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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative
disorder that rapidly leads to paralysis and death. Currently the treatment
options for ALS are limited and there is a desperate need for new therapeutic
agents to combat the disease. Zebrafish were highlighted as having the
potential of being both an excellent model for ALS and as a drug screening
system due to their rapid development, large numbers, optical clarity and
susceptibility to genetic manipulation. This work describes the use of a
zebrafish model of ALS that overexpresses the mutant G93R SOD1 gene
alongside a hsp70-DsRed stress readout. This has been used to
demonstrate that the hsp70- DsRed readout is activated by sod1 toxicity and
that in the embryo stages it is characterised by expression in the glycine
positive inhibitory interneurons. Further investigation of these neurons
identified defective glycinergic transmissions from the stressed neurons. In
the adults, the motor neurons of the spinal cord are primarily affected, and
also show defective neuromuscular junctions (NMJ’s). This suggests that
ALS is a disease which does not start at symptom onset but is a progressive
disorder, where specific neuronal subtypes are initially dysregulated, followed
by the dysregulation within other neuronal subtypes. Based upon this
fluorescence readout, a high-throughput drug screen using the zebrafish was
designed, optimised and validated which has the capability to screen 100’s of
compounds with a sensitivity and specificity of over 90%. This assay has
been utilized to screen a small molecule library of 2000 compounds in order
to identify potential therapeutics for ALS. This screen highlighted novel
therapeutics that can potentially ameliorate sod1 toxicity and some that
upregulate the heat shock response, a known cellular repair

pathway. Selamectin, a macrocyclic lactone with known neuroprotective
properties, was identified as the most promising hit from the screen. By
combining Selamectin and Riluzole, a reduction in neuronal stress was
seen, which offered the potential for a therapy with reduced side effects e.g.
sedation. In conclusion, this work has highlighted the potential of a novel
therapeutic for the treatment of ALS that should be taken towards mouse

trials.
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1. Introduction

Motor Neuron Disease (MND) is a rapid onset neurodegenerative disorder
where typically sufferers die within 3-5 years from the onset of disease
symptoms, usually from respiratory failure due to muscle paralysis (Pasinelli
& Brown 2006). The initial symptoms of MND include rapidly progressing
muscular weakness and atrophy throughout the body together with
symptoms of dysarthria (speech difficulties), dysphagia (difficulty swallowing),
dyspnea (breathing problems) and paralysis. 25% of MND cases are bulbar
in onset which usually presents as slurred speech and difficulty swallowing.
The other 75% of MND cases present with individual limb weakness in an
arm or leg which over time progresses to other limbs. MND onset usually
occurs at around 55 years of age and is more commonly seen in males with
a male/female ratio of 1.5:1 (Johnston et al 2006). The incidence rate of MND
is ~2 in 100,000 based on various population studies (Abhinav et al 2007,
Chio et al 2009). MND was first identified and documented in France in 1869
by Jean-Martin Charcot and was initially labelled la maladie de Charcot
(Charcot's disease) (Krajewski et al 2000). In most commonwealth countries
the disease is known as motor neuron disease but is more commonly known
worldwide as Amyotrophic Lateral Sclerosis (ALS) or in the USA as its
common household name Lou Gehrig disease after the famous baseball
player who was diagnosed with the disease in 1939. There is no cure for ALS
and very limited treatment options. Currently there is only one FDA and NICE
approved drug for the treatment of the disease, Riluzole, which is believed to
function by decreasing glutamate excitotoxicity but the method of action is
poorly understood. The majority of treatments for ALS are palliative
treatments such as assisted ventilation. ALS is caused by a progressive loss
of motor neurons in the brain and spinal cord which leads to muscle
dennervation, paralysis and death. The exact causes of ALS remain unclear
with only approximately 10% of cases occurring due to an identifiable genetic
cause. ALS has been linked to fronto-temporal dementia (FTD) which is a
progressive neuronal loss in the frontal and temporal cortex leading to
behavioural changes and is the second most common form of young-onset

dementia after Alzheimer’s disease (Van Langenhove et al 2012). FTD and
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ALS have been linked by common genetic causes of TDP-43, FUS and
C9orf72 and it is predicted that 15% of FTD positive patients also showed
features of MND (DeJesus-Hernandez et al 2011, Lagier-Tourenne et al
2012, Ringholz et al 2005) . TDP-43 mis-localisation has been shown as a
linked mechanism between FTD and ALS as TDP43 positive inclusions are
seen in both ALS and FTD (Arai et al 2006, Neumann et al 2006). Fused in
Sarcoma (FUS) mutations are also seen in familial ALS and rare cases of
FTD suggesting another genetic link between the two diseases (Kwiatkowski
et al 2009). ALS and FTD can now be brought together under a broad

spectrum neurodegenerative disorder with overlapping clinical symptoms.

1.1 Sporadic ALS

95% of ALS cases are sporadic in nature and the exact causes of the
disease are unknown, though several genetic and environmental factors
have been potentially identified in disease pathogenesis. Factors such as
diet, geographical location and smoking have been implicated as causative
factors in ALS (Armon 2003). One potential factor is occupational hazards
such as prolonged exposure to heavy metals, which has been implicated in
causing an increased risk of developing ALS (Mitchell 1987). Furthermore a
trend has been identified between people who engage in high levels of
physical activity and ALS. In Italy footballers have been shown to have a
higher risk of developing ALS in later life in comparison to the normal
population (Chio et al 2005). In addition, it has been shown that people who
spend their career in the armed forces also have an increased incidence rate
of ALS, suggesting that physical exercise may be linked to the development
of ALS (Weisskopf et al 2005). Although multiple studies suggest a link
between physical exercise and ALS this theory is unproven and may be
purely coincidental. One possible link between physical activity and ALS is
that increased physical strain and exercise may lead to higher neuronal
stress levels and in people with an underlying genetic predisposition for ALS
this may be a trigger that leads to the development of the disease in later in

life. Another feature of sporadic ALS is the more common occurrence of the
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disease in males. A combinatorial study looked at 2 possibilities of the effect
of gender on disease. They looked at the incidence and the prevalence of the
disease in men and women and showed that the incidence was higher in
males with a rate of 1.11-1.39 compared to females (Uruguay omitted with a
ratio of 2.32). The study also showed that men had an earlier onset than
women, but that gender did not have an effect on survival (McCombe &
Henderson 2010). This suggests that in sporadic ALS there are multiple
factors that influence the disease and it is a cumulative effect of multiple

factors that may ultimately lead to disease onset.

1.2 Familial ALS

5-10% of ALS cases are familial in nature and usually show an autosomal
dominant inheritance pattern (Bento-Abreu et al 2010). The genes were
identified by various techniques including linkage, Sanger sequencing,
Homozygosity mapping and newer techniques such as whole exsome
sequencing, repeat-primed PCR and genome wide association studies
(GWAS). GWAS studies in ALS are difficult as they require large sample
sizes and this is challenging in rarer diseases, such as ALS. More recently
GWAS is being used to identify pathways involved in disease allowing a
better understanding of disease pathogenesis. Below is a table summarising

the major familial genes associated with ALS.
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ALS1

ALS2

ALS4

ALS5

ALS6

ALS7

ALS8

ALS10

ALS12

ALS14

ALS15

ALS16

Chromosome

21q22.11

2033.2

9g34.13

15g21.1

16p11.2

20p13

20q13.33

1p36.22

10p13

9p13.3

Xpl11.21

9p13.3

ALS-FTD 9p21.2

Table 1.1: Summary of the major known genes implicated as causative in

Gene ID

SOD1

ALS2

SETX

SPG11

FUS

VAPB

TARDBP

OPTN

VCP

UBQLN2

SIGMAR1

CI90RF72

ALS. (*= currently unknown data)

Protein/function

Superoxide dismutase 1,

oxidative stress

Alsin/Rho Nucleotide

exchange factor

Senataxin, RNA/DNA

helicase

Spatacsin protein,

transmembrane protein

Fused in sarcoma, RNA

binding protein

Vesicle associated
membrane protein,

vesicular trafficking

TAR DNA binding protein,
transcriptional processing,

splicing regulation

Optineurin, membrane and

vesicle trafficking

Valosin containing protein,
vesicle transport and

fusion

Ubiquilin 2, degredation

Sigma non-opiod
intracellular receptor 1, ER

chaperone

Chromosome 9 open
reading frame 72

Inheritance

AD & AR

AR

AD

AR

AD

AD

AD

AD

AD & AR

AD

X Linked

AR

AD &
Sporadic

Adult

Juvenile

Juvenile

Juvenile

Adult

Adult

Adult

Adult

Adult

Adult

Juvenile
& Adult

Juvenile

Adult
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1.2.1 SOD1

The most common familial genetic cause of ALS is mutation in the
superoxide dismutase 1 gene (SOD1) which was identified in 1993 and found
at chromosome position 21922.1 (Rosen et al 1993). SODL1 is one of three
human superoxide dismutase enzymes. The SOD1 gene one of the most
common causative factor of familial ALS and is also the most researched.
SODL1 is implicated in approximately 20% of familial cases and 2% of all ALS
cases (Rosen et al 1993). SOD1 is an enzyme consisting of 153 amino acids
and is active when expressed as a homodimer. It is a Cu/Zn binding protein
whose function is to facilitate the conversion of superoxide free radicals to
hydrogen peroxide which is then further catalysed to water and oxygen by
glutathione peroxidase or catalase. More than 150 mis-sense mutations
occurring throughout the SOD1 protein have been identified as causative for
familial ALS with the majority of these are dominant mutations (Turner &
Talbot 2008). The majority of mutations are missense mutations and include
mutations in regions that have no effect on the catalytic activity of the protein,
which suggests that the cause of neuronal death is not only due to altered
dismutase activity, but also to altered protein structure and folding (Rosen et
al 1994). This is further supported by mouse data where a complete knockout
of SOD1 protein did not lead to the onset of ALS and the mice lived an
uncompromised lifespan (Reaume et al 1996). This suggests that altered
protein function rather than non-functional protein is a causative factor for
ALS and that mutant SOD1 leads to a toxic gain of function. More recently
this theory has been brought into question as SOD1 knockout mice showed
denervation, muscle atrophy and weakness comparable with SOD1 mutant
models (Fischer et al 2012). These studies ran for longer and show a
progressive degeneration of the motor neurons. This data supports the idea
that a loss of SOD1 is enough to lead to ALS and loss of SOD1 function may
cause disease. SOD1 has been shown to become misfolded, leading to its
targeting for degradation via the ubiquitylation pathway, although this has
been shown to fail, somehow allowing mutant SOD1 to form aggregates
(Basso et al 2006). Misfolded SOD1 appears to be resistant to the
degradation pathways leading to impairment of the proteosomal and
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autophagy pathways, with increased numbers of autophagosomes detectable
in rodent models and ALS patients (Morimoto et al 2007, Sasaki 2011). The
mutant SOD1 aggregates have also been shown to induce a stress response
in affected cells, leading to activation of the unfolded protein response (UPR)
and microglial activation (Saxena et al 2009, Saxena & Caroni 2011). Mutant
SOD1 has then been shown to cause cellular toxicity via multiple pathways to
lead to disease (See chapter 1.3 What causes ALS?). In mutant SOD1 the
aggregates appear as TDP-43 negative cytoplasmic inclusions (Mackenzie et
al 2007). This may suggest that SOD1 and TDP-43 mediated ALS are
mediated through different pathways, although evidence suggests that TDP-
43 interacts with mutant SOD1 specifically (Higashi et al 2010). WT SOD1
has also been shown to have an increased propensity to become misfolded,
aggregation prone and toxic to motor neurons when oxidised, which
implicates WT SOD1 as a potential cause of sporadic ALS after a secondary
modification leading to misfolding (Bosco et al 2010, Ezzi et al 2007). This
has been confirmed in some sporadic ALS cases where SOD1 positive
aggregates were observed in cases with no SOD1 mutation present (Bosco
et al 2010). This is still a controversial finding and other groups have failed to
replicate these findings in different sporadic ALS cohorts, so a SOD
dependant pathway common to sporadic and familial ALS is still unconfirmed
(Brotherton et al 2012). In general SOD1 mutations are less associated with
fronto-temporal dementia (FTD) than other familial causes of ALS e.g.
C9orf72

1.2.2 ALS2

More recently other genes have been implicated in ALS. Juvenile forms of
ALS have been associated with the ALS2 gene found on chromosome 2g33
which encodes the alsin protein (Hadano et al 2001). Juvenile ALS is a rare
form of ALS which has an early onset and slightly different disease course
compared to the adult disease progression. It occurs under both sporadic
and familial circumstances (Grunnet et al 1989, Lerman-Sagie et al 1996).
The ALS2 gene encodes a 1657 amino acid protein alsin which acts via



activation of small GTPases. Alsin mutation is a relatively rare cause of ALS
resulting in juvenile and infantile onset and has been detected in
consanguineous families from Europe, North Africa and the Middle East
(Devon et al 2003). Generally juvenile onset ALS patients will have a slower
disease progression with a far longer survival compared to patients who
develop the adult-onset disease. A common feature of mutations in ALS2 is
decreased protein stability, which suggests that the resulting loss of ALS2 is
causative for the motor neuron death seen in these patients (Yamanaka et al
2003). ALS2 deficient mice show a range of defects such as age dependent
loss of motor ability, increased anxiety and susceptibility to stress, although
little neuropathology was seen (Cai et al 2005). When the cellular
mechanisms involved were further probed in the mouse model, progressive
axonal degeneration could be seen in the lateral spinal cord particularly
affecting the descending axons of the upper motor neurons, but the lower
motor neurons were preserved (Yamanaka et al 2006). Taken into context
this suggests that these juvenile forms of ALS are quite distinct to the
classical forms and that these disease pathways sit somewhere between

hereditary spastic paraparesis and ALS.

1.2.3 TDP-43

Recently the TARDBP (Transactivating response element DNA binding
protein-43) gene on chromosome 1p36 was identified as a causative gene for
ALS (Sreedharan et al 2008). TARDBP encodes the TDP-43 protein and
mutations in the glycine rich carboxyl-terminal encoded in the 6" exon have
been linked to ALS, although the pathway by which TDP-43 causes the
disease is still unknown. TDP-43 has been identified as a major component
of the ubiquitinated inclusions seen in sporadic ALS and mutations in the
TARDBP gene are present in ~4% of familial ALS cases (Mackenzie et al
2010, Neumann et al 2006). TDP-43 positive inclusions are present in a
range of neurological disorders including ALS and have a probable role in the
disease pathogenesis. TDP-43 is known to be highly conserved and to have

a key role in transcription and splicing regulation (Kuo et al 2009). Mouse
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models of TDP-43 mutations showed significant alterations in splicing even in
the absence of TDP-43 aggregation (Arnold et al 2013). TDP-43 has been
shown to bind approximately 30% of the mouse transcriptome which shows
the wide range of regulation that TDP-43 controls (Tollervey et al 2011).
TDP-43 function is auto-regulated via a negative feedback loop to control
MRNA degradation mechanisms (Ayala et al 2011). The majority of
pathogenic mutations are found in the C-terminus and this is required for the
auto-regulation so potentially it is this dysregulation that leads to aggregation
and pathogenesis. This has been further proven by overexpression of normal
TDP-43 in mice which leads to an overall reduction in functional protein (lgaz
et al 2011, Xu et al 2010).The mechanisms of TDP-43 proteinopathy and
toxicity are poorly understood. Given the range of binding partners, it is
predicted that neuronal function could easily be altered by mutations. Full
length TDP-43 has been shown to intrinsically aggregate, a process which
requires all of the C domain, N terminus and RNA binding domain,
suggesting that RNA binding and aggregation lead to toxicity (Voigt et al
2010). TDP-43 structural analysis highlighted prion like domains within the C
terminus which suggests that TDP-43 toxicity may spread in a prionoid- like
dispersion which has been observed in ALS patients (Ravits & La Spada
2009). Although aggregation as a disease mechanism has supporting
evidence from human data, the animal models continue to show toxicity in
the absence of aggregates. This suggests that aggregation may not be a pre-
requisite for TDP-43 mediated toxicity. It is hypothesised that the aggregates
may accelerate the disease progression as has been shown in sporadic ALS
patients (Nishihira et al 2009). Recently, multiple labs have shown in a
zebrafish model of Tdp-43 mediated ALS, knockdown of Tdp-43 did not show
a phenotype and this was due to a compensatory mechanism by a novel
splice isoform, known as tardbpl, which had the capability to produce the full
length protein. By knocking down both genes, a severe phenotype was seen
with shortened motor axons, locomotor defects and death at around 10 days
post fertilisation (Hewamadduma et al 2013, Schmid et al 2013). These data
suggest that the two genes work in tandem to auto-regulate themselves and

that mutations are needed in both to induce the phenotype in zebrafish.
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1.2.4 FUS

Another gene implicated in ALS is the FUS gene, a 526 amino acid protein
which is also known as translocated in liposarcoma (TLS) and is found on
chromosome 16 and is present in ~2% of familial ALS cases (Kwiatkowski et
al 2009). FUS has also been implicated in cancer as an oncogene, but
mutations in FUS lead to aggregation and accumulation of mutant proteins
which is associated with neuronal toxicity and neuronal death in the spinal
cord (Valdmanis et al 2009). Both FUS and TDP-43 are proteins which bind
RNA/DNA, suggesting this could be a major pathway in ALS pathogenesis,
possibly via alternative splicing (Kwiatkowski et al 2009, Vance et al 2009).
FUS protein has been found to accumulate and aggregate in the cytoplasm
of FUS positive ALS cases (Vance et al 2009). The FUS protein also
contains a SYGQ domain which has been implicated as having prion like
properties which may explain why aggregates of FUS are seen (Cushman et
al 2010, Kato et al 2012). Alongside increased FUS protein in the cytoplasm,
reduced nuclear staining is seen in FUS positive cases, which suggests that
problems in nuclear transport may occur (Dormann & Haass 2011). FUS
positive inclusions also contain stress granule markers such as ubiquitin and
p62, suggesting that cellular stress and autophagy are common mechanisms
of FUS-mediated ALS. In mice, wild-type FUS overexpression leads to an
aggressive neurodegenerative phenotype in the homozygous mouse, but no
degeneration was seen in the heterozygous animals. Both the homozygous
and heterozygous FUS overexpressing mice showed higher protein levels
both in the nucleus and in the cytoplasm. Despite only small differences in
FUS expression between the heterozygous and the homozygous mice, only
the homozygous showed the motor dysfunction alongside FUS positive
inclusions and gliosis (Mitchell et al 2013). More work is needed to fully

understand the pathways by which FUS mediated toxicity leads to disease.
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1.25VCP

Other recently identified mutations in ALS are mutations in valosin containing
protein (VCP). VCP mutations have been shown to lead to TDP-43
depositions which are a hallmark of ALS pathology (Shaw 2010). It has been
identified in some forms of fronto- temporal dementia (FTD) associated with
Paget’s disease and was found to be a candidate gene of ALS through next
generation sequencing of families in Italy and the USA (Johnson et al 2010).
The ALS phenotype arising from VCP mutations appears to be a rare
manifestation and VCP is a low risk factor for ALS (Koppers et al 2012,
Tiloca et al 2012). Heterozygous knock in VCP mutations have been
performed in mice but they did not lead to a reduction in lifespan, although
weakness and weight loss were seen at the later stages of life and a loss of
50% of motor neurons was seen in the spinal cord at 20 months of age (Yin
et al 2012). Upon further inspection of the spinal cords of these mice, gliosis,
TDP-43 positive inclusions and evidence of oxidative stress were present.
Homozygous expression of human mutant VCP mutations in mice leads to a
much more severe phenotype, with average survival only 21 days and severe
motor defects observed (Nalbandian et al 2012). These data appear to show

the very strong deleterious effect of VCP mutations in ALS.

1.2.6 OPTN

Optineurin is a protein encoded by the OPTN gene and has been implicated
as causative in open angle glaucoma. Mutations in OPTN leading to ALS
were first identified in Japanese patients (Maruyama et al 2010). Optineurin
has many known functions including cellular morphogenesis, membrane
trafficking, vesicle trafficking and various mutations have been identified in
optineurin that stop it from inhibiting the activation of nuclear factor kappa B
(NF-kB) (Maruyama et al 2010). This upregulated NF-kB has been

highlighted as causative for ALS and also as a major target for new
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therapeutic development. Optineurin positive inclusions have also been seen
to co-localise in familial and sporadic cases with SOD1 mutations
(Hortobagyi et al 2011). OPTN mutations may be linked to longer survival as
various studies showed family members with survival over ten years although

some OPTN patients had a rapid disease progression (Tumer et al 2012)

1.2.7 C9orf72

Two groups identified the C9ORF72 mutations as causative for ALS. They
found a hexanucleotide repeat (GGGGCC)n within intron 1 to be causative
for ALS and FTD (DeJesus-Hernandez et al 2011, Renton et al 2011a).
Controls are found to have up to 30 hexanucleotide repeats, but in ALS
patients between 700-4400 have been seen, suggesting that large numbers
of repeats lead to disease, although an exact pathogenic number is unknown
(Beck et al 2013) (Gomez-Tortosa et al 2013). ALS cases containing the
C90RF72 expansion have been shown to express TDP-43 positive
inclusions and have a generally faster disease progression when compared
to non-C90ORF72 ALS patients (Cooper-Knock et al 2012). COORF72 is
implicated as causative in 39.7% of familial ALS cases in Caucasian patients
and 7% of sporadic ALS cases (Majounie et al 2012). The mutation therefore
accounts for approximately 10% of all ALS cases and is the most common
causative gene for both familial and sporadic ALS. C90RF72 is expressed
across the CNS in most tissues and has its highest expression within the
cerebellum (Renton et al 2011b). Three transcripts of ALS have been
identified. The 1 and 3 transcripts encode a long isoform of 481 amino acids,
whereas transcript 2 encodes a shorter form 222 amino acids in length
(Gijselinck et al 2012). Multiple pathways have been implicated as disease
causing in C90RF72 positive ALS cases which link in with the causative
factors in non-C9ORF72 ALS. The exact way in which the hexanucleotide
expansion causes disease is unknown, but 3 potential pathways have been
hypothesised: haploinsuffciency, RNA toxicity and repeat associated non-
ATG (RAN) translation of dipeptide repeat (DPR) proteins. Haploinsuffciency

has been highlighted as, in cells expressing the expansion, levels of
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transcript 1. mRNA were found to be decreased by 38% (DeJesus-Hernandez
et al 2011). Also, reduced levels of C9ORF72 mRNA have been seen in the
cerebellum and the frontal cortex of patient tissue (Gijselinck et al 2012, Mori
et al 2013b). The second hypothesis suggests that the expansion leads to a
toxic gain of function via an alteration of RNA processing. Nuclear and
cytoplasmic RNA foci were identified in the frontal cortex and spinal cord of
C90RF72 positive patients (Cooper-Knock et al 2012). Evidence has also
suggested that the hexanucleotide repeat RNA has the ability to fold and
form G-quadruplexes which may sequester and silence RNA binding proteins
(RBP) (Reddy et al 2013). Further supporting evidence for this hypothesis of
RNA toxicity comes from other diseases such as Fragile X associated
tremor/ataxia and Myotonic Dystrophy where repeat expansions are seen
and RNA sequestration has been shown to be a causative factor. The final
hypothesis suggests that the repeat sequence is translated into a toxic DPR
protein (Ash et al 2013). DPR proteins have previously been shown to
aggregate and be involved in the formation of p62 positive, tdp-43 negative

inclusions in multiple CNS tissues (Mori et al 2013a).

1.3 Pathogenesis of ALS?

ALS is seen clinically as the progressive degeneration of motor neurons
resulting in muscle weakness, fatigue and eventually in muscle paralysis.
This progressive degeneration has been shown in mutant SOD1 mouse
models of ALS where 40% denervation of neuromuscular junctions was seen
by day 47, 60% denervation by day 80 and widespread motor neuron loss by
day 100 (Fischer et al 2004). The symptoms of ALS include muscle
weakness initially followed by atrophy, spasticity and eventually paralysis.
This muscular paralysis shows clinically as wasting of the cranial muscles
(Bulbar onset) or in the limbs (Spinal onset) (Eisen 2009). In ALS there is not
a complete loss of all motor neurons but a loss of specific
subtypes/populations of neurons. Motor neurons innervating the eye muscles
and pelvic floor muscles (Onuf’s nucleus) are less vulnerable to the disease

process compared to spinal motor neurons. Also in the neurons that
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degenerate there are certain neuronal subtypes that degenerate faster than
others (Pun et al 2006). It has been shown that neurons innervating fast
muscle fibres degenerate much faster than neurons innervating slow muscle
fibres. This observation has led to the hypothesis about a pathway where the
neurons innervating the fast muscle fibres undergo progressive degeneration
and are affected earlier in the disease progression before the onset of slow
muscle fibre neuron degeneration. This hypothesis is supported by studies
which show higher levels of slow fibre neurons in the mutant in comparison to
the wildtype SOD1 mouse, suggesting a decrease in fast muscle fibres. It is
suggested that this is caused by a progression where fast muscle neurons
change into slow muscle neurons, leading to higher levels of slow muscle
neurons (Frey et al 2000, Pun et al 2006). ALS is a disease that also affects
other neuronal pathways, for example, in the frontal region of the brain,
Approximately 5% of ALS patients show signs of fronto-temporal dementia
and up to 50% of cases show subtle evidence of fronto-temporal dysfunction
(Phukan et al 2007).

1.3.1 Oxidative stress

Oxidative stress is caused by the production of reactive oxygen species
(ROS) usually as a by-product of aerobic metabolism (Coyle & Puttfarcken
1993). This leads to an incomplete reduction of oxygen leaving O2" and H20:2
which are further reacted to make strong oxidants causing protein, lipid and
DNA damage. Evidence from ALS post-mortem tissue shows increased
oxidative stress in the spinal cord and motor cortex of sporadic ALS patients
(Ferrante et al 1997). Increased levels of oxidised DNA were also seen,
using 9-OHdG staining, in the spinal cord of ALS patients (Fitzmaurice et al
1996). These data suggest that at some stage of ALS progression oxidative
stress is causing cellular damage. Oxidative stress has also been linked to
other pathogenic mechanisms as increased oxidative stress has been shown
to increase glutamate levels in ALS patients, leading to potential
excitotoxicity (Shaw et al 1995). ROS exposure has also been shown in glial

and neuronal cell models to reduce glutamate transporter function (Trotti et al
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1996, Volterra et al 1994). Mitochondrial dysfunction is also linked to
oxidative stress in ALS. Mitochondria are an important site for creating and
dealing with ROS and cumulative damage from ROS over time may lead to
decreased mitochondrial efficiency over time (Mecocci et al 1993). SOD1
mutations have also been shown to cause damage to mitochondria before
symptom onset, also leading to higher levels of ROS (Higgins et al 2002). As
the function of SODL1 is to remove oxygen free radicals to prevent
accumulation of oxidative stress, it can be hypothesised that mutations in
SOD1 would lead to increased free radical levels in the motor neurons and
the supporting cells. Increased oxidative stress has been identified by
proteomic analysis in SOD1 models via a dysregulation in the NRF2-AR