whereby different neuronal compartments are
located in physically different regions of the organism and interact with a vast range of
cell types including CNS glia (proximal) and the skeletal muscle (distal). Each of these
cell types are being increasingly recognised for the roles they play during disease in ALS,
with widely acknowledged involvement of glial cells and accumulating evidence that the
skeletal muscle may also contribute. The loss of the distal neuro-muscular synapse has
been described as one of the first pathological events in humans and mice. It is therefore
critical to fully understand the series of changes which lead to loss of the NMJ, especially

in ALS.

Despite a wealth of information regarding the complex protein interactions involved in
development and maturation of the NMJ (Chapter 1.2.3), very little is known about how
these components contribute to disease outside of neuromuscular diseases arising from
specific genetic causes. Consequently, the second aim of this thesis was to characterise
degeneration of the NMJ in a widely used mouse model of ALS. Loss of the NMJ has
been demonstrated in both human ALS patients and in mutant SOD1 models, and is

generally attributed to onset of symptoms (Chapter 1.2.3) (Figure 6.1). Previous studies
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have focused on pathology within the motor neuron distal axon and used loss of
colocalisation between motor neuron axons and post-synaptic AChRs to indicate
degeneration of the NMJ (Chapter 1.2.3). However, little is known about the sequence of
changes that occurs during NMJ breakdown and this could give some clues as to the
initial cause of degeneration. Furthermore, whilst the role of skeletal muscle in ALS is
being increasingly discussed (Dobrowolny et al., 2008; Wong and Martin, 2010), it
remains unclear if degeneration is initiated in the muscle or occurs as a consequence of
motor neuron dysfunction, such as from hyperexcitability or axonal starvation from the

soma.

The mSODI1 mouse develops clinical symptoms in the hind-limbs first, with the
forelimbs remaining relatively spared until later in the disease (age) (Chapter 4). In this
study, both the hindlimb and forelimb skeletal muscles were examined to determine the
precise pathological timing of NMJ degeneration. In the hindlimbs, the earliest detectable
changes occurred at 56 days of age, representing a reduced proportion of NMJs with
colocalised presynaptic motor terminals and S100 with a-BTx. This reduction in the
proportion of colocalised a-BTx with motor terminals and S100 further decreased
throughout the times examined. By 84 days, there was a reduction in the proportion of
NMJs showing colocalisation between a-BTx and rapsyn or nestin. By 112 days, the
proportion of NMJs with colocalised dystrophin and a-BTx was significantly reduced.
This contrasted with the findings from the forelimbs where the only pathology in this
study was a loss in colocalisation between a-BTx and presynaptic motor terminals at 140
days of age (Chapter 4). These results support the previous theories from Fischer et al.
(2004) proposing degeneration in ALS reflects a distal “die-back™ axonopathy. The
gradual loss of rapsyn, nestin and dystrophin from NMJs is therefore likely to represent

secondary degenerative changes resulting in dismantling of the post-synaptic complex. In
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the hindlimbs, loss of S100 from terminal Schwann cells was detectable at the same age-
point as loss of presynaptic terminal localisation with a-BTx, however this was not
observed in the forelimbs. The delayed nature of loss of the other markers examined in
the forelimbs suggests that the forelimb skeletal muscle in the mSDO1 mouse may be
useful for investigating subtle degenerative or remodelling events which are otherwise

obscured by the pathology that occurs in the mouse hind-limbs.

This thesis demonstrates that loss of the NMJ occurs in a progressive manner (Chapter 4).
Evidence gained in this study and in others (Chapter 1.2.3) further demonstrates that loss
of neuromuscular connectivity occurs in conjunction with altered organisation of a
number of key NMIJ structural components. Such loss of structural proteins is likely to
result in instability of the NMJ and contribute to fragmentation of post-synaptic AChR
clusters (Chapter 4). The loss of structural proteins in this study may indicate a number of
different processes. The simplest explanation for which is that loss of structural proteins
colocalised to membrane AChR clusters represents progressive dismantling of the NMJ
following denervation and lack of reinnervation. From mouse injury models, there is
evidence that disassembly of the post-synaptic apparatus is delayed for weeks following
denervation as a likely result of the skeletal muscle remaining prepared for reinnervation

(Li and Thompson, 2011).

The loss of the investigated proteins from the NMJ is likely to affect signalling between
the different proteins that comprise and support the NMJ (Chapter 4). The interactions
between these proteins remain relatively unexplored in the context of ALS. Furthermore,
it is possible that such perturbations to this signalling may occur very early in ALS and
may subtly contribute to destabilisation of the NMJ and weakening muscle-motor neuron
signalling. The ALS NMJ is characterised by abnormal action potential conduction

(Magrané et al., 2012). Additionally, the skeletal muscle is characterised by synaptic
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accumulations of mitochondria, likely to reflect perturbed Ca*" homeostasis (Zhou et al.,
2010). The relationship between these processes is not well understood, however it
remains possible that dysfunction at the NMJ could arise from a positive feedback loop

involving both the motor neuron and skeletal muscle.

From investigations into Duchenne muscular dystrophy (DMD), occurring from
dystrophin mutations, it has become evident that whilst some proteins such as dystrophin
are not critical for initial formation of the NMJ, they play a key role in the maturation and
function of the synapse (Chapter 4). In the case of dystrophin, the truncated mutated
protein fails to incorporate into the dystrophin glycoprotein complex (DGC), rendering
the skeletal muscle increasingly vulnerable to contractile injury (Pilgram et al., 2010).
Although mutations to the investigated proteins have not been linked with ALS, it
remains possible that altered post-synaptic signalling and abberant protein interactions
may result in mislocalisation of these proteins, thus rendering the NMJ increasingly
unstable. This study serves to highlight the importance of further investigation of the
NMIJ and the role of skeletal muscle in ALS. Furthermore, the forelimb muscles in the
mSOD1 mouse may provide a suitable location in which to further investigate whether

such effects occur prior to degeneration of the motor neuron axon.

Schwann cells play an important role in myelination of the motor neuron and maturation
of the NMJ (Chapter 1.2.3). The Schwann cell also assists during reinnervation of
skeletal muscle fibres by guiding the regenerating axon to the recently denervated NMJ
site (Koirala and Reddy, 2003). This is in contrast with development of the NMJ where
‘pre-patterned’ post-synaptic receptor clustering does not dictate where the NMJ will
form (Chapter 1.2.3). The results of this thesis indicate an early and progressive loss of
peri-synaptic S100 staining in aging mSOD1 neuromuscular junctions, and suggest that

the loss of S100 staining reflects a loss of the proteins and not the cells themselves
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(Chapter 4). A similar result has been seen in other studies using both mouse and human
tissue (Liu et al., 2013). The implication for the early loss of S100 is not known, however

could be involved in abnormal neurotransmission at the NMJ (Liu et al., 2013).

The preferential degeneration of the lower limbs in the mSOD G93A model prior to
degeneration of the upper limbs has previously received little attention. There are a
number of potential causes for this variable onset of phenotype. Firstly, the axons which
innervate the hind-limb muscles are longer than those of the forelimb and thus may
represent a more vulnerable population of motor neurons. Whilst this remains a
possibility, the same pattern degeneration of hind-limb muscles does not occur in mSOD1
G93A transgenic rats (Matsumoto et al., 2006). Peculiarly, the mSOD1 G93A rats
demonstrate preferential degeneration of the forelimb motor neurons, leaving the
hindlimbs less affected (Matsumoto et al., 2006). A second possibility is that the motor
neurons that innervate the hindlimbs are different from those of the forelimbs and may
have differential vulnerability to mSOD1 mediated toxicity. In both human ALS patients
with mSOD1 mutations and in mSOD1 mouse models, there is a preferential site of onset
in the lower limbs (Gurney et al., 1994; Chiu et al., 1995; Azzouz et al., 1997; Bendotti
and Carri, 2004; Millecamps et al., 2010). There are well-described differences in the
types of motor neurons which innervate the fore- and hindlimbs in both mice and
humans, notably, the gastrocnemius muscle comprises a mixture of type I slow and type
II fast motor neurons, with the forelimbs predominantly type II in humans and entirely
type II in mice (Elashry et al., 2009; Schiaffino and Reggiani, 2011; Mathewson et al.,
2012). Type II fibres are preferentially vulnerable to degeneration in a number
neurodegenerative conditions including ALS, sarcopenia and aging (Hegedus et al., 2008;
Gordon et al., 2009; Jang and Van Remmen, 2011). Based on these results, it would be

interesting to investigate differences in the motor neuron populations within different
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levels of the spinal cord as has been done for the ocular motor neurons compared with
limb skeletal muscles (Chapter 1.3.2.1). Moreover, it would be interesting to investigate
how any differences in the motor neurons reflects pathology in the spinal cord and thus

determine which types of pathology are associated with functional loss.

The purpose of aim 2 (Chapter 4) was to further define the process of NMJ degeneration
in the mSOD1 G93A mouse model of ALS. This study indicates that the distribution of a
number of structural proteins within the skeletal muscle fibre is altered following
degeneration of the motor neuron distal axon. The slow process is likely to result in
destabilisation of the AChR membrane complex and may also result in perturbed
signalling. The results from this thesis indicate that the interactions of a large number of
NMJ proteins warrant further investigation in ALS and perhaps degeneration of the NMJ

could be delayed or prevented by therapeutic targeting of these structures.

However degeneration of the NMJ is a complex process to model. Current in vitro
techniques are reliant on either motor neurons cultured as a monolayer with glia or
muscle, or in Campenot chambers. The former approach lacks the temporal and fluidic
organisation of the spinal motor neuron in vivo, and the latter necessitates the addition of
exogenous factors which is known to affect receptor expression (Chapter 5). To address
these shortcomings, the third aim of this thesis was to develop cell culture techniques
using the microfluidic chambers to combine spinal motor neurons with glial and muscle
cells. In isolation, cultured glia and muscle each promoted different neuronal phenotypes
in vitro, likely representing the fact that neither cell population is normally in contact
with the entire motor neuron (Chapter 5). The combination of glia, muscle and motor
neurons within the microfluidic device resolved this issue and resulted in mature and
stable cultures for investigating the compartmented response of motor neurons to

excitotoxicity (Chapter 5).
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Excitotoxicity is a known pathogenic process in ALS (Chapter 1.3) however it is not
known whether excitotoxin-induced axon degeneration occurs via the same pathways that
cause degeneration of cortical neurons (Chapter 3). The final aim of this thesis was to
investigate the mechanisms of excitotoxic axon degeneration in a compartmented cell
culture model. The results from this thesis indicate that excitotoxicity in motor neurons
does not occur via the distal axon (Chapter 5). The localisation of GluRs on cortical
axons is proposed to serve the primary function of communication with oligodendrocytes
(Chapter 1.2), however communication with motor neuron axons and Schwann cells
occurs via different mechanisms, primarily via NRG-1 signalling in contrast with the
voltage- and possibly glutamate-dependent signalling between oligodendrocytes and

axons.

6.1 LIMITATIONS AND ALTERNATIVE INTERPRETATIONS

The investigation in Chapter 3 provided evidence for a direct role of the axon in
excitotoxicity, which suggests that the distal axon may be capable of independently
responding to excitotoxicity. These interactions could be further investigated using other
amino acid neurotransmitters or analogous excitatory agents. Preliminary evidence
suggests that distal axon excitotoxicity in this study was mediated via both NMDA and
non-NMDA glutamate receptors, more work is needed to fully elucidate this response.
This study utilised the glutamate receptor antagonists CNQX and MK801 to block the
ionotropic NMDA and non-NMDA receptors, however there are many other receptor
antagonists which could be trialled. Whilst this study strongly suggests that distal axons

may respond to direct excitotoxicity, it is still unclear which receptors are involved. The
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use of advanced imaging techniques and electrophysiology should be considered during

furture studies.

Another limitation of this work is the reliance on the mSODI1 G93A mouse model of
ALS. Whilst this mouse model recapitulates some aspects of the human disease, there are
some key differences. The failure of promising therapeutic agents from mouse trials in
human clinical trials has raised questions over the validity over the mSOD1 model.
However recent investigations using advanced molecular techniques have demonstrated
that there may be more similarities between human disease and the mSOD1 model than
previously thought. It is then alternatively proposed that the lack of successful therapeutic
candidates may reflect a problem of relying heavily on murine disease models that only
represent a small fraction of human ALS cases. As such, it is important to focus on the
development of non-transgenic models or to validate findings across a range of transgenic
lines of ALS (Swarup and Julien, 2011). Within the mSOD1 G93A lines, it is well
established that the number of transgene copies can dramatically affect disease outcome
in the mice. Additionally, the failure of promising drug candidates in human clinical trials
highlight the importance of understanding the underlying biology of disease to better

target potential new therapies.

The investigations performed into the loss of structural proteins from the NMJs of
mSOD1 G93A mice should be repeated using different analysis techniques, such as
automated colocalisation algorithms to remove human error from these studies.
Additionally, protein levels should be investigated using western blot or mRNA
expression levels probed to determine whether the loss of marker colocalisation with a-
BTX reflects loss of protein or structural reorganisation. Simiarly, the results regarding
the loss of the S100 protein from terminal Schwann cells should be interpreted with

caution at this current time. Further analysis of Schwann cell nuclei, the use of other
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Schwann cell markers such as P75N R

and triple-labelling with motor terminals may
reveal a different result. Whilst others have suggested the loss of S100 protein from

terminal Schwann cells does not immediately occur from loss of cells, there is no direct

quantitative evidence from this study to fully support the conclusion at this time.

The results of Chapter 5 of this thesis present a novel method for coordinating a number
of different primary cell types to produce compartmented cultures of the lower motor
neuron-neuromuscular junction circuit. There is great potential for this model to be used
in conjunction with a range of human patient-derived cells, however no such cells were
trialled in this project. The formation of putative NMlJs in this model is an excellent
outcome, however the functionality of these synapses should be tested using
electrophysiology or direct manipulation of the circuit. As for limitations in Chapter 3,
the response of these cultures to excitotoxicity should be further investigated using a

wider range of excitatory amino acid neurotransmitters.

6.2 IMPLICATIONS

Gaining a better insight into neuronal function is critical to understanding complex
neurodegenerative disorders including ALS. In particular, the mechanisms by which
excitotoxicity results in neuronal damage and degeneration of the motor neuron distal
axon and NMJ. The data obtained in this thesis reveals that whilst excitotoxicity can be
initiated through the axon in cortical neurons, in ALS excitotoxicity is likely to be
initiated through the soma and dendrites, with axon degeneration occurring following
somatodendritic excitotoxicity. Furthermore, the results from this thesis highlight the
differences between mouse cortical and spinal motor neurons. Whilst differences in
function, localisation and susceptibility to disease in ALS are well known, it is likely that
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these differences are not as well appreciated as they should be. This is particularly
relevant when considering excitotoxic degeneration. The results from this thesis raise the
possibility that excitotoxin-mediated neurodegeneration occurs via different mechanisms
in cortical and spinal motor neurons, a finding which may influence the discovery of
future drug targets for excitotoxicity. Furthermore, whilst non-neuronal cells are being
increasingly recognised in the pathogenesis of ALS, little is still known about the role of
the skeletal muscle. In particular, whether the skeletal muscle plays an active role in the
development of distal motor neuron axonopathy. The results from this thesis demonstrate

that structural changes to the NMJ can occur early in the disease process.

A potentially exciting avenue for further research is the potential for the novel
compartmented culture model developed for aim 3 (Chapter 5) to be used with cells
derived from human patients. Such cells will provide a wealth of information into
specific disease processes from individual patients. Additionally, the use of cells derived
from individual patients may serve as a useful validation tool for results gained from
animal and cell culture experiments. In a disease where 90% of cases are still considered
to be sporadic in onset, investigation of disease mechanisms and possible therapeutic

targets may need to be approached on a more personal level.

6.3 CONCLUSIONS

In summary, the studies within this thesis have provided insight into the mechanisms of
glutamate excitotoxicity in cultured neurons, with particular regard to excitotoxicity
resulting in axon degeneration (Figure 6.2). This thesis has demonstrated that the axons
of cortical neurons are directly vulnerable to excitotoxicity, whereas the axons of spinal
motor neurons are not. Additionally, this thesis has demonstrated that post-synaptic
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changes occur in the NMJ prior to loss of the post-synaptic AChRs. These results indicate
a new understanding of some of the disease mechanisms involved in ALS. However,
critically, provide two new models in which to investigate the pathogenesis of ALS. The
first, is a novel compartmented culture paradigm which enables exquisite control over the
development of motor neuron-co-cultures and may be used with a large variety of cells
from different sources. Secondly, this thesis has demonstrated that the forelimbs of the
mSOD1 G93A mouse may represent an appropriate location in which to investigate very
early and subtle pathological change. The results from this thesis both provide direct
evidence for mechanisms of toxicity in ALS, and additionally provide new models in
which to further investigate pathology. It is hoped that the data within this thesis and
future experiments utilising these models will aid in the development of new drug targets

to combat this devastating disease.

131



References

7 REFERENCES

Abhinav, K., Al-Chalabi, A., Hortobagyi, T., Leigh, P.N. (2007) Electrical injury and
amyotrophic lateral sclerosis: a systematic review of the literature. J Neurol
Neurosurg Psychiatry, 78, 450-453.

Adalbert, R., Coleman, M.P. (2012) Axon pathology in age-related neurodegenerative
disorders. Neuropathol Appl Neurobiol, aheadofprint.

Ahmeti, K.B., Ajroud-Driss, S., Al-Chalabi, A., Andersen, P.M., Armstrong, J., Birve,
A., Blauw, H.M., Brown, R.H., Bruijn, L., Chen, W, et al (2013) Age of onset of
amyotrophic lateral sclerosis is modulated by a locus on 1p34.1. Neurobiol Aging,
34,357 e357-319.

Al-Chalabi, A., Andersen, P.M., Nilsson, P., Chioza, B., Andersson, J.L., Russ, C., Shaw,
C.E., Powell, J.F., Leigh, P.N. (1999) Deletions of the heavy neurofilament
subunit tail in amyotrophic lateral sclerosis. Hum Mol Genet, 8, 157-164.

Alexianu, ML.E., Ho, B.K., Mohamed, A.H., La Bella, V., Smith, R.G., Appel, S.H.
(1994) The role of calcium-binding proteins in selective motoneuron vulnerability
in amyotrophic lateral sclerosis. Ann Neurol, 36, 846-858.

Alexianu, M.E., Kozovska, M., Appel, S.H. (2001) Immune reactivity in a mouse model
of familial ALS correlates with disease progression. Neurology, 57, 1282-1289.

Alfahad, T., Nath, A. (2013) Retroviruses and amyotrophic lateral sclerosis. Antiviral
Res, 99, 180-187.

Almer, G., Guegan, C., Teismann, P., Naini, A., Rosoklija, G., Hays, A.P., Chen, C.,
Przedborski, S. (2001) Increased expression of the pro-inflammatory enzyme
cyclooxygenase-2 in amyotrophic lateral sclerosis. Ann Neurol, 49, 176-185.

Almer, G., Teismann, P., Stevic, Z., Halaschek-Wiener, J., Deecke, L., Kostic, V.,
Przedborski, S. (2002) Increased levels of the pro-inflammatory prostaglandin
PGE2 in CSF from ALS patients. Neurology, 58, 1277-1279.

Alonso, A., Logroscino, G., Hernan, M.a. (2010) Smoking and the risk of amyotrophic
lateral sclerosis: a systematic review and meta-analysis. J Neurol Neurosurg
Psychiatry, 81, 1249-1252.

Altiok, N., Altiok, S., Changeux, J.P. (1997) Heregulin-stimulated acetylcholine receptor
gene expression in muscle: requirement for MAP kinase and evidence for a
parallel inhibitory pathway independent of electrical activity. Embo J, 16, 717-
725.

Altiok, N., Bessereau, J.L., Changeux, J.P. (1995) ErbB3 and ErbB2/neu mediate the
effect of heregulin on acetylcholine receptor gene expression in muscle:
differential expression at the endplate. Embo J, 14, 4258-4266.

Amendola, J., Verrier, B., Roubertoux, P., Durand, J. (2004) Altered sensorimotor
development in a transgenic mouse model of amyotrophic lateral sclerosis. Eur J
Neurosci, 20, 2822-2826.

Andersen, P.M., Al-Chalabi, A. (2011) Clinical genetics of amyotrophic lateral sclerosis:
what do we really know? Nat Rev Neurol, 7, 603-615.

Anderson, J.L., Head, S.I., Rae, C., Morley, J.W. (2002) Brain function in Duchenne
muscular dystrophy. Brain, 125, 4-13.

Anderson, M.J., Cohen, M.W. (1977) Nerve-induced and spontaneous redistribution of
acetylcholine receptors on cultured muscle cells. J Physiol, 268, 757-773.

Andrasfalvy, B.K., Magee, J.C. (2001) Distance-dependent increase in AMPA receptor
number in the dendrites of adult hippocampal CA1 pyramidal neurons. The
Journal of Neuroscience, 21, 9151-9159.

132



References

Antolik, C., Catino, D.H., O'Neill, A.M., Resneck, W.G., Ursitti, J.A., Bloch, R.J. (2007)
The actin binding domain of ACF7 binds directly to the tetratricopeptide repeat
domains of rapsyn. Neuroscience, 145, 56-65.

Apel, E.D., Glass, D.J., Moscoso, L.M., Yancopoulos, G.D., Sanes, J.R. (1997) Rapsyn is
required for MuSK signaling and recruits synaptic components to a MuSK-
containing scaffold. Neuron, 18, 623-635.

Appel, S.H., Zhao, W., Beers, D.R., Henkel, J.S. (2011) The microglial-motoneuron
dialogue in ALS. Acta Myol, 30, 4-8.

Araque, A., Parpura, V., Sanzgiri, R.P., Haydon, P.G. (1999) Tripartite synapses: glia, the
unacknowledged partner. Trends Neurosci, 22, 208-215.

Araque, A., Perea, G. (2004) Glial modulation of synaptic transmission in culture. Glia,
47, 241-248.

Arnesano, F., Banci, L., Bertini, I., Martinelli, M., Furukawa, Y., O'Halloran, T.V. (2004)
The unusually stable quaternary structure of human Cu,Zn-superoxide dismutase
1 is controlled by both metal occupancy and disulfide status. J Biol Chem, 279,
47998-48003.

Arriza, J.L., Fairman, W.A., Amara, S.G., Kavanaugh, P., Wadiche, 1., Murdoch, H.
(1994) Functional Comparisons of Three Glutamate Transporter Subtypes Cloned
from Human Motor Cortex. The Journal of Neuroscience, 14, 5559-5569.

Arundine, M., Tymianski, M. (2003) Molecular mechanisms of calcium-dependent
neurodegeneration in excitotoxicity. Cell Calcium, 34, 325-337.

Arvanitakis, Z. (2010) Update on frontotemporal dementia. Neurologist, 16, 16-22.

Ash, P.E., Bieniek, K.F., Gendron, T.F., Caulfield, T., Lin, W.L., Dejesus-Hernandez,
M., van Blitterswijk, M.M., Jansen-West, K., Paul, J.W., 3rd, Rademakers, R., et
al (2013) Unconventional translation of C9ORF72 GGGGCC expansion
generates insoluble polypeptides specific to c9FTD/ALS. Neuron, 77, 639-646.

Atkin, J.D., Scott, R.L., West, J.M., Lopes, E., Quah, A.K., Cheema, S.S. (2005)
Properties of slow- and fast-twitch muscle fibres in a mouse model of
amyotrophic lateral sclerosis. Neuromuscul Disord, 15, 377-388.

Avendano-Vazquez, S.E., Dhir, A., Bembich, S., Buratti, E., Proudfoot, N., Baralle, F.E.
(2012) Autoregulation of TDP-43 mRNA levels involves interplay between
transcription, splicing, and alternative polyA site selection. Genes Dev, 26, 1679-
1684.

Avery, M.A., Rooney, T.M., Pandya, J.D., Wishart, T.M., Gillingwater, T.H., Geddes,
J.W., Sullivan, P.G., Freeman, M.R. (2012) WIdS prevents axon degeneration
through increased mitochondrial flux and enhanced mitochondrial Ca2+
buffering. Curr Biol, 22, 596-600.

Ayala, Y.M., De Conti, L., Avendano-Vazquez, S.E., Dhir, A., Romano, M.,
D'Ambrogio, A., Tollervey, J., Ule, J., Baralle, M., Buratti, E., et al (2011) TDP-
43 regulates its mRNA levels through a negative feedback loop. Embo J, 30, 277-
288.

Azzouz, M., Leclerc, N., Gurney, M., Warter, J.M., Poindron, P., Borg, J. (1997)
Progressive motor neuron impairment in an animal model of familial amyotrophic
lateral sclerosis. Muscle Nerve, 20, 45-51.

Bae, J.S., Simon, N.G., Menon, P., Vucic, S., Kiernan, M.C. (2013) The puzzling case of
hyperexcitability in amyotrophic lateral sclerosis. J Clin Neurol, 9, 65-74.

Baimbridge, K.G., Celio, M.R., Rogers, J.H. (1992) Calcium-binding proteins in the
nervous system. Trends Neurosci, 15, 303-308.

Balice-Gordon, R.J. (1996) Dynamic roles at the neuromuscular junction. Schwann cells.
Curr Biol, 6, 1054-1056.

133



References

Balice-Gordon, R.J., Breedlove, S.M., Bernstein, S., Lichtman, J.W. (1990)
Neuromuscular junctions shrink and expand as muscle fiber size is manipulated:
in vivo observations in the androgen-sensitive bulbocavernosus muscle of mice.
The Journal of Neuroscience, 10, 2660-2671.

Baloh, R.H.R.H., Rakowicz, W., Gardner, R., Pestronk, A. (2007) Frequent atrophic
groups with mixed-type myofibers is distinctive to motor neuron syndromes.
Muscle & nerve, 36, 107-110.

Banci, L., Bertini, 1., Boca, M., Girotto, S., Martinelli, M., Valentine, J.S., Vieru, M.
(2008) SODI1 and amyotrophic lateral sclerosis: mutations and oligomerization.
PL0S One, 3, el677.

Banks, G., Fuhrer, C., Adams, M. (2003) The postsynaptic submembrane machinery at
the neuromuscular junction: requirement for rapsyn and the utrophin/dystrophin-
associated complex. J Neurocytol, 726, 709-726.

Banks, G.B., Chamberlain, J.S., Froehner, S.C. (2009) Truncated dystrophins can
influence neuromuscular synapse structure. Mol Cell Neurosci, 40, 433-441.
Bannerman, P., Horiuchi, M., Feldman, D., Hahn, A., Itoh, A., See, J., Jia, Z.P., Itoh, T.,
Pleasure, D. (2007) GluR2-free  alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate receptors intensify demyelination in experimental

autoimmune encephalomyelitis. J Neurochem, 102, 1064-1070.

Bar-Peled, O., O'Brien, R.J., Morrison, J.H., Rothstein, J.D. (1999) Cultured motor
neurons possess calcium-permeable AMPA/kainate receptors. Neuroreport, 10,
855-859.

Barbeito, L.H., Pehar, M., Cassina, P., Vargas, M.R., Peluffo, H., Viera, L., Estevez,
A.G., Beckman, J.S. (2004) A role for astrocytes in motor neuron loss in
amyotrophic lateral sclerosis. Brain Res Brain Res Rev, 47, 263-274.

Bardoni, R., Torsney, C., Tong, C.K., Prandini, M., MacDermott, A.B. (2004)
Presynaptic NMDA receptors modulate glutamate release from primary sensory
neurons in rat spinal cord dorsal horn. The Journal of Neuroscience, 24, 2774-
2781.

Barker, W.W., Luis, C.A., Kashuba, A., Luis, M., Harwood, D.G., Loewenstein, D.,
Waters, C., Jimison, P., Shepherd, E., Sevush, S., et al (2002) Relative
frequencies of Alzheimer disease, Lewy body, vascular and frontotemporal
dementia, and hippocampal sclerosis in the State of Florida Brain Bank.
Alzheimer Dis Assoc Disord, 16, 203-212.

Barmada, S.J., Skibinski, G., Korb, E., Rao, E.J., Wu, J.Y., Finkbeiner, S. (2010)
Cytoplasmic mislocalization of TDP-43 is toxic to neurons and enhanced by a
mutation associated with familial amyotrophic lateral sclerosis. The Journal of
Neuroscience, 30, 639.

Barrett, E.F., Barrett, J.N., David, G. (2011) Mitochondria in motor nerve terminals:
function in health and in mutant superoxide dismutase 1 mouse models of familial
ALS. J Bioenerg Biomembr, 43, 581-586.

Basso, M., Massignan, T., Samengo, G., Cheroni, C., De Biasi, S., Salmona, M.,
Bendotti, C., Bonetto, V. (2006) Insoluble mutant SOD1 is partly
oligoubiquitinated in amyotrophic lateral sclerosis mice. J Biol Chem, 281,
33325-33335.

Beirowski, B., Nogradi, A., Babetto, E., Garcia-Alias, G., Coleman, M.P. (2010)
Mechanisms of axonal spheroid formation in central nervous system Wallerian
degeneration. J Neuropathol Exp Neurol, 69, 455-472.

Belachew, S., Gallo, V. (2004) Synaptic and extrasynaptic neurotransmitter receptors in
glial precursors' quest for identity. Glia, 48, 185-196.

134



References

Bellocchio, E.E., Reimer, R.J., Fremeau, R.T., Edwards, R.H. (2000) Uptake of
Glutamate into Synaptic Vesicles by an Inorganic Phosphate Transporter. Science,
289, 957-960.

Bendotti, C., Carri, M.T. (2004) Lessons from models of SODI-linked familial ALS.
Trends Mol Med, 10, 393-400.

Bendotti, C., Marino, M., Cheroni, C., Fontana, E., Crippa, V., Poletti, A., De Biasi, S.
(2012) Dysfunction of constitutive and inducible ubiquitin-proteasome system in
amyotrophic lateral sclerosis: implication for protein aggregation and immune
response. Prog Neurobiol, 97, 101-126.

Bensimon, G., Lacomblez, L., Meininger, V. (1994) A controlled trial of riluzole in
amyotrophic lateral sclerosis. ALS/Riluzole Study Group. N Engl J Med, 330,
585-591.

Benveniste, H., Drejer, J., Schousboe, A., Diemer, N.H. (1984) Elevation of the
extracellular concentrations of glutamate and aspartate in rat hippocampus during
transient cerebral ischemia monitored by intracerebral microdialysis. J
Neurochem, 43, 1369-1374.

Berger, J.V., Dumont, A.O., Focant, M.C., Vergouts, M., Sternotte, A., Calas, A.G.,
Goursaud, S., Hermans, E. (2012) Opposite regulation of metabotropic glutamate
receptor 3 and metabotropic glutamate receptor 5 by inflammatory stimuli in
cultured microglia and astrocytes. Neuroscience, 205, 29-38.

Bergeron, C., Beric-Maskarel, K., Muntasser, S., Weyer, L., Somerville, M.J., Percy,
M.E. (1994) Neurofilament light and polyadenylated mRNA levels are decreased
in amyotrophic lateral sclerosis motor neurons. J Neuropathol Exp Neurol, 53,
221-230.

Berridge, M.J., Bootman, M.D., Roderick, H.L. (2003) Calcium signalling: dynamics,
homeostasis and remodelling. Nature reviews. Molecular cell biology, 4, 517-529.

Bevan, S., Steinbach, J.H. (1977) The distribution of alpha-bungarotoxin binding sites of
mammalian skeletal muscle developing in vivo. J Physiol, 267, 195-213.

Bhattacharyya, A., Oppenheim, R.W., Prevette, D., Moore, B.W., Brackenbury, R.,
Ratner, N. (1992) S100 is present in developing chicken neurons and Schwann
cells and promotes motor neuron survival in vivo. J Neurobiol, 23, 451-466.

Bindokas, V.P., Miller, R.J. (1995) Excitotoxic degeneration is initiated at non-random
sites in cultured rat cerebellar neurons. The Journal of Neuroscience, 15, 6999.

Bloch, R.J. (1983) Acetylcholine receptor clustering in rat myotubes: requirement for
CA2+ and effects of drugs which depolymerize microtubules. The Journal of
Neuroscience, 3, 2670-2680.

Boillée, S., Cleveland, D.W. (2008) Revisiting oxidative damage in ALS: microglia, Nox,
and mutant SOD1. The Journal of clinical investigation, 118, 474.

Boillée, S., Vande Velde, C., Cleveland, D.W. (2006a) ALS: a disease of motor neurons
and their nonneuronal neighbors. Neuron, 52, 39-59.

Boillée, S., Yamanaka, K., Lobsiger, C.S.C.S., Copeland, N.G.N.G.N.G., Jenkins,
N.a.N.A., Kassiotis, G., Kollias, G., Cleveland, D.W.D.W., Boillee, S. (2006b)
Onset and progression in inherited ALS determined by motor neurons and
microglia. Science, 312, 1389-1392.

Borchelt, D.R., Lee, M.K., Slunt, H.S., Guarnieri, M., Xu, Z.S., Wong, P.C., Brown,
R.H., Jr., Price, D.L., Sisodia, S.S., Cleveland, D.W. (1994) Superoxide dismutase
1 with mutations linked to familial amyotrophic lateral sclerosis possesses
significant activity. Proc Natl Acad Sci U S A, 91, 8292-8296.

Borodinsky, L.N., Spitzer, N.C. (2006) Activity-dependent neurotransmitter-receptor
matching at the neuromuscular junction. Proc Natl Acad Sci U.S.A.

135



References

Bortolotto, Z.A., Fitzjohn, S.M., Collingridge, G.L. (1999) Roles of metabotropic
glutamate receptors in LTP and LTD in the hippocampus. Curr Opin Neurobiol,
9,299-304.

Bosch, L.V.D., Damme, P.V., Bogaert, E. (2006) The role of excitotoxicity in the
pathogenesis of amyotrophic lateral sclerosis. Biochimica et Biophysica Acta,
1762, 1068-1082.

Bosco, D.A., Morfini, G., Karabacak, N.M., Song, Y., Gros-Louis, F., Pasinelli, P.,
Goolsby, H., Fontaine, B.A., Lemay, N., McKenna-Yasek, D., et al (2010) Wild-
type and mutant SOD1 share an aberrant conformation and a common pathogenic
pathway in ALS. Nat Neurosci, 13, 1396-1403.

Bose, J.K., Wang, L.F., Hung, L., Tarn, W.Y., Shen, C.K. (2008) TDP-43 overexpression
enhances exon 7 inclusion during the survival of motor neuron pre-mRNA
splicing. J Biol Chem, 283, 28852-28859.

Bradley, W.G., Borenstein, A.R., Nelson, L.M., Codd, G.A., Rosen, B.H., Stommel,
E.W., Cox, P.A. (2013) Is exposure to cyanobacteria an environmental risk factor
for amyotrophic lateral sclerosis and other neurodegenerative diseases?
Amyotroph Lateral Scler Frontotemporal Degener, aheadofprint.

Bradley, W.G., Good, P., Rasool, C.G., Adelman, L.S. (1983) Morphometric and
biochemical studies of peripheral nerves in amyotrophic lateral sclerosis. Ann
Neurol, 14, 267-277.

Brockington, A., Ning, K., Heath, P.R., Wood, E., Kirby, J., Fusi, N., Lawrence, N.,
Wharton, S.B., Ince, P.G., Shaw, P.J. (2013) Unravelling the enigma of selective
vulnerability in neurodegeneration: motor neurons resistant to degeneration in
ALS show distinct gene expression characteristics and decreased susceptibility to
excitotoxicity. Acta Neuropathol, 125, 95-109.

Brooke, M.H., Engel, W.K. (1969) The histographic analysis of human muscle biopsies
with regard to fiber types. 4. Children's biopsies. Neurology, 19, 591-605.

Brooks, B.R., Miller, R.G., Swash, M., Munsat, T.L. (2000) El Escorial revisited: revised
criteria for the diagnosis of amyotrophic lateral sclerosis. Amyotroph Lateral Scler
Other Motor Neuron Disord, 1, 293-299.

Brown, M.C., Jansen, J.K., Van Essen, D. (1976) Polyneuronal innervation of skeletal
muscle in new-born rats and its elimination during maturation. J Physiol, 261,
387-422.

Bruijn, L.I., Becher, M.W., Lee, M.K., Anderson, K.L., Jenkins, N.A., Copeland, N.G.,
Sisodia, S.S., Rothstein, J.D., Borchelt, D.R., Price, D.L., et al (1997) ALS-linked
SOD1 mutant G85R mediates damage to astrocytes and promotes rapidly
progressive disease with SOD1-containing inclusions. Neuron, 18, 327-338.

Bruijn, L.I., Cleveland, D.W. (1996) Mechanisms of selective motor neuron death in
ALS: insights from transgenic mouse models of motor neuron disease.
Neuropathol Appl Neurobiol, 22, 373-387.

Bruijn, L.I., Miller, T.M., Cleveland, D.W. (2004) Unraveling the mechanisms involved
in motor neuron degeneration in ALS. Annual review of neuroscience, 27, 723-
749.

Bruijn, L.LI., Houseweart, M.K., Kato, S., Anderson, K.L., Anderson, S.D., Ohama, E.,
Reaume, A.G., Scott, R.W., Cleveland, D.W. (1998) Aggregation and Motor
Neuron Toxicity of an ALS-Linked SOD1 Mutant Independent from Wild-Type
SODI. Science, 281, 1851-1854.

Bruneau, E., Sutter, D., Hume, R.I., Akaaboune, M. (2005) Identification of nicotinic
acetylcholine receptor recycling and its role in maintaining receptor density at the
neuromuscular junction in vivo. The Journal of Neuroscience, 25, 9949-9959.

136



References

Bruno, V., Battaglia, G., Ksiazek, 1., van der Putten, H., Catania, M.V., Giuffrida, R.,
Lukic, S., Leonhardt, T., Inderbitzin, W., Gasparini, F., et al (2000) Selective
activation of mGlu4 metabotropic glutamate receptors is protective against
excitotoxic neuronal death. The Journal of Neuroscience, 20, 6413-6420.

Buckmaster, E.A., Perry, V.H., Brown, M.C. (1995) The rate of Wallerian degeneration
in cultured neurons from wild type and C57BL/WIdS mice depends on time in
culture and may be extended in the presence of elevated K+ levels. Eur J
Neurosci, 7, 1596-1602.

Buki, A., Povlishock, J.T. (2006) All roads lead to disconnection?--Traumatic axonal
injury revisited. Acta Neurochir (Wien), 148, 181-193; discussion 193-184.

Burne, J.F., Staple, J.K., Raff, M.C. (1996) Glial cells are increased proportionally in
transgenic optic nerves with increased numbers of axons. The Journal of
Neuroscience, 16, 2064-2073.

Burrell, J.R., Kiernan, M.C., Vucic, S., Hodges, J.R. (2011) Motor neuron dysfunction in
frontotemporal dementia. Brain, 134, 2582-2594.

Byrne, S., Elamin, M., Bede, P., Shatunov, A., Walsh, C., Corr, B., Heverin, M., Jordan,
N., Kenna, K., Lynch, C., et al (2012) Cognitive and clinical characteristics of
patients with amyotrophic lateral sclerosis carrying a C9orf72 repeat expansion: a
population-based cohort study. Lancet Neurol, 11, 232-240.

Campenot, R. (1977) Local control of neurite development by nerve growth factor.
Proceedings of the National Academy of Sciences, 74, 4516-4519.

Capetanaki, Y., Bloch, R.J., Kouloumenta, A., Mavroidis, M., Psarras, S. (2007) Muscle
intermediate filaments and their links to membranes and membranous organelles.
Exp Cell Res, 313, 2063-2076.

Cappello, V., Vezzoli, E., Righi, M., Fossati, M., Mariotti, R., Crespi, A., Patruno, M.,
Bentivoglio, M., Pietrini, G., Francolini, M. (2012) Analysis of neuromuscular
junctions and effects of anabolic steroid administration in the SOD1G93A mouse
model of ALS. Mol Cell Neurosci, aheadofprint.

Carlson, C.G. (1998) The dystrophinopathies: an alternative to the structural hypothesis.
Neurobiol Dls, 5, 3-15.

Carrasco, D.I., Bichler, E.K., Seburn, K.L., Pinter, M.J. (2010) Nerve Terminal
Degeneration Is Independent of Muscle Fiber Genotype in SODIG93A Mice.
PLoS One, 5.

Carriedo, S.G., Yin, H.Z., Weiss, J.H. (1996) Motor neurons are selectively vulnerable to
AMPA/kainate receptor-mediated injury in vitro. The Journal of Neuroscience,
16, 4069-4079.

Carunchio, I., Curcio, L., Pieri, M., Pica, F., Caioli, S., Viscomi, M.T., Molinari, M.,
Canu, N., Bernardi, G., Zona, C. (2010) Increased levels of p70S6
phosphorylation in the G93A mouse model of Amyotrophic Lateral Sclerosis and
in valine-exposed cortical neurons in culture. Exp Neurol, 226, 218-230.

Casoni, F., Basso, M., Massignan, T., Gianazza, E., Cheroni, C., Salmona, M., Bendotti,
C., Bonetto, V. (2005) Protein nitration in a mouse model of familial amyotrophic
lateral sclerosis: possible multifunctional role in the pathogenesis. J Biol Chem,
280, 16295-16304.

Cassina, P., Cassina, A., Pehar, M., Castellanos, R., Gandelman, M., de Leon, A.,
Robinson, K.M., Mason, R.P., Beckman, J.S., Barbeito, L., et al (2008)
Mitochondrial dysfunction in SOD1G93A-bearing astrocytes promotes motor
neuron degeneration: prevention by mitochondrial-targeted antioxidants. The
Journal of Neuroscience, 28, 4115-4122.

137



References

Chang, G., Guo, Y., Jia, Y., Duan, W., Li, B. (2010) Protective effect of combination of
sulforaphane and riluzole on glutamate-mediated excitotoxicity. Biological &
pharmaceutical bulletin, 33, 1477-1483.

Charcot, J., Joffrey, A. (1869) Deux cas d'atrophie musculaire progressive avec lesion de
la substance grise et des faisceaux antero-lateraux de la moelle epiniere. Arch
Physiol Neurol Path, 2, 744-754.

Cheah, B.C., Vucic, S., Krishnan, A.V., Kiernan, M.C. (2010) Riluzole, neuroprotection
and amyotrophic lateral sclerosis. Current medicinal chemistry, 17, 1942-1959.

Chen, F., Qian, L., Yang, Z.H., Huang, Y., Ngo, S.T., Ruan, N.J., Wang, J., Schneider,
C., Noakes, P.G., Ding, Y.Q., et al (2007) Rapsyn interaction with calpain
stabilizes AChR clusters at the neuromuscular junction. Neuron, 55, 247-260.

Chen, M., Maloney, J.A., Kallop, D.Y., Atwal, J. K., Tam, S.J., Baer, K., Kissel, H.,
Kaminker, J.S., Lewcock, J.W., Weimer, R.M., et al (2012a) Spatially
coordinated kinase signaling regulates local axon degeneration. The Journal of
Neuroscience, 32, 13439-13453.

Chen, S., Owens, G.C., Makarenkova, H., Edelman, D.B. (2010a) HDAC6 regulates
mitochondrial transport in hippocampal neurons. PL0S One, 5, ¢10848.

Chen, S., Zhang, X., Song, L., Le, W. (2012b) Autophagy dysregulation in amyotrophic
lateral sclerosis. Brain Pathol, 22, 110-116.

Chen, X.H., Siman, R., Iwata, A., Meaney, D.F., Trojanowski, J.Q., Smith, D.H. (2004a)
Long-term accumulation of amyloid-beta, beta-secretase, presenilin-1, and
caspase-3 in damaged axons following brain trauma. Am J Pathol, 165, 357-371.

Chen, Y., Brew, B.J., Guillemin, G.J. (2011) Characterization of the kynurenine pathway
in NSC-34 cell line: implications for amyotrophic lateral sclerosis. J Neurochem,
118, 816-825.

Chen, Y., Stankovic, R., Cullen, K.M., Meininger, V., Garner, B., Coggan, S., Grant, R.,
Brew, B.J., Guillemin, G.J. (2010b) The kynurenine pathway and inflammation in
amyotrophic lateral sclerosis. Neurotox Res, 18, 132-142.

Chen, Y.Z., Bennett, C.L., Huynh, H.M., Blair, [.P., Puls, L., Irobi, J., Dierick, 1., Abel,
A., Kennerson, M.L., Rabin, B.A., et al (2004b) DNA/RNA helicase gene
mutations in a form of juvenile amyotrophic lateral sclerosis (ALS4). Am J Hum
Genet, 74, 1128-1135.

Cheng, B., Furukawa, K., O'Keefe, J.A., Goodman, Y., Kihiko, M., Fabian, T., Mattson,
M.P. (1995) Basic fibroblast growth factor selectively increases AMPA-receptor
subunit GluR1 protein level and differentially modulates Ca2+ responses to
AMPA and NMDA in hippocampal neurons. J Neurochem, 65, 2525-2536.

Cheng, B., Mattson, M.P. (1994) NT-3 and BDNF protect CNS neurons against
metabolic/excitotoxic insults. Brain Res, 640, 56-67.

Chio, A., Benzi, G., Dossena, M., Mutani, R., Mora, G. (2005) Severely increased risk of
amyotrophic lateral sclerosis among Italian professional football players. Brain,
128, 472-476.

Chio, A., Borghero, G., Restagno, G., Mora, G., Drepper, C., Traynor, B.J., Sendtner, M.,
Brunetti, M., Ossola, 1., Calvo, A., et al (2012) Clinical characteristics of patients
with familial amyotrophic lateral sclerosis carrying the pathogenic GGGGCC
hexanucleotide repeat expansion of COORF72. Brain, 135, 784-793.

Chio, A., Logroscino, G., Traynor, B.J., Collins, J., Simeone, J.C., Goldstein, L.A.,
White, L.A. (2013) Global epidemiology of amyotrophic lateral sclerosis: a
systematic review of the published literature. Neuroepidemiology, 41, 118-130.

138



References

Chiu, A.Y., Zhai, P., Dal Canto, M.C., Peters, T.M., Kwon, Y.W., Prattis, S.M., Gurney,
M.E. (1995) Age-dependent penetrance of disease in a transgenic mouse model of
familial amyotrophic lateral sclerosis. Mol Cell Neurosci, 6, 349-362.

Chiu, .M., Morimoto, E.T., Goodarzi, H., Liao, J.T., O'Keeffe, S., Phatnani, H.P.,
Muratet, M., Carroll, M.C., Levy, S., Tavazoie, S., et al (2013) A
neurodegeneration-specific  gene-expression signature of acutely isolated
microglia from an amyotrophic lateral sclerosis mouse model. Cell Rep, 4, 385-
401.

Chiu, .M., Phatnani, H., Kuligowski, M., Tapia, J.C., Carrasco, M.A., Zhang, M.,
Maniatis, T., Carroll, M.C. (2009) Activation of innate and humoral immunity in
the peripheral nervous system of ALS transgenic mice. Proc Natl Acad Sci U S A,
106, 20960-20965.

Choi, D. (1987) lonic dependence of glutamate neurotoxicity. The Journal of
Neuroscience, 7, 369-379.

Choi, D.W. (1988) Glutamate neurotoxicity and diseases of the nervous system. Neuron,
1, 623-634.

Chou, S.M., Norris, F.H. (1993) Amyotrophic lateral sclerosis: lower motor neuron
disease spreading to upper motor neurons. Muscle Nerve, 16, 864-869.

Chu, G.C., Moscoso, L.M., Sliwkowski, M.X., Merlie, J.P. (1995) Regulation of the
acetylcholine receptor epsilon subunit gene by recombinant ARIA: an in vitro
model for transynaptic gene regulation. Neuron, 14, 329-339.

Chung, R.S., McCormack, G.H., King, A.E., West, A K., Vickers, J.C. (2005) Glutamate
induces rapid loss of axonal neurofilament proteins from cortical neurons in vitro.
Exp Neurol, 193, 481-488.

Clement, A.M., Nguyen, M.D., Roberts, E.a., Garcia, M.L., Boillée, S., Rule, M.,
McMahon, a.P., Doucette, W., Siwek, D., Ferrante, R.J., et al (2003) Wild-type
nonneuronal cells extend survival of SOD1 mutant motor neurons in ALS mice.
Science, 302, 113-117.

Cleveland, D.W. (1999) From Charcot to SOD1: mechanisms of selective motor neuron
death in ALS. Neuron, 24, 515-520.

Cleveland, D.W., Rothstein, J.D. (2001) From Charcot to Lou Gehrig: deciphering
selective motor neuron death in ALS. Nat Rev Neurosci, 2, 806-819.

Cluskey, S., Ramsden, D.B. (2001) Mechanisms of neurodegeneration in amyotrophic
lateral sclerosis. Mol Pathol, 54, 386-392.

Cohen, S.A., Fischbach, G.D. (1977) Clusters of acetylcholine receptors located at
identified nerve-muscle synapses in vitro. Dev Biol, 59, 24-38.

Cohen, T.J., Waddell, D.S., Barrientos, T., Lu, Z., Feng, G., Cox, G.A., Bodine, S.C.,
Yao, T.P. (2007) The histone deacetylase HDAC4 connects neural activity to
muscle transcriptional reprogramming. J Biol Chem, 282, 33752-33759.

Coleman, M.P., Freeman, M.R. (2010) Wallerian degeneration, wld(s), and nmnat. Annu
Rev Neurosci, 33, 245-267.

Cosker, K.E., Pazyra-Murphy, M.F., Fenstermacher, S.J., Segal, R.A. (2013) Target-
derived neurotrophins coordinate transcription and transport of bclw to prevent
axonal degeneration. The Journal of Neuroscience, 33, 5195-5207.

Cotman, C.W., Monaghan, D.T., Ottersen, O.P., Storm-Mathisen, J. (1987) Anatomical
organization of excitatory amino acid receptors and their pathways. Trends
Neurosci, 10, 273-280.

Couratier, P., Hugon, J., Sindou, P., Vallat, .M., Dumas, M. (1993) Cell culture evidence
for neuronal degeneration in amyotrophic lateral sclerosis being linked to
glutamate AMPA/kainate receptors. Lancet, 341, 265-268.

139



References

Court, F.a., Gillingwater, T.H., Melrose, S., Sherman, D.L., Greenshields, K.N., Morton,
a.J., Harris, J.B., Willison, H.J., Ribchester, R.R. (2008) Identity, developmental
restriction and reactivity of extralaminar cells capping mammalian neuromuscular
junctions. Journal of cell science, 121, 3901-3911.

Cowin, G.J., Butler, T.J., Kurniawan, N.D., Watson, C., Wallace, R.H. (2011) Magnetic
resonance microimaging of the spinal cord in the SODI1 mouse model of
amyotrophic lateral sclerosis detects motor nerve root degeneration. Neuroimage,
58, 69-74.

Cox, J.A., Lysko, P.G., Henneberry, R.C. (1989) Excitatory amino acid neurotoxicity at
the N-methyl-D-aspartate receptor in cultured neurons: role of the voltage-
dependent magnesium block. Brain Res, 499, 267-272.

Cudkowicz, M., Bozik, M.E., Ingersoll, E.W., Miller, R., Mitsumoto, H., Shefner, J.,
Moore, D.H., Schoenfeld, D., Mather, J.L., Archibald, D., et al (2011) The effects
of dexpramipexole (KNS-760704) in individuals with amyotrophic lateral
sclerosis. Nat Med, 17, 1652-1656.

Cudkowicz, M.E., McKenna-Yasek, D., Chen, C., Hedley-Whyte, E.T., Brown, R.H., Jr.
(1998) Limited corticospinal tract involvement in amyotrophic lateral sclerosis
subjects with the A4V mutation in the copper/zinc superoxide dismutase gene.
Ann Neurol, 43, 703-710.

D'Amelio, M., Cavallucci, V., Middei, S., Marchetti, C., Pacioni, S., Ferri, A.,
Diamantini, A., De Zio, D., Carrara, P., Battistini, L., et al (2011) Caspase-3
triggers early synaptic dysfunction in a mouse model of Alzheimer's disease. Nat
Neurosci, 14, 69-76.

d'Ydewalle, C., Krishnan, J., Chiheb, D.M., Van Damme, P., Irobi, J., Kozikowski, A.P.,
Vanden Berghe, P., Timmerman, V., Robberecht, W., Van Den Bosch, L. (2011)
HDACG6 inhibitors reverse axonal loss in a mouse model of mutant HSPB1-
induced Charcot-Marie-Tooth disease. Nat Med, 17, 968-974.

Da Crugz, S., Cleveland, D.W. (2011) Understanding the role of TDP-43 and FUS/TLS in
ALS and beyond. Curr Opin Neurobiol, 21, 904-919.

Da Cruz, S., Parone, P.A., Lopes, V.S., Lillo, C., McAlonis-Downes, M., Lee, S.K.,
Vetto, A.P., Petrosyan, S., Marsala, M., Murphy, A.N., et al (2012) Elevated
PGC-lalpha activity sustains mitochondrial biogenesis and muscle function
without extending survival in a mouse model of inherited ALS. Cell Metab, 15,
778-786.

Dadon-Nachum, M., Melamed, E., Offen, D. (2011) The "dying-back" phenomenon of
motor neurons in ALS. J Mol Neurosci, 43, 470-477.

Dal Canto, M.C., Gurney, M.E. (1997) A low expressor line of transgenic mice carrying a
mutant human Cu,Zn superoxide dismutase (SOD1) gene develops pathological
changes that most closely resemble those in human amyotrophic lateral sclerosis.
Acta Neuropathol, 93, 537-550.

Dall'igna, O.P., Bobermin, L.D., Souza, D.O., Quincozes-Santos, A. (2013) Riluzole
increases glutamate uptake by cultured C6 astroglial cells. Int J Dev Neurosci, 31,
482-486.

Damme, P.V., Bosch, L.V.d., Van Damme, P., Van Den Bosch, L., Van Houtte, E.,
Callewaert, G., Robberecht, W. (2002) GluR2-dependent properties of AMPA
receptors determine the selective vulnerability of motor neurons to excitotoxicity.
J Neurophysiol, 88, 1279 -1287.

Daniel, B., Green, O., Viskind, O., Gruzman, A. (2013) Riluzole increases the rate of
glucose transport in L6 myotubes and NSC-34 motor neuron-like cells via AMPK

140



References

pathway activation. Amyotroph Lateral Scler Frontotemporal Degener, 14, 434-
443.

Daniels, M.P., Lowe, B.T., Shah, S., Ma, J., Samuelsson, S.J., Lugo, B., Parakh, T., Uhm,
C.S. (2000) Rodent nerve-muscle cell culture system for studies of neuromuscular
junction development: refinements and applications. Microsc Res Tech, 49, 26-37.

David, G., Nguyen, K., Barrett, E.F. (2007) Early vulnerability to ischemia/reperfusion
injury in motor terminals innervating fast muscles of SOD1-G93A mice. Exp
Neurol, 204, 411-420.

De, A., Krueger, J.M., Simasko, S.M. (2005) Glutamate induces the expression and
release of tumor necrosis factor-alpha in cultured hypothalamic cells. Brain Res,
1053, 54-61.

de Lima, A.D., Merten, M.D., Voigt, T. (1997) Neuritic differentiation and
synaptogenesis in serum-free neuronal cultures of the rat cerebral cortex. J Comp
Neurol, 382, 230-246.

Debray, S., Race, V., Crabbe, V., Herdewyn, S., Matthijs, G., Goris, A., Dubois, B.,
Thijs, V., Robberecht, W., Van Damme, P. (2013) Frequency of C9orf72 repeat
expansions in amyotrophic lateral sclerosis: a Belgian cohort study. Neurobiol
Aging, 34, 2890.e2897-2890.

DeChiara, T.M., Bowen, D.C., Valenzuela, D.M., Simmons, M.V., Poueymirou, W.T.,
Thomas, S., Kinetz, E., Compton, D.L., Rojas, E., Park, J.S., et al (1996) The
receptor tyrosine kinase MuSK is required for neuromuscular junction formation
in vivo. Cell, 85, 501-512.

Deckwerth, T.L., Johnson, E.M., Jr. (1994) Neurites can remain viable after destruction
of the neuronal soma by programmed cell death (apoptosis). Dev Biol, 165, 63-72.

DelJesus-Hernandez, M., Mackenzie, lan R., Boeve, Bradley F., Boxer, Adam L., Baker,
M., Rutherford, Nicola J., Nicholson, Alexandra M., Finch, NiCole A., Flynn, H.,
Adamson, J., et al (2011) Expanded GGGGCC Hexanucleotide Repeat in
Noncoding Region of C9ORF72 Causes Chromosome 9p-Linked FTD and ALS.
Neuron, 1-12.

Delisle, M.B., Carpenter, S. (1984) Neurofibrillary axonal swellings and amyotrophic
lateral sclerosis. J Neurol Sci, 63, 241-250.

Deng, H.-X., Chen, W., Hong, S.-T., Boycott, K.M., Gorrie, G.H., Siddique, N., Yang,
Y., Fecto, F., Shi, Y., Zhai, H., et al (2011) Mutations in UBQLN2 cause
dominant X-linked juvenile and adult-onset ALS and ALS/dementia. Nature, 477,
211-215.

Deng, H.X., Shi, Y., Furukawa, Y., Zhai, H., Fu, R., Liu, E., Gorrie, G.H., Khan, M.S.,
Hung, W.Y., Bigio, E.H., et al (2006) Conversion to the amyotrophic lateral
sclerosis phenotype is associated with intermolecular linked insoluble aggregates
of SODI1 in mitochondria. Proc Natl Acad Sci U S A, 103, 7142-7147.

Denzer, A.J., Brandenberger, R., Gesemann, M., Chiquet, M., Ruegg, M.A. (1997) Agrin
binds to the nerve-muscle basal lamina via laminin. J Cell Biol, 137, 671-683.

Dewil, M., dela Cruz, V.F., Van Den Bosch, L., Robberecht, W. (2007) Inhibition of p38
mitogen activated protein kinase activation and mutant SOD1(G93A)-induced
motor neuron death. Neurobiol Dls, 26, 332-341.

Di Giorgio, F.P., Carrasco, M.a., Siao, M.C., Maniatis, T., Eggan, K. (2007) Non-cell
autonomous effect of glia on motor neurons in an embryonic stem cell-based ALS
model. Nat Neurosci, 10, 608-614.

Diamond, J.S., Jahr, C.E. (2000) Synaptically released glutamate does not overwhelm
transporters on hippocampal astrocytes during high-frequency stimulation. J
Neurophysiol, 83, 2835-2843.

141



References

Digby, J., Harrison, R., Jehanli, A., Lunt, G.G., Clifford-Rose, F. (1985) Cultured rat
spinal cord neurons: interaction with motor neuron disease immunoglobulins.
Muscle Nerve, 8, 595-605.

Dimos, J.T., Rodolfa, K.T., Niakan, K.K., Weisenthal, L.M., Mitsumoto, H., Chung, W.,
Croft, G.F., Saphier, G., Leibel, R., Goland, R., et al (2008) Induced pluripotent
stem cells generated from patients with ALS can be differentiated into motor
neurons. Science, 321, 1218-1221.

Dobbins, G.C., Luo, S., Yang, Z., Xiong, W.C., Mei, L. (2008) alpha-Actinin interacts
with rapsyn in agrin-stimulated AChR clustering. Mol Brain, 1, 18.

Doble, A. (1996) The pharmacology and mechanism of action of riluzole. Neurology, 47,
S233-241.

Dobrowolny, G., Aucello, M., Rizzuto, E., Beccafico, S., Mammucari, C., Boncompagni,
S., Belia, S., Wannenes, F., Nicoletti, C., Del Prete, Z., et al (2008) Skeletal
muscle is a primary target of SOD1G93A-mediated toxicity. Cell Metab, 8, 425-
436.

Dobrowolny, G., Giacinti, C., Pelosi, L., Nicoletti, C., Winn, N., Barberi, L., Molinaro,
M., Rosenthal, N., Musaro, A. (2005) Muscle expression of a local Igf-1 isoform
protects motor neurons in an ALS mouse model. J Cell Biol, 168, 193-199.

Dompierre, J.P., Godin, J.D., Charrin, B.C., Cordelieres, F.P., King, S.J., Humbert, S.,
Saudou, F. (2007) Histone deacetylase 6 inhibition compensates for the transport
deficit in Huntington's disease by increasing tubulin acetylation. The Journal of
Neuroscience, 27, 3571-3583.

Donato, R. (2001) S100: a multigenic family of calcium-modulated proteins of the EF-
hand type with intracellular and extracellular functional roles. Int J Biochem Cell
Biol, 33, 637-668.

Donato, R., Cannon, B.R., Sorci, G., Riuzzi, F., Hsu, K., Weber, D.J., Geczy, C.L. (2013)
Functions of S100 proteins. Curr Mol Med, 13, 24-57.

Donato, R., Sorci, G., Riuzzi, F., Arcuri, C., Bianchi, R., Brozzi, F., Tubaro, C.,
Giambanco, I. (2009) S100B's double life: intracellular regulator and extracellular
signal. Biochim Biophys Acta, 1793, 1008-1022.

Dotti, C.G., Sullivan, C.A., Banker, G.A. (1988) The establishment of polarity by
hippocampal neurons in culture. The Journal of Neuroscience, 8, 1454-1468.

Dugan, L.L., Bruno, V.M.G., Amagasu, S.M., Giffard, R.G. (1995) Glia modulate the
response of murine cortical neurons to excitotoxicity: glia exacerbate AMPA
neurotoxicity. The Journal of Neuroscience, 15, 4545-4555.

Dunlop, R.A., Cox, P.A., Banack, S.A., Rodgers, K.J. (2013) The Non-Protein Amino
Acid BMAA Is Misincorporated into Human Proteins in Place of 1-Serine Causing
Protein Misfolding and Aggregation. PL0S One, 8, €75376.

Dupuis, L., Corcia, P., Fergani, A., Gonzalez De Aguilar, J.L., Bonnefont-Rousselot, D.,
Bittar, R., Seilhean, D., Hauw, J.J., Lacomblez, L., Loeffler, J.P., et al (2008)
Dyslipidemia is a protective factor in amyotrophic lateral sclerosis. Neurology,
70, 1004-1009.

Dupuis, L., di Scala, F., Rene, F., de Tapia, M., Oudart, H., Pradat, P.F., Meininger, V.,
Loeftler, J.P. (2003) Up-regulation of mitochondrial uncoupling protein 3 reveals
an early muscular metabolic defect in amyotrophic lateral sclerosis. Faseb J, 17,
2091-2093.

Dupuis, L., Gonzalez de Aguilar, J.L., Echaniz-Laguna, A., Eschbach, J., Rene, F.,
Oudart, H., Halter, B., Huze, C., Schaeffer, L., Bouillaud, F., et al (2009) Muscle
mitochondrial uncoupling dismantles neuromuscular junction and triggers distal
degeneration of motor neurons. PL0S One, 4, €5390.

142



References

Dupuis, L., Loeffler, J.J.P. (2009) Neuromuscular junction destruction during
amyotrophic lateral sclerosis: insights from transgenic models. Current opinion in
pharmacology, 9, 341-346.

Dupuis, L., Oudart, H., Rene, F., Gonzalez de Aguilar, J.L., Loeffler, J.P. (2004)
Evidence for defective energy homeostasis in amyotrophic lateral sclerosis:
benefit of a high-energy diet in a transgenic mouse model. Proc Natl Acad Sci U S
A, 101, 11159-11164.

Dutton, E., Uhm, C., Samuelsson, S., Schaffner, A., Fitzgerald, S., Daniels, M. (1995)
Acetylcholine receptor aggregation at nerve-muscle contacts in mammalian
cultures: induction by ventral spinal cord neurons is specific to axons. The
Journal of Neuroscience, 15, 7401.

Eftimie, R., Brenner, H.R., Buonanno, A. (1991) Myogenin and MyoD join a family of
skeletal muscle genes regulated by electrical activity. Proc Natl Acad Sci U S A,
88, 1349-1353.

Egawa, N., Kitaoka, S., Tsukita, K., Naitoh, M., Takahashi, K., Yamamoto, T., Adachi,
F., Kondo, T., Okita, K., Asaka, 1., et al (2012) Drug screening for ALS using
patient-specific induced pluripotent stem cells. Sci Transl Med, 4, 145ra104.

Eisen, A. (1995) Amyotrophic lateral sclerosis is a multifactorial disease. Muscle Nerve,
18, 741-752.

Ekestern, E. (2004) Neurotrophic factors and amyotrophic lateral sclerosis. Neurodegener
Dis, 1, 88-100.

Elashry, M.I., Otto, A., Matsakas, A., EI-Morsy, S.E., Patel, K. (2009) Morphology and
myofiber composition of skeletal musculature of the forelimb in young and aged
wild type and myostatin null mice. Rejuvenation Res, 12, 269-281.

Elden, A.C., Kim, H.J., Hart, M.P., Chen-Plotkin, A.S., Johnson, B.S., Fang, X.,
Armakola, M., Geser, F., Greene, R., Lu, M.M., et al (2010) Ataxin-2
intermediate-length polyglutamine expansions are associated with increased risk
for ALS. Nature, 466, 1069-1075.

Ervasti, J.M., Campbell, K.P. (1993) A role for the dystrophin-glycoprotein complex as a
transmembrane linker between laminin and actin. J Cell Biol, 122, 809-823.

Estes, P.S., Daniel, S.G., McCallum, A.P., Boehringer, A.V., Sukhina, A.S., Zwick, R.A.,
Zarnescu, D.C. (2013) Motor neurons and glia exhibit specific individualized
responses to TDP-43 expression in a Drosophila model of amyotrophic lateral
sclerosis. Dis Model Mech, 6, 721-733.

Estevez, A.G., Crow, J.P., Sampson, J.B., Reiter, C., Zhuang, Y., Richardson, G.J.,
Tarpey, M.M., Barbeito, L., Beckman, J.S. (1999) Induction of nitric oxide-
dependent apoptosis in motor neurons by zinc-deficient superoxide dismutase.
Science, 286, 2498-2500.

Estevez, A.G., Stutzmann, J.M., Barbeito, L. (1995) Protective effect of riluzole on
excitatory amino acid-mediated neurotoxicity in motoneuron-enriched cultures.
Eur J Pharmacol, 280, 47-53.

Ezzi, S.A., Urushitani, M., Julien, J.P. (2007) Wild-type superoxide dismutase acquires
binding and toxic properties of ALS-linked mutant forms through oxidation. J
Neurochem, 102, 170-178.

Fainzilber, M., Budnik, V., Segal, R.a., Kreutz, M.R. (2011) From Synapse to Nucleus
and Back Again--Communication over Distance within Neurons. The Journal of
Neuroscience, 31, 16045-16048.

Fang, Y., Soares, L., Teng, X., Geary, M., Bonini, N.M. (2012) A novel Drosophila
model of nerve injury reveals an essential role of Nmnat in maintaining axonal
integrity. Curr Biol, 22, 590-595.

143



References

Favaloro, B., Allocati, N., Graziano, V., Di Ilio, C., De Laurenzi, V. (2012) Role of
apoptosis in disease. Aging (Albany NY), 4, 330-349.

Feng, G., Mellor, R.H., Bernstein, M., Keller-Peck, C., Nguyen, Q.T., Wallace, M.,
Nerbonne, J.M., Lichtman, J.W., Sanes, J.R. (2000) Imaging neuronal subsets in
transgenic mice expressing multiple spectral variants of GFP. Neuron, 28, 41-51.

Feng, Z., Ko, C.P. (2008) The role of glial cells in the formation and maintenance of the
neuromuscular junction. Ann N Y Acad Sci, 1132, 19-28.

Ferraiuolo, L., Higginbottom, A., Heath, P.R., Barber, S., Greenald, D., Kirby, J., Shaw,
P.J. (2011) Dysregulation of astrocyte-motoneuron cross-talk in mutant
superoxide dismutase I-related amyotrophic lateral sclerosis. Brain, 134, 2627-
2641.

Ferraro, E., Molinari, F., Berghella, L. (2011) Molecular control of neuromuscular
junction development. J Cachexia Sarcopenia Muscle.

Finn, J.T., Weil, M., Archer, F., Siman, R., Srinivasan, A., Raff, M.C. (2000) Evidence
that Wallerian degeneration and localized axon degeneration induced by local
neurotrophin deprivation do not involve caspases. The Journal of Neuroscience,
20, 1333-1341.

Fischbach, G.D., Cohen, S.A. (1973) The distribution of acetylcholine muscle sensitivity
over uninnervated and innervated in cell culture. Dev Biol, 31, 147-162.

Fischer-Hayes, L.R., Brotherton, T., Glass, J.D. (2013) Axonal degeneration in the
peripheral nervous system: Implications for the pathogenesis of amyotrophic
lateral sclerosis. Exp Neurol.

Fischer, L.R., Culver, D.G., Davis, A.A., Tennant, P., Wang, M., Coleman, M., Asress,
S., Adalbert, R., Alexander, G.M., Glass, J.D. (2005) The WIdS gene modestly
prolongs survival in the SOD1G93A fALS mouse. Neurobiol Dls, 19, 293-300.

Fischer, L.R., Culver, D.G., Tennant, P., Davis, A.A., Wang, M., Castellano-Sanchez, A.,
Khan, J., Polak, M.A., Glass, J.D. (2004) Amyotrophic lateral sclerosis is a distal
axonopathy: evidence in mice and man. Experimental Neurology, 185, 232-240.

Fischer, L.R., Glass, J.D. (2007) Axonal degeneration in motor neuron disease.
Neurodegenerative Diseases, 4, 431-442.

Fischer, L.R., Igoudjil, A., Magrane, J., Li, Y., Hansen, J.M., Manfredi, G., Glass, J.D.
(2011) SOD1 targeted to the mitochondrial intermembrane space prevents motor
neuropathy in the Sod1 knockout mouse. Brain, 134, 196-2009.

Flood, D.G., Reaume, A.G., Gruner, J.A., Hoffman, E.K., Hirsch, J.D., Lin, Y.G.,
Dorfman, K.S., Scott, R-W. (1999) Hindlimb motor neurons require Cu/Zn
superoxide dismutase for maintenance of neuromuscular junctions. Am J Pathol,
155, 663-672.

Fluck, M. (2006) Functional, structural and molecular plasticity of mammalian skeletal
muscle in response to exercise stimuli. J Exp Biol, 209, 2239-2248.

Fondell, E., O'Reilly, E.J., Fitzgerald, K.C., Falcone, G.J., McCullough, M.L., Thun,
M.J., Park, Y., Kolonel, L.N., Ascherio, A. (2012) Non-steroidal anti-
inflammatory drugs and amyotrophic lateral sclerosis: results from five
prospective cohort studies. Amyotroph Lateral Scler, 13, 573-579.

Foran, E., Trotti, D. (2009) Glutamate transporters and the excitotoxic path to motor
neuron degeneration in amyotrophic lateral sclerosis. Antioxidants & Redox
Signaling, 11, 1587-1602.

Forman, M.S., Trojanowski, J.Q., Lee, V.M. (2004) Neurodegenerative diseases: a
decade of discoveries paves the way for therapeutic breakthroughs. Nat Med, 10,
1055-1063.

144



References

Fowler, J.H., Edgar, J.M., Pringle, A., McLaughlin, M., McCulloch, J., Griffiths, L.R.,
Garbern, J.Y., Nave, K.A., Dewar, D. (2006) Alpha-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid-mediated excitotoxic axonal damage is
attenuated in the absence of myelin proteolipid protein. J Neurosci Res, 84, 68-77.

Fowler, J.H., McCracken, E., Dewar, D., McCulloch, J. (2003) Intracerebral injection of
AMPA causes axonal damage in vivo. Brain Res, 991, 104-112.

Frail, D.E., Mudd, J., Shah, V., Carr, C., Cohen, J.B., Merlie, J.P. (1987) cDNAs for the
postsynaptic 43-kDa protein of Torpedo electric organ encode two proteins with
different carboxyl termini. Proc Natl Acad Sci U S A, 84, 6302-6306.

Frandsen, A., Schousboe, A. (1993) Excitatory amino acid-mediated cytotoxicity and
calcium homeostasis in cultured neurons. J Neurochem, 60, 1202-1211.

Frank, E., Fischbach, G.D. (1979) Early events in neuromuscular junction formation in
vitro: induction of acetylcholine receptor clusters in the postsynaptic membrane
and morphology of newly formed synapses. J Cell Biol, 83, 143-158.

Frey, D., Schneider, C., Xu, L., Borg, J., Spooren, W., Caroni, P. (2000) Early and
selective loss of neuromuscular synapse subtypes with low sprouting competence
in motoneuron diseases. The Journal of Neuroscience, 20, 2534-2542.

Fridovich, I. (1978) The biology of oxygen radicals. Science, 201, 875-880.

Fromm, L., Burden, S.J. (1998) Transcriptional pathways for synapse-specific,
neuregulin-induced and electrical activity-dependent transcription. J Physiol
Paris, 92, 173-176.

Fu, AK., Ip, F.C., Fu, W.Y., Cheung, J., Wang, J.H., Yung, W.H., Ip, N.Y. (2005)
Aberrant motor axon projection, acetylcholine receptor clustering, and
neurotransmission in cyclin-dependent kinase 5 null mice. Proc Natl Acad Sci U S
A, 102, 15224-15229.

Fujii, R., Okabe, S., Urushido, T., Inoue, K., Yoshimura, A., Tachibana, T., Nishikawa,
T., Hicks, G.G., Takumi, T. (2005) The RNA binding protein TLS is translocated
to dendritic spines by mGIluRS activation and regulates spine morphology. Curr
Biol, 15, 587-593.

Fujii, R., Takumi, T. (2005) TLS facilitates transport of mRNA encoding an actin-
stabilizing protein to dendritic spines. J Cell Sci, 118, 5755-5765.

Funfschilling, U., Supplie, L.M., Mahad, D., Boretius, S., Saab, A.S., Edgar, J.,
Brinkmann, B.G., Kassmann, C.M., Tzvetanova, I.D., Mobius, W., et al (2012)
Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity.
Nature, 485, 517-521.

Gallo, V., Russell, J.T. (1995) Excitatory amino acid receptors in glia: different subtypes
for distinct functions? J Neurosci Res, 42, 1-8.

Garcia, M.L., Fernandez, A., Solas, M.T. (2013) Mitochondria, motor neurons and aging.
J Neurol Sci, 330, 18-26.

Geracitano, R., Paolucci, E., Prisco, S., Guatteo, E., Zona, C., Longone, P., Ammassari-
Teule, M., Bernardi, G., Berretta, N., Mercuri, N.B. (2003) Altered long-term
corticostriatal synaptic plasticity in transgenic mice overexpressing human
CU/ZN superoxide dismutase (GLY(93)-->ALA) mutation. Neuroscience, 118,
399-408.

Gillingwater, T., Ribchester, R. (2003) The relationship of neuromuscular synapse
elimination to synaptic degeneration and pathology: Insights from WId s and other
mutant mice. Journal of neurocytology, 881, 863-881.

Gillingwater, T.H., Ingham, C.A., Coleman, M.P., Ribchester, R.R. (2003) Ultrastructural
correlates of synapse withdrawal at axotomized neuromuscular junctions in
mutant and transgenic mice expressing the Wld gene. J Anat, 203, 265-276.

145



References

Gillingwater, T.H., Ribchester, R.R. (2001) Compartmental neurodegeneration and
synaptic plasticity in the Wld(s) mutant mouse. J Physiol, 534, 627-639.

Gillingwater, T.H., Thomson, D., Mack, T.G., Soffin, E.M., Mattison, R.J., Coleman,
M.P., Ribchester, R.R. (2002) Age-dependent synapse withdrawal at axotomised
neuromuscular junctions in WId(s) mutant and Ube4b/Nmnat transgenic mice. J
Physiol, 543, 739-755.

Gillis, J.M. (1996) Membrane abnormalities and Ca homeostasis in muscles of the mdx
mouse, an animal model of the Duchenne muscular dystrophy: a review. Acta
Physiol Scand, 156, 397-406.

Glass, D.J., Bowen, D.C., Stitt, T.N., Radziejewski, C., Bruno, J., Ryan, T.E., Gies, D.R.,
Shah, S., Mattsson, K., Burden, S.J., et al (1996) Agrin acts via a MuSK receptor
complex. Cell, 85, 513-523.

Godfrey, E.W., Dietz, M.E., Morstad, A.L., Wallskog, P.a., Yorde, D.E. (1988)
Acetylcholine receptor-aggregating proteins are associated with the extracellular
matrix of many tissues in Torpedo. J Cell Biol, 106, 1263-1272.

Goldknopf, I.L., Sheta, E.A., Bryson, J., Folsom, B., Wilson, C., Duty, J., Yen, A.A.,
Appel, S.H. (2006) Complement C3c and related protein biomarkers in
amyotrophic lateral sclerosis and Parkinson's disease. Biochem Biophys Res
Commun, 342, 1034-1039.

Gong, Y.H., Parsadanian, A.S., Andreeva, A., Snider, W.D., Elliott, J.L. (2000)
Restricted expression of G86R Cu/Zn superoxide dismutase in astrocytes results
in astrocytosis but does not cause motoneuron degeneration. The Journal of
Neuroscience, 20, 660.

Gordon, T., Ly, V., Hegedus, J., Tyreman, N. (2009) Early detection of denervated
muscle fibers in hindlimb muscles after sciatic nerve transection in wild type mice
and in the G93A mouse model of amyotrophic lateral sclerosis. Neurological
Research, 31, 28-42.

Gordon, T., Tyreman, N., Li, S., Putman, C., Hegedus, J. (2010) Functional over-load
saves motor units in the SODI-G93A transgenic mouse model of amyotrophic
lateral sclerosis. Neurobiol Dls, 37, 412-422.

Gould, T.W., Buss, R.R., Vinsant, S., Prevette, D., Sun, W., Knudson, C.M., Milligan,
C.E., Oppenheim, R.W. (2006) Complete dissociation of motor neuron death from
motor dysfunction by Bax deletion in a mouse model of ALS. The Journal of
Neuroscience, 26, 8774.

Goulding, M. (2009) Circuits controlling vertebrate locomotion: moving in a new
direction. Nat Rev Neurosci, 10, 507-518.

Gowing, G., Philips, T., Van Wijmeersch, B., Audet, J.N., Dewil, M., Van Den Bosch,
L., Billiau, A.D., Robberecht, W., Julien, J.P. (2008) Ablation of proliferating
microglia does not affect motor neuron degeneration in amyotrophic lateral
sclerosis caused by mutant superoxide dismutase. The Journal of Neuroscience,
28, 10234-10244.

Graffmo, K.S., Forsberg, K., Bergh, J., Birve, A., Zetterstrom, P., Andersen, P.M.,
Marklund, S.L., Brannstrom, T. (2013) Expression of wild-type human
superoxide dismutase-1 in mice causes amyotrophic lateral sclerosis. Hum Mol
Genet, 22, 51-60.

Greenway, M.J., Alexander, M.D., Ennis, S., Traynor, B.J., Corr, B., Frost, E., Green, A.,
Hardiman, O. (2004) A novel candidate region for ALS on chromosome 14q11.2.
Neurology, 63, 1936-1938.

Greenway, M.J., Andersen, P.M., Russ, C., Ennis, S., Cashman, S., Donaghy, C.,
Patterson, V., Swingler, R., Kieran, D., Prehn, J., et al (2006) ANG mutations

146



References

segregate with familial and 'sporadic' amyotrophic lateral sclerosis. Nat Genet, 38,
411-413.

Gros-Louis, F., Lariviere, R., Gowing, G., Laurent, S., Camu, W., Bouchard, J.P.,
Meininger, V., Rouleau, G.A., Julien, J.P. (2004) A frameshift deletion in
peripherin gene associated with amyotrophic lateral sclerosis. J Biol Chem, 279,
45951-45956.

Gruis, K.L., Lechtzin, N. (2012) Respiratory therapies for amyotrophic lateral sclerosis: a
primer. Muscle Nerve, 46, 313-331.

Guatteo, E., Carunchio, 1., Pieri, M., Albo, F., Canu, N., Mercuri, N.B., Zona, C. (2007)
Altered calcium homeostasis in motor neurons following AMPA receptor but not
voltage-dependent calcium channels' activation in a genetic model of amyotrophic
lateral sclerosis. Neurobiol Dls, 28, 90-100.

Guo, X., Das, M., Rumsey, J. (2010) Neuromuscular junction formation between human
stem-cell-derived motoneurons and rat skeletal muscle in a defined system.
Engineering Part C:, 16.

Guo, X., Gonzalez, M., Stancescu, M., Vandenburgh, H.H., Hickman, J.J. (2011)
Neuromuscular junction formation between human stem cell-derived
motoneurons and human skeletal muscle in a defined system. Biomaterials, 32,
9602-9611.

Gurney, M.E., Pu, H., Chiu, A.Y., Dal Canto, M.C., Polchow, C.Y., Alexander, D.D.,
Caliendo, J., Hentati, A., Kwon, Y.W., Deng, H.X., et al (1994) Motor neuron
degeneration in mice that express a human Cu, Zn superoxide dismutase mutation.
Science, 264, 1772.

Haas, M.A., Vickers, J.C., Dickson, T.C. (2004) Binding partners L1 cell adhesion
molecule and the ezrin-radixin-moesin (ERM) proteins are involved in
development and the regenerative response to injury of hippocampal and cortical
neurons. Eur J Neurosci, 20, 1436-1444.

Haidet-Phillips, A.M., Hester, M.E., Miranda, C.J., Meyer, K., Braun, L., Frakes, A.,
Song, S.W., Likhite, S., Murtha, M.J., Foust, K.D., et al (2011) Astrocytes from
familial and sporadic ALS patients are toxic to motor neurons. Nature
biotechnology, 29, 824-828.

Hall, E.D., Oostveen, J.A., Gurney, M.E. (1998) Relationship of microglial and astrocytic
activation to disease onset and progression in a transgenic model of familial ALS.
Glia, 23, 249-256.

Hampson, D.R., Manalo, J.L. (1998) The activation of glutamate receptors by kainic acid
and domoic acid. Nat Toxins, 6, 153-158.

Hanisch, U.-K. (2002) Microglia as a source and target of cytokines. Glia, 40, 140-155.

Hanisch, U.K., Kettenmann, H. (2007) Microglia: active sensor and versatile effector
cells in the normal and pathologic brain. Nat Neurosci, 10, 1387-1394.

Hansen, S., Ballantyne, J.P. (1978) A quantitative electrophysiological study of motor
neurone disease. Journal of Neurology, Neurosurgery & Psychiatry, 41, 773-783.

Hardingham, G.E., Bading, H. (2010) Synaptic versus extrasynaptic NMDA receptor
signalling: implications for neurodegenerative disorders. Nat Rev Neurosci, 11,
682-696.

Hardingham, G.E., Fukunaga, Y., Bading, H. (2002) Extrasynaptic NMDARs oppose
synaptic NMDARs by triggering CREB shut-off and cell death pathways. Nat
Neurosci, 5, 405-414.

Harms, M.B., Neumann, D., Benitez, B.A., Cooper, B., Carrell, D., Racette, B.A.,
Perlmutter, J.S., Goate, A., Cruchaga, C. (2013) Parkinson disease is not

147



References

associated with C9ORF72 repeat expansions. Neurobiol Aging, 34, 1519 el1511-
1512.

Hart, M.P., Gitler, A.D. (2012) ALS-Associated Ataxin 2 PolyQ Expansions Enhance
Stress-Induced Caspase 3 Activation and Increase TDP-43 Pathological
Modifications. The Journal of Neuroscience, 32, 9133-9142.

Hartzell, H.C., Fambrough, D.M. (1973) Acetycholine receptor production and
incorporation into membranes of developing muscle fibers. Dev Biol, 30, 153-
165.

Hasbani, M.J., Schlief, M.L., Fisher, D.A., Goldberg, M.P. (2001) Dendritic spines lost
during glutamate receptor activation reemerge at original sites of synaptic contact.
The Journal of Neuroscience, 21, 2393-2403.

Heath, P.R., Shaw, P.J. (2002) Update on the glutamatergic neurotransmitter system and
the role of excitotoxicity in amyotrophic lateral sclerosis. Muscle & nerve, 26,
438-458.

Hedlund, E., Isacson, O. (2008) ALS model glia can mediate toxicity to motor neurons
derived from human embryonic stem cells. Cell Stem Cell, 3, 575-576.

Hegedus, J., Putman, C.T., Tyreman, N., Gordon, T. (2008) Preferential motor unit loss
in the SOD1G93A transgenic mouse model of amyotrophic lateral sclerosis. The
Journal of Physiology, 586, 3337-3351.

Heiman-Patterson, T., Sher, R., Blankenhorn, E., Alexander, G., Deitch, J., Kunst, C.,
Maragakis, N.J., Cox, G. (2011) Effect of genetic background on phenotype
variability in transgenic mouse models of amyotrophic lateral sclerosis: a window
of opportunity in the search for genetic modifiers. Amyotrophic Lateral Sclerosis,
12, 79-86.

Heiman-Patterson, T.D., Deitch, J.S., Blankenhorn, E.P., Erwin, K.L., Perreault, M.J.,
Alexander, B.K., Byers, N., Toman, 1., Alexander, G.M. (2005) Background and
gender effects on survival in the TgN(SOD1-G93A)1Gur mouse model of ALS. J
Neurol Sci, 236, 1-7.

Heizmann, C.W., Fritz, G., Schafer, B.W. (2002) S100 proteins: structure, functions and
pathology. Front Biosci, 7, d1356-1368.

Henkel, J.S.J., Beers, D.D.R.D., Zhao, W., Appel, S.H.S. (2009) Microglia in ALS: the
good, the bad, and the resting. Journal of Neuroimmune Pharmacology, 4, 389-
398.

Henneberry, R.C., Novelli, A., Cox, J.A., Lysko, P.G. (1989) Neurotoxicity at the N-
methyl-D-aspartate receptor in energy-compromised neurons. An hypothesis for
cell death in aging and disease. Ann N Y Acad Sci, 568, 225-233.

Herb, A., Burnashev, N., Werner, P., Sakmann, B., Wisden, W., Seeburg, P.H. (1992)
The KA-2 subunit of excitatory amino acid receptors shows widespread
expression in brain and forms ion channels with distantly related subunits.
Neuron, 8, 775-785.

Herrera, A.A., Qiang, H., Ko, C.P. (2000) The role of perisynaptic Schwann cells in
development of neuromuscular junctions in the frog (Xenopus laevis). J
Neurobiol, 45, 237-254.

Herrmann, H., Aebi, U. (2000) Intermediate filaments and their associates: multi-talented
structural elements specifying cytoarchitecture and cytodynamics. Curr Opin Cell
Biol, 12, 79-90.

Herzog, E., Bellenchi, G.C., Gras, C., Bernard, V., Ravassard, P., Bedet, C., Gasnier, B.,
Giros, B., El Mestikawy, S. (2001) The existence of a second vesicular glutamate
transporter specifies subpopulations of glutamatergic neurons. The Journal of
Neuroscience, 21, 181.

148



References

Hideyama, T., Yamashita, T., Suzuki, T., Tsuji, S., Higuchi, M., Seeburg, P.H.,
Takahashi, R., Misawa, H., Kwak, S. (2010) Induced loss of ADAR2 engenders
slow death of motor neurons from Q/R site-unedited GluR2. The Journal of
Neuroscience, 30, 11917-11925.

Hirano, A., Kurland, L.T., Sayre, G.P. (1967) Familial amyotrophic lateral sclerosis. A
subgroup characterized by posterior and spinocerebellar tract involvement and
hyaline inclusions in the anterior horn cells. Arch Neurol, 16, 232-243.

Hollman, M., Heinemann, S. (1994) Cloned glutamate receptors. Annual review of
neuroscience, 31-108.

Hollmann, M., Hartley, M., Heinemann, S. (1991) Ca2+ permeability of KA-AMPA--
gated glutamate receptor channels depends on subunit composition. Science, 252,
851-853.

Hynd, M.R., Scott, H.L., Dodd, P.R. (2004) Glutamate-mediated excitotoxicity and
neurodegeneration in Alzheimer's disease. Neurochem Int, 45, 583-595.

Ikegaya, Y., Kim, J.A., Baba, M., Iwatsubo, T., Nishiyama, N., Matsuki, N. (2001) Rapid
and reversible changes in dendrite morphology and synaptic efficacy following
NMDA receptor activation: implication for a cellular defense against
excitotoxicity. J Cell Sci, 114, 4083-4093.

Ikemoto, A., Hirano, A., Akiguchi, I. (2000) Neuropathology of amyotrophic lateral
sclerosis with extra-motor system degeneration: characteristics and differences in
the molecular pathology between ALS with dementia and Guamanian ALS.
Amyotroph Lateral Scler Other Motor Neuron Disord, 1, 97-104.

Ikenaka, K., Kawai, K., Katsuno, M., Huang, Z., Jiang, Y.M., Iguchi, Y., Kobayashi, K.,
Kimata, T., Waza, M., Tanaka, F., et al (2013) dnc-1/dynactin 1 knockdown
disrupts transport of autophagosomes and induces motor neuron degeneration.
PL0S One, 8, e54511.

Ikonomidou, C., Price, M.T., Mosinger, J.L., Frierdich, G., Labruyere, J., Salles, K.S.,
Olney, J.W. (1989) Hypobaric-ischemic conditions produce glutamate-like
cytopathology in infant rat brain. The Journal of Neuroscience, 9, 1693-1700.

llzecka, J., Stelmasiak, Z., Dobosz, B. (2001) Interleukin-lbeta converting
enzyme/Caspase-1 (ICE/Caspase-1) and soluble APO-1/Fas/CD 95 receptor in
amyotrophic lateral sclerosis patients. Acta Neurol Scand, 103, 255-258.

Ince, P., Stout, N., Shaw, P., Slade, J., Hunziker, W., Heizmann, C.W., Baimbridge, K.G.
(1993) Parvalbumin and calbindin D-28k in the human motor system and in motor
neuron disease. Neuropathol Appl Neurobiol, 19, 291-299.

Ince, P.G., Lowe, J., Shaw, P.J. (1998a) Amyotrophic lateral sclerosis: current issues in
classification, pathogenesis and molecular pathology. Neuropathol Appl
Neurobiol, 24, 104-117.

Ince, P.G., Tomkins, J., Slade, J.Y., Thatcher, N.M., Shaw, P.J. (1998b) Amyotrophic
lateral sclerosis associated with genetic abnormalities in the gene encoding Cu/Zn
superoxide dismutase: molecular pathology of five new cases, and comparison
with previous reports and 73 sporadic cases of ALS. J Neuropathol Exp Neurol,
57, 895-904.

Inoue, A., Setoguchi, K., Matsubara, Y., Okada, K., Sato, N., Iwakura, Y., Higuchi, O.,
Yamanashi, Y. (2009) Dok-7 activates the muscle receptor kinase MuSK and
shapes synapse formation. Sci Signal, 2, ra7.

Ishigaki, S., Masuda, A., Fujioka, Y., Iguchi, Y., Katsuno, M., Shibata, A., Urano, F.,
Sobue, G., Ohno, K. (2012) Position-dependent FUS-RNA interactions regulate
alternative splicing events and transcriptions. Sci Rep, 2, 529.

149



References

Jackson, C.E., Bryan, W.W. (1998) Amyotrophic lateral sclerosis. Semin Neurol, 18, 27-
39.

Jang, Y.C., Van Remmen, H. (2011) Age-associated alterations of the neuromuscular
junction. Experimental gerontology, 46, 193-198.

Jiang, Y.M., Yamamoto, M., Tanaka, F., Ishigaki, S., Katsuno, M., Adachi, H., Niwa, J.,
Doyu, M., Yoshida, M., Hashizume, Y., et al (2007) Gene expressions
specifically detected in motor neurons (dynactin 1, early growth response 3,
acetyl-CoA transporter, death receptor 5, and cyclin C) differentially correlate to
pathologic markers in sporadic amyotrophic lateral sclerosis. J Neuropathol Exp
Neurol, 66, 617-627.

Jo, S.A., Zhu, X., Marchionni, M.A., Burden, S.J. (1995) Neuregulins are concentrated at
nerve-muscle synapses and activate ACh-receptor gene expression. Nature, 373,
158-161.

Johnson, B.S., Snead, D., Lee, J.J., McCaffery, J.M., Shorter, J., Gitler, A.D. (2009)
TDP-43 is intrinsically aggregation-prone, and amyotrophic lateral sclerosis-
linked mutations accelerate aggregation and increase toxicity. J Biol Chem, 284,
20329-20339.

Johnson, J.O., Mandrioli, J., Benatar, M., Abramzon, Y., Van Deerlin, V.M.,
Trojanowski, J.Q., Gibbs, J.R., Brunetti, M., Gronka, S., Wuu, J., et al (2010)
Exome sequencing reveals VCP mutations as a cause of familial ALS. Neuron,
68, 857-864.

Johnson, R.A., Mitchell, G.S. (2013) Common mechanisms of compensatory respiratory
plasticity in spinal neurological disorders. Respir Physiol Neurobiol, aheadofprint.

Johri, A., Beal, M.F. (2012) Muscling in on PGC-1alpha for improved quality of life in
ALS. Cell Metab, 15, 567-569.

Jourdain, P., Bergersen, L.H., Bhaukaurally, K., Bezzi, P., Santello, M., Domercq, M.,
Matute, C., Tonello, F., Gundersen, V., Volterra, A. (2007) Glutamate exocytosis
from astrocytes controls synaptic strength. Nat Neurosci, 10, 331-339.

Julien, J.P. (2007) ALS: astrocytes move in as deadly neighbors. Nat Neurosci, 10, 535-
537.

Kabashi, E., Valdmanis, P.N., Dion, P., Spiegelman, D., McConkey, B.J., Vande Velde,
C., Bouchard, J.P., Lacomblez, L., Pochigaeva, K., Salachas, F., et al (2008)
TARDBP mutations in individuals with sporadic and familial amyotrophic lateral
sclerosis. Nat Genet, 40, 572-574.

Kablar, B., Belliveau, A.C. (2005) Presence of neurotrophic factors in skeletal muscle
correlates with survival of spinal cord motor neurons. Dev Dyn, 234, 659-669.

Kamel, F., Umbach, D.M., Bedlack, R.S., Richards, M., Watson, M., Alavanja, M.C.,
Blair, A., Hoppin, J.A., Schmidt, S., Sandler, D.P. (2012) Pesticide exposure and
amyotrophic lateral sclerosis. Neurotoxicology, 33, 457-462.

Kanai, K., Kuwabara, S., Misawa, S., Tamura, N., Ogawara, K., Nakata, M., Sawai, S.,
Hattori, T., Bostock, H. (2006) Altered axonal excitability properties in
amyotrophic lateral sclerosis: impaired potassium channel function related to
disease stage. Brain, 129, 953-962.

Kane-Jackson, R., Smith, Y. (2003) Pre-synaptic kainate receptors in GABAergic and
glutamatergic axon terminals in the monkey globus pallidus. Neuroscience, 122,
285-2809.

Kang, H., Tian, L., Son, Y.J., Zuo, Y., Procaccino, D., Love, F., Hayworth, C.,
Trachtenberg, J., Mikesh, M., Sutton, L., et al (2007) Regulation of the
intermediate filament protein nestin at rodent neuromuscular junctions by
innervation and activity. The Journal of Neuroscience, 27, 5948-5957.

150



References

Kang, S.H., Li, Y., Fukaya, M., Lorenzini, 1., Cleveland, D.W., Ostrow, L.W., Rothstein,
J.D., Bergles, D.E. (2013) Degeneration and impaired regeneration of gray matter
oligodendrocytes in amyotrophic lateral sclerosis. Nat Neurosci, 16, 571-579.

Karadottir, R., Cavelier, P., Bergersen, L.H., Attwell, D. (2005) NMDA receptors are
expressed in oligodendrocytes and activated in ischaemia. Nature, 438, 1162-
1166.

Kaspar, B.K., Llado, J., Sherkat, N., Rothstein, J.D., Gage, F.H. (2003) Retrograde viral
delivery of IGF-1 prolongs survival in a mouse ALS model. Science, 301, 839-
842.

Kato, S., Saito, M., Hirano, A., Ohama, E. (1999) Recent advances in research on
neuropathological aspects of familial amyotrophic lateral sclerosis with
superoxide dismutase 1 gene mutations: neuronal Lewy body-like hyaline
inclusions and astrocytic hyaline inclusions. Histol Histopathol, 14, 973-989.

Kawahara, Y., Ito, K., Sun, H., Aizawa, H., Kanazawa, 1., Kwak, S. (2004) Glutamate
receptors: RNA editing and death of motor neurons. Nature, 427, 801.

Kawamata, T., Akiyama, H., Yamada, T., McGeer, P.L. (1992) Immunologic reactions in
amyotrophic lateral sclerosis brain and spinal cord tissue. Am J Pathol, 140, 691-
707.

Kawamura, Y., Dyck, P.J., Shimono, M., Okazaki, H., Tateishi, J., Doi, H. (1981)
Morphometric comparison of the vulnerability of peripheral motor and sensory
neurons in amyotrophic lateral sclerosis. J Neuropathol Exp Neurol, 40, 667-675.

Kelly, A.M., Zacks, S.I. (1969) The fine structure of motor endplate morphogenesis. J
Cell Biol, 42, 154-169.

Kieran, D., Woods, I., Villunger, A., Strasser, A., Prehn, J.H. (2007) Deletion of the
BH3-only protein puma protects motoneurons from ER stress-induced apoptosis
and delays motoneuron loss in ALS mice. Proc Natl Acad Sci U S A, 104, 20606-
20611.

Kiernan, J.A., Hudson, A.J. (1991) Changes in sizes of cortical and lower motor neurons
in amyotrophic lateral sclerosis. Brain, 114, 843-853.

Kiernan, M.C. (2009) Hyperexcitability, persistent Na+ conductances and
neurodegeneration in amyotrophic lateral sclerosis. Exp Neurol, 218, 1-4.

Kiernan, M.C., Petri, S. (2012) Hyperexcitability and amyotrophic lateral sclerosis.
Neurology, 78, 1544-1545.

Kim, N., Burden, S.J. (2008) MuSK controls where motor axons grow and form
synapses. Nat Neurosci, 11, 19-27.

Kim, S.H., Shanware, N.P., Bowler, M.J., Tibbetts, R.S. (2010) Amyotrophic lateral
sclerosis-associated proteins TDP-43 and FUS/TLS function in a common
biochemical complex to co-regulate HDAC6 mRNA. J Biol Chem, 285, 34097-
34105.

King, A.E., Blizzard, C.A., Southam, K.A., Vickers, J.C., Dickson, T.C. (2012)
Degeneration of axons in spinal white matter in G93A mSOD1 mouse
characterized by NFL and alpha-internexin immunoreactivity. Brain Res, 1465,
90-100.

King, A.E., Chung, R.S., Vickers, J.C., Dickson, T.C. (2006) Localization of Glutamate
Receptors in Developing Cortical Neurons in Culture Excitotoxicity. J Comp
Neurol, 294, 277-294.

King, A.E., Dickson, T.C., Blizzard, C.A., Foster, S.S., Chung, R.S., West, A.K., Chuah,
M.IL., Vickers, J.C. (2007) Excitotoxicity mediated by non-NMDA receptors
causes distal axonopathy in long-term cultured spinal motor neurons. Eur J
Neurosci, 26, 2151-2159.

151



References

King, A.E., Dickson, T.C., Blizzard, C.A., Woodhouse, A., Foster, S.S., Chung, R.S.,
Vickers, J.C. (2011) Neuron-glia interactions underlie ALS-like axonal
cytoskeletal pathology. Neurobiol Aging, 32, 459-469.

King, A.E., Southam, K.A., Dittmann, J., Vickers, J.C. (2013) Excitotoxin-induced
caspase-3 activation and microtubule disintegration in axons is inhibited by taxol.
Acta Neuropathologica Communications, 1, 59.

Kleine, B.U., Stegeman, D.F., Schelhaas, H.J., Zwarts, M.J. (2008) Firing pattern of
fasciculations in ALS: evidence for axonal and neuronal origin. Neurology, 70,
353-359.

Knuesel, 1., Mastrocola, M., Zuellig, R.A., Bornhauser, B., Schaub, M.C., Fritschy, J.M.
(1999) Short communication: altered synaptic clustering of GABAA receptors in
mice lacking dystrophin (mdx mice). Eur J Neurosci, 11, 4457-4462.

Ko, C.P., Chen, L. (1996) Synaptic remodeling revealed by repeated in vivo observations
and electron microscopy of identified frog neuromuscular junctions. The Journal
of Neuroscience, 16, 1780-1790.

Kobayashi, T., Askanas, V., Engel, W.K. (1987) Human muscle cultured in monolayer
and cocultured with fetal rat spinal cord: importance of dorsal root ganglia for
achieving successful functional innervation. The Journal of Neuroscience, 7,
3131-3141.

Koenig, M., Hoffman, E.P., Bertelson, C.J., Monaco, A.P., Feener, C., Kunkel, L.M.
(1987) Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and
preliminary genomic organization of the DMD gene in normal and affected
individuals. Cell, 50, 509-517.

Koh, J.Y., Kim, D.K., Hwang, J.Y., Kim, Y.H., Seo, J.H. (1999) Antioxidative and
proapoptotic effects of riluzole on cultured cortical neurons. J Neurochem, 72,
716-723.

Koirala, S., Reddy, L. (2003) Roles of glial cells in the formation, function, and
maintenance of the neuromuscular junction. Journal of neurocytology, 1002, 987-
1002.

Kostic, M., Zivkovic, N., Stojanovic, I. (2012) Multiple sclerosis and glutamate
excitotoxicity. Rev Neurosci, 1-18.

Krakora, D., Macrander, C., Suzuki, M. (2012) Neuromuscular junction protection for the
potential treatment of amyotrophic lateral sclerosis. Neurol Res Int, 2012, 379657.

Kriz, J., Nguyen, M.D., Julien, J.P. (2002) Minocycline slows disease progression in a
mouse model of amyotrophic lateral sclerosis. Neurobiol Dls, 10, 268-278.

Kruman, II, Pedersen, W.A., Springer, J.E., Mattson, M.P. (1999) ALS-linked Cu/Zn-
SOD mutation increases vulnerability of motor neurons to excitotoxicity by a
mechanism involving increased oxidative stress and perturbed calcium
homeostasis. Exp Neurol, 160, 28-39.

Kuhle, J., Lindberg, R., Regeniter, A., Mehling, M., Steck, A., Kappos, L., Czaplinski, A.
(2009) Increased levels of inflammatory chemokines in amyotrophic lateral
sclerosis. European Journal of Neurology, 16, 771-774.

Kullmann, D.M., Asztely, F., Walker, M.C. (2000) The role of mammalian ionotropic
receptors in synaptic plasticity: LTP, LTD and epilepsy. Cell Mol Life Sci, 57,
1551-1561.

Kuner, R., Groom, A.J., Bresink, I., Kornau, H.C., Stefovska, V., M\"uller, G.,
Hartmann, B., Tschauner, K., Waibel, S., Ludolph, A.C., et al (2005) Late-onset
motoneuron disease caused by a functionally modified AMPA receptor subunit.
Proc Natl Acad Sci U.S.A, 102, 5826.

152



References

Kuo, J.J., Siddique, T., Fu, R., Heckman, C.J. (2005) Increased persistent Na(+) current
and its effect on excitability in motoneurones cultured from mutant SOD1 mice. J
Physiol, 563, 843-854.

Kushner, P.D., Stephenson, D.T., Wright, S. (1991) Reactive astrogliosis is widespread in
the subcortical white matter of amyotrophic lateral sclerosis brain. J Neuropathol
Exp Neurol, 50, 263-277.

Kvamme, E., Schousboe, A., Hertz, L., Torgner, [.A., Svenneby, G. (1985)
Developmental change of endogenous glutamate and gamma-glutamyl transferase
in cultured cerebral cortical interneurons and cerebellar granule cells, and in
mouse cerebral cortex and cerebellum in vivo. Neurochem Res, 10, 993-1008.

Kwiatkowski, T.J., Jr., Bosco, D.A., Leclerc, A.L., Tamrazian, E., Vanderburg, C.R.,
Russ, C., Davis, A., Gilchrist, J., Kasarskis, E.J., Munsat, T., et al (2009)
Mutations in the FUS/TLS gene on chromosome 16 cause familial amyotrophic
lateral sclerosis. Science, 323, 1205-1208.

Laake, J.H., Slyngstad, T.A., Haug, F.M.v., Ottersen, O.P. (1995) Glutamine from glial
cells is essential for the maintenance of the nerve terminal pool of glutamate:
immunogold evidence from hippocampal slice cultures. J Neurochem, 65, 871-
881.

Lagier-Tourenne, C., Polymenidou, M., Cleveland, D.W. (2010) TDP-43 and FUS/TLS:
emerging roles in RNA processing and neurodegeneration. Hum Mol Genet, 19,
R46-64.

Lagier-Tourenne, C., Polymenidou, M., Hutt, K.R., Vu, A.Q., Baughn, M., Huelga, S.C.,
Clutario, K.M., Ling, S.C., Liang, T.Y., Mazur, C., et al (2012) Divergent roles of
ALS-linked proteins FUS/TLS and TDP-43 intersect in processing long pre-
mRNAs. Nat Neurosci, 15, 1488-1497.

LaMarco, K., Thompson, C.C., Byers, B.P., Walton, E.M., McKnight, S.L. (1991)
Identification of Ets- and notch-related subunits in GA binding protein. Science,
253, 789-792.

Lambrechts, D., Storkebaum, E., Morimoto, M., Del-Favero, J., Desmet, F., Marklund,
S.L., Wyns, S., Thijs, V., Andersson, J., van Marion, 1., et al (2003) VEGF is a
modifier of amyotrophic lateral sclerosis in mice and humans and protects
motoneurons against ischemic death. Nat Genet, 34, 383-394.

LaMonte, B.H., Wallace, K.E., Holloway, B.A., Shelly, S.S., Ascano, J., Tokito, M., Van
Winkle, T., Howland, D.S., Holzbaur, E.L. (2002) Disruption of dynein/dynactin
inhibits axonal transport in motor neurons causing late-onset progressive
degeneration. Neuron, 34, 715-727.

Lanson, N.A., Jr., Pandey, U.B. (2012) FUS-related proteinopathies: lessons from animal
models. Brain Res, 1462, 44-60.

Lanuza, M.A., Li, M.X., Jia, M., Kim, S., Davenport, R., Dunlap, V., Nelson, P.G. (2000)
Protein kinase C-mediated changes in synaptic efficacy at the neuromuscular
junction in vitro: the role of postsynaptic acetylcholine receptors. J Neurosci Res,
61, 616-625.

Lau, A., Tymianski, M. (2010) Glutamate receptors, neurotoxicity and
neurodegeneration. Pflugers Arch, 460, 525-542.

Lee, A., Pow, D.V. (2010) Astrocytes: Glutamate transport and alternate splicing of
transporters. Int J Biochem Cell Biol, 42, 1901-1906.

Lee, C.W., Han, J., Bamburg, J.R., Han, L., Lynn, R., Zheng, J.Q. (2009) Regulation of
acetylcholine receptor clustering by ADF/cofilin-directed vesicular trafficking.
Nat Neurosci, 12, 848-856.

153



References

Lee, C.W., Peng, H.B. (2005) Mitochondrial clustering at the vertebrate neuromuscular
junction during presynaptic differentiation. Journal of neurobiology, 522-536.

Lee, M.C., Ting, K.K., Adams, S., Brew, B.J., Chung, R., Guillemin, G.J. (2010)
Characterisation of the expression of NMDA receptors in human astrocytes. PL0S
One, 5, e14123.

Lee, Y., Morrison, B.M., Li, Y., Lengacher, S., Farah, M.H., Hoffman, P.N., Liu, Y.,
Tsingalia, A., Jin, L., Zhang, P.W., et al (2012) Oligodendroglia metabolically
support axons and contribute to neurodegeneration. Nature, aheadofprint.

Lehman, E.J., Hein, M.J., Baron, S.L., Gersic, C.M. (2012) Neurodegenerative causes of
death among retired National Football League players. Neurology, aheadofprint.

Leigh, P.N., Ray-Chaudhuri, K. (1994) Motor neuron disease. J Neurol Neurosurg
Psychiatry, 57, 886-896.

Leigh, P.N., Whitwell, H., Garofalo, O., Buller, J., Swash, M., Martin, J.E., Gallo, J.M.,
Weller, R.O., Anderton, B.H. (1991) Ubiquitin-immunoreactive intraneuronal
inclusions in amyotrophic lateral sclerosis. Morphology, distribution, and
specificity. Brain, 114 ( Pt 2), 775-788.

Lendahl, U., Zimmerman, L.B., McKay, R.D. (1990) CNS stem cells express a new class
of intermediate filament protein. Cell, 60, 585-595.

Lepore, A.C.A.C., Dejea, C., Carmen, J., Rauck, B., Kerr, D.A.D.A.D.A., Sofroniew,
M.V.M.V.M.V., Maragakis, N.J.N.J. (2008) Selective ablation of proliferating
astrocytes does not affect disease outcome in either acute or chronic models of
motor neuron degeneration. Experimental Neurology, 211, 423-432.

Levine, J.B., Kong, J., Nadler, M., Xu, Z. (1999) Astrocytes interact intimately with
degenerating motor neurons in mouse amyotrophic lateral sclerosis (ALS). Glia,
28, 215-224.

Li, L., Zhang, X., Le, W. (2008) Altered macroautophagy in the spinal cord of SOD1
mutant mice. Autophagy, 4, 290-293.

Li, L., Zhou, J., James, G., Heller-Harrison, R., Czech, M.P., Olson, E.N. (1992) FGF
inactivates myogenic helix-loop-helix proteins through phosphorylation of a
conserved protein kinase C site in their DNA-binding domains. Cell, 71, 1181-
1194.

Li, M., Ona, V.O., Guegan, C., Chen, M., Jackson-Lewis, V., Andrews, L.J., Olszewski,
All., Stieg, P.E., Lee, J.P., Przedborski, S., et al (2000) Functional role of
caspase-1 and caspase-3 in an ALS transgenic mouse model. Science, 288, 335-
339.

Li, P.P., Zhou, J.J., Meng, M., Madhavan, R., Peng, H.B. (2012) Reciprocal regulation of
axonal filopodia and outgrowth during neuromuscular junction development.
PLoS One, 7, e44759.

Li, W., Brakefield, D., Pan, Y., Hunter, D., Myckatyn, T.M., Parsadanian, A. (2007)
Muscle-derived but not centrally derived transgene GDNF is neuroprotective in
G93A-SODI1 mouse model of ALS. Experimental Neurology, 203, 457-471.

Li, Y., Li, H., Liu, G., Liu, Z. (2013) Effects of neuregulin-1beta on growth-associated
protein 43 expression in dorsal root ganglion neurons with excitotoxicity induced
by glutamate in vitro. Neurosci Res, 76, 22-30.

Li, Y., Thompson, W.J. (2011) Nerve terminal growth remodels neuromuscular synapses
in mice following regeneration of the postsynaptic muscle fiber. The Journal of
Neuroscience, 31, 13191-13203.

Lillo, P., Hodges, J.R. (2009) Frontotemporal dementia and motor neurone disease:
overlapping clinic-pathological disorders. J Clin Neurosci, 16, 1131-1135.

154



References

Lin, S., Landmann, L., Ruegg, M.A., Brenner, H.R. (2008) The role of nerve-versus
muscle-derived factors in mammalian neuromuscular junction formation. The
Journal of Neuroscience, 28, 3333.

Lin, W., Burgess, R.W., Dominguez, B., Pfaff, S.L., Sanes, J.R., Lee, K.F. (2001)
Distinct roles of nerve and muscle in postsynaptic differentiation of the
neuromuscular synapse. Nature, 410, 1057-1064.

Lin, W., Dominguez, B., Yang, J., Aryal, P., Brandon, E.P., Gage, F.H., Lee, K.F. (2005)
Neurotransmitter acetylcholine negatively regulates neuromuscular synapse
formation by a Cdk5-dependent mechanism. Neuron, 46, 569-579.

Lin, W., Sanchez, H.B., Deerinck, T., Morris, J.K., Ellisman, M., Lee, K.F. (2000)
Aberrant development of motor axons and neuromuscular synapses in erbB2-
deficient mice. Proc Natl Acad Sci U S A, 97, 1299-1304.

Liscic, R.M., Grinberg, L.T., Zidar, J., Gitcho, M.A., Cairns, N.J. (2008) ALS and FTLD:
two faces of TDP-43 proteinopathy. Eur J Neurol, 15, 772-780.

Liu, J., Lillo, C., Jonsson, P.A., Vande Velde, C., Ward, C.M., Miller, T.M.,
Subramaniam, J.R., Rothstein, J.D., Marklund, S., Andersen, P.M., et al (2004)
Toxicity of familial ALS-linked SOD1 mutants from selective recruitment to
spinal mitochondria. Neuron, 43, 5-17.

Liu, J.X., Brannstrom, T., Andersen, P.M., Pedrosa-Domellof, F. (2013) Distinct Changes
in Synaptic Protein Composition at Neuromuscular Junctions of Extraocular
Muscles versus Limb Muscles of ALS Donors. PL0S One, 8.

Liu, Y., Wong, T.P., Aarts, M., Rooyakkers, A., Liu, L., Lai, T.W., Wu, D.C., Lu, J.,
Tymianski, M., Craig, A.M., et al (2007) NMDA receptor subunits have
differential roles in mediating excitotoxic neuronal death both in vitro and in vivo.
The Journal of Neuroscience, 27, 2846-2857.

L, Z., Li, H., Zhang, W., Li, Y., Liu, H., Li, Z. (2011) Neuregulin-1beta prevents
Ca(2+) overloading and apoptosis through PI3K/Akt activation in cultured dorsal
root ganglion neurons with excitotoxicity induced by glutamate. Cell Mol
Neurobiol, 31, 1195-1201.

Liu, Z., Stafstrom, C.E., Sarkisian, M., Tandon, P., Yang, Y., Hori, A., Holmes, G.L.
(1996) Age-dependent effects of glutamate toxicity in the hippocampus. Brain
Res Dev Brain Res, 97, 178-184.

Lobsiger, C.S., Boillee, S., McAlonis-Downes, M., Khan, A.M., Feltri, M.L., Yamanaka,
K., Cleveland, D.W. (2009) Schwann cells expressing dismutase active mutant
SOD1 unexpectedly slow disease progression in ALS mice. Proc Natl Acad Sci
U.S.A, 106, 4465-4470.

Lomen-Hoerth, C., Anderson, T., Miller, B. (2002) The overlap of amyotrophic lateral
sclerosis and frontotemporal dementia. Neurology, 59, 1077-1079.

Lu, B., Czernik, A., Popov, S., Wang, T., Poo, M.M., Greengard, P., Czernic, A. (1996)
Expression of synapsin I correlates with maturation of the neuromuscular synapse.
Neuroscience, 74, 1087-1097.

Lucas, D.R., Newhouse, J.P. (1957) The toxic effect of sodium L-glutamate on the inner
layers of the retina. AMA Arch Ophthalmol, 58, 193-201.

Ludolph, A., Meyer, T., Riepe, M. (2000) The role of excitotoxicity in ALS—what is the
evidence? Journal of Neurology, 247, 7-16.

Lunn, E.R., Perry, V.H., Brown, M.C., Rosen, H., Gordon, S. (1989) Absence of
Wallerian Degeneration does not Hinder Regeneration in Peripheral Nerve. Eur J
Neurosci, 1, 27-33.

155



References

Luo, Z.G., Wang, Q., Zhou, J.Z., Wang, J., Luo, Z., Liu, M., He, X., Wynshaw-Boris, A.,
Xiong, W.C., Lu, B., et al (2002) Regulation of AChR clustering by Dishevelled
interacting with MuSK and PAK1. Neuron, 35, 489-505.

Lyons, P.R., Slater, C.R. (1991) Structure and function of the neuromuscular junction in
young adult mdx mice. J Neurocytol, 20, 969-981.

Mack, T.G., Reiner, M., Beirowski, B., Mi, W., Emanuelli, M., Wagner, D., Thomson,
D., Gillingwater, T., Court, F., Conforti, L., et al (2001) Wallerian degeneration
of injured axons and synapses is delayed by a Ube4b/Nmnat chimeric gene. Nat
Neurosci, 4, 1199-1206.

Mackenzie, I.R., Rademakers, R., Neumann, M. (2010) TDP-43 and FUS in amyotrophic
lateral sclerosis and frontotemporal dementia. Lancet Neurol, 9, 995-1007.
Macpherson, P., Kostrominova, T., Tang, H., Goldman, D. (2002) Protein kinase C and
calcium/calmodulin-activated protein kinase II (CaMK II) suppress nicotinic
acetylcholine receptor gene expression in mammalian muscle. A specific role for
CaMK II in activity-dependent gene expression. J Biol Chem, 277, 15638-15646.

Maekawa, S., Al-Sarraj, S., Kibble, M., Landau, S., Parnavelas, J., Cotter, D., Everall, 1.,
Leigh, P.N. (2004) Cortical selective vulnerability in motor neuron disease: a
morphometric study. Brain, 127, 1237-1251.

Maghsoudi, N., Zakeri, Z., Lockshin, R.A. (2012) Programmed cell death and apoptosis--
where it came from and where it is going: from Elie Metchnikoff to the control of
caspases. Exp Oncol, 34, 146-152.

Magill-Solc, C., McMahan, U.J. (1988) Motor neurons contain agrin-like molecules. J
Cell Biol, 107, 1825-1833.

Magrané, J., Sahawneh, M.A., Przedborski, S., Estévez, A.G., Manfredi, G., Estévez,
A.G. (2012) Mitochondrial Dynamics and Bioenergetic Dysfunction Is Associated
with Synaptic Alterations in Mutant SOD1 Motor Neurons. The Journal of
Neuroscience, 32, 229-242.

Magrassi, L., Purves, D., Lichtman, J.W. (1987) Fluorescent probes that stain living
nerve terminals. The Journal of Neuroscience, 7, 1207-1214.

Mahoney, C.J., Beck, J., Rohrer, J.D., Lashley, T., Mok, K., Shakespeare, T., Yeatman,
T., Warrington, E.K., Schott, J.M., Fox, N.C., et al (2012) Frontotemporal
dementia with the CO9ORF72 hexanucleotide repeat expansion: clinical,
neuroanatomical and neuropathological features. Brain, 135, 736-750.

Majounie, E., Abramzon, Y., Renton, A., Perry, R., Bassett, S., Pletnikova, O., Troncoso,
J., Hardy, J., Singleton, A., Traynor, B. (2010) Repeat expansion in C9ORF72 in
Alzheimer's disease. The New England Journal of Medicine, 10-11.

Majounie, E., Abramzon, Y., Renton, A.E., Keller, M.F., Traynor, B.J., Singleton, A.B.
(2012a) Large C9orf72 repeat expansions are not a common cause of Parkinson's
disease. Neurobiol Aging, 33, 2527 €2521-2522.

Majounie, E., Renton, A.E., Mok, K., Dopper, E.G., Waite, A., Rollinson, S., Chio, A.,
Restagno, G., Nicolaou, N., Simon-Sanchez, J., et al (2012b) Frequency of the
C9orf72 hexanucleotide repeat expansion in patients with amyotrophic lateral
sclerosis and frontotemporal dementia: a cross-sectional study. Lancet Neurol, 11,
323-330.

Malgouris, C., Daniel, M., Doble, A. (1994) Neuroprotective effects of riluzole on N-
methyl-D-aspartate- or veratridine-induced neurotoxicity in rat hippocampal
slices. Neurosci Lett, 177, 95-99.

Marenholz, 1., Heizmann, C.W., Fritz, G. (2004) S100 proteins in mouse and man: from
evolution to function and pathology (including an update of the nomenclature).
Biochem Biophys Res Commun, 322, 1111-1122.

156



References

Marques, M.J., Conchello, J.A., Lichtman, J.W. (2000) From plaque to pretzel: fold
formation and acetylcholine receptor loss at the developing neuromuscular
junction. The Journal of Neuroscience, 20, 3663-3675.

Mars, T., Yu, K.J., Tang, X.M., Miranda, A.F., Grubic, Z., Cambi, F., King, M.P. (2001)
Differentiation of glial cells and motor neurons during the formation of
neuromuscular junctions in cocultures of rat spinal cord explant and human
muscle. J Comp Neurol, 438, 239-251.

Marshall, L.M., Sanes, J.R., McMahan, U.J. (1977) Reinnervation of original synaptic
sites on muscle fiber basement membrane after disruption of the muscle cells.
Proc Natl Acad Sci U S A, 74, 3073-3077.

Martin, L.J., Chang, Q. (2012) Inhibitory synaptic regulation of motoneurons: a new
target of disease mechanisms in amyotrophic lateral sclerosis. Mol Neurobiol, 45,
30-42.

Maruyama, H., Morino, H., Ito, H., Izumi, Y., Kato, H., Watanabe, Y., Kinoshita, Y.,
Kamada, M., Nodera, H., Suzuki, H., et al (2010) Mutations of optineurin in
amyotrophic lateral sclerosis. Nature, 465, 223-226.

Maselli, R.A., Wollman, R.L., Leung, C., Distad, B., Palombi, S., Richman, D.P.,
Salazar-Grueso, E.F., Roos, R.P. (1993) Neuromuscular transmission in
amyotrophic lateral sclerosis. Muscle Nerve, 16, 1193-1203.

Mathewson, M.A., Chapman, M.A., Hentzen, E.R., Friden, J., Lieber, R.L. (2012)
Anatomical, architectural, and biochemical diversity of the murine forelimb
muscles. J Anat, 221, 443-451.

Matsumoto, A., Okada, Y., Nakamichi, M., Nakamura, M., Toyama, Y., Sobue, G.,
Nagai, M., Aoki, M., Itoyama, Y., Okano, H. (2006) Disease progression of
human SOD1 (G93A) transgenic ALS model rats. J Neurosci Res, 83, 119-133.

Mattson, M.P. (2008) Glutamate and neurotrophic factors in neuronal plasticity and
disease. Ann N Y Acad Sci, 1144, 97-112.

Mattson, M.P., Cutler, R.G., Camandola, S. (2007) Energy intake and amyotrophic lateral
sclerosis. Neuromolecular Med, 9, 17-20.

Mattson, M.P., Keller, J.N., Begley, J.G. (1998) Evidence for synaptic apoptosis. EXp
Neurol, 153, 35-48.

Mattson, M.P., Kumar, K.N., Wang, H., Cheng, B., Michaelis, E.K. (1993) Basic FGF
regulates the expression of a functional 71 kDa NMDA receptor protein that
mediates calcium influx and neurotoxicity in hippocampal neurons. J Neurosci,
13, 4575-4588.

Matute, C. (1998) Characteristics of acute and chronic kainate excitotoxic damage to the
optic nerve. Proc Natl Acad Sci U S A, 95, 10229-10234.

Matute, C. (2007) Interaction between glutamate signalling and immune attack in
damaging oligodendrocytes. Neuron Glia Biol, 3, 281-285.

Matute, C. (2011) Glutamate and ATP signalling in white matter pathology. Journal of
anatomy, 219, 53-64.

Matute, C., Alberdi, E., Domercq, M., Sanchez-Gémez, M.-V., Pérez-Samartin, A.,
Rodriguez-Antigiiedad, A., Pérez-Cerd4, F. (2007) Excitotoxic damage to white
matter. Journal of anatomy, 210, 693-702.

Matute, C., Cavaliere, F. (2011) Neuroglial interactions mediated by purinergic signalling
in the pathophysiology of CNS disorders. Seminars in cell & developmental
biology.

Matute, C., Domercq, M., Sanchez-Gomez, M.V. (2006) Glutamate-mediated glial
injury: mechanisms and clinical importance. Glia, 53, 212-224.

157



References

Matute, C., Ransom, B.R. (2012) Roles of white matter in central nervous system
pathophysiologies. ASN Neuro, 4, 89-101.

McComas, A.J., Sica, R.E., Campbell, M.J., Upton, A.R. (1971) Functional compensation
in partially denervated muscles. J Neurol Neurosurg Psychiatry, 34, 453-460.

McCombe, P.A., Henderson, R.D. (2010) Effects of gender in amyotrophic lateral
sclerosis. Gend Med, 7, 557-570.

McCombe, P.A., Henderson, R.D. (2011) The Role of immune and inflammatory
mechanisms in ALS. Curr Mol Med, 11, 246-254.

McMahan, U.J. (1990) The agrin hypothesis. Cold Spring Harb Symp Quant Biol, 55,
407-418.

Mead, R.J., Bennett, E.J., Kennerley, A.J., Sharp, P., Sunyach, C., Kasher, P., Berwick,
J., Pettmann, B., Battaglia, G., Azzouz, M., et al (2011) Optimised and rapid pre-
clinical screening in the SOD1(G93A) transgenic mouse model of amyotrophic
lateral sclerosis (ALS). PL0oS One, 6, €23244.

Mehal, J.M., Holman, R.C., Schonberger, L.B., Sejvar, J.J. (2013) Amyotrophic lateral
sclerosis/motor neuron disease deaths in the United States, 1999-2009. Amyotroph
Lateral Scler Frontotemporal Degener, aheadofprint.

Mejat, A., Ramond, F., Bassel-Duby, R., Khochbin, S., Olson, E.N., Schaeffer, L. (2005)
Histone deacetylase 9 couples neuronal activity to muscle chromatin acetylation
and gene expression. Nat Neurosci, 8, 313-321.

Meldrum, B., Garthwaite, J. (1990) Excitatory amino acid neurotoxicity and
neurodegenerative disease. Trends Pharmacol Sci, 11, 379-387.

Mendelzon, D., Changeux, J.P., Nghiem, H.O. (1994) Phosphorylation of myogenin in
chick myotubes: regulation by electrical activity and by protein kinase C.
Implications for acetylcholine receptor gene expression. Biochemistry, 33, 2568-
2575.

Micu, L., Jiang, Q., Coderre, E., Ridsdale, A., Zhang, L., Woulfe, J., Yin, X., Trapp, B.D.,
McRory, J.E., Rehak, R., et al (2006) NMDA receptors mediate calcium
accumulation in myelin during chemical ischaemia. Nature, 439, 988-992.

Migheli, A., Cordera, S., Bendotti, C., Atzori, C., Piva, R., Schiffer, D. (1999) S-100beta
protein is upregulated in astrocytes and motor neurons in the spinal cord of
patients with amyotrophic lateral sclerosis. Neurosci Lett, 261, 25-28.

Millecamps, S., Julien, J.P. (2013) Axonal transport deficits and neurodegenerative
diseases. Nat Rev Neurosci, 14, 161-176.

Millecamps, S., Salachas, F., Cazeneuve, C., Gordon, P., Bricka, B., Camuzat, A.,
Guillot-Noel, L., Russaouen, O., Bruneteau, G., Pradat, P.F., et al (2010) SODI,
ANG, VAPB, TARDBP, and FUS mutations in familial amyotrophic lateral
sclerosis: genotype-phenotype correlations. J Med Genet, 47, 554-560.

Miller, D.W., Cookson, M.R., Dickson, D.W. (2004) Glial cell inclusions and the
pathogenesis of neurodegenerative diseases. Neuron Glia Biol, 1, 13-21.

Miller, R.G., Mitchell, J.D., Moore, D.H. (2012) Riluzole for amyotrophic lateral
sclerosis (ALS)/motor neuron disease (MND). Cochrane Database Syst Rev, 3,
CD001447.

Miller, T.M., Kim, S.H., Yamanaka, K., Hester, M., Umapathi, P., Arnson, H., Rizo, L.,
Mendell, J.R., Gage, F.H., Cleveland, D.W., et al (2006) Gene transfer
demonstrates that muscle is not a primary target for non-cell-autonomous toxicity
in familial amyotrophic lateral sclerosis. Proc Natl Acad Sci U S A, 103, 19546-
19551.

Millet, L.J., Gillette, M.U. (2012) New perspectives on neuronal development via
microfluidic environments. Trends Neurosci, 35, 752-761.

158



References

Milonas, I. (1998) Amyotrophic lateral sclerosis: an introduction. J Neurol, 245 Suppl 2,
S1-3.

Miquel, E., Cassina, A., Bolatto, C. (2012) Modulation of astrocytic mitochondrial
function by dichloroacetate improves survival and motor performance in inherited
Amyotrophic Lateral Sclerosis. PL0oS One, 7, 1-9.

Mittaud, P., Camilleri, A.A., Willmann, R., Erb-Vogtli, S., Burden, S.J., Fuhrer, C.
(2004) A single pulse of agrin triggers a pathway that acts to cluster acetylcholine
receptors. Mol Cell Biol, 24, 7841-7854.

Mogyoros, 1., Kiernan, M.C., Burke, D., Bostock, H. (1998) Strength-duration properties
of sensory and motor axons in amyotrophic lateral sclerosis. Brain, 121 ( Pt 5),
851-859.

Moisse, K., Strong, M.J. (2006) Innate immunity in amyotrophic lateral sclerosis.
Biochim Biophys Acta, 1762, 1083-1093.

Morfini, G.A., Bosco, D.A., Brown, H., Gatto, R., Kaminska, A., Song, Y., Molla, L.,
Baker, L., Marangoni, M.N., Berth, S., et al (2013) Inhibition of fast axonal
transport by pathogenic SODI1 involves activation of p38 MAP kinase. PL0S One,
8, e65235.

Mori, K., Weng, S.M., Arzberger, T., May, S., Rentzsch, K., Kremmer, E., Schmid, B.,
Kretzschmar, H.A., Cruts, M., Van Broeckhoven, C., et al (2013) The C9orf72
GGGGCC repeat is translated into aggregating dipeptide-repeat proteins in
FTLD/ALS. Science, 339, 1335-1338.

Morimoto, N., Nagai, M., Ohta, Y., Miyazaki, K., Kurata, T., Morimoto, M., Murakami,
T., Takehisa, Y., lkeda, Y., Kamiya, T., et al (2007) Increased autophagy in
transgenic mice with a G93A mutant SOD1 gene. Brain Res, 1167, 112-117.

Moscoso, L.M., Chu, G.C., Gautam, M., Noakes, P.G., Merlie, J.P., Sanes, J.R. (1995)
Synapse-associated expression of an acetylcholine receptor-inducing protein,
ARIA/heregulin, and its putative receptors, ErbB2 and ErbB3, in developing
mammalian muscle. Dev Biol, 172, 158-169.

Murayama, S., Ookawa, Y., Mori, H., Nakano, 1., Thara, Y., Kuzuhara, S., Tomonaga, M.
(1989) Immunocytochemical and ultrastructural study of Lewy body-like hyaline
inclusions in familial amyotrophic lateral sclerosis. Acta Neuropathol, 78, 143-
152.

Murphy, T.H., Malouf, A.T., Sastre, A., Schnaar, R.L., Coyle, J.T. (1988) Calcium-
dependent glutamate cytotoxicity in a neuronal cell line. Brain Res, 444, 325-332.

Na, 1., Redmon, D., Kopa, M., Qin, Y., Xue, B., Uversky, V.N. (2013) Ordered disorder
of the astrocytic dystrophin-associated protein complex in the norm and
pathology. PL0S One, 8, €73476.

Nagai, M., Aoki, M., Miyoshi, 1., Kato, M., Pasinelli, P., Kasai, N., Brown, R.H., Jr.,
Itoyama, Y. (2001) Rats expressing human cytosolic copper-zinc superoxide
dismutase transgenes with amyotrophic lateral sclerosis: associated mutations
develop motor neuron disease. The Journal of Neuroscience, 21, 9246-9254.

Nagai, M., Re, D.B., Nagata, T., Chalazonitis, A., Jessell, T.M., Wichterle, H.,
Przedborski, S. (2007) Astrocytes expressing ALS-linked mutated SODI release
factors selectively toxic to motor neurons. Nat Neurosci, 10, 615-622.

Nagy, D., Kato, T., Kushner, P.D. (1994) Reactive astrocytes are widespread in the
cortical gray matter of amyotrophic lateral sclerosis. J Neurosci Res, 38, 336-347.

Nakata, M., Kuwabara, S., Kanai, K., Misawa, S., Tamura, N., Sawai, S., Hattori, T.,
Bostock, H. (2006) Distal excitability changes in motor axons in amyotrophic
lateral sclerosis. Clin Neurophysiol, 117, 1444-1448.

159



References

Nave, K.A., Salzer, J.L. (2006) Axonal regulation of myelination by neuregulin 1. Curr
Opin Neurobiol, 16, 492-500.

Naya, F.J., Mercer, B., Shelton, J., Richardson, J.A., Williams, R.S., Olson, E.N. (2000)
Stimulation of slow skeletal muscle fiber gene expression by calcineurin in vivo. J
Biol Chem, 275, 4545-4548.

Nedelec, S., Peljto, M., Shi, P., Amoroso, M.W., Kam, L.C., Wichterle, H. (2012)
Concentration-dependent requirement for local protein synthesis in motor neuron
subtype-specific response to axon guidance cues. The Journal of Neuroscience,
32, 1496-1506.

Nelson, P.G., Fields, R.D., Yu, C., Liu, Y. (1992) Synapse elimination from the mouse
neuromuscular junction in vitro: a non-Hebbian activity-dependent process. J
Neurobiol.

Neumann, M., Sampathu, D.M.D.D.M., Kwong, L.K.L.LK., Truax, A.C.A.A.C,,
Micsenyi, M.C., Chou, T.T., Bruce, J., Schuck, T., Grossman, M., Clark, C.M., et
al (2006) Ubiquitinated TDP-43 in frontotemporal lobar degeneration and
amyotrophic lateral sclerosis. Science, 314, 130-133.

Newpher, T.M., Ehlers, M.D. (2008) Glutamate receptor dynamics in dendritic
microdomains. Neuron, 58, 472-497.

Nicoletti, F., Bockaert, J., Collingridge, G.L., Conn, P.J., Ferraguti, F., Schoepp, D.D.,
Wroblewski, J.T., Pin, J.P. (2011) Metabotropic glutamate receptors: from the
workbench to the bedside. Neuropharmacology, 60, 1017-1041.

Niessen, H.G., Angenstein, F., Sander, K., Kunz, W.S., Teuchert, M., Ludolph, A.C.,
Heinze, H.J., Scheich, H., Vielhaber, S. (2006) In vivo quantification of spinal
and bulbar motor neuron degeneration in the G93A-SODI1 transgenic mouse
model of ALS by T2 relaxation time and apparent diffusion coefficient. EXp
Neurol, 201, 293-300.

Nihei, K., McKee, A.C., Kowall, N.-W. (1993) Patterns of neuronal degeneration in the
motor cortex of amyotrophic lateral sclerosis patients. Acta Neuropathol, 86, 55-
64.

Nikolaev, A., McLaughlin, T., O'Leary, D.D., Tessier-Lavigne, M. (2009) APP binds
DR6 to trigger axon pruning and neuron death via distinct caspases. Nature, 457,
981-989.

Nishimune, H. (2012) Molecular mechanism of active zone organization at vertebrate
neuromuscular junctions. Molecular Neurobiology, 45, 1-16.

Nishimura, A.L., Mitne-Neto, M., Silva, H.C., Richieri-Costa, A., Middleton, S., Cascio,
D., Kok, F., Oliveira, J.R., Gillingwater, T., Webb, J., et al (2004) A mutation in
the vesicle-trafficking protein VAPB causes late-onset spinal muscular atrophy
and amyotrophic lateral sclerosis. Am J Hum Genet, 75, 822-831.

Nitkin, R.M.R., Smith, M.A.M., Magill, C., Fallon, J.R., Yao, Y., Wallace, B.G.,
McMahan, U. (1987) Identification of agrin, a synaptic organizing protein from
Torpedo electric organ. J Cell Biol, 105, 2471.

Noda, M., Nakanishi, H., Nabekura, J., Akaike, N. (2000) AMPA-kainate subtypes of
glutamate receptor in rat cerebral microglia. The Journal of Neuroscience, 20,
251-258.

Ohishi, H., Ogawa-Meguro, R., Shigemoto, R., Kaneko, T., Nakanishi, S., Mizuno, N.
(1994) Immunohistochemical localization of metabotropic glutamate receptors,
mGIluR2 and mGIluR3, in rat cerebellar cortex. Neuron, 13, 55-66.

Okamoto, K., Mizuno, Y., Fujita, Y. (2008) Bunina bodies in amyotrophic lateral
sclerosis. Neuropathology, 28, 109-115.

160



References

Olney, J.W. (1990) Excitotoxin-mediated neuron death in youth and old age. Prog Brain
Res, 86, 37-51.

Onesto, E., Rusmini, P., Crippa, V., Ferri, N., Zito, A., Galbiati, M., Poletti, A. (2011)
Muscle cells and motoneurons differentially remove mutant SOD1 causing
familial amyotrophic lateral sclerosis. J Neurochem, 118, 266-280.

Oosthuyse, B., Moons, L., Storkebaum, E., Beck, H., Nuyens, D., Brusselmans, K., Van
Dorpe, J., Hellings, P., Gorselink, M., Heymans, S., et al (2001) Deletion of the
hypoxia-response element in the vascular endothelial growth factor promoter
causes motor neuron degeneration. Nat Genet, 28, 131-138.

Oppenheim, R.W. (1991) Cell death during development of the nervous system. Annu
Rev Neurosci, 14, 453-501.

Orozco, D., Edbauer, D. (2013) FUS-mediated alternative splicing in the nervous system:
consequences for ALS and FTLD. Journal of Molecular Medicine, 1-12.

Orozco, D., Tahirovic, S., Rentzsch, K., Schwenk, B.M., Haass, C., Edbauer, D. (2012)
Loss of fused in sarcoma (FUS) promotes pathological Tau splicing. EMBO Rep,
13, 759-764.

Orrenius, S., McConkey, D.J., Bellomo, G., Nicotera, P. (1989) Role of Ca2+ in toxic
cell killing. Trends Pharmacol Sci, 10, 281-285.

Orrenius, S., Zhivotovsky, B., Nicotera, P. (2003) Regulation of cell death: the calcium-
apoptosis link. Nat Rev Mol Cell Biol, 4, 552-565.

Osterloh, J.M., Yang, J., Rooney, T.M., Fox, A.N., Adalbert, R., Powell, E.H., Sheehan,
A.E., Avery, M.A., Hackett, R., Logan, M.A., et al (2012) dSarm/Sarm1 Is
Required for Activation of an Injury-Induced Axon Death Pathway. Science, 337,
481-484.

Otto, M., Bahn, E., Wiltfang, J., Boekhoff, I., Beuche, W. (1998) Decrease of S100 beta
protein in serum of patients with amyotrophic lateral sclerosis. Neurosci Lett, 240,
171-173.

Ouardouz, M., Coderre, E., Basak, A. (2009a) Glutamate receptors on myelinated spinal
cord axons: I. GluR6 kainate receptors. Ann Neurol, 65, 151-159.

Ouardouz, M., Coderre, E., Zamponi, G.W., Hameed, S., Yin, X., Trapp, B.D., Stys, P.K.
(2009b) Glutamate receptors on myelinated spinal cord axons: II. AMPA and
GluRS5 receptors. Ann Neurol, 65, 160-166.

Outeiro, T.F., Kontopoulos, E., Altmann, S.M., Kufareva, 1., Strathearn, K.E., Amore,
AM., Volk, C.B., Maxwell, M.M., Rochet, J.C., McLean, P.J., et al (2007)
Sirtuin 2 inhibitors rescue alpha-synuclein-mediated toxicity in models of
Parkinson's disease. Science, 317, 516-519.

Ozdinler, P.H., Benn, S., Yamamoto, T.H., Giizel, M., Brown, R.H., Macklis, J.D. (2011)
Corticospinal motor neurons and related subcerebral projection neurons undergo
early and specific neurodegeneration in hSOD1G93A transgenic ALS mice. The
Journal of Neuroscience, 31, 4166-4177.

Pallos, J., Bodai, L., Lukacsovich, T., Purcell, J.M., Steffan, J.S., Thompson, L.M.,
Marsh, J.L. (2008) Inhibition of specific HDACs and sirtuins suppresses
pathogenesis in a Drosophila model of Huntington's disease. Hum Mol Genet, 17,
3767-3775.

Park, J.S., Bateman, M.C., Goldberg, M.P. (1996) Rapid alterations in dendrite
morphology during sublethal hypoxia or glutamate receptor activation. Neurobiol
Dls, 3, 215-227.

Parone, P.A., Da Cruz, S., Han, J.S., McAlonis-Downes, M., Vetto, A.P., Lee, SK.,
Tseng, E., Cleveland, D.W. (2013) Enhancing Mitochondrial Calcium Buffering
Capacity Reduces Aggregation of Misfolded SOD1 and Motor Neuron Cell Death

161



References

without Extending Survival in Mouse Models of Inherited Amyotrophic Lateral
Sclerosis. The Journal of Neuroscience, 33, 4657-4671.

Parson, S.H., Mackintosh, C.L., Ribchester, R.R. (1997) Elimination of motor nerve
terminals in neonatal mice expressing a gene for slow wallerian degeneration
(C57B1/WIlds). Eur J Neurosci, 9, 1586-1592.

Pasinelli, P., Houseweart, M.K., Brown, R.H., Jr., Cleveland, D.W. (2000) Caspase-1 and
-3 are sequentially activated in motor neuron death in Cu,Zn superoxide
dismutase-mediated familial amyotrophic lateral sclerosis. Proc Natl Acad Sci U S
A, 97, 13901-13906.

Passafaro, M., Piech, V., Sheng, M. (2001) Subunit-specific temporal and spatial patterns
of AMPA receptor exocytosis in hippocampal neurons. Nat Neurosci, 4, 917-926.

Peng, H.B., Yang, J.F., Dai, Z., Lee, C.W., Hung, HW., Feng, Z.H., Ko, C.P. (2003)
Differential effects of neurotrophins and Schwann cell-derived signals on
neuronal survival/growth and synaptogenesis. The Journal of Neuroscience, 23,
5050.

Perlson, E., Jeong, G.-B., Ross, J.L., Dixit, R., Wallace, K.E., Kalb, R.G., Holzbaur,
E.L.F. (2009) A switch in retrograde signaling from survival to stress in rapid-
onset neurodegeneration. The Journal of Neuroscience, 29, 9903-9917.

Petri, S., Krampfl, K., Hashemi, F., Grothe, C., Hori, A., Dengler, R., Bufler, J. (2003)
Distribution of GABAA receptor mRNA in the motor cortex of ALS patients. J
Neuropathol Exp Neurol, 62, 1041-1051.

Pette, D. (2001) Historical Perspectives: plasticity of mammalian skeletal muscle. J Appl
Physiol, 90, 1119-1124.

Philips, T., Robberecht, W. (2011) Neuroinflammation in amyotrophic lateral sclerosis:
role of glial activation in motor neuron disease. Lancet Neurol, 10, 253-263.
Phillips, W.D., Maimone, M.M., Merlie, J.P. (1991) Mutagenesis of the 43-kD
postsynaptic protein defines domains involved in plasma membrane targeting and

AChR clustering. J Cell Biol, 115, 1713-1723.

Pieri, M., Carunchio, 1., Curcio, L., Mercuri, N.B., Zona, C. (2009) Increased persistent
sodium current determines cortical hyperexcitability in a genetic model of
amyotrophic lateral sclerosis. Exp Neurol, 215, 368-379.

Piguet, J., Schreiter, C., Segura, J.M., Vogel, H., Hovius, R. (2011) Acetylcholine
receptor organization in membrane domains in muscle cells: evidence for rapsyn-
independent and rapsyn-dependent mechanisms. J Biol Chem, 286, 363-369.

Pilgram, G.S., Potikanond, S., Baines, R.A., Fradkin, L.G., Noordermeer, J.N. (2010) The
roles of the dystrophin-associated glycoprotein complex at the synapse. Mol
Neurobiol, 41, 1-21.

Pinheiro, P.S., Mulle, C. (2008) Presynaptic glutamate receptors: physiological functions
and mechanisms of action. Nat Rev Neurosci, 9, 423-436.

Pitt, D., Gonzales, E., Cross, A. (2010) Dysmyelinated axons in shiverer mice are highly
vulnerable to -amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)
receptor-mediated toxicity. Brain Res.

Pitt, D., Nagelmeier, I.LE., Wilson, H.C., Raine, C.S. (2003) Glutamate uptake by
oligodendrocytes: Implications for excitotoxicity in multiple sclerosis. Neurology,
61, 1113-1120.

Plaitakis, A., Caroscio, J.T. (1987) Abnormal glutamate metabolism in amyotrophic
lateral sclerosis. Ann Neurol, 22, 575-579.

Polymenidou, M., Lagier-Tourenne, C., Hutt, K.R., Huelga, S.C., Moran, J., Liang, T.Y.,
Ling, S.C., Sun, E., Wancewicz, E., Mazur, C., et al (2011) Long pre-mRNA

162



References

depletion and RNA missplicing contribute to neuronal vulnerability from loss of
TDP-43. Nat Neurosci, 14, 459-468.

Pramatarova, A., Laganiere, J., Roussel, J., Brisebois, K., Rouleau, G.A. (2001) Neuron-
specific expression of mutant superoxide dismutase 1 in transgenic mice does not
lead to motor impairment. The Journal of Neuroscience, 21, 3369-3374.

Pun, S., Santos, A.A.F., Saxena, S., Xu, L., Caroni, P., S, S. (2006) Selective
vulnerability and pruning of phasic motoneuron axons in motoneuron disease
alleviated by CNTF. Nat Neurosci, 9, 408-419.

Quinlan, K.A. (2011) Links between electrophysiological and molecular pathology of
amyotrophic lateral sclerosis. Integrative and comparative biology, 1-13.

Raff, M.C., Whitmore, A.V., Finn, J.T. (2002) Axonal self-destruction and
neurodegeneration. Science, 296, 868-871.

Ragancokova, D., Jahn, K., Kotsiari, A., Schlesinger, F., Haastert, K., Stangel, M., Petri,
S., Krampfl, K. (2009) Analysis of neuroprotective effects of valproic acid on
primary motor neurons in monoculture or co-cultures with astrocytes or Schwann
cells. Cell Mol Neurobiol, 29, 1037-1043.

Rakhit, R., Cunningham, P., Furtos-Matei, A., Dahan, S., Qi, X.F., Crow, J.P., Cashman,
N.R., Kondejewski, L.H., Chakrabartty, A. (2002) Oxidation-induced misfolding
and aggregation of superoxide dismutase and its implications for amyotrophic
lateral sclerosis. J Biol Chem, 277, 47551-47556.

Ralph, G.S., Radcliffe, P.A., Day, D.M., Carthy, J.M., Leroux, M.A., Lee, D.C., Wong,
L.F., Bilsland, L.G., Greensmith, L., Kingsman, S.M., et al (2005) Silencing
mutant SOD1 using RNAi protects against neurodegeneration and extends
survival in an ALS model. Nat Med, 11, 429-433.

Rando, T.A. (2001) The dystrophin-glycoprotein complex, cellular signaling, and the
regulation of cell survival in the muscular dystrophies. Muscle Nerve, 24, 1575-
1594.

Ransohoff, R.M., Perry, V.H. (2009) Microglial physiology: unique stimuli, specialized
responses. Annu Rev Immunol, 27, 119-145.

Rao, A., Kim, E., Sheng, M., Craig, A.M. (1998) Heterogeneity in the molecular
composition of excitatory postsynaptic sites during development of hippocampal
neurons in culture. The Journal of Neuroscience, 18, 1217-1229.

Ratnavalli, E. (2010) Progress in the last decade in our understanding of primary
progressive aphasia. Ann Indian Acad Neurol, 13, S109-115.

Ravits, J.M., La Spada, A.R. (2009) ALS motor phenotype heterogeneity, focality, and
spread: deconstructing motor neuron degeneration. Neurology, 73, 805-811.

Reed, N.A., Cai, D., Blasius, T.L., Jih, G.T., Meyhofer, E., Gaertig, J., Verhey, K.J.
(2006) Microtubule acetylation promotes kinesin-1 binding and transport. Curr
Biol, 16, 2166-2172.

Renton, A., Rollinson, S., Kalimo, H., Paetau, A., Abramzon, Y., Remes, A.M.,
Kaganovich, A., Scholz, S.W., Duckworth, J., Ding, J., et al (2011) A
hexanucleotide repeate expansion in C9ORF72 is the cause of chromosome 9p21-
linked ALS-FTD. Neuron, 1-12.

Reyes, R.C., Brennan, A.M., Shen, Y., Baldwin, Y., Swanson, R.A. (2012) Activation of
neuronal NMDA receptors induces superoxide-mediated oxidative stress in
neighboring neurons and astrocytes. The Journal of Neuroscience, 32, 12973-
12978.

Ribchester, R.R., Tsao, J.W., Barry, J.A., Asgari-Jirhandeh, N., Perry, V.H., Brown, M.C.
(1995) Persistence of neuromuscular junctions after axotomy in mice with slow
Wallerian degeneration (C57BL/WIdS). Eur J Neurosci, 7, 1641-1650.

163



References

Riethmacher, D., Sonnenberg-Riethmacher, E., Brinkmann, V., Yamaai, T., Lewin, G.R.,
Birchmeier, C. (1997) Severe neuropathies in mice with targeted mutations in the
ErbB3 receptor. Nature, 389, 725-730.

Ringholz, G.M., Appel, S.H., Bradshaw, M., Cooke, N.A., Mosnik, D.M., Schulz, P.E.
(2005) Prevalence and patterns of cognitive impairment in sporadic ALS.
Neurology, 65, 586-590.

Ripps, M.E., Huntley, G.W., Hof, P.R., Morrison, J.H., Gordon, J.W. (1995) Transgenic
mice expressing an altered murine superoxide dismutase gene provide an animal
model of amyotrophic lateral sclerosis. Proc Natl Acad Sci U S A, 92, 689-693.

Riuzzi, F., Sorci, G., Donato, R. (2006) S100B stimulates myoblast proliferation and
inhibits myoblast differentiation by independently stimulating ERKI1/2 and
inhibiting p38 MAPK. J Cell Physiol, 207, 461-470.

Riuzzi, F., Sorci, G., Donato, R. (2011) S100B protein regulates myoblast proliferation
and differentiation by activating FGFR1 in a bFGF-dependent manner. J Cell Sci,
124, 2389-2400.

Robberecht, W., Philips, T. (2013) The changing scene of amyotrophic lateral sclerosis.
Nat Rev Neurosci, 14, 248-264.

Rocha, M.C., Pousinha, P.A., Correia, A.M., Sebastiao, A.M., Ribeiro, J.A. (2013) Early
Changes of Neuromuscular Transmission in the SOD1(G93A) Mice Model of
ALS Start Long before Motor Symptoms Onset. PL0S One, 8, €73846.

Rodriguez-Kern, A., Gegelashvili, M., Schousboe, A., Zhang, J., Sung, L., Gegelashvili,
G. (2003) Beta-amyloid and brain-derived neurotrophic factor, BDNF, up-
regulate the expression of glutamate transporter GLT-1/EAAT2 via different
signaling pathways utilizing transcription factor NF-kappaB. Neurochem Int, 43,
363-370.

Rogelj, B., Easton, L.E., Bogu, G.K., Stanton, L.W., Rot, G., Curk, T., Zupan, B.,
Sugimoto, Y., Modic, M., Haberman, N., et al (2012) Widespread binding of FUS
along nascent RNA regulates alternative splicing in the brain. Sci Rep, 2, 603.

Roselli, F., Caroni, P. (2012) A circuit mechanism for neurodegeneration. Cell, 151, 250-
252.

Rosen, D.R., Siddique, T., Patterson, D., Figlewicz, D.A., Sapp, P., Hentati, A.,
Donaldson, D., Goto, J., O'Regan, J.P., Deng, H.X., et al (1993) Mutations in
Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral
sclerosis. Nature, 362, 59-62.

Rosenberg, P.A., Amin, S., Leitner, M. (1992) Glutamate uptake disguises neurotoxic
potency of glutamate agonists in cerebral cortex in dissociated cell culture. The
Journal of Neuroscience, 12, 56-61.

Rothstein, J.D. (2009) Current hypotheses for the underlying biology of amyotrophic
lateral sclerosis. Ann Neurol, 65, S3-S9.

Rothstein, J.D., Dykes-Hoberg, M., Pardo, C.A., Bristol, L.A., Jin, L., Kuncl, RW.,
Kanai, Y., Hediger, M.A., Wang, Y., Schielke, J.P., et al (1996) Knockout of
glutamate transporters reveals a major role for astroglial transport in
excitotoxicity and clearance of glutamate. Neuron, 16, 675-686.

Rothstein, J.D., Jin, L., Dykes-Hoberg, M., Kuncl, R.-W. (1993) Chronic inhibition of
glutamate uptake produces a model of slow neurotoxicity. Proc Natl Acad Sci U S
A, 90, 6591-6595.

Rothstein, J.D., Martin, L.J., Kuncl, R-W. (1992) Decreased glutamate transport by the
brain and spinal cord in amyotrophic lateral sclerosis. N Engl J Med, 326, 1464-
1468.

164



References

Rothstein, J.D., Tsai, G., Kuncl, R.W., Clawson, L., Cornblath, D.R., Drachman, D.B.,
Pestronk, A., Stauch, B.L., Coyle, J.T. (1990) Abnormal excitatory amino acid
metabolism in amyotrophic lateral sclerosis. Ann Neurol, 28, 18-25.

Rothstein, J.D.J.D.J., Kammen, M.V., Levey, A.ILA.LLA., Martin, L.J.L.J.L.J.L., Kuncl,
R.W.R.W.R,, Cili, I., Van Kammen, M. (1995) Selective loss of glial glutamate
transporter GLT-1 in amyotrophic lateral sclerosis. Ann Neurol, 38, 73-84.

Rouleau, G.A., Clark, A.W., Rooke, K., Pramatarova, A., Krizus, A., Suchowersky, O.,
Julien, J.P., Figlewicz, D. (1996) SOD1 mutation is associated with accumulation
of neurofilaments in amyotrophic lateral sclerosis. Ann Neurol, 39, 128-131.

Roy, J., Minotti, S., Dong, L., Figlewicz, D.A., Durham, H.D. (1998) Glutamate
potentiates the toxicity of mutant Cu/Zn-superoxide dismutase in motor neurons
by postsynaptic calcium-dependent mechanisms. The Journal of Neuroscience,
18, 9673-9684.

Rudnicki, S.A., Berry, J.D., Ingersoll, E., Archibald, D., Cudkowicz, M.E., Kerr, D.A.,
Dong, Y. (2013) Dexpramipexole effects on functional decline and survival in
subjects with amyotrophic lateral sclerosis in a Phase II study: subgroup analysis
of demographic and clinical characteristics. Amyotroph Lateral Scler
Frontotemporal Degener, 14, 44-51.

Saggu, S.K., Chotaliya, H.P., Blumbergs, P.C., Casson, R.J. (2010) Wallerian-like axonal
degeneration in the optic nerve after excitotoxic retinal insult: an ultrastructural
study. BMC Neuroscience, 11, 97.

Saggu, S.K., Chotaliya, H.P., Cai, Z., Blumbergs, P., Casson, R.J. (2008) The
spatiotemporal pattern of somal and axonal pathology after perikaryal excitotoxic
injury to retinal ganglion cells: A histological and morphometric study. Exp
Neurol, 211, 52-58.

Sagot, Y., Tan, S.A., Bilbao, F.D., Aebischer, P. (1995) Bcl-2 Overexpression Axonal
Degeneration Disease Prevents Motoneuron Cell Body Loss but Not in a Mouse
Model of a Neurodegenerative. The Journal of Neuroscience.

Sakimura, K., Bujo, H., Kushiya, E., Araki, K., Yamazaki, M., Meguro, H., Warashina,
A., Numa, S., Mishina, M. (1990) Functional expression from cloned cDNAs of
glutamate receptor species responsive to kainate and quisqualate. FEBS Lett, 272,
73-80.

Salpeter, M.M., Loring, R.H. (1985) Nicotinic acetylcholine receptors in vertebrate
muscle: properties, distribution and neural control. Prog Neurobiol, 25, 297-325.

Salpeter, M.M., Marchaterre, M., Harris, R. (1988) Distribution of extrajunctional
acetylcholine receptors on a vertebrate muscle: evaluated by using a scanning
electron microscope autoradiographic procedure. J Cell Biol, 106, 2087-2093.

Salter, M.M.G., Fern, R. (2005) NMDA receptors are expressed in developing
oligodendrocyte processes and mediate injury. Nature, 438, 1167-1171.

Salzer, J.L. (2012) Axonal regulation of Schwann cell ensheathment and myelination. J
Peripher Nerv Syst, 17 Suppl 3, 14-19.

Sanchez-Gomez, M.V., Alberdi, E., Pérez-Navarro, E., Alberch, J., Matute, C., Sanchez-
Gomez, M.V., Perez-Navarro, E. (2011) Bax and calpain mediate excitotoxic
oligodendrocyte death induced by activation of both AMPA and kainate receptors.
The Journal of Neuroscience, 31, 2996-3006.

Sanes, J.R., Lichtman, J.W. (1999) Development of the vertebrate neuromuscular
junction. Ann Rev Neurosci, 22, 389-442.

Sanes, J.R., Lichtman, J.W. (2001) Induction, assembly, maturation and maintenance of a
postsynaptic apparatus. Nat Rev Neurosci, 2, 791-805.

165



References

Santamaria-Kisiel, L., Rintala-Dempsey, A.C., Shaw, G.S. (2006) Calcium-dependent
and -independent interactions of the S100 protein family. Biochem J, 396, 201-
214.

Sapru, M.K., Florance, S.K., Kirk, C., Goldman, D. (1998) Identification of a neuregulin
and protein-tyrosine phosphatase response element in the nicotinic acetylcholine
receptor epsilon subunit gene: regulatory role of an Rts transcription factor. Proc
Natl Acad Sci U S A, 95, 1289-1294.

Sasaki, S. (2011) Autophagy in spinal cord motor neurons in sporadic amyotrophic lateral
sclerosis. J Neuropathol Exp Neurol, 70, 349-359.

Sasaki, S., Iwata, M. (1996) Impairment of fast axonal transport in the proximal axons of
anterior horn neurons in amyotrophic lateral sclerosis. Neurology, 47, 535-540.

Sasaki, S., Iwata, M. (1999) Ultrastructural change of synapses of Betz cells in patients
with amyotrophic lateral sclerosis. Neurosci Lett, 268, 29-32.

Sattler, R., Xiong, Z., Lu, W.Y., MacDonald, J.F., Tymianski, M. (2000) Distinct roles of
synaptic and extrasynaptic NMDA receptors in excitotoxicity. The Journal of
Neuroscience, 20, 22-33.

Saxena, S., Cabuy, E., Caroni, P. (2009) A role for motoneuron subtype-selective ER
stress in disease manifestations of FALS mice. Nat Neurosci, 12, 627-636.
Saxena, S., Caroni, P. (2011) Selective neuronal vulnerability in neurodegenerative

diseases: from stressor thresholds to degeneration. Neuron, 71, 35-48.

Scarmeas, N., Shih, T., Stern, Y., Ottman, R., Rowland, L.P. (2002) Premorbid weight,
body mass, and varsity athletics in ALS. Neurology, 59, 773-775.

Schaefer, A.M., Sanes, J.R., Lichtman, J.W. (2005) THIS ONEA compensatory
subpopulation of motor neurons in a mouse model of amyotrophic lateral
sclerosis. J Comp Neurol, 490, 209-219.

Schaeffer, L., Duclert, N., Huchet-Dymanus, M., Changeux, J.P. (1998) Implication of a
multisubunit Ets-related transcription factor in synaptic expression of the nicotinic
acetylcholine receptor. Embo J, 17, 3078-3090.

Scherer, K., Bedlack, R.S. (2012) Diaphragm pacing in amyotrophic lateral sclerosis: a
literature review. Muscle Nerve, 46, 1-8.

Schiaffino, S., Reggiani, C. (2011) Fiber types in mammalian skeletal muscles. Physiol
Rev, 91, 1447-1531.

Schiffer, D., Cordera, S., Cavalla, P., Migheli, A. (1996) Reactive astrogliosis of the
spinal cord in amyotrophic lateral sclerosis. J Neurol Sci, 139 Suppl, 27-33.
Schmidt, N., Akaaboune, M., Gajendran, N., Martinez-Pena Y Valenzuela, 1., Wakefield,
S., Thurnheer, R., Brenner, H.R. (2011) Neuregulin/ErbB regulate neuromuscular
junction development by phosphorylation of a-dystrobrevin. J Cell Biol, 195,

1171-1184.

Schoenmann, Z., Assa-Kunik, E., Tiomny, S., Minis, A., Haklai-Topper, L., Arama, E.,
Yaron, A. (2010) Axonal degeneration is regulated by the apoptotic machinery or
a NAD+-sensitive pathway in insects and mammals. The Journal of
Neuroscience, 30, 6375-6386.

Schrattenholz, A., Soskic, V. (2006) NMDA receptors are not alone: dynamic regulation
of NMDA receptor structure and function by neuregulins and transient
cholesterol-rich membrane domains leads to disease-specific nuances of
glutamate-signalling. Curr Top Med Chem, 6, 663-686.

Schutz, B., Reimann, J., Dumitrescu-Ozimek, L., Kappes-Horn, K., Landreth, G.E.,
Schurmann, B., Zimmer, A., Heneka, M.T. (2005) The oral antidiabetic
pioglitazone protects from neurodegeneration and amyotrophic lateral sclerosis-

166



References

like symptoms in superoxide dismutase-G93A transgenic mice. The Journal of
Neuroscience, 25, 7805-7812.

Seeburg, P.H. (1993) The TINS/TiPS Lecture. The molecular biology of mammalian
glutamate receptor channels. Trends Neurosci, 16, 359-365.

Sephton, C.F., Cenik, C., Kucukural, A., Dammer, E.B., Cenik, B., Han, Y., Dewey,
C.M., Roth, F.P., Herz, J., Peng, J., et al (2011) Identification of neuronal RNA
targets of TDP-43-containing ribonucleoprotein complexes. J Biol Chem, 286,
1204-1215.

Shashoua, V.E., Hesse, G.W., Moore, B.W. (1984) Proteins of the brain extracellular
fluid: evidence for release of S-100 protein. J Neurochem, 42, 1536-1541.

Sheng, Z.-H.Z., Cai, Q. (2012) Mitochondrial transport in neurons: impact on synaptic
homeostasis and neurodegeneration. Nat Rev Neurosci, 13, 77-93.

Shiao, T., Fond, A., Deng, B., Wehling-Henricks, M., Adams, M.E., Froehner, S.C.,
Tidball, J.G. (2004) Defects in neuromuscular junction structure in dystrophic
muscle are corrected by expression of a NOS transgene in dystrophin-deficient
muscles, but not in muscles lacking alpha- and betal-syntrophins. Hum Mol
Genet, 13, 1873-1884.

Si, J., Luo, Z., Mei, L. (1996) Induction of acetylcholine receptor gene expression by
ARIA requires activation of mitogen-activated protein kinase. J Biol Chem, 271,
19752-19759.

Si, J., Wang, Q., Mei, L. (1999) Essential roles of c-JUN and c-JUN N-terminal kinase
(JNK) in neuregulin-increased expression of the acetylcholine receptor epsilon-
subunit. The Journal of Neuroscience, 19, 8498-8508.

Siddique, T., Figlewicz, D.A., Pericak-Vance, M.A., Haines, J.L., Rouleau, G., Jeffers,
A.J., Sapp, P., Hung, W.Y ., Bebout, J., McKenna-Yasek, D., et al (1991) Linkage
of a gene causing familial amyotrophic lateral sclerosis to chromosome 21 and
evidence of genetic-locus heterogeneity. N Engl J Med, 324, 1381-1384.

Simon, D.J., Weimer, R.M., McLaughlin, T., Kallop, D., Stanger, K., Yang, J., O'Leary,
D.D., Hannoush, R.N., Tessier-Lavigne, M. (2012) A caspase cascade regulating
developmental axon degeneration. The Journal of Neuroscience, 32, 17540-
17553.

Simpson, E.P., Henry, Y.K., Henkel, J.S., Smith, R.G., Appel, S.H. (2004) Increased lipid
peroxidation in sera of ALS patients: a potential biomarker of disease burden.
Neurology, 62, 1758-1765.

Sirdofsky, M.D., Hawley, R.J., Manz, H. (1991) Progressive motor neuron disease
associated with electrical injury. Muscle Nerve, 14, 977-980.

Sladeczek, F., Pin, J.P., Recasens, M., Bockaert, J., Weiss, S. (1985) Glutamate
stimulates inositol phosphate formation in striatal neurones. Nature, 317, 717-719.

Smith, B., Galbiati, F., Castelvetri, L.C., Givogri, M.I., Lopez-Rosas, A., Bongarzone,
E.R. (2011) Peripheral neuropathy in the Twitcher mouse involves the activation
of axonal caspase 3. ASN Neuro, 3, 213-222.

Snowden, J., Neary, D., Mann, D. (2007) Frontotemporal lobar degeneration: clinical and
pathological relationships. Acta Neuropathol, 114, 31-38.

Snowden, J.S., Rollinson, S., Thompson, J.C., Harris, J.M., Stopford, C.L., Richardson,
A.M., Jones, M., Gerhard, A., Davidson, Y.S., Robinson, A., et al (2012) Distinct
clinical and pathological characteristics of frontotemporal dementia associated
with COORF72 mutations. Brain, 135, 693-708.

Sorci, G., Riuzzi, F., Agneletti, A.L., Marchetti, C., Donato, R. (2003) S100B inhibits
myogenic differentiation and myotube formation in a RAGE-independent manner.
Mol Cell Biol, 23, 4870-4881.

167



References

Spreux-Varoquaux, O., Bensimon, G., Lacomblez, L., Salachas, F., Pradat, P.F., Le
Forestier, N., Marouan, A., Dib, M., Meininger, V. (2002) Glutamate levels in
cerebrospinal fluid in amyotrophic lateral sclerosis: a reappraisal using a new
HPLC method with coulometric detection in a large cohort of patients. J Neurol
Sci, 193, 73-78.

Sreedharan, J., Blair, I.P., Tripathi, V.B., Hu, X., Vance, C., Rogelj, B., Ackerley, S.,
Durnall, J.C., Williams, K.L., Buratti, E., et al (2008) TDP-43 mutations in
familial and sporadic amyotrophic lateral sclerosis. Science, 249, 1668-1672.

Stallings, N.R., Puttaparthi, K., Dowling, K.J., Luther, C.M., Burns, D.K., Davis, K.,
Elliott, J.L. (2013) TDP-43, an ALS Linked Protein, Regulates Fat Deposition and
Glucose Homeostasis. PL0S One, 8, €71793.

Sternberger, L.A., Sternberger, N.H. (1983) Monoclonal antibodies distinguish
phosphorylated and nonphosphorylated forms of neurofilaments in situ. Proc Natl
Acad Sci U.S.A, 80, 6126.

Stieber, A., Gonatas, J.O., Gonatas, N.K. (2000) Aggregates of mutant protein appear
progressively in dendrites, in periaxonal processes of oligodendrocytes, and in
neuronal and astrocytic perikarya of mice expressing the SOD1(G93A) mutation
of familial amyotrophic lateral sclerosis. J Neurol Sci, 177, 114-123.

Stirling, D., Stys, P. (2010) Mechanisms of axonal injury: internodal nanocomplexes and
calcium deregulation. Trends in molecular medicine, 16.

Stone, T.W., Perkins, M.N. (1981) Quinolinic acid: a potent endogenous excitant at
amino acid receptors in CNS. Eur J Pharmacol, 72, 411-412.

Strong, M.J., Volkening, K., Hammond, R., Yang, W., Strong, W., Leystra-Lantz, C.,
Shoesmith, C. (2007) TDP43 is a human low molecular weight neurofilament
(hNFL) mRNA-binding protein. Molecular and Cellular Neuroscience, 35, 320-
327.

Stys, P.K., Li, S. (2000) Glutamate-induced white matter injury: Excitotoxicity without
synapses. The Neuroscientist, 6, 230-233.

Sun, H., Kawahara, Y., Ito, K., Kanazawa, 1., Kwak, S. (2006) Slow and selective death
of spinal motor neurons in vivo by intrathecal infusion of kainic acid: implications
for AMPA receptor-mediated excitotoxicity in ALS. J Neurochem, 98, 782-791.

Sun, Z., Diaz, Z., Fang, X., Hart, M.P., Chesi, A., Shorter, J., Gitler, A.D. (2011)
Molecular determinants and genetic modifiers of aggregation and toxicity for the
ALS disease protein FUS/TLS. PLoS Biol, 9, e1000614.

Sussmuth, S.D., Tumani, H., Ecker, D., Ludolph, A.C. (2003) Amyotrophic lateral
sclerosis: disease stage related changes of tau protein and S100 beta in
cerebrospinal fluid and creatine kinase in serum. Neurosci Lett, 353, 57-60.

Swarup, V., Julien, J.P. (2011) ALS pathogenesis: recent insights from genetics and
mouse models. Prog Neuropsychopharmacol Biol Psychiatry, 35, 363-369.

Swash, M. (2012) Why are upper motor neuron signs difficult to elicit in amyotrophic
lateral sclerosis? J Neurol Neurosurg Psychiatry, 83, 659-662.

Taes, 1., Timmers, M., Hersmus, N., Bento-Abreu, A., Van Den Bosch, L., Van Damme,
P., Auwerx, J., Robberecht, W. (2013) Hdac6 deletion delays disease progression
in the SOD1G93 A mouse model of ALS. Hum Mol Genet, 22, 1783-1790.

Tan, C.F., Eguchi, H., Tagawa, A., Onodera, O., Iwasaki, T., Tsujino, A., Nishizawa, M.,
Kakita, A., Takahashi, H. (2007) TDP-43 immunoreactivity in neuronal
inclusions in familial amyotrophic lateral sclerosis with or without SOD1 gene
mutation. Acta Neuropathol, 113, 535-542.

168



References

Tang, H., Goldman, D. (2006) Activity-dependent gene regulation in skeletal muscle is
mediated by a histone deacetylase (HDAC)-Dach2-myogenin signal transduction
cascade. Proc Natl Acad Sci U S A, 103, 16977-16982.

Tang, H., Macpherson, P., Marvin, M., Meadows, E., Klein, W.H., Yang, X.J., Goldman,
D. (2009) A histone deacetylase 4/myogenin positive feedback loop coordinates
denervation-dependent gene induction and suppression. Mol Biol Cell, 20, 1120-
1131.

Tang, H., Sun, Z., Goldman, D. (2001) CaM kinase II-dependent suppression of nicotinic
acetylcholine receptor delta-subunit promoter activity. J Biol Chem, 276, 26057-
26065.

Tateno, M., Sadakata, H., Tanaka, M., Itohara, S., Shin, R.M., Miura, M., Masuda, M.,
Aosaki, T., Urushitani, M., Misawa, H., et al (2004) Calcium-permeable AMPA
receptors promote misfolding of mutant SODI1 protein and development of
amyotrophic lateral sclerosis in a transgenic mouse model. Hum Mol Genet, 13,
2183-2196.

Taylor, A.M., Blurton-Jones, M., Rhee, S.W., Cribbs, D.H., Cotman, C.W., Jeon, N.L.
(2005) A microfluidic culture platform for CNS axonal injury, regeneration and
transport. Nat Methods, 2, 599-605.

Taylor, A.R., Gifondorwa, D.J., Newbern, J.M., Robinson, M.B., Strupe, J.L., Prevette,
D., Oppenheim, R.W., Milligan, C.E. (2007) Astrocyte and muscle-derived
secreted factors differentially regulate motoneuron survival. The Journal of
Neuroscience, 27, 634-644.

Telerman-Toppet, N., Coers, C. (1978) Motor innervation and fiber type pattern in
amyotrophic lateral sclerosis and in Charcot-Marie-Tooth disease. Muscle Nerve,
1, 133-139.

Thompson, C.C., Brown, T.A., McKnight, S.L. (1991) Convergence of Ets- and notch-
related structural motifs in a heteromeric DNA binding complex. Science, 253,
762-768.

Tirrell, T.F., Cook, M.S., Carr, J.A., Lin, E., Ward, S.R., Lieber, R.L. (2012) Human
skeletal muscle biochemical diversity. J Exp Biol, 215, 2551-2559.

Tollervey, J.R., Curk, T., Rogelj, B., Briese, M., Cereda, M., Kayikci, M., Konig, J.,
Hortobagyi, T., Nishimura, A.L., Zupunski, V., et al (2011) Characterizing the
RNA targets and position-dependent splicing regulation by TDP-43. Nat
Neurosci, 14, 452-458.

Tovar, K.R., Westbrook, G.L. (2002) Mobile NMDA receptors at hippocampal synapses.
Neuron, 34, 255-264.

Towne, C., Raoul, C., Schneider, B.L., Aebischer, P. (2008) Systemic AAV6 delivery
mediating RNA interference against SOD1: neuromuscular transduction does not
alter disease progression in fALS mice. Mol Ther, 16, 1018-1025.

Trachtenberg, J.T., Thompson, W.J. (1997) Nerve terminal withdrawal from rat
neuromuscular junctions induced by neuregulin and Schwann cells. The Journal
of Neuroscience, 17, 6243-6255.

Traynor, B.J., Codd, M.B., Corr, B., Forde, C., Frost, E., Hardiman, O.M. (2000) Clinical
features of amyotrophic lateral sclerosis according to the El Escorial and Airlie
House diagnostic criteria: A population-based study. Arch Neurol, 57, 1171-1176.

Trotti, D., Danbolt, N.N.C., Volterra, A. (1998) Glutamate transporters are oxidant-
vulnerable: a molecular link between oxidative and excitotoxic
neurodegeneration? TIPS, 19, 328.

169



References

Tsang, Y.M., Chiong, F., Kuznetsov, D., Kasarskis, E., Geula, C. (2000) Motor neurons
are rich in non-phosphorylated neurofilaments: cross-species comparison and
alterations in ALS. Brain Res, 861, 45-58.

Tsen, G., Halfter, W., Kroger, S., Cole, G.J. (1995) Agrin is a heparan sulfate
proteoglycan. J Biol Chem, 270, 3392-3399.

Tsuchiya, K., Ikeda, K., Mimura, M., Takahashi, M., Miyazaki, H., Anno, M., Shiotsu,
H., Akabane, H., Niizato, K., Uchihara, T., et al (2002) Constant involvement of
the Betz cells and pyramidal tract in amyotrophic lateral sclerosis with dementia:
a clinicopathological study of eight autopsy cases. Acta Neuropathol, 104, 249-
259.

Tsuda, T., Munthasser, S., Fraser, P.E., Percy, M.E., Rainero, 1., Vaula, G., Pinessi, L.,
Bergamini, L., Vignocchi, G., McLachlan, D.R., et al (1994) Analysis of the
functional effects of a mutation in SOD1 associated with familial amyotrophic
lateral sclerosis. Neuron, 13, 727-736.

Tsujihata, M., Hazama, R., Yoshimura, T., Satoh, A., Mori, M., Nagataki, S. (1984) The
motor end-plate fine structure and ultrastructural localization of acetylcholine
receptors in amyotrophic lateral sclerosis. Muscle Nerve, 7, 243-249.

Tu, P.H., Raju, P., Robinson, K.A., Gurney, M.E., Trojanowski, J.Q., Lee, V.M. (1996)
Transgenic mice carrying a human mutant superoxide dismutase transgene
develop neuronal cytoskeletal pathology resembling human amyotrophic lateral
sclerosis lesions. Proc Natl Acad Sci U S A, 93, 3155-3160.

Turner, M.R., Cagnin, A., Turkheimer, F.E., Miller, C.C., Shaw, C.E., Brooks, D.J.,
Leigh, P.N., Banati, R.B. (2004) Evidence of widespread cerebral microglial
activation in amyotrophic lateral sclerosis: an [11C](R)-PK11195 positron
emission tomography study. Neurobiol Dls, 15, 601-609.

Turner, M.R., Hardiman, O., Benatar, M., Brooks, B.R., Chio, A., de Carvalho, M., Ince,
P.G., Lin, C., Miller, R.G., Mitsumoto, H., et al (2013) Controversies and
priorities in amyotrophic lateral sclerosis. Lancet Neurol, 12, 310-322.

Turner, M.R., Kiernan, M.C. (2012) Does interneuronal dysfunction contribute to
neurodegeneration in amyotrophic lateral sclerosis? Amyotroph Lateral Scler, 13,
245-250.

Underhill, S.M., Goldberg, M.P. (2007) Hypoxic injury of isolated axons is independent
of ionotropic glutamate receptors. Neurobiol Dls, 25, 284-290.

Vaittinen, S., Lukka, R., Sahlgren, C., Rantanen, J., Hurme, T., Lendahl, U., Eriksson,
J.E., Kalimo, H. (1999) Specific and innervation-regulated expression of the
intermediate filament protein nestin at neuromuscular and myotendinous junctions
in skeletal muscle. American Journal of Pathology, 154, 591.

Van Damme, P., Bogaert, E., Dewil, M., Hersmus, N., Kiraly, D., Scheveneels, W.,
Bockx, 1., Braeken, D., Verpoorten, N., Verhoeven, K., et al (2007a) Astrocytes
regulate GluR2 expression in motor neurons and their vulnerability to
excitotoxicity. Proceedings of the National Academy of Sciences, 104, 14825-
14830.

Van Damme, P., Bogaert, E., Dewil, M., Hersmus, N., Kiraly, D., Scheveneels, W.,
Bockx, I., Braeken, D., Verpoorten, N., Verhoeven, K., et al (2007b) Astrocytes
regulate GluR2 expression in motor neurons and their vulnerability to
excitotoxicity. Proc Natl Acad Sci U S A, 104, 14825-14830.

Van Damme, P., Dewil, M., Robberecht, W., Van Den Bosch, L. (2005) Excitotoxicity
and amyotrophic lateral sclerosis. Neurodegener Dis, 2, 147-159.

Van Damme, P., Robberecht, W. (2013) Clinical implications of recent breakthroughs in
amyotrophic lateral sclerosis. Curr Opin Neurol, 26, 466-472.

170



References

Van Den Bosch, L., Robberecht, W. (2008) Crosstalk between astrocytes and motor
neurons: What is the message? Experimental Neurology, 211, 1-6.

Van Den Bosch, L., Tilkin, P., Lemmens, G., Robberecht, W. (2002) Minocycline delays
disease onset and mortality in a transgenic model of ALS. Neuroreport, 13, 1067-
1070.

Van Den Bosch, L., Van Damme, P., Bogaert, E., Robberecht, W. (2006) The role of
excitotoxicity in the pathogenesis of amyotrophic lateral sclerosis. Biochim
Biophys Acta, 1762, 1068-1082.

Van Den Bosch, L., Vandenberghe, W., Klaassen, H., Van Houtte, E., Robberecht, W.
(2000) Ca2+-permeable AMPA receptors and selective vulnerability of motor
neurons. J Neurol Sci, 180, 29-34.

Van Eldik, L.J., Wainwright, M.S. (2003) The Janus face of glial-derived S100B:
beneficial and detrimental functions in the brain. Restor Neurol Neurosci, 21, 97-
108.

Van Eldik, L.J., Zimmer, D.B. (1987) Secretion of S-100 from rat C6 glioma cells. Brain
Res, 436, 367-370.

Van Hoecke, A., Schoonaert, L., Lemmens, R., Timmers, M., Staats, K.A., Laird, A.S.,
Peeters, E., Philips, T., Goris, A., Dubois, B., et al (2012) EPHA4 is a discase
modifier of amyotrophic lateral sclerosis in animal models and in humans. Nat
Med, 18, 1418-1422.

van Zundert, B., Peuscher, M.H., Hynynen, M., Chen, A., Neve, R.L., Brown, R.H., Jr.,
Constantine-Paton, M., Bellingham, M.C. (2008) Neonatal neuronal circuitry
shows hyperexcitable disturbance in a mouse model of the adult-onset
neurodegenerative disease amyotrophic lateral sclerosis. The Journal of
Neuroscience, 28, 10864-10874.

van Zundert, B., Yoshii, A., Constantine-Paton, M. (2004) Receptor
compartmentalization and trafficking at glutamate synapses: a developmental
proposal. Trends Neurosci, 27, 428-437.

Vanacore, N., Lehman, E.J., Hein, M.J.,, Baron, S.L., Gersic, C.M. (2013)
Neurodegenerative causes of death among retired National Football League
players. Neurology, 80, 1266-1267.

Vance, C., Rogelj, B., Hortobagyi, T., De Vos, K., Nishimura, A.L., Sreedharan, J., Hu,
X., Smith, B., Al-saraj, S., Al-chalabi, A., et al (2009) Mutations in FUS, an RNA
processing protein, cause familial amyotrophic lateral sclerosis type 6. Science,
1208-1211.

Vandenberghe, W., Robberecht, W., Brorson, J.R. (2000) AMPA receptor calcium
permeability, GluR2 expression, and selective motoneuron vulnerability. The
Journal of Neuroscience, 20, 123-132.

Vargas, M.R., Johnson, D.a., Sirkis, D.W., Messing, A., Johnson, J.a. (2008) Nrf2
activation in astrocytes protects against neurodegeneration in mouse models of
familial amyotrophic lateral sclerosis. The Journal of Neuroscience, 28, 13574-
13581.

Vartiainen, N., Tikka, T., Keinanen, R., Chan, P.H., Koistinaho, J. (1999) Glutamatergic
receptors regulate  expression, phosphorylation and accumulation of
neurofilaments in spinal cord neurons. Neuroscience, 93, 1123-1133.

Veldink, J.H., Kalmijn, S., Groeneveld, G.J., Titulaer, M.J., Wokke, J.H., van den Berg,
L.H. (2005) Physical activity and the association with sporadic ALS. Neurology,

64, 241-245.
Verkhratsky, A., Kirchhoff, F. (2007) NMDA Receptors in glia. Neuroscientist, 13, 28-
37.

171



References

Vickers, J.C., Huntley, G.W., Edwards, A.M., Moran, T., Rogers, S.W., Heinemann, S.F.,
Morrison, J.H. (1993) Quantitative localization of AMPA/kainate and kainate
glutamate receptor subunit immunoreactivity in neurochemically identified
subpopulations of neurons in the prefrontal cortex of the macaque monkey. The
Journal of Neuroscience, 13, 2982-2992.

Vijayvergiya, C., Beal, M.F., Buck, J., Manfredi, G. (2005) Mutant superoxide dismutase
1 forms aggregates in the brain mitochondrial matrix of amyotrophic lateral
sclerosis mice. The Journal of Neuroscience, 25, 2463-2470.

Vinceti, M., Fiore, M., Signorelli, C., Odone, A., Tesauro, M., Consonni, M., Arcolin, E.,
Malagoli, C., Mandrioli, J., Marmiroli, S., et al (2012) Environmental risk factors
for amyotrophic lateral sclerosis: methodological issues in epidemiologic studies.
Ann lg, 24, 407-415.

Vucic, S., Kiernan, M.C. (2006) Axonal excitability properties in amyotrophic lateral
sclerosis. Clin Neurophysiol, 117, 1458-1466.

Vucic, S., Krishnan, A.V., Kiernan, M.C. (2007) Fatigue and activity dependent changes
in axonal excitability in amyotrophic lateral sclerosis. J Neurol Neurosurg
Psychiatry, 78, 1202-1208.

Vukosavic, S., Stefanis, L., Jackson-Lewis, V., Guegan, C., Romero, N., Chen, C.,
Dubois-Dauphin, M., Przedborski, S. (2000) Delaying caspase activation by Bcl-
2: A clue to disease retardation in a transgenic mouse model of amyotrophic
lateral sclerosis. The Journal of Neuroscience, 20, 9119-9125.

Vyas, K.J., Weiss, J.H. (2009) BMAA--an unusual cyanobacterial neurotoxin. Amyotroph
Lateral Scler, 10 Suppl 2, 50-55.

Wallace, G.Q., McNally, E.M. (2009) Mechanisms of muscle degeneration, regeneration,
and repair in the muscular dystrophies. Annu Rev Physiol, 71, 37-57.

Walsh, M.K., Lichtman, J.W. (2003) In vivo time-lapse imaging of synaptic takeover
associated with naturally occurring synapse elimination. Neuron, 37, 67-73.

Wang, J., Farr, G.W., Zeiss, C.J., Rodriguez-Gil, D.J., Wilson, J.H., Furtak, K.,
Rutkowski, D.T., Kaufman, R.J., Ruse, C.I., Yates, J.R., 3rd, et al (2009)
Progressive aggregation despite chaperone associations of a mutant SOD1-YFP in
transgenic mice that develop ALS. Proc Natl Acad Sci U S A, 106, 1392-1397.

Wang, J.T., Barres, B.A. (2012) Axon degeneration: where the Wlds things are. Curr
Biol, 22, R221-223.

Wang, M.S., Fang, G., Culver, D.G., Davis, A.A., Rich, M.M., Glass, J.D. (2001) The
WIdS protein protects against axonal degeneration: a model of gene therapy for
peripheral neuropathy. Ann Neurol, 50, 773-779.

Warita, H., Itoyama, Y., Abe, K. (1999) Selective impairment of fast anterograde axonal
transport in the peripheral nerves of asymptomatic transgenic mice with a G93A
mutant SOD1 gene. Brain Res, 819, 120-131.

Watkins, J.C., Evans, R.H. (1981) Excitatory amino acid transmitters. Annu Rev
Pharmacol Toxicol, 21, 165-204.

Wei, R., Bhattacharya, A., Hamilton, R.T., Jernigan, A.L., Chaudhuri, A.R. (2013)
Differential effects of mutant SOD1 on protein structure of skeletal muscle and
spinal cord of familial amyotrophic lateral sclerosis: Role of chaperone network.
Biochem Biophys Res Commun, 438, 218-223.

Werner, P., Voigt, M., Keinanen, K., Wisden, W., Seeburg, P.H. (1991) Cloning of a
putative high-affinity kainate receptor expressed predominantly in hippocampal
CA3 cells. Nature, 351, 742-744.

172



References

Weston, C., Yee, B., Hod, E., Prives, J. (2000) Agrin-induced acetylcholine receptor
clustering is mediated by the small guanosine triphosphatases Rac and Cdc42. J
Cell Biol, 150, 205-212.

Williamson, T.L., Cleveland, D.W. (1999) Slowing of axonal transport is a very early
event in the toxicity of ALS-linked SODI mutants to motor neurons. Nat
Neurosci, 2, 50-56.

Winkler, E.A., Sengillo, J.D., Sullivan, J.S., Henkel, J.S., Appel, S.H., Zlokovic, B.V.
(2013) Blood-spinal cord barrier breakdown and pericyte reductions in
amyotrophic lateral sclerosis. Acta Neuropathol, 125, 111-120.

Wishart, T.M., Parson, S.H., Gillingwater, T.H. (2006) Synaptic vulnerability in
neurodegenerative disease. J Neuropathol Exp Neurol, 65, 733-739.

Wolpowitz, D., Mason, T.B., Dietrich, P., Mendelsohn, M., Talmage, D.A., Role, L.W.
(2000) Cysteine-rich domain isoforms of the neuregulin-1 gene are required for
maintenance of peripheral synapses. Neuron, 25, 79-91.

Wong, M., Martin, L.J. (2010) Skeletal muscle-restricted expression of human SODI1
causes motor neuron degeneration in transgenic mice. Hum Mol Genet, 19, 2284-
2302.

Wong, P.C., Cai, H., Borchelt, D.R., Price, D.L. (2002) Genetically engineered mouse
models of neurodegenerative diseases. Nat Neurosci, 5, 633-639.

Wood, J.D., Beaujeux, T.P., Shaw, P.J. (2003) Protein aggregation in motor neurone
disorders. Neuropathol Appl Neurobiol, 29, 529-545.

Wooley, C.M., Sher, R.B., Kale, A., Frankel, W.N., Cox, G.a., Seburn, K.L. (2005) Gait
analysis detects early changes in transgenic SOD1(G93A) mice. Muscle & nerve,
32, 43-50.

Wu, C.H., Fallini, C., Ticozzi, N., Keagle, P.J., Sapp, P.C., Piotrowska, K., Lowe, P.,
Koppers, M., McKenna-Yasek, D., Baron, D.M., et al (2012a) Mutations in the
profilin 1 gene cause familial amyotrophic lateral sclerosis. Nature, 488, 499-503.

Wu, H,, Lu, Y., Shen, C., Patel, N., Gan, L., Xiong, W.C., Mei, L. (2012b) Distinct roles
of muscle and motoneuron LRP4 in neuromuscular junction formation. Neuron,
75, 94-107.

Wu, H., Xiong, W.C., Mei, L. (2010) To build a synapse: signaling pathways in
neuromuscular junction assembly. Development, 137, 1017-1033.

Yamanaka, K., Boillee, S., Roberts, E.A., Garcia, M.L., McAlonis-Downes, M., Mikse,
O.R., Cleveland, D.W., Goldstein, L.S. (2008a) Mutant SODI1 in cell types other
than motor neurons and oligodendrocytes accelerates onset of disease in ALS
mice. Proc Natl Acad Sci U S A, 105, 7594-7599.

Yamanaka, K., Chun, S.J., Boillee, S., Fujimori-Tonou, N., Yamashita, H., Gutmann,
D.H., Takahashi, R., Misawa, H., Cleveland, D.W. (2008b) Astrocytes as
determinants of disease progression in inherited amyotrophic lateral sclerosis. Nat
Neurosci, 11, 251-253.

Yang, J., Dominguez, B., de Winter, F., Gould, T.W., Eriksson, J.E., Lee, K.-F. (2011)
Nestin negatively regulates postsynaptic differentiation of the neuromuscular
synapse. Nat Neurosci, 14, 1-8.

Yang, Y., Gozen, O., Watkins, A., Lorenzini, 1., Lepore, A., Gao, Y., Vidensky, S.,
Brennan, J., Poulsen, D., Park, J.W., et al (2009) Presynatpic regulation of
astroglial excitatory neurotransmitter transporter GLT1. Neuron, 61, 880-894.

Yang, Y., Hentati, A., Deng, H.X., Dabbagh, O., Sasaki, T., Hirano, M., Hung, W.Y.,
Ouahchi, K., Yan, J., Azim, A.C., et al (2001) The gene encoding alsin, a protein
with three guanine-nucleotide exchange factor domains, is mutated in a form of
recessive amyotrophic lateral sclerosis. Nat Genet, 29, 160-165.

173



References

Yasojima, K., Tourtellotte, W.W., McGeer, E.G., McGeer, P.L. (2001) Marked increase
in cyclooxygenase-2 in ALS spinal cord: implications for therapy. Neurology, 57,
952-956.

Yasvoina, M.V., Genc, B., Jara, J.H., Sheets, P.L., Quinlan, K.A., Milosevic, A.,
Shepherd, G.M., Heckman, C.J., Ozdinler, P.H. (2013) eGFP expression under
UCHLI1 promoter genetically labels corticospinal motor neurons and a
subpopulation of degeneration-resistant spinal motor neurons in an ALS mouse
model. The Journal of Neuroscience, 33, 7890-7904.

Yin, H.Z., Hsu, C.I., Yu, S., Rao, S.D., Sorkin, L.S., Weiss, J.H. (2012) TNF-alpha
triggers rapid membrane insertion of Ca(2+) permeable AMPA receptors into
adult motor neurons and enhances their susceptibility to slow excitotoxic injury.
Exp Neurol, aheadofprint.

Yoshioka, A., Hardy, M., Younkin, D.P., Grinspan, J.B., Stern, J.L., Pleasure, D. (1995)
Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate =~ (AMPA) receptors
mediate excitotoxicity in the oligodendroglial lineage. J Neurochem, 64, 2442-
2448.

Zhang, B., Luo, S., Dong, X.P., Zhang, X., Liu, C., Luo, Z., Xiong, W.C., Mei, L. (2007)
Beta-catenin regulates acetylcholine receptor clustering in muscle cells through
interaction with rapsyn. The Journal of Neuroscience, 27, 3968-3973.

Zhang, Y., Schuff, N., Woolley, S.C., Chiang, G.C., Boreta, L., Laxamana, J., Katz, J.S.,
Weiner, M.W. (2011) Progression of white matter degeneration in amyotrophic
lateral sclerosis: A diffusion tensor imaging study. Amyotroph Lateral Scler, 12,
421-429.

Zhao, W., Xie, W., Xiao, Q., Beers, D.R., Appel, S.H. (2006) Protective effects of an
anti-inflammatory cytokine, interleukin-4, on motoneuron toxicity induced by
activated microglia. J Neurochem, 99, 1176-1187.

Zheng, J.Q., Wan, J.J., Poo, M.M. (1996) Essential role of filopodia in chemotropic
turning of nerve growth cone induced by a glutamate gradient. The Journal of
Neuroscience, 16, 1140-1149.

Zhou, J., Yi, J., Fu, R., Liu, E., Siddique, T., Rios, E., Deng, H.X. (2010) Hyperactive
intracellular calcium signaling associated with localized mitochondrial defects in
skeletal muscle of an animal model of amyotrophic lateral sclerosis. J Biol Chem,
285, 705-712.

Zhu, S., Stavrovskaya, 1.G., Drozda, M., Kim, B.Y., Ona, V., Li, M., Sarang, S., Liu,
A.S., Hartley, D.M., Wu, D.C., et al (2002) Minocycline inhibits cytochrome ¢
release and delays progression of amyotrophic lateral sclerosis in mice. Nature,
417, 74-78.

Zhu, X., Lai, C., Thomas, S., Burden, S.J. (1995) Neuregulin receptors, erbB3 and erbB4,
are localized at neuromuscular synapses. Embo J, 14, 5842-5848.

Zhu, Y.B., Sheng, Z.H. (2011) Increased axonal mitochondrial mobility does not slow
amyotrophic lateral sclerosis (ALS)-like disease in mutant SOD1 mice. J Biol
Chem, 286, 23432-23440.

Zona, C., Pieri, M., Carunchio, I. (2006) Voltage-dependent sodium channels in spinal
cord motor neurons display rapid recovery from fast inactivation in a mouse
model of amyotrophic lateral sclerosis. J Neurophysiol, 96, 3314-3322.

Zu, T., Gibbens, B., Doty, N.S., Gomes-Pereira, M., Huguet, A., Stone, M.D., Margolis,
J., Peterson, M., Markowski, T.W., Ingram, M.A., et al (2011) Non-ATG-initiated
translation directed by microsatellite expansions. Proc Natl Acad Sci U S A, 108,
260-265.

174



References

Zuber, B., Unwin, N. (2013) Structure and superorganization of acetylcholine receptor-
rapsyn complexes. Proc Natl Acad Sci U S A, 110, 10622-10627.

175



Appendices

8 APPENDICES

8.1 COMMON LABORATORY REAGENTS

0.01M Phosphate Buffered Saline (PBS) — 1.0L

850mL MilliQ® water

100mL 90.0g/L Sodium chloride (NaCl; BDH, USA)

40mL 28.0g/L Di-sodium hydrogen orthophosphate (Na,HPO; BDH, USA)

10mL 31.2g/L Sodium di-hydrogen orthophosphate (NaH,PO4.2H,0; Ajax,

Australia)

4% Paraformaldehyde — 1.0L

40g granulated paraformaldehyde (PFA)
500mL MilliQ® water

400mL 28.0g/L Na,HPO

100mL 31.2g/L NaH,P0O4.2H,0

1.0M NaOH & 1.0M HCl to pH

Heat MilliQ® to 80°C, add granulated PFA and 5 drops of NaOH. Stir until PFA
dissolved, add NaH,PO4.H,O and Na,HPO. Filter and pH to 7.4.

Tissue Storage Solution — S00mL

500mL 0.01M PBS

0.5g sodium azide
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Cryoprotectant Solution (30% sucrose) — S00mL

500mL 0.01M PBS
150g sucrose

0.02% sodium azide

0.3% Triton-X-100 Diluent — 200mL

200mL 0.1M PBS
600ul Triton-X-100 diluent (Sigma, USA)

8.2 REAGENTS FOR CELL CULTURE

1.06g/L Optiprep

4mL HBSS
ImL Optiprep™

Mix well immediately prior to use.

0.001% Poly-L-lysine

450ml 0.01M PBS
50ml (10%) Poly-L-lysine

2.5ng/ml Poly-L-laminin

10ml 0.001% Poly-L-lysine
25l Laminin (Sigma)

11
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0.01% Collagen

100ml 0.01M PBS
10ml (10%) Calf-skin collagen (Sigma)

0.25% Trypsin

20mL 0.01M PBS
0.05g Trypsin

Combine and filter-sterilise. Store 1mL aliquots -20°C.

0.05% Trypsin EDTA

100ml 0.01M PBS

0.05g Trypsin
0.0186g EDTA

Combine and filter-sterilise. Store 10mL aliquots -20°C.

Collagenase/Dispase

Img/ml Collagenase
2.4U/ml Dispase 1
2.5mM CacCl,

Store 250l aliquots collagenase and dispase -20°C; CaCl, stock 4°C. Combine

immediately prior to use.
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Table 1.1 — Genes involved in ALS

Gene Protein Normal function Mutant activity Reference
SOD1 Superoxide dismutase  Antioxidant Toxic gain of function Rosen et al., 1993
1
ALS2 Alsin Endosome trafficking  Uncertain Yang et al., 2001
VEGF Vascular endothelial Induced by hypoxia Loss of function Oosthyse et al.,
growth factor 2001
Angiogenin  Angiogenin Related to VEGF Loss of function Greenway et al.,
2004; 2006
Peripherin  Peripherin Cytoskeleton Loss of function Gross-Louis et al.,
2004
SETX Senataxin DNA processing and Loss of function Chen et al., 2004
repair
VAPB Vesicle-associated Axon transport Deficits in axon Nishimura et al.,
membrane protein transport 2004
TARDBP TAR-DNA binding DNA binding, Loss of function Kabashi et al., 2008;
protein (TDP-43) associated with half and/or mislocalisation ~ Sreedharan et al.,
mammalian to cytoplasm. 2008
transcription Aggregation.
FUS Fused in sarcoma RNA binding Loss of function Kwiatkowski et al.,
and/or mislocalisation ~ 2009; Vance et al.,
to cytoplasm. 2009
Aggregation.
ATXN-2 Ataxin-2 Uncertain Poly-Q repeats, Elden et al., 2010
toxicity in a dose-
dependent manner
OPTN Optineurin Negative regulation of Loss of function Maruyama et al.,
TNF-a activation of and/or intracellular 2010
NF-xB aggregates
VCP Valosin-containing Diverse range of Intracellular Johnson et al., 2010
protein intracellular functions  aggregates and loss of
including cell cycle function
and protein
degradation
C9orf72 C90RF72 Unknown Uncertain. Formation ~ DelJesus-Hernandez
of dipeptide repeat etal., 2011; Renton
proteins by RAN etal., 2011
translation
UBQLN2 Ubiquilin-2 Delivery of Impaired protein Deng et al., 2011
ubiquitinated proteins  degradation
to the proteasome for
degradation
Eph4 Tyrosine kinase Disease modification, ~ Van Hoeke et al.,
ephrin receptor 4 missing Eph4 slows 2012
disease progression
PFN-1 Profilin-1 Conversion of Dysfunction Wuetal., 2012a
monomeric actin to
filamentous actin
1p34.1 Unknown Unknown Age of onset Ahmeti et al., 2013

modification




Table 2.1 — Primary antibodies

Name Immunogen Species Dilution  Fixation  Supplier
B-1IT tubulin Neuron-specific cytoskeletal marker Mm 1:2000 4% PFA  Promega
Desmin Myocyte intermediate filament Mm 1:400 4% PFA  Dako
Dystrophin NMJ scaffolding protein Rp 1:100 4% PFA  Abcam
(postsynaptic)
Fibronectin Fibroblast specific protein Rp 1:1000 4% PFA  Sigma
GFAP Glial fibrillary acidic protein Mm 1:1000 4% PFA  Chemicon
GFAP Glial fibrillary acidic protein Rp 1:2000 4% PFA  Dako
GluR1 AMPA receptor subunit 1 Rp 1:100 4% PFA  Chemicon
GluR2 AMPA receptor subunit 2 Mm 1:1000 4% PFA  Chemicon
GluR4 AMPA receptor subunit 4 1:500 4% PFA  Chemicon
MAP2 Microtubule-associated protein 2 Mm 1:1000 4% PFA  Millipore
Nestin Developmental intermediate filament ~ Mm 1:500 4% PFA  BD
Transduction
NFM Neurofilament medium chain Rp 1:1000 4% PFA  Serotec
NR1 NMDA receptor subunit 1 Rp 1:100 Methanol BD
Pharmingen
Rapsyn NMIJ scaffolding protein Mm 1:200 4% PFA  Sigma
(postsynaptic)
S100 Schwann cell marker Rp 1:500 4% PFA  Dako
SMI32 Dephosphorylated neurofilaments Mm 1:2000 4% PFA  Sternberger
monoclonals
SMI312 Phosphorylated neurofilaments Mm 1:1000 4% PFA  Sternberger
monoclonals
Synaptophysin  Pre-synaptic vesicle marker Rp 1:500 4% PFA  Millipore
Vimentin Mesenchymal cell Mm 1:100 4% PFA  Chemicon
intermediate filament (IgM)

*Mm = mouse monoclonal (IgG unless specified), Rp = rabbit polyclonal



Table 2.2 — Secondary antibodies

Name Fluorophore IcC dilution IhC dilution Supplier
Anti-mouse I1gG Alexa 488 1:1000 1:750 Molecular Probes
Anti-mouse IgM Alexa 488 1:1000 1:750 Molecular Probes
Anti-rabbit IgG Alexa 488 1:1000 1:750 Molecular Probes
Anti-rabbit IgG Alexa 594 1:1000 1:750 Molecular Probes
Anti-mouse HRP (horseradish peroxidase) 1:1000 (Western blot) Dako

Anti-rabbit HRP (horseradish peroxidase)  1:1000 (Western blot) Dako

Table 2.3 — Stains

Name Labels Fluorophore Dilution Supplier

DAPI Nuclei uv 1:10,000 Sigma

Nuclear Yellow Nuclei Uuv 1:10,000 Sigma

Phalloidin Filamentous actin Alexa 488 or 594 1:400 Molecular Probes
a-Bungarotoxin Acetylcholine Alexa 594 1:200 Molecular Probes

(0-BTx)

receptors (AChR)




Table 8.1 — Growth media for cell culture

Medium name

Used for

Components

Neuron initial
medium

Primary neurons (cortical and motor)

500mL Neurobasal Medium (Gibco)

50mL (10%) Fetal Bovine Serum (FBS) (Invitrogen), heat inactivate at 65°C for 1 hour
10ml (2%) B27 Neuronal Supplement (Invitrogen)

Sml (1%) Antibiotic/Antimycotic (Invitrogen)

0.5uM Glutamic acid

25nM Glutamine

Neuron subsequent
medium

Primary neurons (cortical and motor) and
co-cultures coverslip and microfluidic
chambers)

500ml Neurobasal Medium (Gibco)

10ml (2%) B27 Neuronal Supplement (Invitrogen)
Sml (1%) Antibiotic/Antimycotic (Invitrogen)
25nM Glutamine

Glial growth medium

Primary spinal glial cells (mouse and rat
derived)

500ml Dulbecco’s modified Eagle Medium (DMEM)
50ml (10%) Heat-inactivated FBS
5ml (1%) Antibiotic/antimycotic

Primary myoblast
growth medium

Primary rat myocyte cultures

80ml (80%) Ham’s F-10 Nutrient Mix (Gibco)
20ml (20%) heat-inactivated FBS
ImL (1%) Antibiotic/Antimycotic

50ul (2.5ng/ml) basic human fibroblast growth factor (FGF, Sigma). Stock solution Spg/ml in 0.01% BSA

C2C12 myoblast
growth medium

C2C12 myoblasts

500ml DMEM
50ml (10%) non-heat inactivated FBS
5ml (1%) antibiotic/antimycotic

CDM1(C2C12 C2C12 myoblasts and C2C12 myoblast 90ml Neuron subsequent medium

differentiation co-culture with motor neurons 10ml (10%) non-heat inactivated Horse serum (Invitrogen)
medium 1)

CDM2 (C2C12 C2C12 myoblasts and C2C12 myoblast 93ml Neuron subsequent medium

differentiation co-culture with motor neurons 7ml (7%) non-heat inactivated FBS (Invitrogen)

medium 2)




Figure 1.1 — Upper and lower motor neurons

Upper motor neurons (UMNs) originate in the motor cortex and project axons via
corticospinal tracts to the spinal cord, forming connections with lower motor neurons
(LMNSs) in the anterior horns of the spinal cord. LMNs extend via peripheral nerves and
synapse with peripheral skeletal muscle. Bulbar motor neurons for control of speech and

swallowing originate in the brain stem. Both UMNs and LMNs are affected in ALS.
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Figure 1.2 — Potential Mechanisms in ALS.

ALS pathology may arise from any number or combination of potential mechanisms. The
ALS brain and spinal cord contain a large number of activated glial cells, including
astrocytes and microglia. Activated astrocytes are associated with reduced glutamate
uptake from the synapse, increasing the chance the neuron will succumb to excitotoxicity.
Activated microglial cells are associated with an inflammatory response that may result
in subsequent apoptosis of the motor neuron. Protein aggregation and misfolding are
typical signs of the ALS motor neuron, with a number of mutations within the protein
handling system likely to exacerbate stress. Additionally, ALS 1is characterised by
degeneration of the motor neuron distal axon and loss of the neuromuscular junction.

(Adapted from Turner et al., 2013).
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Figure 1.3 — Theories of axon degeneration

Degeneration of the neuronal axon may occur during a wide range of conditions,
including disease, injury and during development. Axons may degenerate in a ‘dying
forward’ pattern, characterised by initial degeneration of the proximal portion of the
axon, proceeding distally. Alternatively, an axon may degenerate in a ‘dying back’
pattern, whereby the distal portions of the axon degenerate first and proceed proximally.
A third form of degeneration, Wallerian degeneration, occurs following axon transection
or crushing injury, with degeneration of the axonal portion distal to the injury site
following formation of localised axonal swellings or ‘beads’. Any form of axon
degeneration can occur without neuronal loss. Development of axon degeneration is
considered to occur following convergence on a common pathway involving impaired
axon transport, mitochondrial failure and a rise in axonal Ca®" resulting in activation of

calpain and degradation of axon components.
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Figure 1.4 — Signalling pathways at the NMJ.

During development of the neuromuscular system, three main pathways regulate
formation of the NMJ at the post-synaptic membrane, notably agrin/LRP4/MuSK
signalling to promote AChR clustering via interactions with rapsyn, NRG-1/ErbB
signalling to promote AChR expression by sub-synaptic nuclei, and ACh voltage-
dependent downregulation of AChR expression by non-synaptic myonuclei. In addition
to these processes, a large number of other proteins interact to stabilise the NMJ,
including the dytsrophin glycoprotein complex (DGC) comprising dystrophin and related
proteins. The DGC is crucial for development of synaptic folds and interacts with
intracellular, extracellular and laminar proteins. Additional protein interactions link the
NMJ post-synaptic apparatus with the skeletal cytoskeleton, including interactions with

nestin and F-actin. (Adapted from Shi et al., 2012).
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Figure 1.5 — Glutamate receptors and transporters

Depolarisation of the presynaptic neuron (1) results in vesicle translocation to the axon
terminal membrane to release the neurotransmitter glutamate. Glutamate diffuses across
the synaptic cleft to activate receptors (AMPA, kainate, NMDA and mGIuR) on the post-
synaptic neuron (2) activate voltage- and calcium-dependent signalling cascades within
the post-synaptic neuron. Activation of mGIuR receptors on the presynaptic neuron (3)
inhibits translocation of additional vesicles to the membrane, terminating
neurotransmission. Excitatory amino acid transporters (EAAT2) on perisynaptic
astrocytes actively and swiftly remove glutamate from the synapse (4) for conversion to
glutamine by glutamine synthase (5). The resulting glutamine is transferred to the
presynaptic neuron and converted back to glutamate (glutaminase) (6). Glutamate is
packaged into vesicles by the vesicular transporter VGLUT in preparation for the next

neurotransmission (7). (Adapted from Sanacora et al., 2008).
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Figure 2.1 — Microfluidics schematic.

(A) Schematic of the microfluidic chamber, depicting neuronal organisation and
dimensions (B). (C) Cell bodies are restricted to the proximal chamber, and axons extend
into the distal chamber. (D) Arrows indicate selective glutamate treatment (yellow) of
either the proximal or distal chamber, fluidic isolation is maintained by manipulating

fluid levels. Not drawn to scale.
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Figure 3.1 — Schematic of neuronal growth within the microfluidic culture device.

(A) Quantitation of axon degeneration following excitotoxicity was achieved by
analysing axonal segments in each square of a superimposed grid. (B) Axonal

morphology was scored as whole, beaded or fragmented.

Scale A grid = 50um, B = 5pm.






Figure 3.2 — Neuronal growth in compartmented chambers.

Initial neuronal growth in compartmented culture (2 DIV) (A) is restricted to the somal
chamber, with axons extending into the distal chamber to form a branched network at 11
DIV (B). At 5DIV neuronal growth is characterized by branched neurites within the
somal chamber (C) and neurites visible within the microchannels (arrow) (D). At 11DIV,
neurites within somal chamber (E) were densely branched, and axons within the distal
axon chamber (F) had formed extensive branched networks. Neurons retained normal
healthy morphology within the somal chamber at 15DIV (G) despite severe deterioration

of isolated axons (H).

Scale A,B = 100um, C-H = 50pm.






Figure 3.3 — Compartmentalisation of neuronal cultures.

Immunolabelling of 11DIV neurons demonstrates cell bodies (MAP2, green) restricted to
the somal chamber and axons (NF-M, red) present within the somal chamber and
extending to the distal axon chamber (A). Neurons (Nuclear Yellow, blue) with isolated
axons were identified by CM-Dil (red) retrograde labelling from the distal axon chamber
(B). Arrowhead indicates a neuron positive for CM-Dil uptake, arrow indicates a neuron

negative for CM-Dil.

Scale A =100um, B =2pm.






Figure 3.4 — Markers of neuronal maturity in compartmented culture.

(A) At 11 DIV, synaptophysin expression is localised to puncta (arrows) along MAP2
immunoreactive dendrites within the somal chamber. (B) GFP expression indicates short,
mushroom-shaped spines (arrows) along dendrites (C) in addition to long filopodial
spines (arrows). (D) Axons within the distal axon chamber retain growth cones,
immunoreactive for filamentous actin, (E) shows higher power of growth cone

morphology.

Scale A =25um, B-C =4pum, D = 20um, E = 7pum.
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Figure 3.5 — Expression of AMPA and NMDA glutamate receptor subunits in

compartmented culture.

(A) AMPA (GluRl1) and (B) NMDA (NR1) immunoreactivity were both present
throughout the soma, with punctate expression along the dendrites. (C) Distal axon
AMPA (GluR4) immunoreactivity was frequently present, along distal axons and within
the growth cone. (D) Expression of NMDA receptors (NR1) was occasionally present
within distal axon growth cones. (E) Western blot analysis of somal and distal axonal
expression indicates AMPA subunits in both chambers, however NMDA receptors were

not detected in the distal axon chamber (F).

Scale A-B =20um, C-D = 50um.
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Figure 3.6 — Axon degeneration following excitotoxicity.

Somatodendritic excitotoxicity resulted in a significant (P<0.01) three-fold increase in
distal axon degeneration (A). Distal axonal excitotoxicity resulted in a significant
(P<0.01) 1.5 fold increase in distal axon degeneration (A). Distal axons demonstrated
increased beading and fragmentation between control (B), somal treated (C) and distal
axon treated (D) cultures, visualised with NF-M immunoreactivity. Arrows indicate
whole axons, arrowheads indicate fragmented and beaded axons. Within the somal
chamber, MAP2 immunoreactive dendrites demonstrated increased beading between
control (E) and somal treated (F) cultures. Distal axon treated cultures (G) did not
demonstrate changes to dendritic morphology. Arrows indicate soma, arrowheads
indicate dendrites. Similarly, nuclear health (Nuclear Yellow) declined between control
(H) and somal treated cultures (I) as demonstrated by an increase in apoptotic nuclei
(arrowhead) versus normal nuclei (arrow). Distal axon treated cultures (J) showed no

change in nuclear morphology compared with controls.

One-way ANOVA with Tukey post-test comparison, *P<0.05 = SEM, n = 5.
Scale = 50um.
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Figure 3.7 — Effects of long term distal axonal excitotoxicity.

Application of glutamate to the distal axon compartment for 72 hours significantly
(P<0.01) increased the percentage of axon degeneration compared with untreated
controls, however did not significantly (P>0.05) alter the percentage of axon
degeneration from 24 hour treated cultures (A). Application of glutamate to the distal
axon chamber for 72 hours did not significantly (P>0.05) alter the percentage of

apoptotic nuclei between untreated, 24 hour and 72 hour treated cultures (B).

(A) Students unpaired t-Test, *P<0.05 £ SEM, n = 3.
(B) One-way ANOVA with Tukey’s post-test comparison, *P<0.05 = SEM, n = 3.
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Figure 3.8 — Both NMDA and non-NMDA receptors may mediate the process of

distal axon excitotoxicity.

Excitoxicity induced by proximal exposure of cortical neurons to glutamate, kainic acid
and NMDA resulted in a significant (P<0.05) increase in distal axon degeneration (A).
Distal application of KA did not result in a significant (P>0.05) change in distal axon
degeneration, however distal NMDA did result in significant (P<0.05) increase in distal
axon degeneration. Preliminary evidence (n = 2) suggests that pharmacological blockade
of either proximal or distal receptors using CNQX, MK801 and subsequent excitotoxicity
with glutamate did not result in a trend to reduction of distal axon degeneration (B).
Application of both CNQX and MKS801 together with glutamate excitotoxicity appears to

have reduced distal axon degeneration to near-control levels.

(A) One-way ANOVA with Tukey’s post-test comparisons, *P<0.05 + SEM, n = 5.
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Figure 3.9 — Mechanisms of axon degeneration following focal excitotoxicity.

Inhibition of caspase activity, in either the somal or the axonal chamber significantly
(P<0.01) decreased axon degeneration following somal excitotoxicity (A), and following

axonal excitotoxicity (B). Results expressed relative to untreated controls.

One-way ANOVA with Tukey’s post-test comparisons, *P<0.05 = SEM, n = 3.
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Figure 4.1 — Forelimb skeletal muscles of the mouse.

Diagrams showing the name and anatomical position for the muscles used in this study.

01N DN B~ W

Extensor carpi radialis longus (green)

Extensor digitorum communis (red)

Extensor digitorum lateralis (yellow)

Extensor carpi ulnaris (orange)

Triceps brachii

Biceps brachii

Deltoideus, pars scapularis and infraspinatus

Extensor caroi radialis (purple)

Flexor carpi radialis and flexor digitorum profundus

Triceps brachii

Biceps brachii

Subscapularis and teres major

Extensor digitorum longus and tibialis cranialis

Gastrocnemius (blue)

Vastus lateralis, biceps feboris, adductor, semimebranosus, semitendinosus
Rectus femoris

Flexor digitorum longus et tibia

Tensor fasciae latae, rectus femoris, pectineus, vastus medialis, adductor,
gracialis, semimembranosus, semitendinosus
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Figure 4.2 — Colocalisation of pre- and post-synaptic terminals at the NMJ

Quantitation of NMJ innervation was assessed by colocalisation of neurofilaments and
synaptophysin (green) and a-BTx (red) using immunofluorescence. Full colocalisation
between pre- and post-synaptic elements (A) and partial colocalisation (B) were scored as
‘occupied’. No colocalisation between pre- and post-synaptic elements (C) was quantified

as ‘non-occupied’.

Scale = 20um.
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Figure 4.3 — Progressive decrease in the percentage of NMJs with colocalised a-BTx

and selected markers

At 28 days of age there was no significant (P>0.05) difference in the proportion of NMJs
with colocalised a-BTx and any of the markers examined (A). By 56 days, there was a
significant (P<0.05) decrease in the percentage of NMJs with colocalised presynaptic
terminals and S100 immnuoreactivity with a-BTx (B). At 84 days, there is a significant
(P<0.05) decrease in the proportion of NMlJs with colocalised nestin and rapsyn with a-
BTx in addition to decreased presynaptic terminals and S100 (C). At 112 days there was
a significant (P<0.05) decrease in the percentage of NMJs with colocalised dystrophin
and o-BTx (D). At 140 days, there was a significant (P<0.05) decrease in the percentage
of NMJs colocalised with all the markers examined with a-BTx (E).

Two-way ANOVA with Tukey’s post-hoc analysis + SEM.
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Figure 4.4 — Normal localisation between rapsyn, dystrophin and nestin compared

with a-BTx staining.

(A) rapsyn immunoreactivity follows the pretzel organisation of a-BTx staining. (B)
dystrophin immunoreactivity is localised primarily to o-BTx staining, with some
immunoreactivity also present around distal nerves (arrow). (C) nestin immunoreactivity
represent a ‘halo’ or negative image of a-BTx staining. Isotype (D) and no-primary (E)

controls indicated no non-specific immunoreactivity.

Scale = 50um.



rapsyn

nestin merge

-
@ -




Figure 4.5 — Loss of S100 immunoreactivity in aging mSOD1 G93A mice does not

equate to loss of Schwann cells

Analysis of wild-type (A) and mSODI1 G93A (B) tissue indicated that the progressive
loss of S100 immunoreactivity relative to a-BTx staining was not likely to occur from
immediate loss of cells, rather from a loss of protein. DAPI staining to visualise nuclei
(arrows) indicates presence of nuclei clustered around o-BTx staining when S100 was

localised to a-BTx and when it was not.

Sale = 50um.






Figure 4.6 — Delayed loss of colocalised structures in the forelimb muscles of aging

mSOD1 G93A mice.

Quantitative analysis of markers colocalised with a-BTx in aging mSOD1 G93A mice
relative to wild-type controls indicated a significant (P<0.05) decrease in colocalisation
of presynaptic terminals with a-BTx at 140 days only. There was no significant (P>0.05)

change in colocalisation between a-BTx and the other markers examined.
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Figure 5.1 — Schematic of culture development.

Motor neurons (red) are isolated from the spinal cords of embryonic rats and placed
within the proximal chamber of microfluidic chambers, coated with poly-L-laminin.
Spinal glial cells (green) are obtained from the spinal cords of neonatal rats and grown to
confluency in poly-L-lysine coated P25 flasks. Glial cells are added to motor neuron cell
bodies when the motor neurons have reached 2DIV. Skeletal myocytes (blue) are
obtained from the hind limb muscle of neonatal rats and enriched for myoblasts in
collagen-coated P25 flasks. Myoblasts are added to the distal chamber of the microfluidic

chambers at motor neuron age 14DIV.
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Figure 5.2 — Timeline for development of compartmented cultures.

(A) Timeline for assembling compartmented motor neuron-glia-muscle cultures derived
from primary rat cells. Days are expressed relative to motor neuron age in culture. (B)
Timeline for assembling compartmented motor neuron-glia-muscle cultures derived from

primary mouse cells and C2C12 myoblasts.
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Figure 5.3 — MNs grow differently on different substrates.

The growth characteristic of cultured rat spinal motor neurons was shown to vary greatly
depending on the culture substrate they were grown on. (A) Motor neurons extended a
significantly (P<0.05) longer axon at 3DIV when co-cultured with a skeletal muscle
feeder layer compared with motor neurons cultured on glial cells or on a poly-L-lysine +
laminin (PLL-L) substrate. (B) Motor neurons developed significantly (P<0.05) more
neurites when co-cultured with glial cells compared with those grown on skeletal muscle

feeder layers or on a PLL-L substrate.

One-way ANOVA with Tukey’s post-test comparisons, *P<0.05 £+ SEM, n = 3.
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Figure 5.4 — Motor neurons develop within microfluidic chambers with the addition
of glial and muscle cells, forming unique cellular compartments.

Motor neuron cell bodies (A, arrows) extend neurites (arrowheads), differentiating to
extend axons into the microgrooves separating the two chambers (B, arrows). Axons
extend into the distal chamber (C) from the microgrooves to form a dense network by
14DIV (D), with recently added myoblasts (arrows). By 18DIV (E), axons (arrows)

extend towards differentiated myotubes (arrowheads).

Scale = 20um.
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Figure 5.5 — Motor neurons interact with spinal glial and skeletal muscle cells in

distinct compartments.

Within the proximal compartment, axons are immunoreactive for NFM (red), and
dendrites immunoreactive for MAP2 (green) (A). Neurofilament positive axons (NFM;
red) are supported by GFAP immunoreactive glial cells (green) (B). Neurofilament
positive axons (NFM; red) are present within the distal chamber by 14 DIV (C). Skeletal
myocytes (desmin; blue) are present within the distal chamber with axons (red) at 14DIV
(D). By 18DIV, axons (red) interact with differentiated myotubes (desmin; blue) (E).

Nuclear staining indicates differentiated myotubes contain multiple nuclei (F).

Scale = 50um.
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Figure 5.6 — Neuromuscular junctions form between isolated distal axons and

differentiated skeletal myocytes in the distal chamber.

SEM indicates motor neuron axons grew in close contact with cultured myotubes (A),
pseudocoloured to visualise motor axons (red), myotubes (blue) and fibroblasts (green)
which formed a confluent layer within the distal chamber (B). Synapse formation is
indicated by differential a-BTx clustering on myotubes in contact with motor axons (C),
as distinct from a-BTx pre-patterning (inset). Arrows indicate co-localisation between o-
BTx (green) and NFM (red) (D). a-BTx staining (red) is closely associated with
synaptophysin positive vesicles (arrows) in motor axons (E). Alexafluor 594 non-specific

fluorescence is visible in myotube nuclei surrounding neuromuscular junctions (star).

Scale: A,B 5pm; C 20pum; D,E 10um.






Figure 5.7 — Motor neuron axons induce synaptic-like clustering of AChRs on the

skeletal muscle membrane.

The mean particle area of AChR clusters in the presence of a motor axon terminal is
significantly (P<0.05) smaller than clusters in the absence of an axon (A). The original a-
BTx staining (above) and a masked image (below) indicate the characteristic synaptic-
like clustering of AChRs in the vicinity of an axon terminal (B). Note the absence of a-
BTx staining outside of the synaptic-like clusters. The formation of more than one
synaptic site is common during development of the neuromuscular junction. In the
absence of a motor neuron axon, AChR clusters are less uniform in size and are
distributed over a larger percentage of the muscle fibre (C). a-BTx staining (above) and
masked image (below) demonstrate that AChRs cover a much larger proportion of the

muscle fibre membrane when neuron terminals are not present.

Students unpaired t-Test, *P<0.05 + SEM. Scale = 10um.
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Figure 5.8 — Rapsyn colocalises to synaptic-like a-BTx staining in the presence of

spinal motor neurons.

Spinal mouse motor neurons (blue) induced plaque-like colocalisation of rapsyn (green)
with a-BTx (red) (arrows) (A) Rapsyn immunoreactivity was not detected on C2C12

myotubes without co-cultured spinal motor neuron (B).

Scale = 40um.
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Figure 5.9 — Nestin alters distribution in C2C12 myofibres in co-culture with spinal
motor neurons.

Spinal mouse motor neurons (blue) induced a subtle reorganisation of nestin (green)
immunoreactivity in C2C12 myofibres, resulting in a immunoreactive patch in the
presence of a motor neuron axon and a-BTx staining (red) and a void on either side (A).
Nestin immunoreactivity in C2C12s cultured alone was relatively uniform throughout the

myocytes (B).

Scale = 40um.






Figure 5.10 — Differential organisation of dystrophin staining is present adjacent to

spinal motor neuron axons.

Dystrophin (green) immunoreactivity was localised to the myofibre periphery and a
number of puncta in the vicinity of spinal motor neuron axons (blue) and a-BTx (red)
(arrows) (A). In contrast, dystrophin immunoreactivity was dispersed throughout the

myofibres cultured without spinal motor neurons (B).

Scale = 40um.
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Figure 5.11 — Spinal mouse motor neurons degenerate in response to proximally

applied excitotoxicity.

Control untreated motor neurons demonstrate smooth neurofilament (SMI312) and
MAP2 immunoreactivity within the proximal chamber (A), and even neurofilament
(SMI312) immunoreactivity within the distal chamber (B). 24-hour kainic acid-induced
excitotoxicity to the proximal compartment resulted in extensive degeneration (arrows) of
neurofilaments and loss of MAP2 immunoreactivity (arrowheads) (C) and degeneration
of distal axons (arrows) (D). Kainic acid excitotoxicity for four hours did not result in
extensive degeneration within either the proximal (E) or distal compartments (F). Kainic
acid applied to the distal chamber for 24 hours did not result in overt degenerative

changes within the proximal (G) or the distal compartment (H).

Scale A, C, E, G=100um, B, D, F, H=50um
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Figure 5.12 — Spinal mouse motor neuron distal axons degenerate in response to

proximally applied excitotoxicity.

Kainic-acid (KA) induced excitotoxicity (100uM) to the proximal compartment for 24
hours resulted in a significant (P<0.05) increase in distal axon degeneration of mouse
spinal motor neurons. This was largely due to a significant (P<0.05) increase in distal
axon fragmentation. There was no significant (P>0.05) change in distal axon beading
following proximal kainic acid excitotoxicity. Furthermore, there was no significant

(P>0.05) change in distal axon degeneration following distal treatment with kainic acid.

One-way ANOVA with Tukey’s post-test comparisons, *P<0.05 £+ SEM, n = 5.
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Figure 5.13 — Kainic acid excitotoxicity alters caspase immunoreactivity.

Within the proximal compartment, healthy axons were immunoreactive for
neurofilaments, and caspase-3indicating a small number of smoothly labelled caspase-3
positive axons (A). Kainic acid (100uM) applied to the proximal chamber resulted in
extensive loss of neurofilaments and punctate-staining of activated caspase-3 (arrows)
(B). Proximal kainic acid for 24 hours resulted in fragmentation of neurofilament-positive
distal axons and activated caspase-3 positive puncta (arrows) (C). Kainic acid to the

distal axon did not result in degenerative changes within the proximal compartment (D).

Within the distal compartment, there was a low level of smooth -caspase-3
immunoreactivity (E). Kainic acid applied to the proximal compartment for 24 hours
resulted in degeneration of the axons and formation of caspase-3 positive puncta (arrows)
(F). Kainic acid applied to the proximal compartment for four hours resulted in the
formation of axonal caspase-3 positive puncta (arrows) however there was no overt axon
degeneration (G). Kainic acid to the distal compartment did not result in axon
degeneration, however did induce localisation of caspase-3 to axonal swellings (arrows)

(H).

Scale = 100pm.
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Figure 6.1 — Timeline of ALS pathology in mSOD1 G93A mice.

The mSOD1 G93A mouse develops progressive muscle weakness from 111 days of age
(onset). The presymptomatic period before onset is characterised by a number of
pathological processes, particularly focused on motor neurons. This study has highlighted
a number of changes that occur in the skeletal muscle and distal axon terminal prior to

disease onset.
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Figure 6.2 — Results summary.
Summary of the key findings of this thesis.

1. Excitotoxicity can occur directly to the axons of cultured cortical neurons.

2. Excitotoxicity to cultured motor neurons occurs via the soma and dendrites.

3. Kainic acid excitotoxicity targeted to the spinal motor neuron axon induces
caspase localisation to axonal swellings.

4. Different non-neuronal cell populations affect the growth of cultured spinal motor
neurons.

5. Degeneration of the motor neuron distal axon occurs before loss of AChRs.

6. The NMJ structural proteins rapsyn, nestin and dystrophin are progressively lost
from a proportion of NMJs during early disease.

7. Loss of S100 from the NMJ does not reflect a loss of cells.
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