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Abstract

Background: Motor neurone disease (MND) is a fatal, progressive, neurodegenerative
disease causing muscle weakness, spasticity and paralysis. No small molecule drugs
have translated from MND mouse models to MND patients, possibly because of MND
mouse models being based on SOD1 mutations, representing only a small proportion of
patients. Nearly all non-SOD1 patients have TDP-43 pathology, whereas SOD1 patients
do not, suggesting a mechanistic difference between non-SOD1 and SOD1-related MND.
A TDP-43 model may be more representative of the patient population and lead to
better translation of treatments. There is also a need for translational biomarkers in

MND to further improve translation.

Methods: A colony of mice transgenic for mutant human TDP-43 (TDP-43%331K) was
established, alongside a control line (TDP-43WT). The mice were characterised for motor
function including rotarod, gait analysis, and neuroscoring. Immunohistochemical,
mRNA and protein level studies were also carried out. Increased weight was noted in
the TDP-43%331K myjce, leading to a study of voluntary activity and food intake. A further
study investigated electrophysiological parameters, apathy, and riluzole treatment.
Preclinical 31P-MRS imaging was carried out in SOD1%°3A mice in an attempt to find a

translational biomarker.

Results: TDP-43®331K mice developed a progressive phenotype, whilst TDP-43YT mice
showed none. TDP-43%33Kmjce showed signs of motor dysfunction, increased TDP-43
in the nucleus and cytoplasm of motor neurons (supported by increased mRNA and
protein levels), astrogliosis, and microgliosis in the spinal cord, apathy, overeating and
electrophysiological findings suggestive of denervation. Riluzole may have had a mild
treatment effect in TDP-43%331K mjce, measured by electrophysiology. No conclusions

could be drawn from the preclinical 31P-MRS due to animal welfare issues.

Conclusions: TDP-43®33 mice have a progressive motor phenotype of low variability
with reliable motor, pathological and cognitive readouts of disease and may provide a

useful model for evaluating potential neuroprotective therapies.
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1. Introduction

1.1.  Motor Neurone Disease (MND)
Motor neurone disease (MND) is a progressive neurodegenerative disease causing
muscle weakness, wasting, spasticity and eventual paralysis. The lifetime risk of
developing MND is approximately 1 in 400 (van Rheenen et al., 2016). 50% of patients
die within 2 years of diagnosis (Hoppitt et al., 2011), most commonly from respiratory
failure due to weakening of the diaphragm and intercostal muscles (Berlowitz et al.,

2016).

1.1.1. Clinical Presentation

The majority of patients present with the disease aged 55-75 years (Bergman et al.,
2015), however, the disease is frequently identified in patients of all ages, occasionally
as young as in the third or fourth decade of life (Beghi et al., 2006). Although 50% of
patients die within 2 years of diagnosis (Hoppitt et al., 2011), 5-10% of patients live over

a decade beyond diagnosis (Chio et al., 2009).

MND has a tendency to affect a larger proportion of men than women, more so in the
younger generations, with as many as 80% of patients under 40 being male (del Aguila

et al., 2003).

The majority of patients (66%) present with limb onset MND (Gordon, 2013) in which a
particular limb is affected by weakness, fasciculations and/or spasticity, usually followed
by symptoms in the contralateral limb or the other limb on the same side of the body.
Approximately 30% of patients present with bulbar onset MND in which they experience
dysarthria and/or dysphagia (Mitchell and Borasio, 2007). The remaining patients
(approximately 5%) present with respiratory onset MND in which they have difficulty
breathing (Gautier et al., 2010). The disease will usually progress from the site of onset

to eventually involve limb, bulbar, and respiratory symptoms.

The majority of patients show signs of upper and lower motor neurone degeneration
such as weakness, fasciculation, spasticity, stiffness, muscle wasting and hyperreflexia
and are therefore diagnosed with amyotrophic lateral sclerosis (ALS). However, the
disease is occasionally confined to an upper or lower motor neurone variant. Two

percent of patients are diagnosed with the upper motor neurone variant, primary lateral



sclerosis (PLS), and experience spasticity, brisk reflexes, stiffness and weakness
(Rowland and Shneider, 2001). Approximately 20 percent of patients are diagnosed with
the lower motor neurone variant, progressive muscular atrophy (PMA), and experience
fasciculations, muscle wasting and weakness (Rowland and Shneider, 2001). Patients
are occasionally diagnosed with progressive bulbar palsy (PBP) in which their symptoms
are initially confined to the bulbar area, however, these patients usually go on to

develop ALS (Karam et al., 2010).

It is now well recognised that MND is on a disease continuum with frontotemporal
dementia (FTD) and current data suggest that at least 50% of MND patients demonstrate
cognitive/behavioural changes (Ringholz et al., 2005). 10-15% of MND patients fulfil the
criteria for ALSFTD, as diagnosed using a battery of psychological tests (Ringholz et al.,
2005). The symptoms of FTD include behavioural changes including apathy,
disinhibition, compulsive behaviour, changes in eating habits and loss of empathy (Chan

et al.,, 2015).

1.1.2. Diagnosis and Biomarkers of MND

Diagnosis of MND requires the experience and knowledge of a specialist neurologist due
to a lack of diagnostic tools/biomarkers. There is no specific test for MND and diagnosis
therefore requires elimination of other potential diseases or health problems which may
have caused the patient’s symptoms. Patients tend to present to a Neurologist
approximately 12 months from symptom onset (Mitchell et al., 2010) and will usually
undergo an MRl scan, blood tests and electrophysiological testing before a diagnosis can

be given.

There is an ongoing effort to find a suitable biomarker of MND and this is a rapidly
evolving field which has shown progress over recent years (Turner et al.,, 2013). A
definitive biomarker is not only required for diagnosis but also to monitor disease
progression and prognosis. A biomarker of progression would be beneficial in
therapeutic trials as it would enable a more accurate gauge of survival than the current
measures of survival, such as ALS functional rating scale revised (ALS-FRS-R) (Brooks et
al., 2000) and strength testing. The identification of translational biomarkers (a
biological measurement which can be reliably measured in MND models as well as

patients) would be extremely useful for monitoring the effect of drugs in both preclinical
2



and clinical trials, allowing for easier determination of appropriate dosage by matching

the change in biomarker levels found in models, to those found in patients.

Potential biomarkers have been investigated in many areas including imaging,
electrophysiology, blood sampling and cerebrospinal fluid (CSF) sampling (Turner et al.,

2013, Rosenfeld and Strong, 2015).

1.1.3. Mechanisms of MND

The principal mechanisms underlying the pathophysiology of MND have not been
definitively identified. However, many mechanisms have been implicated including
oxidative stress (Cookson and Shaw, 1999), protein aggregation (Wood et al., 2003),
axonal transport dysfunction (El-Kadi et al., 2007), neuroinflammation (Hooten et al.,
2015), microglial activation (Turner et al., 2004), defects of RNA processing
(Polymenidou et al.,, 2012), excitotoxicity (Shaw, 1994) and energy metabolism
dysfunction (Dupuis et al., 2011), including mitochondrial dysfunction (Beretta et al.,
2003). Itis unclear whether each of these mechanisms occurs simultaneously or as part
of a sequential cascade. Itis also unclear whether particular disease mechanisms relate

to specific phenotypes, subgroups or genetic mutations of the disease.

1.1.4. Treatment of MND

The lack of a well-defined mechanistic understanding of disease pathogenesis has
hampered efforts to develop effective therapies. Riluzole, a drug which reduces
glutamate excitotoxicity, was first described as a therapeutic agent for MND in 1994
(Bensimon et al., 1994) and has been shown to extend life by several months (Stewart
et al., 2001, Miller et al., 2003). However, in the SOD1%°3* mouse model of MND (the
most commonly used animal model of MND), riluzole appears to improve motor
function but has little effect on lifespan (Gurney et al., 1998). These findings fit with a
common hypothesis that riluzole may be very beneficial for a subgroup of patients, but

not necessarily effective for all patients (Georgoulopoulou et al., 2013).

Patients experiencing respiratory failure are usually given non-invasive ventilation (NIV)

to aid respiratory function. NIV is commonly believed to improve quality of life,



particularly by improving quality of sleep (Bourke et al., 2006), and has also been shown

to extend life by an estimated 13 months (Berlowitz et al., 2016).

A recent study of diaphragm pacing has found this treatment to be detrimental as it was
associated with decreased survival in comparison to treatment with NIV alone

(McDermott et al., 2015a).

Insertion of a feeding tube is a useful symptomatic treatment, enabling patients to
maintain their body weight after losing the ability to swallow. Maintenance of body
weight is highly correlated with increased survival in MND patients (Desport et al., 2000)
and it appears to be crucial that patients receive a feeding tube earlier on in disease to

prevent major loss of body weight (McDermott et al., 2015b).

1.2.  Causes of MND
Approximately 5-10% of MND cases are familial, leading to the identification of many
causal mutations in several genes. Currently, causal genetic mutations have been
implicated in approximately two thirds of familial MND cases and 11% of sporadic cases

(Renton et al., 2014).

The first gene to be linked to MND was superoxide dismutase 1 (SOD1) (Rosen et al.,
1993). Following this initial discovery, causal mutations were identified in many other
genes including fused in sarcoma (FUS), transactivating response DNA binding protein
43 (TARDBP) and a GaC; repeat expansion was identified in C9ORF72 (Delesus-
Hernandez et al., 2011), all of which have been found to cause MND and/or FTD (see
table 1.1).



Table 1. 1: Causal genetic mutations in MND. Table adapted from (Taylor et al., 2016).

Locus Gene Protein Protein function Mutations Proportion of MND | Reference
Familial | Sporadic
21g22.1 SOD1 Cu—Zn superoxide dismutase | Superoxide dismutase | >150 20% 2% (Rosen et al., 1993)
2p13 DCTN1 Dynactin subunit 1 Component of dynein | 10 1% <1% (Puls et al., 2003)
motor complex
14911 ANG Angiogenin Ribonuclease >10 <1% <1% (Greenway et al., 2006)
1936 TARDBP | TDP-43 RNA-binding protein >40 4-5% <1% (Sreedharan et al.,
2008, Kabashi et al.,
2008)
16pll.2 FUS FUS RNA-binding protein >40 5% <1% (Vance et al., 2009,
Kwiatkowski et al.,
2009)
9p13.3 VCP Transitional endoplasmic Ubiquitin segregase 5 1-2% <1% (Johnson et al., 2010)
reticulum ATPase
10p15-p14 | OPTN Optineurin Autophagy adaptor 1 4% <1% (Maruyama et al., 2010)
9p21-22 C9orf72 C9orf72 Possible guanine Intronic 25% 10% (DeJesus-Hernandez et
nucleotide exchange | GGGGCC al., 2011, Renton et al.,
factor repeat 2011)
Xpll.23- UBQLN2 | Ubiquilin 2 Autophagy adaptor 5 <1% <1% (Deng et al., 2011)
Xp13.1
5035 SQSTM1 | Sequestosome 1 Autophagy adaptor 10 <1% unknown | (Fecto et al., 2011,
Teyssou et al., 2013)
17pl13.2 PFN1 Profilin-1 Actin-binding protein 5 <1% <1% (Wu et al., 2012a)
12g13.1 HNRNPA1 | hnRNP Al RNA-binding protein 3 <1% <1% (Kim et al., 2013, Liu et
al., 2016a)2013
5031.2 MATR3 Matrin 3 RNA-binding protein 4 <1% <1% (Johnson et al., 2014)
2036.1 TUBA4A Tubulin a-4A chain Microtubule subunit 7 <1% <1% (Smith et al., 2014)




22011.23 CHCHD10 | Coiled-coil-helix-coiled-coil- Mitochondrial protein | 2 <1% <1% (Bannwarth et al., 2014)
helix domain-containing of unknown function
protein 10

12q14.1 TBK1 Serine/threonine-protein Regulates autophagy | 10 unknown | unknown | (Freischmidt et al.,
kinase TBK1 and inflammation 2015)




1.2.1. SOD1
SOD1 codes for copper/zinc superoxide dismutase and over 160 causal mutations have
since been identified in SOD1, most of which are missense mutations with varying
locations in the gene (Rosenfeld and Strong, 2015, Al-Chalabi et al., 2012). Most SOD1
cases show a dominant inheritance in families and dismutase activity has been found to
be reduced in most, but not all cases, showing no correlation between dismutase activity
and severity of disease (Brotherton et al., 2011, Andersen et al., 1995). SOD1 mutations
are associated with a wide range of heterogeneity and are rarely associated with

cognitive deficits (Renton et al., 2014).

The main function of SOD1 is to protect cells from oxidative stress (Rosen et al., 1993).
However, when a mutation in SOD1 occurs, the SOD1 protein becomes misfolded in the

motor neurons and glia of the spinal cord (Nagai et al., 2007).

Causal mutations in SOD1 account for approximately 12% of familial MND cases, and 1-
2% of sporadic cases (Renton et al., 2014). In recent years, SOD1-linked MND cases have
been considered as distinct from other MND cases as SOD1 patient pathology lacks the
TDP-43 proteinopathy found in almost all other cases (Mackenzie et al., 2007). Post-
mortem SOD1 patient cord shows ubiquitin and p62-positive skeins or inclusions in the

motor neurons without TDP-43 pathology (Mackenzie et al., 2007).

1.2.2. TARDBP
The TARDBP gene is located on chromosome 1 (Stover et al., 2001) and consists of 6
exons. TARDBP codes for TDP-43, a DNA-/RNA-binding protein (Ou et al., 1995, Buratti
and Baralle, 2012). Originally described as an HIV-1 protein (Ou et al., 1995), TDP-43 has
more recently been uncovered as a key player in neurodegenerative disease, including

MND and FTD (Neumann et al., 2006, Tollervey et al., 2011).

1.2.2.1. TDP-43 Structure and Location

The TDP-43 protein is 414 amino acids long and is a highly conserved heterogeneous
ribonucleoprotein (hnRNP) (Krecic and Swanson, 1999). As shown in figure 1.1 TDP-43

contains two RNA recognition motifs (Neumann et al., 2006), a nuclear export signal



(NES) (Winton et al., 2008), a nuclear localisation signal (NLS) (Winton et al., 2008), and

a glycine-rich C-terminal sequence (Wang et al., 2004).

NES
NLS RRMZ’ Glycine-rich domain

| | ‘

1 82 98 106 176 191 262 274 414

Figure 1. 1: TDP-43 structure (NLS = nuclear localisation signal, RRM = RNA recognition

motif, NES = nuclear export signal).

TDP-43 is predominantly nuclear, but also shuttles between the nucleus and cytoplasm
(Winton et al., 2008), in a transcription-dependent manner (Ayala et al., 2008). Efflux of
TDP-43 from the nucleus to the cytoplasm is associated with cellular stress (Barmada et

al., 2010).

The C-terminus of TDP-43 is critically involved in the cellular localisation, interactions
with other proteins, and solubility of TDP-43 (Ayala et al., 2008, Budini et al., 2015,
Chang et al., 2013). Whereas, the N-terminus is involved in promoting oligomerisation
and enhancing DNA-binding affinity (Chang et al., 2012). The N-terminus is vital for the
folded structure and splicing of TDP-43 (Zhang et al., 2013), and is integral to the

function of the second RNA-recognition motif (Wang et al., 2013).

1.2.2.2. TDP-43 Function

TDP-43 is involved in multiple functions including DNA/RNA-binding, transcription,
translational regulation, RNA splicing, transportation, mRNA stability, stress granule
response, and microRNA biogenesis (Buratti and Baralle, 2010, Buratti and Baralle,
2012). TDP-43 can regulate its own mRNA levels via a negative feedback loop and
therefore autoregulates TDP-43 protein levels (Ayala et al., 2011, Koyama et al., 2016)
via the ubiquitin proteasome system and autophagy (Scotter et al., 2014, Wang et al.,
2010). TDP-43 binds to the 3’ UTRs of over 1000 transcripts, regulating splicing and
stability and therefore influencing many cellular processes (Tollervey et al.,, 2011,
Polymenidou et al.,, 2011). TDP-43 also has numerous binding sites on non-coding
RNAs, which may be involved in many processes including transcription regulation and

posttranscriptional processing (Tollervey et al., 2011).



TDP-43 is an important component of RNA transport granules and protein synthesis in
dendrites, which are key facets of neuronal plasticity and development (Tollervey et al.,
2011). A likely synaptic role for TDP-43 stems from observations that TDP-43 binds to
many RNA targets which are involved in synaptic function, and deletion of TDP-43 in
cultured neurons causes abnormal dendrite morphology. It therefore appears likely that

TDP-43 plays a key role in synaptic function (Fujii et al., 2005).

Under cellular stress, TDP-43 forms cytoplasmic stress granules from protein complexes
of redundant mRNA’s (Colombrita et al., 2009) and TDP-43 tends to relocate to the

cytoplasm (Barmada et al., 2010).

1.2.2.3.  TDP-43 Pathology in MND-FTD

Discovery of TDP-43 as a key part of ubiquitinated cytoplasmic neuronal inclusions in
both MND and FTD (Neumann et al., 2006), was crucial in identifying these diseases as

existing on a continuum.

Approximately 97% of MND patients (including most non-SOD1 MND patients) have
inclusions of ubiquitinated TDP-43 protein in motor neurons (Mackenzie et al., 2007). In
the hippocampus, neocortex and spinal cord of both MND and FTD patients, TDP-43
mislocalises from the nucleus to the cytoplasm and forms detergent-resistant
aggregates, containing hyper-phosphorylated, ubiquitinated, and C-terminal truncated,
TDP-43 (Neumann et al., 2006, Tollervey et al., 2011). The nuclear content of TDP-43

becomes depleted.

Neuronal aggregates and inclusions of TDP-43 in the cytoplasm of motor neurons have
become a pathological hallmark of MND. These aggregates and inclusions tend to be
immunoreactive for ubiquitin and p62 (a marker of autophagy) but negative for tau and
a-synuclein (Neumann et al., 2006, Arai et al., 2006). These inclusions are also found in
around 50% of FTD patients (Ling et al., 2013), regardless of whether they carry a
mutation in the TARDBP gene. TDP-43 pathology in non-primary motor areas appears
highly correlated with cognitive functioning in MND-FTD (Prudlo et al., 2016).

Aggregation of TDP-43 may not be necessary for neurodegeneration, or could be an
occurrence at the very end stage of cell death, as several TDP-43 mouse models have

shown neurodegeneration without aggregates (Arnold et al., 2013, Kraemer et al., 2010,
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Ricketts et al., 2014). A recent study of cultured cells and primary neurons showed that
the extreme N-terminus of TDP-43 regulates the formation of TDP-43 aggregates and

deletion of the N-terminus reduces aggregation (Sasaguri et al., 2016).

Disruption of the NLS or NES causes cytoplasmic mislocalisation and aggregation of TDP-
43, regardless of whether a mutation is present in the C-terminus (Winton et al., 2008).
Cleavage of TDP-43 results in C-terminal fragments moving out of the nucleus and in to
the cytoplasm. This occurrence is enhanced by the presence of C-terminal mutations
(Sreedharan et al., 2008, Rutherford et al., 2008) and cellular stress (Dormann et al.,
2009). Misfolded TDP-43 may cause further misfolding and aggregation of wild-type
TDP-43, suggesting the pathology can spread throughout cells and intercellularly across

axon terminals, in a prion-like manner (Zhu et al., 2014, Feiler et al., 2015).

A recent study suggested that cytoplasmic TDP-43 of motor neurons may accumulate
predominantly within the mitochondria, binding mRNAs and therefore, preventing
translation, impairing aerobic energy metabolism by reducing complex | activity (Wang

et al.,, 2016).

1.2.2.4. MND-FTD Causal Mutations in TARDBP

Following the discovery of TDP-43 pathology in MND, mutations in TARDBP were
investigated. Over 40 known mutations in TARDBP have been associated with MND
(Renton et al., 2014), most of which have been identified in the C-terminal glycine rich
domain of TARDBP (Gitcho et al., 2008, Sreedharan et al., 2008), which is associated with

protein-protein interactions and cellular localisation (Ayala et al., 2008).

Causal mutations in TARDBP account for approximately 4-5% of familial MND cases, and
1% of sporadic cases (Renton et al., 2014, Millecamps et al., 2010). Mutations in TARDBP
are inherited in an autosomal dominant manner and have been found to cause both
MND and FTD. Within the one family, members with the same mutation may present
with MND and no signs of FTD, whereas others present with FTD and no signs of MND
(Sreedharan et al., 2008).

Patients with causal mutations in TARDBP have a tendency to present with upper limb
onset disease at a slightly earlier age when compared to sporadic cases, and show a

moderately prolonged duration of disease (Corcia et al., 2012). The pathology of
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patients with TARDBP mutations is similar to that of sporadic patients (Yokoseki et al.,
2008) with neuronal loss, gliosis and TDP-43 positive cytoplasmic inclusions in both the

upper and lower motor neurons.

1.2.2.5.  TDP-43 Loss and/or Gain of Function in MND-FTD

Although it is well established that TDP-43 aggregates are a key pathological finding in
MND, it is unclear whether they are a causal mechanism of neuronal death, or a
consequence of upstream events. It is possible that TDP-43 aggregates cause toxicity,

either via a gain and/or loss of function of TDP-43.

Several studies have suggested that a loss of nuclear TDP-43 causes disease via loss-of-
function. In support of this splicing defects have been found in neuronal cell cultures
(De Conti et al., 2015), post-mortem MND patient spinal cord and patient-derived cells
(Highley et al., 2014), and mouse embryonic stem cells (Ling et al., 2015). Additionally,
knockout of TDP-43 in mice was shown to be embryonic lethal (Chiang et al., 2010,
Kraemer et al., 2010, Sephton et al., 2010), highlighting the importance of TDP-43 in
development. Whereas partial or post-developmental knockout of TDP-43 produces
progressive motor phenotypes and proteinopathy (Wu et al., 2012b, Iguchi et al., 2013,
Yang et al., 2014).

Conversely, the aggregation of TDP-43 in the cytoplasm may cause a toxic gain-of-
function. Multiple TDP-43 models have shown that an increase in wild type TDP-43
causes neurodegeneration and proteinopathy (Wils et al.,, 2010, Tsai et al., 2010,
Stallings et al., 2010, Xu et al., 2010, Shan et al., 2010, Igaz et al., 2011, Swarup et al.,
2011), despite the fact that no overexpression has been found in MND patients. The
most logical explanation for this finding is a toxic gain of function in patients, replicated
by an increased expression of TDP-43 in the models. Furthermore, the cytoplasmic level
of TDP-43 has been shown to be highly associated with neuronal death in primary rat

cortical neurons (Barmada et al., 2010), also suggestive of toxic gain-of-function.

However, other TDP-43 models have shown a role of loss and gain of splicing function
(Arnold et al., 2013) and altered TDP-43 structure by misfolding (Zhu et al., 2014), which
may indicate both loss and gain-of-function mechanisms being involved in the disease

process.
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1.2.3. FUS

Causal mutations in FUS account for approximately 4% of familial MND cases, and 1% of

sporadic cases (Renton et al., 2014).

The FUS protein binds to RNA and has multiple functions including transcription, RNA
splicing and transport (Vance et al., 2009). The FUS protein is predominantly located in
the nucleus, with a very similar role and location to TDP-43. Mutations in FUS cause
similar pathology to that of TDP-43 as the FUS protein aggregates in the cytoplasm of
neurons without the presence of TDP-43 and ubiquitin (Kwiatkowski et al., 2009, Vance

et al., 2009).

1.2.4. CS90ORF72
The most commonly found causal mutations are in the chromosome 9 open reading
frame 72 (C90ORF72) gene, which are responsible for 40-50% of familial MND cases and
around 7% of apparently sporadic cases (Renton et al., 2014). The genetic alterations
consist of a hexanucleotide (GGGGCC) repeat expansion in intron 1 of the C9ORF72
gene. Many patients with these mutations also show signs of FTD (Delesus-Hernandez
et al., 2011, Renton et al., 2011). Mutations in COORF72 have also been found in 25% of

patients with FTD without signs of MND (Majounie et al., 2012).

A higher proportion of patients with repeat expansions in COORF72 present with bulbar
onset MND compared to other genetic subgroups and there appears to be an
anticipation effect in families, meaning that subsequent generations carrying a COORF72

expansion will develop MND-FTD progressively earlier (Cooper-Knock et al., 2014).

The mechanisms linked to C90RF72 pathogenesis include RNA toxicity, loss-of function,
and accumulation of RNA-foci repeat associated non-ATG translated dipeptide repeat

proteins (Haeusler et al., 2016, Hayes and Rothstein, 2016).
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1.2.5. Genetic Risk Factors

The investigation of genetic risk factors has been a broadening field in recent years,
culminating with the onset of Project MinE, a large-scale worldwide project to identify

genetic mutations involved in MND.

Several studies have found genetic risk factors for both familial and sporadic MND. It
often appears that genetic susceptibility variants (e.g. ATXN2, SMN1 and UNC13A) are
found in familial cases in which a causal mutation already exists (Dekker et al., 2016,
Elden et al., 2010). This may influence the age of onset of disease, explaining why
members of the same family with the same causal mutation may present with MND at

different ages and sites of onset.

Genetic susceptibility variants are now being identified in sporadic patients, such as
TUBA4A (Pensato et al.,, 2015) and UNC13A (Manuel Vidal-Taboada et al., 2015),
suggesting that a genetic risk factor combined with environmental factors, may be a

trigger for sporadic MND.

1.2.6. Environmental Risk Factors

Environmental risk factors are implicated not only in sporadic MND cases but also in
familial cases, since family members who share causal genetic mutations will often
develop disease at very difference ages, and show a propensity to develop FTD or MND.
Therefore, it is likely that the occurrence, timing and severity of MND is dependent on a
combination of genetic and environmental risk factors. A wide variety of environmental

factors have been proposed over time, mostly from epidemiological studies.

Military service has been identified as a potential risk factor for MND in several studies
(Haley, 2003, Weisskopf et al., 2005), which may be linked to exposure of BMAA and
cyanobacteria (Cox et al., 2009). A high proportion of MND in Italian football players
was highlighted over a decade ago (Chio et al., 2005), adding to the debate over whether
high levels of physical activity may be a risk factor for MND (Harwood et al., 2009,
Harwood et al., 2016, Longstreth et al., 1998, Armon, 2003, Sutedja et al., 2009). Several
studies and reviews have found smoking to be a risk factor for MND (Armon, 2003,
Armon, 2009, Weisskopf et al., 2004), as well as exposure to toxins (Gunnarsson et al.,

1992) and exposure to magnetic fields (Sutedja et al., 2009).
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1.3. Modelling of MND
Modelling of MND is crucial to increase understanding of the disease and find potential
therapies. A wide variety of model types have been used to model MND, each with

distinct advantages and limitations for use (see table 1.2).

Table 1. 2: Features and limitations of modelling methods. Table adapted from (Clerc

etal, 2016).

Methods | Examples Features Limitations
Caenorhabditis Cellular focus without Lacks spinal cord and lower
elegans systemic complexity motor neurons affected by

In vivo MND
Drosophila More complexity than C. Wild-type human gene

elegans, but less than expression is toxic;
vertebrates relatively simple nervous
system structure compared
with human
Zebrafish Cheap, quick, simple; Not mammalian; relatively
vertebrate new models
Mouse Many different models; Overexpression artefacts;
short lifespan and disease unique biological
length properties compared to
humans (lifespan,
metabolism,etc.)
Rat Larger size; short lifespan Disease phenotype
and disease length differences from mouse
Dog Naturally occurring disease | Disease similar to, but not
(Canine Degenerative same as MND
Myelopathy)
Nonhuman Better disease mimic than Expensive, long lived,
primates other species ethical issues

In vitro Yeast Simple, models protein Not neuronal, or human

cultures aggregation well
Patient Natural disease gene Finite lifespan; difficult to
dissociated motor | expression; easy, direct transfect
neurons drug application
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Methods | Examples Features Limitations
NSC34 Immortal motor neuron- Induced disease
like cell line; manipulable phenotype; not true motor
neuron line
Stem cells Can transplant or Transplantation still
differentiate for experimental
study/transplant
Induced Can differentiate into Expensive; low neuronal
pluripotent stem motor neurons or glia yields; clonal issues.
cells
Tissue slice Easily manipulated; more Same issues as whole
culture (animal) systemic than cell cultures animal in trying to find
good model; distant
connections severed

1.3.1. Non-mouse in Vivo Models of MND

Mice are often the model of choice for testing potential drug therapies once a drug has

shown promise in vitro.

At the less complex end of the spectrum Drosophila melangoster (fruit fly),
Caenorhabditis elegans (nematode) and Danio rerio (zebrafish) models can be used for
relatively fast, cheap and simple drug screening. This is because development and
breeding periods are very short and assays can be carried out very effectively using
guantification of fluorescence, without dissecting the animals. Nematode models have
been produced carrying mutations in SOD1 (Wang et al., 2009) and FUS (Murakami et
al., 2012). Fly models of SOD1 (Watson et al., 2008), TARDBP (Diaper et al., 2013), FUS
(Chen et al., 2011) and C90RF72 (Mizielinska et al., 2014) have also shown the effects of
these mutations on various mechanisms and pathways. However, fruit flies and
nematodes lack spinal cords and the structure of disease-related genes may differ from

human genes, so findings in these models may not be well replicated in vertebrate

models.

In comparison, zebrafish have an orthologue for approximately 82% of genes which are
associated with human diseases (Howe et al., 2013). Several zebrafish models have

been developed modelling a variety of causal genetic mutations including SOD1
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(Lemmens et al., 2007, Ramesh et al., 2010), TARDBP (Kabashi et al., 2010), FUS (Acosta
et al., 2014) and C90RF72 (Ciura et al., 2013). Zebrafish may be a more promising model
for identifying potentially effective compounds, before moving on to the more costly

and time consuming mammalian models.

At the more complex, human-like end of the model spectrum we have non-human
primates, which are very costly, time consuming and carry a heavy ethical burden.
Despite this, a cynomolgus monkey overexpression model of TARDBP has been
produced, showing many of the signs of human MND symptoms and pathology (Uchida
et al., 2012).

Several rat models have been created including models with SOD1 (Llado et al., 2006),
TARDBP (Zhou et al., 2010) and FUS mutations (Huang et al., 2011). Rat models can be
very useful, especially because they are considerably larger than mice and this can be
key for imaging studies and surgeries. However, rats are more costly than mice and are

less easy to use for genetic manipulation.

Consequently, most MND in vivo studies use mouse models, particularly for testing

potential drug therapies.

1.3.2. Mouse Models of MND

The first mouse proposed as a model of MND was the Wobbler mouse (Duchen and
Strich, 1968), which arose by spontaneous mutation in 1955. The Wobbler mouse
carries a mutation in the Vps54 gene (Schmitt-John et al., 2005), which is not associated
with MND. This mouse has an MND-like phenotype including muscle atrophy, unsteady
gait, reduced body weight, and tremor, however, it does not carry an MND-linked
mutation and pathological studies have identified prominent vacuoles in the motor
neurons, which is not a typical feature of MND (Moser et al., 2013). Since the discovery
of the Wobbler mouse, many models have been created, some of which model
mutations found in only a small number of patients. The following table provides a
summary of MND models for the most commonly implicated genes SOD1, TARDBP, FUS
and C90ORF72 (described previously).
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Table 1. 3: Summary of mouse models of SOD1, TARDBP, FUS and C9ORF72. +

demonstrates one or two features of MND (e.g. phenotype: muscle atrophy; pathology:

neuronal loss), ++ demonstrates several features of MND (e.g. phenotype: muscle

atrophy, weakness, anxiety; pathology: neuronal loss, astrogliosis, decreased brain

volume), +++ demonstrates most features of MND (phenotype: muscle atrophy,

weakness, progression to paralysis, anxiety, antisocial behaviour; pathology: neuronal

loss, astrogliosis, microgliosis, cytoplasmic inclusions, poor NMJ morphology, decreased

brain volume).

Implicated | Gene status Phenotype | Pathology | Reference
gene
Human SOD16%%3A +++ +++ (Gurney et al., 1994)
transgenic
Human SOD1637R +++ +++ (Wong et al., 1995)
transgenic
Endogenous +++ +++ (Bruijn et al.,, 1997,
SOD1%8°R mutation Ripps et al., 1995)
GFAP-SOD1%86R none + (Gong et al., 2000)
transgenic
SOD1
(astrocytes only)
Human ++ +++ (Wang et al., 2002)
SOD1H46R/H48Q
transgenic
Human SOD1WT + none (Lino et al., 2002)
transgenic
Endogenous ++ ++ (Joyce et al., 2015)
SOD1P83¢ muytation
Human TDP- ++ +4+ (Wegorzewska et al.,
TARDBP
437317 transgenic 2009)
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Human TDP-43WT | +++ +++ (Wils et al., 2010)
transgenic

Endogenous TDP- | ++ ++ (Tsai et al., 2010)
43WT

Human TDP-43%T | None + (Stallings et al., 2010)
transgenic

Human TDP- + ++ (Stallings et al., 2010)
437315T transgenic

Human TDP- ++ ++ (Stallings et al., 2010)
43M337V transgenic

Human TDP-43WT | + ++ (Xu et al., 2010)
transgenic

Human TDP-43WT | ++ ++ (Shan et al., 2010)
transgenic

Conditional unknown unknown (Chiang et al., 2010)
knockout

Heterozygous + none (Kraemer et al., 2010)
knockout

Human TDP-43WT | + ++ (Igaz et al., 2011)
transgenic

ANLS partial + ++ (Igaz et al., 2011)
knockout

Human TDP- +++ ++ (Xu et al., 2011)
43M337V transgenic

Human TDP-43WT | ++ + (Swarup et al., 2011)
transgenic

Human TDP- ++ ++ (Swarup et al., 2011)

43"315T transgenic
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Human TDP- ++ +++ (Swarup et al., 2011)
436348 transgenic
Conditional +++ ++ (Wu et al., 2012b)
knockout
Human TDP- +++ +++ (Janssens et al., 2013)
43M337V transgenic
Human TDP-43WT | ++ ++ (Janssens et al., 2013)
transgenic
Partial knockout ++ ++ (Iguchi et al., 2013)
Human TDP- ++ ++ (Arnold et al., 2013)
43833 transgenic
Human TDP- + + (Arnold et al., 2013)
43Q331K-I0w
transgenic
Human TDP- + + (Arnold et al., 2013)
43M337V transgenic
Partial knockout +++ + (Yang et al., 2014)
Endogenous TDP- | + none (Ricketts et al., 2014)
43X mytation
Conditional ANLS +++ +++ (Walker et al., 2015)
knockout
Human FUSWT +++ ++ (Mitchell et al., 2013)
transgenic
FUS

Partial ANLS +++ ++ (Shiihashi et al., 2016)
knockout
Anti-sense none + (Lagier-Tourenne et

C90RF72 | oligonucleotide al., 2013)

injection

19



Inducible human
(GaCy)so repeat
expansion

transgenic

none

++

(Hukema et al., 2014)

Human (GaCz)s00
repeat expansion

transgenic

none

++

(Peters et al., 2015)

Human (G4Cz)100-
1000 repeat
expansion

transgenic

none

++

(O'Rourke et al., 2015)

Endogenous
(GaC2)es repeat

expansion

++

+++

(Chew et al., 2015)

Conditional

knockout

none

none

(Koppers et al., 2015)

Human (G4Cz)aso
repeat expansion

transgenic

++

++

(Jiang et al., 2016)

Heterozygous

knockout

none

(Jiang et al., 2016)

Homozygous

knockout

++

none

(Atanasio et al., 2016)

Homozygous

knockout

none

none

(O'Rourke et al., 2016)

Human (G4C2)37-500
repeat expansion

transgenic

+++

+++

(Liu et al., 2016b)
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1.3.2.1. Lack of Translation from Mouse to Human

The SOD1%°3 mouse model is by far the most commonly used mouse model in
therapeutic trials of MND (Benatar, 2007, Ludolph et al., 2007). However, compounds
found to be effective in the SOD1%%*A mice may not then prove effective in human
disease, as has been shown with several therapeutics including creatine (Klivenyi et al.,
1999, Groeneveld et al., 2003), vitamin E (Gurney et al., 1996, Desnuelle et al., 2001,
Graf et al., 2005) and gabapentin (Gurney et al., 1996, Miller et al., 2001). There are
several potential reasons for this lack of translation including validity of the model, study

design and a lack of translational biomarkers.

1.3.2.1.1. Reliance on One Mouse Model

A key reason for a lack of translation is that the SOD1%%3* model is only representative
of a very small proportion of familial MND (Ittner et al., 2015). Therefore, a compound
found to be effective in this model may also be effective in patients affected by SOD1.
However, when given to a wide variety of patients (familial and sporadic), the potential

effect on SOD1 patients is lost.

As has been highlighted in recent years, SOD1-based MND appears to be rather distinct
from non-SOD1 MND due to the lack of TDP-43 pathology (Mackenzie et al., 2007). The
treatment of SOD1 MND separate to non-SOD1 MND may therefore be key to finding

effective compounds and the first SOD1-specific drug trial is currently underway.

1.3.2.1.2. Poor Preclinical Study Design

Another key reason for lack of translation is that many trials have used a SOD1%°3* model
on a mixed genetic background, increasing the variability of disease (Mead et al., 2011)
and combined with poor study design this has led to a large number of false positive

studies (Scott et al., 2008).

Also, many preclinical trials are carried out without checking the pharmacokinetic (PK)
properties of the drug in the model. PK studies should be carried out to ensure the drug
is penetrating the blood brain barrier (Ludolph et al., 2010) and accessing the drug target
directly in neurons. This PK data can later be used to match an effective dose in mice,

to an effective dose in humans as plasma levels of the drug in patient trials can be tested
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and compared to the mouse data. One issue with this is that compound levels within
the human brain and spinal cord will remain unknown. However, matching the plasma

drug levels may lead to more appropriate dosing.

Furthermore, in most pre-clinical drug trials, the compound is administered prior to
symptom onset (Benatar, 2007, Ittner et al., 2015, Ludolph et al., 2007) and therefore
at a very early stage of the disease. In comparison, patients will not be put on a drug
trial until they are far beyond symptom onset and even diagnosis, at which point the
disease may be too advanced for the drug to effectively rescue the target disease
mechanism. On this note, it can be argued that if a drug was found effective by pre-
symptomatic dosing, familial MND could be treated by administering the drug to
unaffected family members to delay disease onset or reduce the pace of disease
progression (Benatar, 2007). However, no MND patient drug trials have been carried
out in this manner and the study design for such an approach would require a prolonged

follow-up phase.

Preclinical trial outcomes are frequently assessed by survival of the mice (Benatar,
2007), disregarding the effect of a drug on quality of life and symptom severity.
However, patients would undoubtedly welcome a drug which improved their quality of
life without an effect on survival. Preclinical investigators are rarely blinded to which
group is the treated group (Benatar, 2007) and this leads to a potential bias when
collecting data. Randomisation of mice to treatment groups is often neglected, creating

potential for confounding factors to emerge (Benatar, 2007).

A key example of these issues is in the case of minocycline, an inhibitor of microglial
activation, which was found to extend survival of SOD1%%3A mice when administered pre-
symptomatically (Kriz et al., 2002). However, when a phase lll human clinical trial was
carried out, minocycline appeared to accelerate disease progression in patients (Gordon
et al., 2007). Subsequently, a preclinical trial was carried out in which SOD1%°3* mice
were administered minocycline post symptom onset and no effect on survival was found

(Keller et al., 2011).
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1.3.2.1.3. Lack of Translational Biomarkers

As mentioned previously (1.1.2.), there is a lack of reliable biomarkers in MND, which
are required not only for diagnosis but also disease monitoring. This need extends to
preclinical biomarkers which will translate from animal models to patients (Ludolph et
al., 2010). If biomarkers could be used in both preclinical and patient trials this could
offer invaluable insights into the disease pathophysiology and, importantly, reduce the
duration and cost of clinical trials. A translatable biomarker would be incredibly valuable
in translational studies to gauge the dose administered to patients if the effect of the

drug on a biomarker could be matched between models and patients.

Whilst the search for reliable biomarkers continues in patients, no previous reports of
translational biomarker investigations could be found. One area under constant
investigation is imaging biomarkers, including magnetic resonance imaging (MRI),
magnetic resonance spectroscopy (MRS) and diffusion tensor imaging (DTI) (Chio and

Traynor, 2015).

New research is currently underway at the institute, investigating 31P-MRS as a
biomarker in MND patients. 31P-MRS measures phosphorous containing compounds,
many of which are involved in energy metabolism, which is known to be dysregulated in
MND (Dupuis et al., 2011). Therefore, a minor part of this project was to investigate

31P-MRS as a translational biomarker in a mouse model of MND.

1.3.2.2. Identifying a Mouse Model More Likely to Translate

A mouse model with a genetic mutation known to cause MND may only be
representative of patients with mutations in the same gene, possibly even the same
mutation in that gene. However, if a mouse model was representative of sporadic MND,
or at least a large proportion of MND, it would be far more likely to show translation of

therapeutics to humans.

As mentioned previously, familial cases represent approximately 5-10% of MND, hence
modelling familial MND has limitations with translation. Sporadic MND can have genetic
elements (Renton et al.,, 2014) and may also be significantly influenced by the
environment and therefore very hard to model as an entity. However, 97% of patients

can be ‘grouped’ in that they all show TDP-43 pathology (Mackenzie et al., 2007), so
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although a variety of upstream causes may be present, they all share a common
pathway/mechanism related to TDP-43 biology, resulting in this pathology. If this TDP-
43 pathomechanism could be modelled, this may be an ideal way to target a mechanism

affecting nearly all MND patients, creating a model with high translational potential.

The overall aim of this PhD was to identify and characterise a TARDBP mouse model to

increase the likelihood of successful therapeutic trials translating to patients.

1.3.2.3. Choosing a TARDBP Mouse Model

Many TARDBP models have been created over the past 7 years and several others are
known to be under investigation at the moment. A thorough review of TARDBP mouse
models was made (see table 1.4), in order to choose the most appropriate model to set

up in our institute.

In general, a mouse model for disease research should be on a defined genetic
background, have a reproducible phenotype, disease homogeneity, a mild-moderate
disease severity, a moderate length of disease course and an appropriate control line.
These qualities ensure that meaningful, statistically robust data can be collected whilst
keeping the number of mice required in studies relatively low, reducing the time and

cost of studies as well as suffering of the mice.

A TARDBP mouse model should ideally have a degenerative phenotype due to loss of
motor neurons and replicate MND pathology. For our purposes the model also needed
to be readily available and carry a mutated TARDBP gene. Overexpression and knockout

models were avoided as this is not seen in MND patients.
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Table 1. 4: Summary of TARBP mouse models of MND.

Reference Promoter, Genetic background | Pathology Phenotype Symptom Survival Reason(s) not to use
transgene, Onset as our chosen model
expression (Ax
= A-fold
expression)

(Wegorzews | mPrp, huTDP- | B6.Cg-Tg(Prnp- Motor neuron and Muscular atrophy in 91d 155d due to | Concerns over

ka et al., 43 A315T 3xflag | TARDBP*A315T) motor axon loss, hind legs, gait gastrointesti | gastrointestinal

2009) tag 95Balo/) astrogliosis, nuclear abnormality (3-4 nal problems

loss of TDP-43 months), weight loss problems
C57BL6/J x CBA, and ‘swimming gait’ at (Hatzipetros
backcrossed to 4.5 months et al., 2014)
C57BL6/J for two
generations

(Tsai et al., CaMKIl, mTDP- | FVB/N Some TDP-43-positive | Impaired 60d Normal Overexpression of

2010) 43 cDNAWT cytoplasmic inclusions, | learning/memory, wild type may not be
2x loss of cortical abnormal gait and representative of

neurons, astrogliosis in | reduced rotarod disease
cortex and performance

hippocampus, reduced

brain weight

(Stallings et | mPRP, STOCK Tg(Prnp- Astrogliosis in spinal Muscular atrophy, gait | 4 wks 14d-37.5 Very short disease

al., 2010) TDP-43A315T TARDBP)4llel/) cord, rare abnormality wks course, mixed
4x ubiquitinated, TDP-43+ background

B6SJLF1 x CD1, inclusions
mPRP, backcrossed with Neuronal Reduced grip, Not 16-42d Very short disease
TDP-43M337V CD1 or mixed morphological weakness, spasticity recorded course, mixed
>10x background abnormalities, rare background
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ubiquitinated TDP-43+
inclusions, astrogliosis

mPRP, Rare ubiquitinated None None Normal No phenotype,
huTDP-43WT inclusions, mild overexpression of
3x astrogliosis wild type may not be
representative of
disease
(Xu et al., mPRP, C57BL/6-Tg(Prnp- Astrogliosis, rare Reduced body weight, | 2 wks 4.5-8.5 wks | Very short disease
2010) huTDP-43 TARDBP)3cPtrc/) cytoplasmic phospho- | gait abnormality and course,
cDNAWT TDP-43 aggregates, tremor overexpression of
2.5x mitochondrial wild type may not be
neuronal aggregates, representative of
rare nuclear clearance disease
of TDP-43 and reduced
brain weight
(Wils et al., Thyl.2, B6;SJL-Tg(Thy1- Loss of motor neurons | Abnormal hind-limb 2-8.5 wks 4-29 wks High variability,
2010) huTDP-43 TARDBP)4Singh/) and motor axons, reflex, reduced rotarod | (variationin | (variationin | overexpression of
cDNAWT astrogliosis, nuclear performance, gait phenotype phenotype wild type may not be
3.8-5.1x C57BL/6 x SIL/) loss of TDP-43 and rare | abnormalities, proportional | proportional | representative of
founders backcrossed | ubiquitinated TDP-43+ | paralysis, fasciculations | to TDP-43 to TDP-43 disease
to C57BL/6, n not aggregates and spasm of facial expression) | expression)
stated muscles
(Shanetal., | Thyl.2, C57BL/6;SIL, Cytoplasmic Reduced body weight, | M: 2-2.5 normal Overexpression of
2010) huTDP-43 backcrossed with mitochondrial gait abnormality, wks wild type may not be
cDNAWT C57BL/6. aggregation, tremor, abnormal F: 13 wks representative of
2.3-4.6x intranuclear TDP-43, hindlimb reflex. disease

FUS inclusions,
reduced large motor
neurons, TDP-43+
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inclusions, abnormal
NMJ morphology.

(Chiang et Rosa26 floxed None reported Rapid weight loss and Not 9 days post | No pathology, very
al., 2010) ubiquitous TARDBP x Rosa26- death recorded tamoxifen rapid disease
promoter, ErCre to generate induction progression
depletion of inducible TARDBP-KO
TDP-43 using
Cre/lox
knockout
(Kraemer et | Knockout Tardbp®tRe030)Eyg None Reduced grip strength | Not Normal No pathology, little
al., 2010) using gene chimeric mice were recorded phenotype
trap insertion | generated and
vector pGT1Ixf | backcrossed x5 on to
C57Bl/6
(Swarup et Endogenous C3H x C57Bl/6 Cytoplasmic Impaired learning, 30 wks Normal Very late onset
al., 2011) promoter, backcrossed to accumulation of TDP- impaired memory,

huTDP-43 A315T
3x

C578Bl/6

43, increase in small
motor axons; decrease
in larger axons.
Astrogliosis and
microgliosis in the
brain and spinal cord
(pathology milder than
that of TDP-436348¢)

reduced rotarod
function
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Endogenous Cytoplasmic Impaired learning, 30 wks Normal Very late onset
promoter, accumulation of TDP- impaired memory,
huTDP-43 348¢ 43, cytoplasmic reduced rotarod
3x ubiquitinated TDP-43- | performance

positive aggregates,

neurofilament

disorganisation,

increase in small motor

axons; decrease in

larger axons,

astrogliosis and

microgliosis in the

brain and spinal cord
Endogenous Astrogliosis and Impaired learning, 30 wks Normal Overexpression of
promoter, microgliosis in the impaired memory, wild type may not be
huTDP-43 WT brain and spinal cord reduced rotarod representative of
3x (similar to that found performance disease

in TDP-43 A31%T)

(Igazetal., CaMKII TRE, C57BL/6J x C3Hel Time-dependent Spasticity (more PLS- 7 d post Not Lack of information
2011) ANLS Crossed with tTa cerebral atrophy, like than ALS-like), induction recorded on survival

1.7x mice and tetO mice astrogliosis, axon loss, | abnormal hindlimb

nuclear loss of TDP-43 | clasping

and rare TDP-43+

aggregates
CaMKII TRE, Cerebral atrophy, Spasticity (more PLS- 8-49 wks Not Lack of information
huTDP-43WT gliosis, nuclear loss of | like than ALS-like), recorded on survival
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8-9x TDP-43 and rare TDP- abnormal hindlimb
43+ aggregates clasping
(Xu et al., mPRP, C57BL/6-Tg(Prnp- Cytoplasmic Gait abnormalities, 3 wks 4 wks Very rapid disease
2011) huTDP-43M337V | TARDBP*M337V) phosphorylated TDP- limb weakness, body course
1-2x 4Ptrc/) 43 aggregates, reactive | tremors and difficulty
gliosis, widespread recruiting hind-limbs
C57BL/6 (B6) x B6 ubiquitination,
cytoplasmic
mitochondrial
aggregates, abnormal
phosphorylated tau,
reduced brain weight
(Wu et al,, HB9- C57BL/6J x HB9:Cre Motor neuron loss, Kyphosis, motor 20wks 10m Knockout may not be
2012b) promoter, astrocytosis of the dysfunction, muscular representative of
targeted spinal cord, atrophy, reduced body disease
knockout of cytoplasmic weight, weakness,
TDP-43 using ubiquitinated protein abnormal hind limb
Cre/lox accumulations in TDP- | clasping, reduced
43 negative motor rotarod function
neurons
(Janssens et | Thy-1.2, BI6/SIL backcrossed Cytoplasmic, Hindlimb clasping, 11d 17-18d Very rapid disease
al., 2013) huTDP-43M337V | to C57BL/6)J ubiquitinated TDP-43 muscular atrophy, course
1.7x inclusions, paralysis, muscle
phosphorylated TDP- twitches, reduced body
43, C-terminal weight
fragments, gliosis,
reduced brain weight
Thy-1.2, Cytoplasmic, Hindlimb clasping, 14d 25-26d Very rapid disease
huTDP-43"T ubiquitinated TDP-43 muscular atrophy, course
2X inclusions, paralysis

phosphorylated TDP-




43, C-terminal
fragments, gliosis

(Arnold et mPRP, huTDP- | B6N.Cg-Tg(Prnp- LMN degeneration but | Tremor, hindlimb 3 months Normal Chosen model
al., 2013) 43 ®3IKcDNA, | TARDBP*Q331K)103 | no loss of UMNSs, clasping, decreased
myc-tagged Dwc/J astrogliosis and hindlimb grip strength,
3x microgliosis in the decreased rotarod
B6N.Cg-Tg(Prnp- spinal cord, performance.
TARDBP*Q331K)109 | vacuolisation and
Dwc/J myelin defects in
motor axons, loss of
B6N.Cg-Tg(Prnp- motor axons, reduced
TARDBP)96Dwc/) neuromuscular
junction endplates
mPRP, huTDP- | C57BI6/C3H Age-dependent Significant age- Not Not Lack of pathology
43 Q331klow backcrossed to decrease in LMNs. dependent motor recorded recorded and phenotype
cDNA, myc- C578BI6 at least 4 deficits (less so than
tagged times TDP-43 9331K)
lower than
endogenous
mPRP, huTDP- Age-dependent Significant age- Not Not Lack of pathology
43 M337V cDNA, decrease in LMNs dependent motor recorded recorded and phenotype
myc-tagged deficits (less so than
similar to TDP-43 931K
endogenous
(lguchi et al., | Motor neuron | Enlflox-neo x Degeneration of large Progressive weight loss | 50 wks Normal Knockout may not be
2013) specific C57BL/6 backcrossed | motor axons, and motor impairment, representative of
knockout of with C57BL/6 at least | denervation in the muscular atrophy, disease
TDP-43 using 5 times, then crossed | neuromuscular tremor, reduced
Cre/lox with CAChT-Cre junction, autophagy- rotarod performance

related structures
accumulated in cell

and grip strength
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bodies of motor
neurons

(Yang etal., | Knockout amiR—-TDP43u x Progressive Hyperactivity, motor S5wks 44-100d Unpublished at the
2014) using CMV—Cre neurodegeneration, dysfunction, weakness, time

transgenic predominantly in paralysis, reduced

RNAi and cortical layer V and the | body weight

Cre/lox spinal cord
(Ricketts et TARDBP-#3219% | (C3H/HeH.C57BL/6J) | None Limb clasping, lack of 32wks Normal Unpublished at the
al., 2014) from a N- backcrossed on to body tone time

ethyl-N- C57BL/6J x 3-4

nitrosourea

(ENU) mutant

mouse archive

endogenous
(Walker et NEFH Mixed Brain atrophy, Hindlimb clasping, 4 wks off 10.3 wks off | Unpublished at the
al., 2015) promoter C57BL/6J) x C3Hel F1 | insoluble cytoplasmic tremor, reduced grip dox dox time

doxycycline TDP-43 in the brain strength and rotarod

(Dox)- and spinal cord, muscle | performance, reduced

suppressible
expression of
huTDP-43 with
defective
nuclear
localization
signal (ANLS)
50% reduction
in expression

denervation, motor
neuron loss

body weight
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After careful consideration, the TDP-43%331K mouse model (Arnold et al., 2013) was
imported from Jackson laboratories (USA) along with the wild-type control line (huTDP-

433331 Jax #017933 and huTDP-43%"T Jax #017907).

This mouse model was chosen as it met most of the criteria described previously by
having a degenerative phenotype due to motor neuron loss, a defined genetic
background, a mild disease severity, a moderate length of disease course (10 months),
and an appropriate control line (TDP-43WT) which lacked a phenotype. In addition,
unlike most other transgenic TDP-43 models, this model has been developed with the
idea of creating a line with transgenic expression similar to the endogenous mouse gene,
avoiding the issues seen in highly overexpressing models where both mutant and wild

type TDP-43 overexpression cause neurodegeneration.

The TDP-43WT mouse line is transgenic for human TARDBP and the TDP-43®33 mouse
line is transgenic for human TARDBP with a glutamine to lysine mutation at position 331
(Q331K). The Q331K mutation has been identified in exon 6 of the TARDBP gene ina 72
year old male patient who developed limb-onset MND with a 3 year disease duration
(Sreedharan et al., 2008). In this mouse model, the human TARDBP gene is expressed
under the murine prion promoter, which is mainly expressed in the astrocytes and
motor neurons of the CNS (Wang et al., 2005) as well as the heart (Borchelt et al., 1996).

The human TARDBP gene is also c-myc-tagged.

Previous work with this mouse model showed widespread alterations in gene splicing,
motor neuron and motor axon loss, reduced rotarod performance and grip strength, and

a mild disease course which plateaus at 10 months of age (Arnold et al., 2013).

The mice were backcrossed on to a C57BL/6NJ background before being deposited at
Jackson laboratories. Therefore, the mouse colonies established are on a slightly
different genetic background compared to those in the original paper (C57BL/6NCrl),

which may have a significant effect on disease severity (Heiman-Patterson et al., 2005).

Subsequently, in 2015 a further study was published in which a different line of the TDP-
438331 mice was crossed with the TDP-43WT mice, causing a very rapid disease
progression (Mitchell et al., 2015). It is hypothesised that this cross pushed the level of
TARDBP expression over a ‘threshold’, causing the disease to become far more

aggressive. However, the TDP-43®33 mjce used in this publication were a different line
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compared to the mice in our colony as well as now being on a slightly different genetic
background. Therefore, comparison of data between this project and previous studies

should be approached with caution.

1.4. Aims of the project

The overall aims of the project were to:

1. Establish a breeding colony of a translationally relevant mouse model of MND.

2. Identify quantitative readouts of disease progression with low variability,
suitable for use in pre-clinical therapeutic trials.

3. Carry out the first known drug trial of riluzole in the selected mouse model.

4. Investigate 31P-MRS as a potential preclinical biomarker of MND.
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2. Motor Phenotypic Characterisation of the TDP-43%331K Mouse

2.1. Introduction

Upon receiving the TDP-43%331K gnd TDP-43"T mice, colonies were established and a
characterisation study was initiated. This mouse model has been investigated previously
on a C57BL/6NCrl background which had been backcrossed for a minimum of 4
generations (Arnold et al., 2013) but has subsequently been backcrossed on to a
different genetic background (C57BL/6NJ). A difference in genetic background can have
a large impact on disease severity, as found in the SOD1%°3* mouse model (Heiman-
Patterson et al., 2005). It was therefore of great importance to ensure the TDP-43®331K
colony we were establishing carried the described mutation and that there would be

genetic homogeneity within the colonies.

Previously, the TDP-43%331K mouse model was described as developing a rotarod deficit
and reduced grip strength with age, worsening over a period of 10 months (Arnold et
al., 2013). However, the difference in genetic background between the published model
and the TDP-43%331K model in use here, may cause a differing motor phenotype. It is

therefore appropriate to test for a motor phenotype in this TDP-439331K model.

As discussed previously (chapter 1), homogeneity and reproducibility of disease is key in
a disease model, especially when planning to carry out therapeutic trials, as minimal
variability is crucial to identifying treatment effects with small group sizes (Mead et al.,
2011). Carrying out a phenotypic study allowed for assessment of these parameters and
for comparison of non-transgenic and TDP-43VT mice with TDP-43%33K mice to identify

mutant specific effects, as well as the effects of WT TDP-43 expression.

Analysis of motor phenotype defines the disease severity and onset. This is useful for
therapeutic trials as users may wish to administer drugs from the onset of symptoms
rather than from maturity (Benatar, 2007, Ittner et al., 2015). Assessment of motor
phenotype may also provide an indication of the degree of distress suffered by the mice,
with the possibility of identifying humane disease endpoints, if relevant for the model.
Motor function can be assessed in a variety of ways including grip strength, rotarod, the
raised beam test, open field and gait analysis (Brooks and Dunnett, 2009). Rotarod, grip
strength, weight, gait analysis and neurological scoring are commonly used for the
assessment of the motor phenotype in the SOD1%%3# model (Weydt et al., 2003, Mead

et al., 2011). Practically, the accessibility of equipment must be considered when
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designing a study and the readily available equipment for this study consisted of a
rotarod and the Catwalk gait analysis system. Weight was also monitored and the overall
neurological deficit was scored. For the purposes of maintaining and managing colonies,
it is always helpful to know the expected litter statistics for mouse models, and
importantly, the breeding life of the mice. In many models, including SOD1%°34, fertility
is impaired. Males have a short window of fertility from adulthood (50-60 days of age)
to approximately 90 days of age (in-house data) and females are infertile. Therefore,
breeding statistics for TDP-43%331K mijce were also investigated, as these had not been

reported previously.

As described previously in chapter 1, approximately 97% of MND patients develop TDP-
43 pathology in motor neurons, including ubiquitinated inclusions and cytoplasmic
mislocalisation (Mackenzie et al., 2007). Ideally, the TDP-43%331K mice would replicate
this pathology, however, the previously published data showed small TDP-43 positive
inclusions but no cytoplasmic mislocalisation (Arnold et al., 2013). It is well established
that inflammation is a key component of disease in humans, often reflected in the
activation of astrocytes and microglia. Both these cell types are activated in MND, as
shown by microgliosis and astrocytosis, both in vitro and in vivo (Boillee et al., 2006,
Ferraiuolo et al., 2011, Yamanaka et al., 2008b). Previous investigation of the TDP-
433331 model found signs of astrogliosis with increased glial fibrillary acidic protein
(GFAP) immunoreactivity, and microgliosis demonstrated by increased levels of IBA-1
immunoreactivity (Arnold et al., 2013). Therefore, it is important to establish whether

these findings are also evident in the TDP-43%331K model on a C57BL/6NJ background.

2.2. Aims
1. To assess the motor function of TDP-43331K gnd TDP-43WT mice over a period of 10

months.

2. To establish whether the TDP-43WT motor phenotype is similar/different to non-

transgenic mice of the same background strain.
3. To assess the variability of the motor phenotype in TDP-432331K gnd TDP-43VT mice.

4. To assess breeding and litter statistics in the TDP-43%331K and TDP-43"T mice.
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5. To investigate the TDP-43 pathology, astrogliosis and microgliosis in the spinal cord of

TDP-43Q331K myjce,

2.3. Materials and Methods

2.3.1. Ethics Statement

All mouse experiments were carried out under the terms of the UK Animals (Scientific
Procedures) Act 1986 and under a UK Home Office project license. Mice were housed
and cared for in accordance with the Home Office Code of Practice for Housing and Care
of Animals Used in Scientific Procedures. All procedures were carried out under an
appropriate UK Project Licence by personal licence holders. ARRIVE guidelines (Kilkenny

et al., 2010) have been followed for the work described in this thesis.

2.3.2. Transgenic C57BL/6NJ Mice

TDP-43WT and TDP-43%331K mjce (Mus musculus) were originally generated on a
C57BL/6NCrl background by insertion of c-myc-tagged human TARDBP cDNA constructs,
injected in to the pronuclei of C57BI6/C3H blastocysts and implanted in to
pseudopregnant female mice (Arnold et al.,, 2013). Offspring were subsequently
backcrossed on to a C57BL/6NJ background before being deposited at the Jackson
Laboratory (stock numbers 017907 and 017933, respectively).

The basic characterisation tests were carried out with 5-7 males and 5-7 females per
group (TDP-43"T and TDP-439%31K), based on power calculations from rotarod data in
SOD1%%3A mice. Non-transgenic littermates of each mouse were also tested, the data
for which were pooled to create the non-transgenic (NTg) group. Mice were recruited

at 25 days of age and remained on the study until 300 days of age.

Colonies were established using 3 male breeders and 6 female breeders in each colony.
Transgenic males were mated with non-transgenic females from within the same

colony. All mice were fertile and remained as breeding stock up to 12 months of age.
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2.3.3. Housing

Mice were bred in a specified pathogen free (SPF) environment, and transferred to a
conventional facility for the studies described here. The facility uses a 12 h light/dark
cycle, and room temperature set to 21°C. Cages were lined with fine sawdust (eco-pure
flakes 6, Datesand, UK), which was changed weekly, and a plastic house was placed in
each cage with paper wool (Datesand, UK) as bedding material. Mice were fed 2018
rodent diet (Harlan, UK) ad libitum. Water was provided ad libitum and changed weekly.

Fresh bottles were provided every four weeks.

All mice were housed in same-sex littermate pairs or quadruplets. However, some male

pairs were separated at around six months of age due to fighting.

2.3.4. Genotyping

Mice were identified by ear clipping and the ear clip was then used for genotyping. DNA
was extracted by incubating ear clips at 65°C for 15 minutes in a 20 pl volume of
QuickExtract DNA Extraction Solution (Epicentre, Cambridge, UK), followed by a 2
minute incubation at 98°C. 1 pl of DNA was then placed in solution with 4 pl of Firepol
(Solis Biodyne, Estonia), 11 ul of water, 0.5 um of each huTDP-43 primer (forward 5’-
AGAGGTGTCCGGCTGGTAG-3’, reverse 5'-CCTGCACCATAAGAACTTCTCC-3') and 0.5 pm
of each interleukin-4 receptor control primer (forward 5’-
CTAGGCCACAGAATTGAAAGATCT-3, reverse 5'-GTAGGTGGAAATTCTAGCATCATCC-3’),
(Sigma-Aldrich, UK).

This polymerase chain reaction (PCR) mix was then run on a PCR machine (G-Storm, UK)
with a 2 min incubation period at 94°C, followed by 10 cycles of 94°C for 20 seconds, 65-
50°C for 15 seconds and 68°C for 10 seconds. This was followed by 28 cycles of 94°C for
15 seconds, 50°C for 15 seconds, and 72°C for 10 seconds. Following this was a 2 minute

period at 72°C. Samples were then held at 10°C.

A 2% w/vol agarose/1xTAE solution was microwaved until the agarose was fully
dissolved. Once cooled, 1% ethidium bromide was added and the solution was poured
into a gel mould. Once set, the gel was placed in to a gel tank filled with 1xTAE. 4ul of

100bp hyperladder (Bioline, UK) was loaded in the first well of each row and 8ul of PCR
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product was then added to each subsequent well. The gel was then run for 40 mins at

120mV.

Transgenic samples are represented by a predominant PCR product for the human TDP-
43 transgene at 228bp as well as the control IL4R PCR product at 324bp, whereas non-

transgenic samples are represented by a single band at 324bp.

2.3.5. Sequence Analysis

DNA was extracted by incubating ear clips at 65°C for 15 minutes in a 20 ul volume of
QuickExtract DNA Extraction Solution (Epicentre, Cambridge, UK), followed by a 2

minute incubation at 98°C.

A 1 pl volume of DNA was then placed in solution with 4 pl of Firepol (Solis Biodyne,
Estonia), 11 pl of water, 0.5 pum of each huTDP-43 primer (forward 5’-
AGAGGTGTCCGGCTGGTAG-3’, reverse 5'-CCTGCACCATAAGAACTTCTCC-3’) and 0.5 pum
of each interleukin-4 receptor control primer (forward 5’-
CTAGGCCACAGAATTGAAAGATCT-3, reverse 5'-GTAGGTGGAAATTCTAGCATCATCC-3’),
(Sigma-Aldrich, UK).

This solution was then run on a PCR machine (G-storm, UK) with a 2 min incubation
period at 94°C, followed by 94°C for 20 seconds, 65-50°C for 15 seconds and 68°C for 10
seconds, repeated for 10 cycles. This was followed by 28 cycles of 94°C for 15 seconds,
50°C for 15 seconds, and 72°C for 10 seconds. Following this was a 2 minute period at

72°C. Samples were then held at 10°C.

5ul of each PCR product was then placed in a 0.2ml Eppendorf with 0.05ul of
exonuclease | (Thermo Fisher, UK), 1ul of shrimp alkaline phosphatase (Thermo Fisher,
UK) and 4ul of nuclease-free water. This solution was then incubated in a PCR machine

(G-Storm, UK) at 37 °C for 45 mins, followed by 80 °C for 15 mins.

These samples were then sent to the Core Genomic Facility, Medical School, University
of Sheffield for sequencing using an Abi 3730 instrument (ThermoFisher Scientific, UK)
and PTC-200 cyclers (ThermoFisher Scientific, UK) and a manufacturer-recommended

BigDye Terminator kit (ThermoFisher Scientific, UK).
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2.3.6. Copy Number Analysis

Ear clips were taken from mice at 10 months of age (1 non-transgenic, 3 TDP-43VT, 12
TDP-43®331K) gnd sent to the Mary Lyon Centre, MRC Harwell, Didcot for analysis of

human TARDBP copy number.

A VIC-labelled reference assay (disruptor of telomeric silencing 1-like [Dot1l]) set at 2
copies (CNV2) on the Bio-Rad QX200 droplet digital PCR (ddPCR) system (Bio-Rad, CA)
was performed using a Tagman assay specific to human TARDBP cDNA to estimate the
number of transgene integrations. Reaction mixtures (20 pl) contained 1 ul crude DNA
lysate, 1x ddPCR Supermix for probes (Bio-Rad, CA, USA), 225 nM of each primer (two
primers/assay) and 50nM of each probe (one VIC-labelled probe for the reference gene
assay and one FAM-labelled for the transgene target assay). These reaction mixes were
loaded into DG8 cartridges with 70 ul droplet oil per sample and droplets produced using
the QX100 Droplet Generator, or alternatively were loaded in plate format into the Bio-
Rad QX200 AutoDG and droplets produced as per the manufacturer’s instructions. After
droplet generation, the oil/reagent emulsion was transferred to a 96 well semi-skirted
plate (Eppendorf AG, Hamburg, Germany) and the samples were amplified on the Bio-
Rad C1000 Touch thermocycler (95°C for 10 min, then 40 cycles of 94°C for 30s and 58°C
for 60s, followed by a final elongation step of 98°C for 10 min). The plate was then
loaded into the QX200 Droplet Reader (Bio-Rad, CA, USA). Standard reagents and
consumables supplied by Bio-Rad were used, including cartridges and gaskets, droplet

generation oil and droplet reader oil.

2.3.7. Neuroscoring and Weighing

Neuroscores and weight were monitored weekly in the morning, measuring forelimb
and hindlimb tremor on a subjective scale of 0-3 (normal-strong) adapted from the in-
house SOD1%%3A neuroscoring system. A ‘neuroscore’ scale was used to delineate motor
dysfunction (0-normal, 1-significant hindlimb tremor, 2-abnormal gait, 3-severe waddle,
4-dragging of one hindlimb). Whenever possible, this scoring was carried out by the

same investigator (JS).
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Weight was monitored by placing the mice in a box on a set of scales (Kern, Germany)
pre-set to zero. These measurements were taken immediately prior to rotarod testing

and in the same procedure room as the rotarod.

2.3.8. Accelerating Rotarod Test

Mice were placed on the accelerating rotarod (Jones & Roberts for mice 7650) for a
period of 300 seconds. In this time the rotarod accelerates from 4 to 40 rpm and latency
to fall was recorded for each mouse. All rotarod testing was carried out at a similar time
of day (am) and all testing consisted of two trials, with the highest score being recorded

for analysis.

Mice were initially trained on the rotarod over 3 days (27-29 days of age) and underwent
the first testing day at 30 days of age, being tested each week thereafter. For each
mouse at each time point the ratio of rotarod performance/weight was also plotted to

account for the effect of weight.
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2.3.9. Catwalk Gait Analysis

The catwalk gait analysis system 7.1 (Noldus Information Technology B.V., Netherlands)
was used to capture gait parameters at 1, 3, 6 and 10 months of age. Mice were placed
on the glass floor of the catwalk system in complete darkness and left to walk/run freely.
Whenever possible, 6 straight continuous runs were recorded and the 3 best runs were
selected for analysis. Catwalk software 7.1 was used to label each paw print of each run
(as shown in figure 2.1) and analyse the gait parameters of the mice. Microsoft Excel

was used to collate data within groups and select data which may be informative.

Run Video mode Help bright

.000s Continuous |+ 5 13805
: .
Actions

| Stop labeling |
[ Unlabeled = Junk |

~| [False color +|  Typehelpkeywords -

| Reset all labels

| Hide rectangles |

dark

Right front paw
Right hind paw

Left front paw
Left hind paw
Hose

Right hip
Right knee
Left hip

|
[
Tail |
Undefined |
1

Left knee

stride length

base of support
(BOS) .
3 5

stride length

Figure 2. 1: Demonstration of catwalk gait analysis software.

As shown in the top panel (blue) each individual paw print was labelled and colour co-
ordinated for analysis. Forepaws are bright; hindpaws are dull. Left paws are red; right
paws are green. The bottom panel demonstrates the definition of stride length and base

of support.
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2.3.10. Litter Statistics

Throughout maintenance of the TDP-43"T and TDP-43%33K mouse colonies, data for
each mouse was monitored and each litter was assessed for size, percentage of

transgenic pups, and percentage of male pups. Data for savaged pups was unavailable.

2.3.11. gPCR

Primer pairs were mixed and diluted to 5uM (see table 2.1 for primer sequences).

Samples were plated in duplicate in non-skirted, frosted, thin-wall 0.2ml low profile 96
well plates (P3-0402, Geneflow, UK) and covered with optical wide area 8-cap strips (P3-
0051, Geneflow, UK). Each well contained 1l cDNA, 1ul primer mix, 3ul water and 5pl
brilliant Ill ultra-fast SYBR® green qPCR master mix (600882, Agilent Technologies, USA).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the house-keeping

gene. A non-template control was plated for each primer pair.

Samples were placed in the gPCR machine (Mx 3000P, Stratagene, USA) and run on the
following protocol: 95°C for 10 mins, 45 cycles (95°C for 30s, 58°C for 1 min, 72°C for 1
min), 95°C for 1 min, 55°C for 30s, 95°C for 30s.

Table 2. 1: Primer sequences. Forward and reverse primer sequences used for gPCR

analysis.
Primer pair Forward Reverse
huTDP-43 TGGGATGAACTTTGGTGCGT | TTTGGCTCCCTCTGCATGTT
Mouse (total) TDP-43 | TACCGGAATCCCGTGTCTCA | GAGGAAGCATCTGTCTCATCCA
GAPDH ATGGTGAAGGTCGGTGTGAA | TGGCAACAATCTCCACTTTGC

2.3.12. gPCR Analysis

Cycle threshold (Ct) values were extracted using MxPro Mx3000P software version 4.10
(Stratagene, USA). Further analysis was carried out using Microsoft Excel 2013

(Microsoft, USA) and GraphPad Prism 6 (GraphPad, USA).

Mean Ct values were calculated for each sample from the duplicates. Data were not
used if duplicate Ct values differed by 21. The relative concentration was calculated

using the equation: 1/2(gene of interest Ct—GAPDH Ct)  \/3|yes were presented as a percentage
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of the mean TDP-43WT value for each sample, or as a percentage of the mean non-

transgenic value wherever possible.

2.3.13. Preparation of Lysates for Western Blotting

Cortex samples (n = 3 male, 3 female/group, 10 months of age) were homogenised in
700ul of RIPA buffer (150mM sodium chloride, 50mM Tris, 1% triton x-100, 0.5% SDS,
0.5% sodium deoxycholate, pH 8.0), whilst spinal cord samples (n = 3 male, 3
female/group, 10 months of age) were homogenised in 350ul of RIPA buffer. Samples
were homogenised using a plastic pestle in the Eppendorf, followed by passage through
a syringe and needle at least 3 times. Samples were then rolled at 4°C for 30 mins and

left on ice for a further hour.

Samples were centrifuged at 18000 x g (14000rpm) for 10 mins at 4°C and the

supernatant was collected in aliquots and frozen at -80°C. Pellets were discarded.

2.3.14. Western Blotting

2.3.14.1. SDS-Polyacrylamide Gel Preparation

Resolving gels were made at a concentration of 12% by mixing 3.5ml distilled water
(dH20), 4ml acrylamide (30% w/v), 2.5ml resolving buffer (1.5M Trizma, 13.9mM SDS,
pH 8.8), 50ul APS (10% w/v) and 20uL TEMED. This solution was placed into 1mm spacer
plates and short plates (Bio-Rad), assembled on the Mini-PROTEAN® Tetra Cell Casting
Stand and clamps with gaskets (Bio-Rad). A layer of isopropanol was left on the top of

the gel whilst setting and poured/blotted off afterwards.

Stacking gels were made at a concentration of 5% by mixing 5.8ml dH.0, 1.7ml
acrylamide (30% w/v), 2.5ml stacking buffer (0.5M Trizma, 13.9mM SDS, pH 6.8), 50ul
APS (10% w/v) and 20uL TEMED. This solution was then poured in to the gel cast to sit
above the resolving gel. A 1mm 10-well Mini-PROTEAN® comb (Bio-Rad) was inserted

in to the top of the gel during setting (at least 10 mins).

2ul of 4x Laemmli buffer (228mM Tris-HCl, 38% (v/v) glycerol, 277mM SDS, 0.038% (w/v)
bromophenol blue, 5% (v/v) B-mercaptoethanol, pH 6.8) was added to 6ul of each

sample and heated at 95°C for 5 mins. The protein gels were loaded in to a Mini-
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PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad), and the tank was filled with
running buffer (25mM Tris, 3.5mM SDS, 20mM glycine). 2ul of pre-stained protein
ladder was loaded in to one well of each gel and samples were then loaded in the
remaining wells. Electrophoresis was run at 50V for 30 mins, followed by 150V for 90

mins.

2.3.14.2. Transfer of SDS-Polyacrylamide Gel to Nitrocellulose Membrane

Gels were removed from the electrophoresis apparatus and placed over a nitrocellulose
membrane saturated in transfer buffer (47.9mM Tris, 38.6mM glycine, 1.38mM SDS,
20% (v/v) methanol) and placed between 6 layers of Whatman paper, also saturated in
transfer buffer. These layers were then placed in the semi-dry apparatus (Biometra,

Germany) and electrophoretic transfer was performed at 0.15A/gel for 1 hour.

Membranes were then stained with Ponceau (0.1% (w/v) Ponceau S, 5% (v/v) acetic
acid) to check for proteins, and then washed in TBST (20mM Tris, 137mM NaCl, 0.2%
(v/v) Tween® 20, pH 7.6).

2.3.14.3. Immunoblotting

Membranes were blocked in 5% (w/v) milk/TBST for 20 mins at room temperature (RT)
on a roller. Membranes were then incubated with the rabbit anti-TDP-43 primary
antibody (10782-2-AP, Proteintech, UK, 1/1000) in 5% (w/v) milk/TBST for 1 hour at RT
on a roller followed by 3 x 5 min washes in TBST. The horseradish peroxidase (HRP) anti-
rabbit secondary antibody (W401B, Promega, UK, 1/5000) in 5% (w/v) milk/TBST was
then applied for 1 hour at RT on a roller followed by 3 x 5 min washes in TBST.
Membranes were then incubated in enhanced chemiluminescence (ECL) for 1 min and

imaged on the G:BOX (Syngene, UK).

For the loading control, membranes were incubated with the mouse anti-B-actin
primary antibody (ab6276, Abcam, UK, 1/1000) in 5% (w/v) milk/TBST for 1 hour at RT
on a roller followed by 3 x 5 min washes in TBST. The anti-mouse HRP conjugate
secondary antibody (W402B, Promega, UK, 1/5000) in 5% (w/v) milk/TBST was then

applied for 1 hour at RT on a roller followed by 3 x 5 min washes in TBST. Membranes
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were then incubated in ECL for 1 min and imaged on the G:BOX (Syngene, UK) using

GeneSnap software (Syngene, UK).

2.3.15. Western Blot Analysis

GeneTools software (Syngene, UK) was used to quantify the signal of each band on the
membrane. Signal was quantified relative to the first band on the membrane and
adjusting for the loading control (B-actin) and normalised to the mean non-transgenic

total TDP-43 value for each gel.

2.3.16. Tissue Collection for Immunohistochemical Staining

Mice were sacrificed at 10 months of age by trans-cardiac perfusion following
anaesthetic overdose using an intraperitoneal injection of pentobarbitone (2.5ml/kg).
Under deep anaesthesia (checked by absence of pedal reflex) and prior to cessation of
cardiac function, a thoracotomy was performed, in which the left ventricle was
cannulated with a syringe containing phosphate buffered saline (PBS) and mild pressure
applied to distend the right auricle, which was then cut. The mouse was then perfused
with PBS via the left ventricle of the heart, followed by perfusion with 4%
paraformaldehyde (PFA)/PBS.

Spinal columns were then extracted and placed in 4% PFA/PBS overnight. The spinal
cord was then extracted from the spinal column and cryoprotected by immersion
through a gradient of 5, 10, 15 and 20% sucrose/PBS for 5 minutes in each concentration
before incubation in 20% sucrose overnight. The spinal cords were then dissected into
cervical, thoracic, lumbar and sacral segments, and frozen in OCT embedding matrix

(CellPath, UK) over dry ice, then stored at -80°C.

For sectioning of the lumbar spinal cord, samples were acclimatised at -20°C for at least
30 mins. Lumbar sections were sliced at 14 um using a cryostat and mounted on to
uncoated, charged slides (CellPath, UK). Sections were mounted serially over series’ of
5 slides, with 5 sections per slide (total length of cord between sections on a slide being

70 um) for a total of 50 slides, then stored at -20°C.
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2.3.17. Immunohistochemical Staining

Slides were placed at 37°C for 30 minutes and then washed three times in PBS at room
temperature with shaking. Sections were then permeabilised in 5% BSA, 0.5% triton X-
100/PBS for 90 minutes at 37°C and subsequently placed in an antigen access unit (A.
Menarini Diagnostics, UK) submerged in Access Revelation pH 6.5 (MP-607-x500, A.

Menarini Diagnostics, UK) for a 30 minute cycle at 125°C, with a pressure of 20 psi.

After 3 x 5 min washes in PBS with shaking, slides were blocked with 5% BSA, 0.25%
triton X-100/PBS for 10 minutes and then incubated with the primary antibodies (see
table 2.2) diluted in 0.25% Triton X-100/PBS overnight at 4°C.

Following 6 quick washes and 3 x 5 min washes in PBS with shaking, slides were blocked
in 5% BSA/PBS for 10 mins and then incubated with secondary antibodies (see table 2.2)
at RT for 90 mins.

Slides were then given 2 quick washes with PBS, 3 x 5 min washes in PBS and 1 x 5 min
wash in filtered water, with shaking and in darkness. Sections were mounted in
Vectashield hard set aqueous mountant with 4',6-diamidino-2-phenylindole (DAPI)

(Vector Laboratories, Peterborough, UK) and left to dry at 4°C overnight in the dark.

46



Table 2. 2: Table of antibodies used for immunohistochemical analysis.

Primary/ Antibody To aid | Monoclonal/ Animal raised in | Supplier Supplier Concentration

secondary visualisation of | polyclonal code

primary anti-c-myc c-myc  tagged | polyclonal rabbit Sigma, UK C3956 1/1000

huTDP-43

primary anti-NeuN Neurons monoclonal mouse Merck Millipore, UK MAB377 1/1000

primary anti-GFAP Astrocytes polyclonal chicken Abcam, UK Ab4674 1/1000

primary anti-IBA-1 Microglia polyclonal rabbit Alpha Laboratories, UK 019-19741 1/500

secondary Alexa fluor anti- | anti-rabbit polyclonal donkey Thermo Fisher Scientific, | A21206 1/1000
rabbit 488 primary UK

secondary Alexa fluor anti- | anti-mouse polyclonal donkey Thermo Fisher Scientific, | A31570 1/1000
mouse 555 primary UK

secondary Alexa fluor anti- | anti-chicken polyclonal goat Thermo Fisher Scientific, | A11039 1/1000
chicken 488 primary UK
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2.3.18. Immunohistochemical Staining Image Analysis

Images were captured using the IN Cell Analyzer 2000 (GE Healthcare, UK) and analysed
using GE Developer Toolbox 1.9 (GE Healthcare, UK).

NeuN and c-myc staining was captured at 20x magnification within each ventral horn of
each spinal cord section. NeuN staining was detected by object segmentation with
kernel size 45 and sensitivity 23, followed by a sieve filter for an object size of over
19.44um?2. DAPI staining was filtered by intensity segmentation (grey level 55 - 4095)
with a sieve filter for an object size of over 0.55um? to identify the nuclei of the motor
neurons. Staining intensity of c-myc was then recorded for the cytoplasm (in which
there was NeuN and no DAPI staining), and the nucleus (in which there was DAPI

staining). TDP-43WT and TDP-43®33 tissue was then compared for analysis.

GFAP staining was captured at 60x magnification within each ventral horn of each spinal
cord section. GFAP staining was segmented by intensity level with a threshold of greater
than 12500 grey levels and staining index ([unstained pixels-stained pixels]/2xSD) was
recorded. The mean staining index was calculated for each mouse. Non-transgenic and
TDP-43®33K tissye was compared for analysis. TDP-43WT tissue was of poor quality and

appeared fragmented, the reason for which is unknown.

IBA-1 staining was captured at 60x magnification within each ventral horn of each spinal
cord section. IBA-1 staining was detected by object segmentation with a kernel size of
21 and sensitivity of 1, followed by a sieve filter for objects over 3um2. The mean
staining area (um?) for each mouse was then recorded. Non-transgenic and TDP-43Q331K
tissue was compared for analysis. Image montage figures were contrast adjusted and

produced using Imagel.

2.3.19. Statistics

GraphPad Prism 6 was used for all statistical analyses (GraphPad, San Diego, CA, USA).
Two-way ANOVA with Tukey’s post-test was used unless otherwise stated. All data are

represented as a mean and standard deviation, unless otherwise stated.

Power analysis was carried out using G*Power Version 3.1.9.2. (Faul et al., 2009) using

a student’s t-test, two-tailed, a = 0.05, § = 0.8.
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2.4. Results

2.4.1. Confirmation of the Q331K Mutation

DNA sequencing was carried out to ensure that TDP-43WT and TDP-43%331K mijce carried

the correct gene sequence.

DNA sequencing of the TARDBP gene in a TDP-43®3 mouse (figure 2.2B) shows
cytosine (C) replaced by adenine (A) at codon position 331 of the sequenced PCR product

(highlighted in blue) when compared to the sequence of a TDP-43"T mouse (figure 2.2A).

The triplet CAG in the TDP-43WT sequence encodes glutamine (Q), whereas the triplet

AAG in the TDP-43®33 sequence encodes lysine (K) at amino acid position 331.

il WMWMMW

: l l“l WU .l“

Figure 2. 2: DNA sequence of TDP43"T and TDP43%33X transgenic mice.

Raw chromatographs show sequences from the human TARDBP gene in the TDP43"T
transgenic mice, in which the nucleotides CAG form glutamine (A); and the sequence of

the TDP43%3IK mijce, in which nucleotides AAG form lysine (B).

2.4.2. Human TARDBP Copy Number Estimation

Human TARDBP copy number was investigated in each mouse line. The non-transgenic
mouse showed no sign of human TARDBP (table 2.3). All TDP-43"T mice appear to carry
one copy of the human TARDBP gene. TDP-43%331K mjce appear to express a range of
copy numbers between one and five. Samples for which the copy number estimation is

non-specific (e.g. 4/5) indicate an uncertainty in the prediction of copy number.
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Table 2. 3: Human TARDBP copy number estimation. Estimated copy number of human
TARDBP in 1 non-transgenic mouse, 3 TDP-43""mice and 12 TDP-43%33mijce. Mouse

numbers 11 and 12 presented with a typical weight and rotarod for TDP-43%33K mice,

despite apparently having only one copy of the mutated gene.

Mouse number Genotype Copy number M/F
1 Non-transgenic 0 M
2 TDP-43WT 1 F
3 TDP-43"T 1 F
4 TDP-43WT 1 M
5 TDP-433331K 4/5 F
6 TDP-433331K 2/3 F
7 TDP-43331K 3 F
8 TDP-433331K 3 F
9 TDP-433331K 4 F
10 TDP-43331K 3 F
11 TDP-43331K 1 F
12 TDP-43331K 1 M
13 TDP-43331K 4 M
14 TDP-43331K 5 M
15 TDP-43331K 5 M
16 TDP-43331K 4 M

2.4.3. Abnormal Gait Evident at 27 Weeks of Age in TDP-43%331K Mijce

Male and female TDP-432331K mjce develop a neuroscore of 2 (abnormal gait) around 27
weeks of age and progress to develop a waddling gait. Female TDP-43%331Kmice produce

more consistent neuroscores with less variation amongst mice compared to male TDP-
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43833 mjce. Conversely, TDP-43"Tand non-transgenic mice show no significant sign of

tremor or an abnormal gait (figure 2.3).
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Figure 2. 3: Neuroscores.

Median neuroscores (+ interquartile range) for male (A) and female (B) TDP-43%331K mjce
(n = 6/7) compared to TDP-43"T (n = 6) and non-transgenic (NTg, n = 12) mice. 0 =
normal, 1 = significant hindlimb tremor, 2 = abnormal gait, 3 = severe waddle, 4 =

dragging of one hindlimb.

2.4.4. TDP-43%331K Mice are Heavier than TDP-43%T Mice

TDP-43®33K mice are significantly heavier than the TDP-43WT and non-transgenic mice
(see figure 2.4) from 10 weeks of age in males (n = 6/7 TDP-43%331K: 6 TDP-43WT: 12 NTg,
29+3.3g TDP-43331Kys 24.4+0.7g TDP-43"T, p<0.05) and 9 weeks of age in females (n =

51



5-12, 21.5+2g TDP-43®331K g 17 4+1.3g TDP-43"T, p<0.05). On a two-way ANOVA with

repeated measures and Tukey’s post-test, all groups get significantly heavier with age

(p<0.0001) and TDP-43%331K mice were significantly heavier than TDP-43WT and non-

transgenic mice in males (p<0.001) and females (p<0.0001).

Weight (g)
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Figure 2.
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4: Body weight of the TDP-43%31K TDP-43"T and non-transgenic mice.

Mean weight (+ SD) for male (A) and female (B) TDP-43%33K mice (n = 6/7) compared to

TDP-43"T (n = 6) and non-transgenic (NTg, n = 12) mice.

TDP-43%33K mijce were

significantly heavier than the other groups. *p<0.05 vs all other groups, ****p<0.0001

vs all other groups, two-way ANOVA with repeated measures and Tukey's post-tests.
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2.4.5. Rotarod Performance Decreases with Age in the TDP-432331K Mice

TDP-43®33 mice show a significantly decreased latency to fall compared to the TDP-
43T and non-transgenic mice (see figure 2.5) by 7 weeks of age in males (n = 5-12,
147.8434.6s TDP-43%331Ky5 261+49.4s TDP-43"T, p<0.01) and 10 weeks of age in females
(n = 5-12, 201.6+36.9s TDP-43331K ys 264.8+40.8 TDP-43WT, p<0.01) (figure 2.5). On a
two-way ANOVA with repeated measures and Tukey’s post-test rotarod performance
reduced significantly with age in all groups (p<0.0001) and TDP-43®33 mjce had a
significantly decreased latency to fall compared to non-transgenic and TDP-43WT mice

(p<0.0001).
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Figure 2. 5: Rotarod performance.

Mean latency to fall (+ SD) for male and female TDP-43233K mice compared to TDP-43"T
and non-transgenic (NTg) mice. TDP-43%3K mjce had a significantly decreased latency
to fall compared to the other groups. *p<0.05 vs all other groups, **p<0.01 vs all other
groups, ****p<0.0001 vs all other groups, two-way ANOVA with repeated measures and

Tukey's post-test.
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2.4.6. Rotarod Performance Decreases Despite Weight

Weight may have a significant influence on rotarod performance, so a correlation of
mean rotarod performance and mean weight (n = 5-12) was therefore calculated for
each group (figure 2.6). In the TDP-43%331K male and female mice, the correlation
between weight and rotarod was highly significant (males r =-0.9507, p<0.0001; females
r=-0.9799, p<0.0001). There was also a strong correlation between weight and rotarod
in the non-transgenic male and female mice (males r = -0.2875, p>0.05; females r =
0.09947, p>0.05) but interestingly, no correlation was found in the male and female
TDP-43WT data (males r = -0.8483, p<0.0001; females r = -0.5919, p<0.0001). This may
suggest that if weight alone influenced rotarod performance then some correlation with
rotarod performance for TDP-43"T mice may have been observed but was not. However,
it may still be the case that weight influences rotarod performance, as suggested by the

TDP-43333K gnd non-transgenic correlations.
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Figure 2. 6: Spearman correlation of weight vs rotarod.

Spearman correlation of mean weight vs mean rotarod for male TDP-43%33 K mice (A, r =
-0.9507, p<0.0001), male TDP-43"T mice (C, r = -0.2875, p>0.05), male non-transgenic
mice (E, r = -0.8483, p<0.0001), female TDP-43%33K mice (B, r = -0.9799, p<0.0001),
female TDP-43"T mice (D, r = 0.09947, p>0.05), and female non-transgenic mice (F, r = -
0.5919, p<0.0001).
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After consultation with several statisticians to devise a method which would account for
the influence of weight on the rotarod, several methods of analysis were considered
including a regression analysis, a general linear model, a mixed model, and an analysis
of covariance. After much deliberation, the simple method of normalising the rotarod

to weight through division was used.

To eliminate the influence of weight, rotarod performance was normalised for weight
by generating a ratio of rotarod performance/weight as shown in figure 2.7. A two-way
ANOVA with repeated measures and Tukey’s post-test revealed that the TDP-43@331K
mice performed considerably worse than the TDP-43"T and non-transgenic mice. The
ratio of rotarod performance/weight decreases over time in all groups, in both males
and females (p<0.0001) and the TDP-43®3 mice show a significant reduction in
rotarod/weight compared to the other groups (p<0.0001) on a two-way ANOVA with
Tukey’s post-tests. The non-transgenic and TDP-43"T mice show a similar starting point
with a similar decline, whereas the TDP-43%331K mjce have a lower rotarod/weight value
from the beginning and throughout the disease course, in both male and female mice

(figure 2.7A).

The female rotarod/weight values are higher compared to the male data in both TDP-
43T and non-transgenic mice. The female decline in rotarod/weight in TDP-43Q331K
mice is more pronounced than in males and more significantly different when compared

to the other groups (figure 2.7B).
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Figure 2. 7: Rotarod performance/weight.

Mean latency to fall/weight (+ SD) for male and female TDP-43%331K mice compared to
TDP-43"T and non-transgenic (NTg) mice. TDP-43®33 mjce show a significantly lower
rotarod/weight ratio compared to all other groups. *p<0.05 vs all other groups,
**p<0.01 vs all other groups, ***p<0.001 vs all other groups, ****p<0.0001 vs all other

groups, two way ANOVA with Tukey's post-tests.
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2.4.7. huTARDBP Copy Number vs Rotarod Performance

Plotting of the rotarod performance for each mouse with a known huTARDBP copy
number estimation shows no clear difference between the rotarod performances of

mice with a higher or lower huTARDBP copy number estimation (figure 2.8).
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Figure 2. 8: Rotarod performance and huTARDBP copy number estimation.

Latency to fall on the rotarod is plotted for each of the mice with a known copy number
estimation for males (A) and females (B). Copy number estimation is shown in the

legend. All mice are TDP-43%331K,
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Rotarod performance of the male mouse with an estimated human TARDBP copy
number of one shows a slightly increased rotarod performance compared to the mean
TDP-43®331K rotarod data (figure 2.9A). The female mouse with an estimated human
TARDBP copy number of one shows no obvious difference in rotarod performance when

compared to the mean TDP-43®33X rotarod data (figure 2.9B).
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Figure 2. 9: Rotarod performance of all TDP-43%%31X mice compared to those with an

estimated copy number of one.

Latency to fall on the rotarod is plotted for each of the TDP-43%331K mice with the low

copy number mouse data plotted as a separate line in males (A) and females (B).
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2.4.8. Gait Analysis

Gait parameters were analysed at 1, 3, 6, and 10 months of age in the TDP-43%331K TDP-
43T and non-transgenic mice. Pawprint images display a wider gait with larger

pawprints in the TDP-43®3 mice (figure 2.10C), compared to the gait of non-transgenic

(figure 2.10A) and TDP-43"T mice (figure 2.10B).

Figure 2. 10: Catwalk gait analysis.
Footprint traces of non-transgenic (A), TDP-43"T (B) and TDP-43%331K (C) mice, as seen by
the camera from below. Red prints = left hand limbs, green prints = right hand limbs,

bright prints = forelimbs, darker prints = hindlimbs.

All statistics for significant findings are reported in table 2.4.

Forelimb intensity (figure 2.11A & B) is a measure of weight support in the forepaws.
Forelimb intensity is increased at 10 months of age compared to 1, 3 and 6 months of
age in all groups of male mice (figure 2.11A). However, there is no significant difference
between groups at any age in males. The female data show a significantly increased
forelimb intensity at 3 months of age in the TDP-43%331K mjce compared to the TDP-43WT
and non-transgenic mice (figure 2.11B). This increase is not evident at 6 months of age

but is shown again at 10 months of age.
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Print length (figure 2.11C & D) is a measure of the paw print length. The forelimb print
length does not appear to change significantly over time, nor does it show any

differences between groups in males or females.

Stride length (figure 2.11E & F) is a measure of the distance covered by each stride, or
the distance between paw prints of the same paw. In male mice, the forelimb stride
length data do not show any significant changes over time and no differences between
groups of mice. However, in female mice, the forelimb stride length increases with age
in the TDP-43WT and non-transgenic mice, whilst remaining the same in the TDP-43®331K
mice, presenting as a non-significantly shorter stride length at 6 months of age, and a

significantly shorter stride length at 10 months of age.
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Figure 2. 11: Catwalk gait analysis of male and female forelimb intensity (A, B), print

length (C, D) and stride length (E, F).

Intensity is a measure of weight support in the paws. Print length is a measure of the

paw print length. Stride length is a measure of the distance covered by each stride.

Numbers are presented as a mean of the right and left side for each mouse, mean (+SD),

n =4-12, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 TDP-43%33K ys all other groups,

two way ANOVA with Tukey's post-tests.
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Duty cycle (figure 2.12A & B) is the length of time a paw is on the floor, expressed as a
percentage of the total time taken for each stride. The forelimb duty cycle does not
appear to change significantly over time, nor does it show any differences between
groups in males. However, in females the forelimb duty cycle is decreased at 6 months
of age in all groups compared to all other time points. At 6 months of age the female
TDP-43®331K mijce have a significantly increased forelimb duty cycle, and this is more

significantly increased at 10 months of age.

Swing time (figure 2.12C & D) is the length of time between placements of each
individual paw. In both males and females the forelimb swing time appears to increase
at 6 months of age in all groups compared to all other time points. Male forelimb swing
time is significantly increased at 3 months of age in the TDP-43®33 mjce. This increase
is more significant at 6 and 10 months of age. Similarly, female forelimb swing time is
significantly increased at 3 months of age in the TDP-432331K mjce. This increase is more

significant at 6 and 10 months of age.
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Figure 2. 12: Catwalk gait analysis of male and female forelimb duty cycle (A, B) and

swing time (C, D).

Duty cycle is the length of time a paw is on the floor, expressed as a percentage of the
total time taken for each stride. Swing time is the length of time between placements of
each paw. Numbers are presented as a mean of the right and left side for each mouse,
mean (#SD), n = 6/7 TDP-43%331K. 6 TDP-43WT; 12 NTg, *p<0.05, **p<0.01, ***p<0.001,
***%%n<0.0001 TDP-43%331K ys all other groups, two way ANOVA with Tukey's post-tests.

Hindlimb intensity (figure 2.13A & B) is a measure of weight support in the hindpaws.
The hindlimb intensity is decreased at 6 months of age and increased at 10 months of
age compared to 1 and 3 months of age in all groups, in both male and female mice. The
male data show a decreased hindlimb intensity throughout in the TDP-43%331K mjce and
this is significant at 10 months of age. However, there is no significant difference

between groups at any age in the female hindlimb intensity.

Print length (figure 2.13C & D) is a measure of the paw print length. The hindlimb print

length does not appear to change significantly over time, nor does it show any
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differences between groups in males. However, in females, the hindlimb print length is

significantly increased in the TDP-43®331X hindlimb at 10 months of age.

Stride length (figure 2.13E & F) is a measure of the distance covered by each stride,
meaning the distance between paw prints of the same paw. In male mice, the hindlimb
stride length data do not show any significant changes over time and no differences
between groups of mice. However, in female mice, the hindlimb stride length increases
with age in the TDP-43WT and non-transgenic mice, whilst remaining the same in the
TDP-43®33K mice, presenting as a non-significantly shorter hindlimb stride length at 6

months of age, and a significantly shorter stride length at 10 months of age.
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Figure 2. 13: Catwalk gait analysis of male and female hindlimb intensity (A, B), print

length (C, D) and stride length (E, F).

Intensity is a measure of weight support in the paws. Print length is a measure of the

paw print length. Stride length is a measure of the distance covered by each stride.

Numbers are presented as a mean of the right and left side for each mouse, mean (+SD),

n=4-12, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 TDP-43%3K ys all other groups,

two way ANOVA with Tukey's post-tests.
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Duty cycle (figure 2.14A & B) is the length of time a paw is on the floor, expressed as a
percentage of the total time taken for each stride. The hindlimb duty cycle shows a
slight increase at 10 months of age in males compared to 1, 3 and 6 months. The male
data show no differences between groups other than a decreased duty cycle in TDP-
439331 mice at 3 months of age. However, in females the hindlimb duty cycle is
decreased at 6 months of age in all groups compared to all other time points and at 10
months of age the female TDP-43%33K mjce have a significantly increased hindlimb duty

cycle.

Swing time (figure 2.14C & D) is the length of time between placements of each
individual paw. In both males and females the hindlimb swing time appears to increase
at 6 months of age in all groups compared to all other time points. Male hindlimb swing
time is significantly increased at 6 and 10 months of age in the TDP-43®331K_ Similarly,
female hindlimb swing time is significantly increased at 6 months of age in the TDP-
439331 mice. However, there is no significant difference in hindlimb swing time

between female groups at 10 months of age.
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Figure 2. 14: Catwalk gait analysis of male and female hindlimb duty cycle (A, B) and

swing time (C, D).

Duty cycle is the length of time a paw is on the floor, expressed as a percentage of the
total time taken for each stride. Swing time is the length of time between placements of
each foot. Numbers are presented as a mean of the right and left side for each mouse,
mean (+SD), n = 4-12, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 TDP-43%3K ys all

other groups, two way ANOVA with Tukey's post-tests.

Base of support (BOS) is the distance between the two paws. The forelimb BOS (figure
2.15A & B) has a tendency to increase with age in both males and females. However,
there are no significant differences between groups at any age in the male mice. Female

TDP-43®33K mice show a significantly larger forelimb BOS at 10 months of age.

Hindlimb BOS (figure 2.15C & D) is increased at 6 and 10 months in all groups compared
to 1 and 3 months in both males and females. In males, the hindlimb BOS is significantly
larger in the TDP-43%331K mice at 6 and 10 months. In females, the hindlimb BOS is

significantly larger in the TDP-43%331K mjce at 6 and 10 months. This appears to be the
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most consistent and useful measure of gait abnormalities in these mice and reflects well

the ‘waddling gait’ observed.

A B

Male BOS forelimb Female BOS forelimb
*

T T T 1
4 6 8 10
Age (months) Age (months)

N
o

N

o

& 1pp4g3?K

- NTg
= 1ppaz"’

T T T 1
4 6 8 10

N

o
L
i
o

Distance (mm)
N
o

Distance (mm)
N
o

o
f
o
L

o
o

o
N

o

N

Male BOS hindlimb Female BOS hindlimb

o

o
1
o
=]

& 1pp4g3?3K

- NTg

IS
o

N

=3

= 1ppaz"’

w
o

w

o
1

N
o
L

Distance (mm)
~
o
1

Distance (mm)

i
o

=

o

o
o

T T T 1
4 6 8 10
Age (months) Age (months)

T T T 1
4 6 8 10

o
N

o

N

Figure 2. 15: Catwalk gait analysis of male and female hindlimb base of support in the

forelimb (A, B) and hindlimb (C, D).

Base of support (BOS) is the distance between the two paws. Mean (#SD), n = 4-12, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 TDP-43%31K ys all other groups, two way ANOVA

with Tukey's post-tests.

Walking duration (figure 2.16A & B) is the time taken to cross the length of the recording
area (43.8cm). Walking remains similar in TDP-43WT and non-transgenic mice at 1, 3, 6
and 10 months of age, in both males and females. However, walking duration is
increased by 3 months of age in males, significantly so by 6 months of age and more so
by 10 months of age. In female mice, the walking duration is significantly increased at 3

months of age, 6 months of age and 10 months of age.

The percentage of time spent walking with a diagonal step pattern is shown in figure

2.16C & D (left forepaw placed down in time with right hindpaw; right forepaw placed
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down in time with left hindpaw). In males and females the percentage of diagonal
stepping pattern shows no obvious trends with age in the TDP-43"T and non-transgenic
mice. However, the percentage of diagonal stepping is decreased in the TDP-43®331K
male mice at 6 and 10 months of age. In females, the percentage of diagonal stepping

is significantly decreased in the TDP-43%331X mjce at 10 months of age.

The percentage of time spent walking with three paws on the ground at any one time is
also shown in figure 2.16E & F. In males and females the percentage of three paw step
pattern shows no obvious trends with age in the TDP-43"T and non-transgenic mice.
However, the percentage of three paw stepping is non-significantly decreased in the
TDP-43®33K mijce at 6 and 10 months of age. In females, the percentage of three paw

stepping is significantly decreased in the TDP-43®33 mjce at 10 months of age.
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Figure 2. 16: Catwalk gait analysis of male and female duration (A, B), percentage of

time on diagonal paws (C, D) and percentage of time on three paws (E, F).

Duration is the time it takes the mice to walk the distance of the catwalk (43.8cm). For

the percentage of time spent walking with a diagonal step pattern and the percentage

of time spent on 3 paws, statistics are also based on logit transformation. Mean (+SD),

n=4-12, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 TDP-43%3 K ys qll other groups,

two way ANOVA with Tukey's post-tests.
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Table 2. 4: Table of significant statistics for catwalk gait analysis. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001, |U=intensity units.

All

differences are between the TDP-43%331K and control groups, there were no significant differences between the non-transgenic and TDP-43"T groups.

Catwalk Age Gender TDP-43331K TDP-43WT Non-transgenic Significance of the
parameter (months) difference between
the TDP-43®3K znd
control groups
Forelimb 3 Females 105.2+7.91U 89.1+4.91U 90.9+4.6IU **
intensity 10 Females 139+7.11U 95.8+10.11U 111.1+17.8IU ok kK
Forelimb stride 10 Females 47.218.5mm 57.6£5.8mm 62.5£9.5mm *
length
Forelimb duty 6 Females 53.7+7.6% 46.6+8.2% 44.3+6% *
cycle 10 Females 70.5£4.8% 53.1+4.5% 58.1+4.4% ok
3 Males 0.122+0.02s 0.088+0.011s 0.09+0.017s ok
6 Males 0.16+0.013s 0.103+0.008s 0.111+0.007s rAxk
Forelimb swing | 10 Males 0.125+0.03s 0.095+0.009s 0.087+0.01s Frkx
time 3 Females 0.108+0.008s 0.084+0.011s 0.086+0.009s *ok
6 Females 0.154+0.015s 0.108+0.008s 0.11+0.018s ok ok
10 Females 0.126+0.01s 0.095+0.015s 0.081+0.11s Hokok
Hindlimb 10 Males 113.2+£19.21U 131.9+91U 130.4+12.61U *
intensity
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Hindlimb print 10 Females 10.7£1.6mm 6.71£0.8mm 7.1+1.1mm oAk
length
Hindlimb stride 10 Females 47.626.2mm 58.4+5.6mm 61.9+7.6mm *
length
Hindlimb duty 3 Males 55.9+2.6% 65.3+1.5% 62.9+8.1% *
cycle 10 Females 47.616.2% 58.4+5.6% 61.9+7.6% otk
6 Males 0.133+0.025s 0.088+0.004s 0.086+0.009s otk
Hindli .
ti::: imb swing 7 Males 0.105+0.03s 0.075+0.008s 0.069+0.01s *Hk
6 Females 0.141+0.017s 0.093+0.018s 0.093+0.015s ool
Forelimb BOS 10 Females 15.4+1.2mm 12.8%1.5mm 13.621.4mm *
6 Males 34.345.1mm 28.1+2.5mm 27.6x2mm **
10 Males 36.6x7.1mm 28.6x3mm 28.5+2.5mm HA Ak
Hindlimb BOS
6 Females 32.7£3mm 25.5+2.2mm 27.5+1.8mm HAk
10 Females 35.8+5.1mm 26.4+3.1mm 28.3+2.8mm HA Ak
6 Males 3.4+0.9s 1.840.2s 2.0+0.4s lalala
10 Males 3.6+1.6s 2.1+0.3s 1.9+0.4s lalala
Duration 3 Females 2.8+0.7s 1.940.6s 1.7+0.4s *
6 Females 3.0+0.8s 1.7+0.5s 1.4+0.3s *xk
10 Females 4.7+1.5s 1.6%0.2s 1.5+0.3s ool
6 Males 54.9+11.7% 70.7+4.4% 65.61£8.2% *
Diagonal walking
10 Males 41.6+14.9% 56.1+5.9% 52.7+8.4% *
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2.4.9. Variability of Parameters

In order to determine the group sizes required for therapeutic testing, statistical power analysis was conducted on all of the readouts using G*Power

3.1.9.2. (Faul et al., 2009) (table 2.4). Coefficients of variation are relatively low (<16%) for the majority of parameters measured. Power analysis

(student’s t-test, two-tailed, a = 0.05, B = 0.8) was conducted on data at 6 and 10 months of age for most parameters and the N number required to

detect a 10, 15 and 20% difference from TDP-43%33 mijce calculated. For rotarod data we have previously found in SOD1%%A mice that the time taken

to reach a 20% decline in performance is the least variable measure, and so this was used again here. The analysis suggests an N of 14 per group would

be sufficient to detect a difference of at least 15% for all parameters. Overall, the data suggest that a study length of 10 months does not offer many

advantages over a study length of 6 months with most of the effect sizes relatively unchanged between 6 and 10 months of age. Overall a study length

of 6 months with group sizes of 14 is sufficient for the investigation of therapeutic agents in preclinical studies in this model.
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Table 2. 5: Coefficient of variation and power analysis. Coefficient of variation and

power analysis for all measured parameters at 6 and 10 months of age in female mice.

Power = 80%.

Parameter Age Mean values Coefficient | Mean N required to
(months) | in TDP-43933 | of difference detect an x%
mice (ts.d.) Variation TDP-43"Tvys | improvement
TDDP-432331K
Timetoreacha | N/A 26.43 weeks = | 2.02% N/A 10% =3
neuroscore of 2 0.535 15% = 2
(severe waddle) 20% =2
Weight 6 35.27g +£3.651 | 10.4% +55% 10% =14
15% =7
20% =5
10 43.8g+4.418 10.09% +54% 10% =14
15% =7
20% =5
Increase by 2 N/A 11.43 weeks = | 15.86% N/A 11
weeks in time to 1.813
reach a 20%
decline in
rotarod
performance
from maximum
Catwalk 6 32.651 £3.006 | 9.2% +28% 10% =12
hindlimb base 15% =6
of support 20% = 4
10 35.843£5.143 | 14.3% +36% 10% = 27
15% =13
20% =8

2.4.10. Litter Statistics

Litter size, percentage of transgenic pups, and percentage of male pups were compared

between the two colonies TDP-43WT and TDP-43%33K (figure 2.17). The litter size of the

TDP-43®31K colony was significantly higher than the TDP-43%T colony (6+2.61 in TDP-

43WT vs 742.12 in TDP-439331K) The percentage of transgenic (49.91+22.37% in TDP-

43T vs 47.91+22.68%) and male (48.06+24.84% in TDP-43WVT vs 53.32+20.26%) pups

within each litter were equal between the two colonies. Breeding consistently uses

transgenic males with non-transgenic females. The males appear to be fertile until at

least 10 months of age in both colonies.
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Figure 2. 17: Litter statistics for TDP-43"T and TDP-43%33X colonies.

Comparisons between colonies for litter size (A), percentage of transgenic pups (B), and
percentage of male pups (C). Litter size was compared using a Mann Whitney U test as
the data were not normally distributed. Percentage of transgenic and male pups were

compared using a student’s t-test.
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2.4.11. huTARDBP Gene Expression

The same cDNA samples were used to measure gene expression of huTDP-43 in the
cDNA of cortex, spinal cord and hindlimb muscles of TDP-43VT and TDP-43®331K mijce at
10 months of age (figure 2.18) to assess the levels of expression compared with
previously reported levels on a C57BL/6NCrl background (Arnold et al., 2013). For all

tissues, TDP-43331K yalues were expressed as a percentage of the TDP-43WT values.

Expression of huTDP-43 was over 3-fold higher in the TDP-43%331K cortex compared to
the TDP-43"VT cortex (100+17.3% in TDP-43WT vs 308.4436.4% in TDP-43%331K ©n<0.0001).
Expression of huTDP-43 was over 2-fold higher in the TDP-43%33X spinal cord compared
to the TDP-43"T spinal cord (100+13.3% in TDP-43"T vs 213.3+65.8% in TDP-43®331K
p<0.0001). Expression of huTDP-43 was over 4-fold higher in the TDP-43%331K hindlimb
muscle compared to the TDP-43"T hindlimb muscle (100+19.8% in TDP-43WT vs
407.6+111.9% in TDP-43®331K ©p<0.0001). Relative huTDP-43 expression was therefore

highest in the TDP-43%331K myscle, followed by cortex, and spinal cord.
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Figure 2. 18: huTDP-43 gene expression + SD at 10 months of age.

Gene expression of huTDP-43 as a percentage of the mean TDP-43"T levels, as measured
in cDNA of cortex (A), spinal cord (B) and hindlimb muscles (C) of TDP-43"T and TDP-
433K mijce (n=9-12). ****p<0.0001, student’s t-test.
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2.4.12. Total (mouse + human) TARDBP Gene Expression

Gene expression of total (mouse + human) TDP-43 was measured in the cDNA of cortex
and spinal cord of non-transgenic, TDP-43"T and TDP-43%331K mijce at 10 months of age
(figure 2.19), and expressed as a percentage of the mean non-transgenic value. Gene
expression of total (mouse + human) TDP-43 was also measured in the hindlimb muscles
of TDP-43WT and TDP-43®33K mijce, and expressed a percentage of the mean TDP-43WT

value.

Expression of TDP-43 was significantly lower in both TDP-43"T and TDP-43®33K cortex
compared to the non-transgenic cortex (100+£28% in non-transgenic vs 77.8+23.9 in TDP-
43T ys 67+18.6% in TDP-43®331K n<0.01). Expression of TDP-43 was significantly lower
in both TDP-43WT and TDP-43%331K spinal cord compared to the non-transgenic spinal
cord (100+15.7% in non-transgenic vs 69.6+8.2% in TDP-43“T vs 67.6+15.2% in TDP-
439331K ©h<0.0001). Expression of TDP-43 was significantly higher in the TDP-43a331K
hindlimb muscle compared to the TDP-43WT hindlimb muscle (100+19.7% in TDP-43WT
vs 139+51.5% in TDP-43®331K ©n<0.05).
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Figure 2. 19: Mouse (total) TDP-43 gene expression at 10 months of age.

Gene expression as a percentage of the mean non-transgenic levels, measured in cDNA
of cortex (A) and spinal cord (B) of non-transgenic, TDP-43"T and TDP-43%3K mijce (n=9-
12). **<0.01, ****p<0.0001, one-way ANOVA. Gene expression as a percentage of the
mean TDP-43"T levels, as measured in cDNA of hindlimb muscles (C) of TDP-43"T and

TDP-43%31K mijce (n=9-12). *p<0.05, student’s t-test.
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2.4.13. TDP-43 Protein Quantification

Western blotting with an anti-TDP-43 antibody allowed for quantification of both human
and mouse TDP-43 protein as separate bands due to the c-myc tag on the human protein
increasing the molecular weight, as shown in figure 2.20. All samples used for protein
quantification were the same as those used in section 2.4.11 and 2.4.12 for protein

expression quantification.
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Figure 2. 20: Example of a Western blot for TDP-43.

The Western blot showed two separate bands for human (44.2kD) and mouse TDP-43
(43kD) between protein ladder markers for 35 and 48. This example shows non-

transgenic, TDP-43"T and TDP-43%331K 10m male cortex samples respectively (n=3).

As expected, Western blot analysis shows no human TDP-43 protein in the non-
transgenic mice, and moderate levels in the TDP-43"T mice (66.6+8.6% in cortex,
126.1+67.1 in cord), whilst levels in the TDP-43%31K mice were relatively high
(1514£23.1% in cortex, 213.9£154.1 in cord). Conversely, mouse TDP-43 was highest in
the non-transgenic mice, reduced in the TDP-43WT mice (47.5%16.2% in cortex,
65.5+16.3 in cord) and further reduced in the TDP-43%331K mjce (13.6+2.3% in cortex,

70.7+29.6 in cord). Total TDP-43 levels are highest in the TDP-439331K mice (164.6+23.1%
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in cortex, 191.6+78.5 in cord), and moderate in the TDP-43"T mice (114.1+22.8% in
cortex, 284.5+173.3 in cord) (see figure 2.21).
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Figure 2. 21: Western blot quantification of TDP-43.

Relative human, mouse and total TDP-43 protein levels in 10m non-transgenic, TDP-43"T
and TDP-43%33K mijce for cortex (A), and spinal cord (B), n=5-6. All samples are
normalised to the non-transgenic total TDP-43 value for each Western blot. In all tissues,
human TDP-43 is undetected in the non-transgenic mice, moderately detected in the
TDP-43"T mice and highly detected in the TDP-43%331K mice. Conversely, mouse TDP-43
is highest in the non-transgenic mice, moderate in the TDP-43"" mice and low in the TDP-
433K mice. Total TDP-43 levels are highest in the TDP-43%331K mjce, and lowest in the

non-transgenic.
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2.4.14. Immunohistochemical Analysis of huTDP-43 Localisation

Lumbar spinal cord sections from 10 month old TDP-43WT and TDP-432331K mjce show
clear nuclear staining for c-myc-tagged huTDP-43 (green), representative of c-myc
tagged huTDP-43 protein. C-myc-tagged huTDP-43 can also be seen in the cytoplasm of
the motor neurons, which are identified by anti-NeuN staining and their large size and
location (red) (figure 2.22). Image analysis enabled staining intensities (average grey
level) of nuclear and cytoplasmic regions of motor neurons (large ventral horn neurons

with size > 19.44um?) to be determined.

Nuclear staining intensity of c-myc-tagged huTDP-43 was significantly higher (average
grey level 1011941285 in TDP-43"T vs 1498241985 in TDP-43®31K student’s t-test,
p<0.01) in the lumbar cord motor neurons of the TDP-43%331K mice compared to the TDP-
43VT mice (figure 2.23). However, there was no significant difference between
cytoplasmic staining intensity of c-myc-tagged huTDP-43 (5124+842.7 in TDP-43WT vs
6102+638.9 in TDP-43®31K stydent’s t-test, p>0.05) in the lumbar cord of the TDP-43WT
and TDP-43%33K mijce (figure 2.23). The ratio of nuclear/cytoplasmic staining intensity
of c-myc-tagged huTDP-43 was significantly higher (1.99+0.13 in TDP-43WT s 2.479+0.24
in TDP-43®331K student’s t-test, p<0.01) in the lumbar spinal cord of TDP-432331K mjce

compared to TDP-43VT mice (figure 2.23).
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Figure 2. 22: Inmunohistochemical staining of huTDP-43.

Staining of spinal cord ventral horn in 10m old mice. Nuclei are stained by DAPI in blue,
motor neurons are stained by anti-NeuN in red, huTDP-43 is stained by anti-c-myc in

green.

Quantification of c-myc in the nuclei and cytoplasm of spinal cord motor neurons shows

the quantity of c-myc (and therefore huTDP-43) is higher in the nucleus of the motor
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neurons of TDP-43®3K mice compared to the TDP-43WT mice. The ratio of

nuclear/cytoplasmic c-myc is also higher in the TDP-432331K mjce, suggestive of a higher

proportion of c-myc in the nucleus and no cytoplasmic mislocalisation of huTDP-43

(figure 2.23).
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Figure 2. 23: Immunohistochemical staining localisation of huTDP-43.

Quantification of the amount of huTDP-43 in the nuclei (A), cytoplasm (B) and

nuclear/cytoplasmic ratio (C) of spinal cord motor neurons in 10m TDP-43"T and TDP-

433K mijce (n=5-6). **p<0.01 vs all other groups.
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2.4.15. Immunohistochemical Analysis of Astrogliosis

Spinal cord sections from 10 month old mice were stained for GFAP immunoreactivity,
for which higher staining levels (both area and intensity) are suggestive of astrogliosis.
Immunohistochemical staining of GFAP showed a higher staining index of GFAP in the
TDP-43%331K 10 month spinal cord, compared to the non-transgenic (8.11x107+3.347x107

in TDP-43®331K ys 5 356x107+2.827x107 in non-transgenic), suggestive of astrogliosis.
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Figure 2. 24: GFAP staining and staining index.

Quantification of GFAP staining in the spinal cord of 10m TDP-43%3K and non-transgenic

mice (n =5). Non-significant on a student’s t-test.
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2.4.16. Immunohistochemical Analysis of Microgliosis

10 month spinal cord sections were stained for IBA-1 immunoreactivity, for which
increased area of staining is suggestive of microgliosis (staining intensity is unaffected
by microgliosis). Immunohistochemical staining of IBA-1 showed a significantly higher
staining area of IBA-1 in the TDP-43%331K 10 month spinal cord, compared to the non-
transgenic (2992+571um? in TDP-43®33Ky5 2213+474um? in non-transgenic), suggestive

of microgliosis.
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Figure 2. 25: IBA-1 staining and quantification of staining area.

Quantification of IBA-1 staining in the spinal cord of 10m TDP-43%33K and non-transgenic

mice (n = 5-6). *p<0.05 vs all other groups.
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2.5. Discussion

There is a clear need for additional mouse models of MND, not only for evaluation of
potential therapeutic agents, but also to probe mechanisms of neurodegeneration. No
therapies have translated to humans from the most commonly tested model, the
SOD1%%3*A mouse (Gurney et al., 1994), and no consistent effect of organic small molecule
drugs have been found in this model (Ittner et al., 2015). Given the heterogeneity of
MND in terms of both genotype and phenotype, trials of novel therapeutic agents
would, ideally, be performed across several disease models. For the maximum efficiency
of such studies, new models must be carefully characterised prior to integration into

drug testing paradigms.

TDP-43 models may play an important role in testing therapeutics, given the almost
ubiquitous nature of TDP-43 pathology in human MND (Gitcho et al., 2008, Mackenzie
et al.,, 2007). Therefore, characterisation of this novel TDP-43®33X model is key in

assessing its validity and reliability for therapeutic trials.

2.5.1. huTARDBP Sequencing and Copy Number

Sequence analysis found the TDP-43®33K transgene to have an adenine to cytosine
nucleotide mutation, causing a glutamine to lysine amino acid change at position 331 of
the human TARDBP gene, confirming the Q331K mutation, which was not found in the
TDP-43WT mice. The TDP-43%31K mice therefore carry a mutation which has previously

been identified in an MND patient (Sreedharan et al., 2008).

TARDBP copy number analysis showed that although TDP-43WT mice appear to
consistently have just one copy of the human TARDBP gene, the TDP-43%331K mijce
potentially vary in copy number. Gene copy number has been directly correlated with
disease severity in the SOD1%%*A mouse model (Alexander et al., 2004). However, as the
subsequent data shows, there is low variance in the measured parameters in the present
study. Plotting of the rotarod performance of each of the TDP-43%33 mjce with a known
copy number variation showed no obvious differences in rotarod performance between
those mice with a low copy number and those with a high copy number. It is also worth
bearing in mind that the variability seen may be due to technical issues with sample
preparation or digital PCR itself. Digital PCR is very sensitive to small changes in copy

number and for some samples a precise copy number estimation could not be
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determined. It would appear that in general the TDP-432331X mjce have more copies and
this allows for greater variation in copy number estimation, whereas TDP-43WT have a
single copy and so estimation of copy number is more precise. Despite this, digital PCR
is more reliable than previous methods (QPCR) (Whale et al., 2012), which have been

used and which in general, only identify large changes in copy number.

A comparison of mean TDP-43®33X rotarod performance and the rotarod performance
of mice with an estimated copy number of one shows a slightly increased performance
in the low copy number mice. However, as copy number was not estimated for all mice

on the study, it is possible that there are other low copy number mice in the mean data.

It can therefore be concluded that in this model, copy number variation may have a
slight impact on motor phenotype, but this requires further investigation and

monitoring.

2.5.2. Variability of Parameters

As shown in table 2.3, the coefficient of variation (the standard deviation as a
percentage of the mean) was relatively low for all the parameters measured, providing
reassurance that the model has low phenotypic variability. The data shown in the table
were for females, as they had a lower variance than the males and any therapeutic trials
will therefore use females only, in order to reduce the number of mice required per

group.

Power analysis suggests group sizes of 14 would be sufficient to detect a 10% difference
in neuroscores, weight, rotarod and a 15% difference in hindlimb base of support on the
catwalk. This would be an ideal group size for therapeutic trials as it would allow for a
therapeutic effect size of 15% to be detected using the described parameters. This
group size of 14 is relatively low compared to the suggested group size for SOD1%°34

mice of 24 animals per group (Scott et al., 2008).

2.5.3. The Effect of huTARDBP Copy Number on Phenotype

TDP-43"T mice showed no significant differences in neuroscores, weight, rotarod

performance or catwalk gait analysis when compared to the non-transgenic mice. It
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would appear that for these parameters, carrying a huTARDBP had no effect on motor

phenotype.

The TDP-43"T mice are therefore an ideal control line and the findings in TDP-43Q331K

mice are specific to the mutation, rather than due to the expression of huTARDBP.

2.5.4. Disease Severity and Onset

As found previously (Arnold et al., 2013), the disease phenotype in the TDP-43%331K mjce
is mild. There were no signs of distress in the animals and no mice reached a humane
endpoint, as defined within our Home Office License. Differences in phenotype are
evident by 6 months in all the parameters measured, and rate of progression is slow

beyond 6 months of age.

A significant tremor is detectable by 10 weeks of age in the TDP-43®331K mjce, as was
found previously at 3 months of age (Arnold et al., 2013), and a significant reduction in
rotarod performance can be detected by 12 weeks of age. This indicates that onset of

visible signs of disease in the TDP-43%33X mijce is around 10-12 weeks of age.

2.5.5. Weight

Unexpectedly the TDP-43%331K mice became overweight with age, as reflected in the
weight data. Dissection of the mice for tissue confirmed that the weight gain was due
to increased white fat, particularly in the abdominal area. This was not reported
previously but has been found in another TDP-43 mouse model carrying an A315T
mutation (Stallings et al., 2013). Conversely, knockout of TDP-43 in another mouse
model found that a lack of fat deposition led to early death (Chiang et al., 2010). Both
studies related fat metabolism to expression of the gene TBC1D1, which was tightly
coupled with TDP-43 levels. This weight gain will therefore be a focus of further study,

as reported in chapter 3.

2.5.6. Rotarod Deficit vs Weight

It is possible that rotarod findings are partially influenced by the weight of the mice, as

a study in 3xTg-AD mice found a correlation between increased weight and decreased
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rotarod performance (Stover et al., 2015). However, clinical signs of disease including
tremor and muscular atrophy are already present at the onset of rotarod decline in TDP-
438331 mice and a significant difference was found in rotarod performance before a

significant difference in weight became evident (compare figures 2.4 and 2.5).

When weight is taken into account by plotting rotarod performance/weight, the decline
in performance is still evident in the TDP-43%331X mice compared to the other groups,
suggesting that the decline in rotarod performance is indicative of motor dysfunction,

despite the influence of weight.

2.5.7. Correlation of Neuroscore with Other Measures

Decreased rotarod performance is evident in both male and female TDP-43%33X mijce by
10 weeks of age and many differences are found in catwalk gait analysis at both 3 and 6
months of age. However, differences in neuroscores did not become apparent until 27
weeks (post the 3 and 6 month time points), suggesting that neuroscoring is not
sensitive to onset of disease, as measured by motor function. This is also seen in the
SOD1%%3A model where a significant rotarod deficit is obvious before the onset of visible
signs of disease (Mead et al., 2011), and running wheel performance declines before
symptom onset (Bruestle et al., 2009). Indeed, it is often noted by MND patients that
they felt different long before onset of their first clinical sign of MND. A classic example
of this is Lou Gehrig, the famous American baseball player, whose home-run average
declined dramatically before symptom onset and diagnosis of MND (Kasarskis and

Winslow, 1989).

Previously published work found significant hindlimb clasping in the TDP-43%33K mijce
from 3 months of age (Arnold et al., 2013) and initially hindlimb clasping was measured
in this study. However, hindlimb clasping was highly variable within each mouse, so it

was deemed unreliable in this model and measurement was stopped.

It must be considered that at the time of neuroscoring in this study, a model-specific
neuroscoring protocol had not been developed and therefore, a more specific

neuroscoring protocol was subsequently developed for future studies (see chapter 4).
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2.5.8. Catwalk Gait Analysis

Gait analysis has been used to detect early signs of disease in the SOD1%%3* mouse
model, consistently finding increased stand time in the SOD1%°3* mice compared to
controls (Wooley et al., 2005, Mead et al., 2011), increased base of support (BOS)
(Mancuso et al., 2011a, Guillot et al., 2008), and decreased stride length (Mead et al.,
2011, Wooley et al., 2005), to the extent of being used as a therapeutic trial readout
(Lee et al., 2013, Sun et al., 2014).

2.5.8.1. Differences in Forelimb Gait

Forelimb paw intensity shows a tendency to increase in all groups of males at 10 months
of age, possibly due to the increase in weight of all males. This increase is more
exaggerated in the TDP-433331K females, possibly due to the larger difference in weight
between the TDP-43®33 and other groups. However, weight is significantly increased
in TDP-439331K males and females by 10 weeks of age, yet no difference in forelimb
intensity is found at 3 or 6 months of age. Therefore, although weight may be a
contributing factor, it is possible that the forelimb intensity is affected by the

unsteadiness of the mice and greater reliance on forepaws.

No differences were found with age, group or gender in forelimb print length, which is

to be expected as the size of the paws would not be expected to change post maturity.

Forelimb stride length showed no differences in males with age or group. However, in
females, the stride length appeared to increase slightly in the TDP-43%T and non-
transgenic groups, whilst reducing slightly in the TDP-43®331 mijce (no findings were
significant), as found in SOD1%%3A mice (Mead et al., 2011). The forelimbs of SOD16%3A
mice tend to be relatively unaffected, whereas there is potentially an effect in the
forelimbs of the TDP-43%33K mjce. The reason for an increase in stride length of the
TDP-43"T and non-transgenic mice is unknown. It is possible that the decrease in stride
length of the TDP-43%33 mijce is due to weakness of the forelimbs, limiting the amount

of lift given to each paw, and therefore the amount of distance covered.

An increase in duty cycle may represent a decreased ability to initiate movement of the
limb off the ground, as found in TDP-43%331K males at 10 months of age, and TDP-43®331K

females at 6 and 10 months of age. A decrease in duty cycle of all groups was found in
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females at 6 months of age, possibly due to an increased swing time, affectively
decreasing the proportion of time spent with the paws on the surface and in turn,

decreasing the duty cycle.

Forelimb swing time is increased in the TDP-43%331K male and female mice at 3, 6 and 10
months. This is suggestive of a generalised slowing of movement, likely due to weakness
of the forelimbs. Forelimb swing time shows a slight increase in all groups at 6 months

compared to all other time points. The reason for this is unknown.

Forelimb BOS increases in all groups with age in both males and females, possibly due
to an increase in size of the mice with age, increasing the distance between the paws.
Forelimb BOS is significantly higher in the female TDP-43%33X mice at 10 months of age.
In the forepaws, a swimming gait was not observed and cannot therefore explain this
finding. It is possible that an increased weight has caused a wider stance. However, this
is not evident at 6 months of age, despite a significantly increased weight at this

timepoint.

2.5.8.2. Differences in Hindlimb Gait

Hindlimb paw intensity shows a decrease in all groups of both males and females at 6
months of age for an unknown reason. Hindlimb intensity is significantly lower in the
TDP-43%33 mice compared to all other groups at 10 months of age, suggesting that less
weight is being placed on the hind paws, despite an increase in the weight of the animal.
This is consistent with a slight increase in forelimb paw intensity at 10 months of age,
suggesting that the mice are placing more weight on to the forelimbs, possibly because
the hindlimbs are weaker than the forelimbs, increasing reliance on forelimb strength.
However, this finding is not seen in female mice, despite an increase in forelimb

intensity.

Hindlimb print length showed no differences with age, group or sex, other than an
increase in the TDP-43®331 females at 10 months of age, the reason for which is

unknown as it is not expected that paw size would change post maturity.

Hindlimb stride length showed no differences in males with age or group. However, in
females, the stride length appeared to increase slightly in the TDP-43"T and non-

transgenic groups, whilst reducing slightly in the TDP-43%331K mjce. As with the forelimb
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findings, this is in keeping with findings in SOD16%A mice (Mead et al., 2011). The reason
for an increase in stride length of the TDP-43WT and non-transgenic mice is unknown. It
is possible that the decrease in stride length of the TDP-43%33 mijce is due to weakness
of the hindlimbs, limiting the amount of lift given to each paw, and therefore the amount

of distance covered.

Hindlimb duty cycle expresses the hindlimb stance time as a percentage of the step cycle
duration and is as such representative of the amount of time a paw remains on the
surface within each stride. A decreased duty cycle was found in TDP-43®33K mgales at 3
months of age, the reason for which is unknown. An increase in duty cycle may
represent a decreased ability to initiate movement of the limb off the ground, as found
in both TDP-439331K males at 10 months of age, and females at 6 and 10 months of age.
A decrease in duty cycle of all groups was found in females at 6 months of age, possibly

due to an increased swing time, effectively decreasing the percentage of duty cycle.

Hindlimb swing time is increased in the TDP-43%3X mgle and female mice at 6 and 10
months of age. This is suggestive of a generalised slowing of movement, likely due to

weakness of the muscles, as found in the forelimbs.

Hindlimb BOS increases in all groups with age in both males and females, possibly due
to an increase in size of the mice, increasing the distance between the hindpaws. At 6
and 10 months the TDP-43%33K male and female mice show a larger hindlimb BOS
compared to other groups, likely due to their increased weight, which is mainly evident
in the lower torso, resulting in an increased distance between the hindlimbs. The
waddling gait of the mice will also increase the distance between hindpaw placements,

increasing hindlimb BOS further.

2.5.8.3. Differences in Overall Gait Pattern and Duration

Walking duration, indicative of walking speed, remains similar with age in the TDP-43WT
and non-transgenic mice. However, in the TDP-43®33K mice, walking duration increases
with age in both males and females, indicating a slowing down of the mice, consistent
with the decrease in swing time. This general slowing in walking pace is suggestive of

limb weakness and/or a lack of motivation to move.
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Ordinarily, mice will spend most of their time walking in a diagonal stepping pattern,
meaning they will step with the left forepaw whilst stepping with the right hindpaw;
then step with the right forepaw whilst stepping with the left hindpaw. When a mouse
becomes less stable, they may become more reliant on a three paw stepping pattern,
spending more time with three paws on the ground. A tendency towards three paw
stepping was found in both male and female TDP-43%331K mice. A decrease in diagonal
stepping coincided with an increase in three paw stepping in males at 6 and 10 months,

and in females at 10 months of age.

These results indicate that the TDP-43%3X mice become slower and more unsteady with

age.

2.5.9. Litter Statistics

No records could be found for litter size, percentage of transgenic pups and percentage
of male pups for the C57BL/6NJ genetic background or for the TDP-43®33K mouse
model. Our own data in SOD1%°3* mice indicates a reduction in the percentage of

transgenic pups from the expected 50% to approximately 40%.

The TDP-43WT colony have an average litter size of 6 with 50% of pups being transgenic
and 48% of pups being male. The TDP-43%33K colony have an average litter size of 7
with 48% of pups being transgenic and 53% of pups being male. This suggests that there
is no particular biological preference specific to gender or genotype. The reason for an
increased litter size in the TDP-43%33K colony is unknown, but may be due to bias in the
original breeding trios, which has subsequently been inherited by the following

generations.

2.5.10. huTARDBP Gene Expression

Previously published data described the huTARDBP expression levels in TDP-4333K mjce
as being 1-1.5 fold compared to the levels of endogenous expression in non-transgenic
mice (Arnold et al., 2013). The non-transgenic mice do not carry any huTDP-43 so
ideally, total levels of TDP-43 (both human and mouse) would be compared. However,

primer pairs with an equal affinity for both human and mouse TDP-43 could not be
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designed (see section 3.5.11. below). Hence, huTDP-43 expression was compared

between the TDP-43W"T and TDP-433331K mice.

The huTDP-43 gene is expressed under a murine prion promotor, which is primarily
expressed in the CNS, hence huTDP-43 expression levels were measured in the cortex
and spinal cord. Expression levels were also measured in the hindlimb muscle, as this is

a potential target tissue for the induction of pathology by the TDP-432331K mutation.

In comparison to the TDP-43%T tissue, expression of huTDP-43 in the TDP-43%33K mjce
was found to be approximately 2-fold in the spinal cord, 3-fold in the cortex, and 4-fold
in the hindlimb muscles. It seems that there is a significantly increased expression of
huTDP-43 in the TDP-43%3X mjce as compared to the TDP-43WT mice, which may
translate to an increased protein level which could lead to toxicity independent of

mutation status.

It is surprising that the highest expression was found in the hindlimb muscle, despite the
murine prion promotor being primarily expressed in the CNS (Arnold et al., 2013), and
the previously published data suggested that levels of huTDP-43 were relatively low in

muscle (Arnold et al., 2013). The reason for the difference in these findings is unclear.

2.5.11. Total (mouse + human) TDP-43 Gene Expression

Due to the self-regulatory nature of the TARDBP gene, the presence of huTDP-43 may
result in a decrease in endogenous TDP-43 (Ayala et al., 2011). In the previously
published data, total TDP-43 mRNA and protein levels in the spinal cord were found to
be approximately 2-fold in the TDP-43WT and 3-fold in the TDP-43%33X mjce, when
compared to endogenous levels in the non-transgenic (Arnold et al., 2013). It was then
expected that the total TDP-43 cDNA would be highest in the TDP-43%33K mijce, and
lowest in the non-transgenic mice. However, the total TDP-43 cDNA was shown to be

highest in the non-transgenic mice.

In-house data showed that the TDP-43 primers used were complimentary to human and
mouse TDP-43, with R-squared values of 0.98 and 0.97 respectively when tested against
a human or mouse cDNA template dilution in a qPCR reaction to test specificity.
However, upon closer inspection of the sequences, the primer pair has 3 mismatches

with the human cDNA sequence, whereas they are fully complimentary to the mouse
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cDNA sequence (see table 2.5). It is assumed that the primers may preferentially bind
to mouse TDP-43 when both mouse and human TDP-43 are present. The data therefore,
are mostly representative of endogenous mouse TDP-43 expression but it cannot be
assumed that the data is solely representative of mouse TDP-43 expression alone. The

specificity of these primers must be checked before a conclusion is drawn.

Table 2. 6: Primer sequences vs complimentary cDNA. Mismatches between the

primers and huTDP-43 are highlighted in blue.

Forward primer sequence/ (Reverse primer sequence)/
complimentary cDNA sequence complimentary cDNA sequence

Mouse cDNA | TACCGGAATCCCGTGTCTCA TGGATGAGACAGATGCTTCCTC
Human cDNA | TACAGGAATCCAGTGTCTCA TGGATGAGACAGATGCTTCATC
Primer pair TACCGGAATCCCGTGTCTCA (GAGGAAGCATCTGTCTCATCCA)

TGGATGAGACAGATGCTTCCTC

2.5.12. TDP-43 Protein Levels

In both cord and cortex, total TDP-43 levels were highest in the TDP-43%331K mijce at
approximately 1.5-3 fold that of non-transgenic mice, and TDP-43%“T mice had 1.1-1.9-
fold that of non-transgenic mice, similar to levels found in a previous study of the mice
on a different genetic background (Arnold et al., 2013). As found in the gene expression
data, endogenous mouse TDP-43 levels decreased as human TDP-43 protein levels

increased, due to the self-regulatory nature of TDP-43 (Ayala et al., 2011).

Protein levels of human TDP-43 were found to be 1.5-2.1-fold that of the non-transgenic
in TDP-43®33K mjce, considerably more than the 1-1.5-fold increase found previously

(Arnold et al., 2013).

Overall, protein levels were in keeping with the data recorded for gene expression, and
showed similar results to those published previously. The TDP-43%T mice do carry a
slight overexpression of TDP-43, and the TDP-43%331K mijce more so but the levels
recorded are not excessively high compared to many other TDP-43 mouse models (see

table 1.4).
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It must be considered that the TDP-43 antibody affinity to mouse and human TDP-43
was assumed to be equal. It is important to check the antibody affinity if further study

of protein levels are carried out.

2.5.13. Immunohistochemical Analysis

Unfortunately the quality of tissue used in this analysis was poor, which reduced the
number of spinal cords which could be used for analysis. Future tissue collection will

use different methods of tissue collection for better quality of immunostaining.

2.5.13.1. Immunohistochemical Analysis of huTDP-43 Localisation

Localisation of huTDP-43 was carried out using immunohistochemical staining of the c-
myc tag. Previous investigations of TDP-43%3 mjce on a C57BL/6NCrl background
found small cytoplasmic inclusions of TDP-43 in the lumbar spinal cord but no evidence
of nuclear clearing (Arnold et al., 2013). Another study, in which the TDP-43%331K mjce
were crossed with TDP-43WT mice found cytoplasmic mislocalisation of TDP-43,
alongside cytoplasmic inclusions in the TDP-433331K/WT sping| cord (Mitchell et al., 2015).
Interestingly this study suggested that nuclear clearance of TDP-43 may accelerate
disease, but is not a necessary feature, seeing as the TDP-43%331K mjce have no nuclear
clearance of TDP-43 and a slow progression of disease; whereas the TDP-432331K/WT mjce

had nuclear clearance of TDP-43 and a rapid disease progression.

Increased cytoplasmic huTDP-43 was not found in this study in the TDP-43%331K mjce
compared to the TDP-43"WT mice at 10 months of age. Increased nuclear huTDP-43 was
reported in the TDP-43%33K mice compared to the TDP-43%“T mice, which has not been
described previously. This confirms that nuclear clearance of TDP-43 is not critical for a
neurodegenerative phenotype, although found in several other TDP-43 mouse models

(Wegorzewska et al., 2009, Xu et al., 2010, Wils et al., 2010, Igaz et al., 2011).

It must be noted that in this study quantification of TDP-43 was the aim of this
immunohistochemical investigation and no search was carried out for cytoplasmic
inclusions of TDP-43. There may therefore have been inclusions in the tissue, as found

previously (Arnold et al., 2013), and in most other mouse models of TDP-43 (see table
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1.4 for details) (Tsai et al., 2010, Stallings et al., 2010, Xu et al., 2010, Wils et al., 2010,
Shan et al., 2010, Swarup et al., 2011, Igaz et al., 2011, Xu et al., 2011, Wu et al., 2012b).

2.5.13.2. Immunohistochemical Analysis of GFAP

GFAP has long been used as a marker of astrocytes, which increases in reactivity with
astrogliosis (Eng and Ghirnikar, 1994), as found in other models of MND (Ferraiuolo et
al., 2011, Yamanaka et al., 2008a) and most TDP-43 mouse models (see table 1.4 for
more details) (Wegorzewska et al., 2009, Tsai et al., 2010, Stallings et al., 2010, Xu et al.,
2010, Wils et al., 2010, Swarup et al., 2011, Igaz et al., 2011, Xu et al., 2011, Wu et al,,
2012b). Therefore, immunohistochemical GFAP quantification requires a measurement

of intensity and area of staining, for which a staining index was used.

GFAP immunoreactivity was found to be non-significantly higher in the ventral horn of
10 month TDP-43®33K mice compared to non-transgenic mice, as found in the spinal
cord of young TDP-43%33 mjce on a C57BL/6NCrl background (Arnold et al., 2013). Itis
therefore likely that astrogliosis may be evident from an early stage in the TDP-43@331K

mice.

2.5.13.3. Immunohistochemical Analysis of IBA-1

IBA-1 is recognised as a marker of microglia (Ahmed et al., 2007), and microgliosis is
evident in several models of MND (Boillee et al., 2006), including a TDP-43 mouse model
(Swarup et al., 2011). The intensity of IBA-1 immunoreactivity does not increase with
microgliosis. The area of IBA-1 immunoreactivity was measured and found to be higher
in the spinal cord of 10 month old TDP-43%33K mjce compared to non-transgenic mice,

suggestive of microgliosis.

These findings are consistent with those of young TDP-43%331K mjce on a C57BL/6NCrl
background (Arnold et al., 2013), indicating likelihood that microgliosis is present from

an early stage of disease in the TDP-43®331K mjce,
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2.6. Conclusion

In conclusion, this study showed that the TDP-43®33X mjce have a progressive mild
motor phenotype in both the forelimbs and hindlimbs, with low variability, especially in
female mice. There appears to be no significant difference between the motor
phenotype of TDP-43"T and non-transgenic mice, suggesting the presence of huTARDBP

is not responsible for the motor phenotype found in TDP-43%33K mijce,

Expression of huTDP-43 cDNA is increased in TDP-43%331K cortex, spinal cord and muscle,

and this is correlated with TDP-43 protein levels.

Astrogliosis and microgliosis is evident in the spinal cords of TDP-432331K mice by 10
months of age along with increased nucleic TDP-43 levels, but there is no discernible

cytoplasmic mislocalisation.
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3. Running Wheel Activity and Food Intake

3.1. Introduction

Although unreported in previous papers, the initial characterisation study in these mice
found a striking weight gain in the TDP-43%331K mice compared to the TDP-43"T and non-

transgenic mice (see chapter 2).

Previously, the level of huTARDBP protein in TDP-43%3 mijce has been described as
being slightly higher than the endogenous expression, with similar levels of total TDP-43
as the control line TDP-43WT (Arnold et al., 2013). A link between TARDBP and fat
metabolism has been identified in previous studies, which have reported that a
conditional knockout of TARDBP in mice causes a lethal decrease in fat metabolism due
to downregulation of TBC1 domain family member 1 (TBC1D1) (Chiang et al., 2010).
Conversely, another mouse model which showed an overexpression of TARDBP with an
A315T mutation had increased fat deposition, correlated with increased TBC1D1
expression, increased food intake (although the increase was relative to body weight),

and decreased activity levels (Stallings et al., 2013).

TBC1D1 is an obesity candidate gene (Taylor et al., 2008, Stone et al., 2006) involved in
regulating the translocation of the glucose transporter type 4 (GLUT4) (Sakamoto and
Holman, 2008, Taylor et al., 2008). Expression of TBC1D1 is predominantly in muscle
(Chadt et al., 2008, Taylor et al., 2008) and its activity is increased in the presence of
insulin and muscle contraction (An et al., 2010, Taylor et al., 2008, Sakamoto and

Holman, 2008).

It appears to be well established that knockout of TBC1D1 increases fatty acid uptake
and oxidation, causing weight loss (Chadt et al., 2008, Chiang et al., 2010); whereas
overexpression decreases fatty acid uptake and oxidation, causing weight gain (Chadt et
al., 2008, Stallings et al., 2013). Therefore, as expression of TBC1D1 appears to be linked
with TDP-43 expression (Stallings et al.,, 2013), an investigation of TBC1D1 gene
expression, food intake and activity levels in the TDP-43%331K mouse model could provide

insights into the mechanisms causing increased weight.

Motor function tests such as rotarod provide an indication of forced activity capabilities.
However, voluntary activity provides an indicator of the more natural, habitual activity

levels of the mice. Anideal way to investigate this is by using home cage running wheels,
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which the mice can use at their will (De Bono et al., 2006). An increase in activity levels
due to running wheel access may decrease weight in the mice (Bennett et al., 2014),
especially in males (De Bono et al.,, 2006). However, not all studies have found a
difference in weight between mice that have access to wheels and those that do not

(Allen et al., 2001).

Earlier studies of running wheel activity in C57BL/6 mice have shown that the mice will
run considerable distances, almost exclusively during the night (Lapvetelainen et al.,
1997). Mice usually run in short bouts, and have a tendency to maintain a regular
cruising speed (De Bono et al.,, 2006). In one study, female mice ran consistently
throughout the night and ran on average 40% further than male mice, whilst male mice
ran mostly during the first half of the night. However, running activity was more varied
in female mice, possibly due to the oestrous cycle (De Bono et al., 2006), as supported

by in-house data for specific strains.

A running wheel study in SOD1%%3* mice showed low variability and a reliable decline in
running time and distance with disease progression, consistent with a decline in rotarod
performance (Bennett et al., 2014). Previous studies have consistently shown a steady
increase in running time and distance at the beginning of a running wheel study,
suggestive of a training period (Bennett et al., 2014, De Bono et al., 2006, Allen et al.,
2001). However, it must be considered that the mouse model under investigation here
is on a different genetic background to the mice used in previous running wheel studies
and the mouse strain may have a large impact on voluntary running activity (Massett

and Berk, 2005, Turner et al., 2005).

It is expected that running wheel activity in the TDP-43%3K and TDP-43WT mice will
increase with time at the beginning of the study, with females showing higher levels of
activity compared to males. Running activity and evaluation of food intake may provide
an indicator of the mechanisms involved in the increased weight of TDP-43%331K mjce

compared to their counterparts.
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3.2. Aims

1. To assess activity levels of male and female TDP-43%331K mjce in comparison to TDP-

43T mice.

2. To assess the food intake of male and female TDP-43%331K mjce in comparison to

TDP-43"T mice.

3. To assess TBC1D1 expression in the cortex, spinal cord and muscle of TDP-43Y"T and

TDP-43331K myjce.

3.3. Materials and methods

3.3.1. Ethics Statement

All mouse experiments were carried out under the terms of the UK Animals (Scientific
Procedures) Act 1986 and under a UK Home Office project license. Mice were housed
and cared for in accordance with the Home Office Code of Practice for Housing and Care
of Animals Used in Scientific Procedures. All procedures were carried out under under
an appropriate UK Project Licence by personal licence holders. ARRIVE guidelines

(Kilkenny et al., 2010) were adhered to during this report.

3.3.2. Transgenic C57BL/6NJ Mice

TDP-43WT and TDP-43%331K mijce (Mus musculus) were originally generated on a
C57BL/6NCrl background by insertion of c-myc-tagged human TARDBP (Arnold et al.,
2013) and were subsequently backcrossed on to a C57BL/6NJ background before being

deposited at the Jackson Laboratory (stock numbers 017907 and 017933, respectively).

The running wheel study was carried out with 6 males and 6 females per group (TDP-
43T and TDP-43%331K) Mice were recruited at 30 days of age and remained under

evaluation until 300 days of age.

For genotyping methods see section 2.3.4.
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3.3.3. Housing

Mice were bred in a SPF environment, and transferred to a conventional facility for the
studies described here. The facility uses a 12 h light/dark cycle, and room temperature
is set to 21°C. Cages (L36 x W21 x H18.5cm) were lined with fine sawdust (eco-pure
flakes 6, Datesand, UK), which was changed every 2 weeks, a plastic house was placed

in each cage and paper wool (Datesand, UK) was used as bedding material.

Each cage contained a 37.8cm circumference Fast Trac running wheel (LBS Biotech, UK)
mounted at 25° below horizontal on a 4cm fixed post. The wheel was placed in the
corner of each cage where the circumference was 5-10mm from the edge of two
perpendicular sides of the cage. A 5 x 10mm neodymium magnet was glued to the
underside of each Fast Trac wheel and a bicycle computer (Cateye Velo, Japan) with reed
switch was fixed to the side of the cage (see figure 3.1). Time spent running, distance
run and average running speed were recorded daily. This set up was based on the in-

house protocol used in a previous study (Bennett et al., 2014).

All mice were housed separately due to the use of running wheels in the home cage.
Mice were fed 2018 rodent diet (Harlan, UK) ad libitum. Water was provided ad libitum

and changed weekly. Fresh bottles were provided every four weeks.

Figure 3. 1: Running wheel cage set-up (Bennett et al., 2014).

The Fast Trac running wheel is fixed in the corner of the cage, with a magnet attached
to the underside, detected by a reed switch on the side of the cage which is connected to

a cycle computer.
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3.3.4. Weight and Food Intake Monitoring

Weight was monitored weekly by placing the mice in a box on a set of scales (Kern,
Germany) pre-set to zero. Food intake was monitored fortnightly by weighing the food
on a set of scales (Kern, Germany), and re-weighing the food approximately 72 hours
later. During the 72 hour period, the sawdust in the cage was replaced with paper
towelling, to ensure that any small pieces of food which may have dropped from the top

of the hopper could be included for weighing.

3.3.5. Tissue Collection

Mice were sacrificed at 10 months of age by overdose using an intraperitoneal injection
of pentobarbitone (2.5ml/kg) and exsanguination via cardiac puncture using a 25 gauge
0.5 x 16mm needle (BD Microlance, Ireland) and a 1ml syringe (Terumo Europe,
Belgium,) after cessation of the pedal reflex. The head was decapitated and the brain
removed and placed on a plastic square, wrapped in wet paper towel. The blunt edge
of a steel back industrial single edge blade (Fisher Scientific, UK) was used to peel off the
cortex from the remaining brain. An incision was made over the spine at the level of the
hips and PBS was pushed in to the spinal cavity using a 20ml syringe (BD Plastipak, UK)
fixed with a pipette tip (Fisherbrand, UK), ejecting the spinal cord from the rostral end

of the spinal column.

Triceps surae muscles were removed by dissection. Cortex, spinal cord and muscles
were immediately snap frozen in liquid nitrogen and then stored at -80°C. Cortex and
spinal cord from non-transgenic mice had been prepared using these methods from a
previous cohort. Unfortunately non-transgenic snap frozen muscle tissue was

unavailable, as non-transgenic mice were not used in this study.

3.3.6. RNA Extraction

RNA was extracted using an RNeasy® lipid tissue mini kit (74804, Qiagen, UK) as per the
manufacturer’s instructions. Firstly, tissues were homogenised using a pellet pestle
motor (Fisher Scientific, UK) in 1ml of QlAzol lysis reagent and incubated at room
temperature (RT) for 5 mins. 200ul of chloroform was added to each sample and the
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samples were shaken for 15 seconds before incubating at RT for 2 mins, followed by
centrifugation at 12000 x g for 15 mins at 4°C. The supernatant was then transferred
and mixed with one volume of 70% ethanol. This solution was centrifuged through an
RNeasy® spin column at 8000 x g for 15 seconds at RT. Buffer RW1 was then centrifuged
through the spin column at 8000 x g for 15 seconds at RT, followed by buffer RPE at 8000
x g for 15 seconds at RT and again at 8000 x g for 2 mins at RT. In a fresh tube, 50ul of
RNase-free water was then centrifuged through the spin column at 8000 x g for 1 min at

RT, the product of which was the RNA, which was stored at -80°C.

3.3.7. cDNA Extraction

Sample RNA concentrations were estimated using the nanodrop spectrophotometer
ND-1000 (Labtech International, UK). cDNA was extracted from RNA using a high
capacity RNA-to-cDNA kit (4387406, Applied Biosystems, USA). Solutions were made of
10ul of RT buffer mix 20x (Applied Biosystems, USA), 1ul of RT enzyme mix 2x (Applied
Biosystems, USA) and a 9ul dilution of 2ug of sample in water. Samples were placed in
the PCR machine (G-storm, UK) for 1 hour at 37°C, followed by 5 mins at 95°C. 60ul of

water was added to each sample and then stored at -20°C.

3.3.8. gPCR

Primer pairs were mixed and diluted to 5uM (see table 3.1 for primer sequences).

Samples were plated in duplicate in non-skirted, frosted, thin-wall 0.2ml low profile 96
well plates (P3-0402, Geneflow, UK) and covered with optical wide area 8-cap strips (P3-
0051, Geneflow, UK). Each well contained 1pl cDNA, 1ul primer mix, 3ul water and 5pl
brilliant 11l ultra-fast SYBR® green QPCR master mix (600882, Agilent Technologies, USA).
GAPDH was used as the house-keeping gene. A non-template control was plated for

each primer pair.

Samples were placed in the gPCR machine (Mx 3000P, Stratagene, USA) and run on the
following protocol: 95°C for 10 mins, 45 cycles (95°C for 30 seconds, 58°C for 1 min, 72°C
for 1 min), 95°C for 1 min, 55°C for 30 seconds, 95°C for 30 seconds.

107



Table 3. 1: Primer sequences. Forward and reverse primer sequences used for gPCR

analysis.
Primer pair Forward Reverse
TBC1D1 GTGAGGAAGAGGCGTTCAAG | AGGTCTCGGTGGTAATCGTG
GAPDH ATGGTGAAGGTCGGTGTGAA | TGGCAACAATCTCCACTTTGC

3.3.9. gPCR Analysis

Cycle threshold (Ct) values were extracted using MxPro Mx3000P software version 4.10
(Stratagene, USA). Further analysis was carried out using Microsoft Excel 2013

(Microsoft, USA) and GraphPad Prism 6 (GraphPad, USA).

Mean Ct values were calculated for each sample from the duplicates. Data were not
used if duplicate Ct values differed by 21. The relative concentration was calculated
using the equation: 1/2ene ofinterest Ct—GAPDH Ct) - \/3|yes were presented as a percentage
of the mean TDP-43WT value for each sample, or as a percentage of the mean non-

transgenic value wherever possible.

3.3.10. Statistical Analysis

Running activity was variable across days, consequently the maximum running time,
distance and speed run each week was used as a representation of running activity. Age
to a 20% decline in running time, distance and speed were calculated by determining
the age at which a consistent 20% decline from the initial readout (week 5) was

detected.

The relative concentration of each sample was calculated for gene expression in cortex,
spinal cord and muscles from non-transgenic, TDP-43331 gnd TDP-43WT mice (n = 6-

12/group).

GraphPad Prism 6 was used for all statistical analyses (GraphPad, USA). Two-way
ANOVA with repeated measures and a Sidak post-test was used for all data with multiple
time points; Students’s t-test was used for all data with a normal distribution in which
there were 2 groups at one timepoint; the Mann-Whitney U test was used for all data
with non-normal distribution in which there were 2 groups at one timepoint. All data

are represented as mean and standard deviation.
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3.4. Results

3.4.1. Running Time

In both TDP-43%331 gnd TDP-43WT males and females, mean running time declined with
age (figure 3.2A & B). The male data showed a slight increase in running time at the
beginning of the study, suggestive of a training period; whereas the females showed an
age-dependent decline from the beginning of the study. There was no significant
difference in running time between TDP-43®331K gnd TDP-43"T mice in males or females

on a two-way ANOVA with repeated measures (Sidak post-test).

Male TDP-43%331K mjce reached a mean maximum running time at 6 weeks of age (162
1 79.2 minutes) followed by a steady decline to a minimum mean running time at 30
weeks of age (5.3 * 7.3 minutes). In contrast, male TDP-43"T mice had an increase in
running time from 5 weeks of age until reaching a maximum mean running time at 10
weeks of age (243 + 106.1 minutes), then gradually declining to a minimum mean

running time at 41 weeks of age (37.3 + 25.3 minutes).

Female TDP-43%331K mjce reached a mean maximum running time at 5 weeks of age (338
t 78.7 minutes) followed by a steady decline to a minimum mean running time at 43
weeks of age (6.1 + 3.6 minutes). In contrast, female TDP-43WT mice reached a mean
maximum running time at 6 weeks of age (269 + 107.6 minutes) followed by a steady

decline to a minimum mean running time at 43 weeks of age (28.8 + 21.5 minutes).

Age to reach a 20% decline in running time (figure 3.2C & D) was higher in TDP-43"T
mice compared to TDP-43®331K mijce but also showed much more variability in both
males (9.8 + 2.2 weeks in TDP-43%331K ys 20.5 + 12.9 weeks in TDP-43"T, p<0.05) and
females (12.2 + 4.1 weeks in TDP-43%331Ky5 18.9 + 13.9 weeks in TDP-43WT),

When comparing male and female mice (figure 3.2E & F), female mice ran for longer
than male mice in the TDP-43%331 group, however, this was not significant on a two-way
ANOVA with repeated measures (Sidak post-test). In the TDP-43WT mice, there was no
difference between males and females on a two-way ANOVA with repeated measures

(Sidak post-test).
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Figure 3. 2: Maximum running time/night within each week + SD.

Maximum time spent running per night within each week (n=6) of male and female TDP-
43%T and TDP-43%31K mice. A & B: there was no significant difference in running time
between TDP-43%331K and TDP-43"T mice on a two-way ANOVA with repeated measures
and Sidak post-test but there was a decline in running time with age in all groups
(p<0.0001). C & D: there was a significant difference in age to reach a 20% decline in
running time between TDP-43%31K and TDP-43"T male mice (p<0.05) but not in female
mice on a Mann-Whitney U test. E & F: there was no significant difference in running
time between males and females in the TDP-43%31K or TDP-43"T groups on a two-way
ANOVA with repeated measures and Sidak post-test, multiple comparisons showed
increased running time in the TDP-43%33K females compared to males, *p<0.05 vs all
other groups, **p<0.01 vs all other groups, ***p<0.001 vs all other groups,

***%p<0.0001 vs all other groups.
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3.4.2. Running Distance

In both TDP-43®331K and TDP-43"T males and females, mean running distance declined
significantly with age (figure 3.3A & B, p<0.0001). The male data showed a slight
increase in running distance at the beginning of the study, suggestive of a training
period; whereas the females showed an age-dependent decline from the beginning of
the study. There was no significant difference in running distance between TDP-432331K
and TDP-43"T mice in males or females on a two-way ANOVA with repeated measures

(Sidak post-test).

Male TDP-43®31 mijce reached a mean maximum running distance at 6 weeks of age
(4.25 = 2.7km) followed by a steady decline to a minimum mean running distance at 38
weeks of age (0.03 + 0.02km). In contrast, male TDP-43"T mice had an increase in
running distance from 5 weeks of age until reaching a maximum mean running distance
at 10 weeks of age (7.85 + 7.5km), then gradually declining to a minimum mean running

distance at 41 weeks of age (0.82 + 1km).

Female TDP-43®331 mice reached a mean maximum running distance at 5 weeks of age
(11.58 + 5.8km) followed by a steady decline to a minimum mean running distance at 42
weeks of age (0.07 + 0.06km). In contrast, female TDP-43"T mice reached a mean
maximum running distance at 5 weeks of age (8.11 + 5.5km) followed by a steady decline

to a minimum mean running distance at 42 weeks of age (0.77 + 1.1km).

Age to reach a 20% decline in running distance (figure 3.3C & D) showed no difference
between TDP-43WT mice and TDP-43%33K mjce in males (19.5 + 13 weeks in TDP-43®331K
vs 9.6 * 2.9 weeks in TDP-43"T) or females (19.5 + 13 weeks in TDP-432331Ky5 18,7 +12.3
weeks in TDP-43WT),

When comparing male and female mice (figure 3.3E & F), female mice ran further than
male mice in the TDP-43%331K group, however this was not significant on a two-way
ANOVA with repeated measures (Sidak post-test). In the TDP-43WT mice, there was no
difference between males and females on a two-way ANOVA with repeated measures

(Sidak post-test).
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Figure 3. 3: Maximum distance/night within each week + SD.

Maximum distance run per night within each week (n=6) of male and female TDP-43"T
and TDP-43%31K mjce. A & B: there was no significant difference in running distance
between TDP-43%331K and TDP-43"T mice on a two-way ANOVA with repeated measures
and Sidak post-test but there was a decline in running time with age in all groups
(p<0.0001). C & D: there was no significant difference in age to reach a 20% decline in
running distance between TDP-43%331K and TDP-43"T mice on a Mann-Whitney U test. E
& F: there was no significant difference in running time between males and females in
the TDP-43%331K or TDP-43"T groups on a two-way ANOVA with repeated measures and
Sidak post-test.
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3.4.3. Running Speed

In both TDP-43®331K gnd TDP-43"T males and females, the mean running speed
significantly declined with age after a short period of increasing speed at the beginning
of the study, suggestive of a training period (figure 3.4A & B, p<0.0001). The decline in
speed with age appeared steeper in females when compared to males, but there was
no significant difference in average running speed between TDP-43%31K gnd TDP-43WT
mice in males or females on a two-way ANOVA with repeated measures (Sidak post-

test).

Male TDP-433331K mjce reached a mean maximum running speed at 7 weeks of age (1.61
+0.5km/hr) followed by a steady decline to a minimum mean running speed at 30 weeks
of age (0.29 + 0.3km/hr). In contrast, male TDP-43"T mice had an increase in running
speed from 5 weeks of age until reaching a maximum mean running speed at 13 weeks
of age (1.78 £ 0.8km/hr), then gradually declining to a minimum mean running speed at

38 weeks of age (0.88 + 0.7km/hr).

Female TDP-43%331 mjce reached a mean maximum running speed at 7 weeks of age
(2.02 £ 0.7km/hr) followed by a steady decline to a minimum mean running speed at 43
weeks of age (0.18 + 0.2km/hr). In contrast, female TDP-43"T mice reached a mean
maximum running speed at 11 weeks of age (1.89 + 0.5km/hr) followed by a steady
decline to a minimum mean running speed at 37 and 40 weeks of age (0.69 *

0.6/0.7km/hr).

Age to reach a 20% decline in average running speed (figure 3.4C & D) showed no
difference between TDP-43WT and TDP-43®33K mijce in males (12.8 *+ 2.8 weeks in TDP-
439331k y5 237 + 17.1 weeks in TDP-43WT) or females (17.3 + 3.4 weeks in TDP-432331K ys
31 + 15 weeks in TDP-43WT),

When comparing male and female mice (figure 3.4E & F), female mice ran faster than
male mice in the TDP-43%331K group, however, this was not significant on a two-way
ANOVA with repeated measures (Sidak post-test). In the TDP-43WT mice, there was no
difference between males and females on a two-way ANOVA with repeated measures

(Sidak post-test).
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Figure 3. 4: Maximum average speed/night within each week * SD.

A & B: there was no significant difference in average running speed between TDP-43%331K
and TDP-43"T mice on a two-way ANOVA with repeated measures and Sidak post-test
but there was a decline in running time with age in all groups (p<0.0001). C & D: there
was no significant difference in age to reach a 20% decline in average running speed
between TDP-43%3K and TDP-43"" mice on a Mann-Whitney U test. E & F: there was
no significant difference in average running speed between males and females in the
TDP-43%31K or TDP-43"T groups on a two-way ANOVA with repeated measures and

Sidak post-test.
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3.4.4. TDP-43%331K Mice are Heavier than TDP-43WT Mice

Male and female TDP-43®331K and TDP-43WT mice showed a significant increase in weight
with age (figure 3.5). In both male and female mice, the TDP-43®3 mijce are heavier
than the TDP-43"T mice. In the male mice, the weight difference between the two
groups begins to disappear at around 36 weeks of age when the TDP-432331K weight
plateaus, whilst the TDP-43"T weight continues to increase, closing the gap between the
weights of the two groups. Conversely, the female TDP-43®33 mice increase in weight
throughout the study at a much steeper incline than the TDP-43%T mice, making the
difference significant from 18 weeks of age (26 + 1.7g TDP-43®33 ys 21,2 + 1.6g TDP-
43V p<0.05).
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Figure 3. 5: Whole body weight * SD.

Body weight, as measured each week (n=6) in male and female TDP-43"" and TDP-
433K mice. In males (A), the data were significantly different on a two-way ANOVA
with repeated measures and Sidak post-test for the effects of group (p<0.05) and age
(p<0.0001). In females (B), the data were significantly different on a two-way ANOVA
with repeated measures and Sidak post-test for the effects of group (p<0.001) and age
(p<0.0001). *p<0.05 vs all other groups, **p<0.01 vs all other groups, ***p<0.001 vs all
other groups, ****p<0.0001 vs all other groups, two-way ANOVA with repeated

measures (Sidak post-test).
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3.4.5. Food Intake

Male and female TDP-43%331K mice showed a significantly increased food intake
compared to the TDP-43WT mice on a two-way ANOVA with repeated measures and
Sidak post-test (figure 3.6). All male mice, and the female TDP-43®331 mjce show an
upwards trend in food intake at the beginning of the study from 7 weeks, plateauing at
11 weeks of age. Towards the end of the study, food intake appears to increase in the

TDP-43"T mice.

>

Males

o 161
P 15 % ¥ —— Tpp-43?%%K
+ %

144
4 Top-43""
< 134
N
~ 124
2114
(0] 10
X
S 91
c
— 8-
kel
o 71
o
L. 6 T T T T T T T T 1

0 5 10 15 20 25 30 35 40 45
Age (weeks)

B Females
o 197 331K
” 154 - T1pp-43°
+

144
0 Top-43""
< 134
N
~ 124
2 114
(] 10+
X
S 94
c
— 8-
©
o 7
o
[T 6 T T T T T T T T 1

0 5 10 15 20 25 30 35 40 45
Age (weeks)

Figure 3. 6: Food intake * SD.

Food intake over a 72 hour period, as measured every 2 weeks (n=6) in male and female
TDP-43"T and TDP-43%331K mice. In both males (A) and females (B), the data were
significantly different on a two-way ANOVA with repeated measures (Sidak post-test) for
the effect of group (p<0.01). *p<0.05 vs all other groups, **p<0.01 vs all other groups,
**¥*¥p<0.001 vs all other groups, two-way ANOVA with repeated measures (Sidak post-

test).
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3.4.6. Weight of Running vs Non-running Mice

Comparison of weight from the running wheel study and the previous characterisation
study (see chapter 2) shows mice on the running wheels appeared to be heavier than
those which did not have wheels in the characterisation study (figure 3.7). Wheel mice
appeared heavier in males and females of both TDP-43%331X gnd TDP-43"T mice. These
data suggest that running wheel use does not decrease weight in these mice. Statistical
analysis could not be performed as the data were not collected as part of the same
study. A separate study would be needed to confirm the effect of wheel use on weight

in these mice.

A Males
50
a5 4 == 1ppP43?**  non-wheel
2 404 = 1ppP43" " non-wheel
]
+ 354 = 1pP43°** " wheel
(=2}
= 304 =~ 1D0P43" " wheel
~
2 254
()
2 204
154
— 7T
0 5 10 15 20 25 30 35 40 45
Age (weeks)
B Females
50
454 == 1ppP43°* ¥ hon-wheel
2 404 ~# 1pp43" Tnon-wheel
[%2]
+ 354 =+ T1pP43%%* " wheel
o
= 304 = 1ppP43" Twheel
=
2 254
[
2 204
154
T T T T T T T T 1

Age (weeks)

Figure 3. 7: Whole body weight of running wheel mice vs non-running mice (from

previous study).

Body weight, as measured each week in male (A) and female (B) TDP-43"" and TDP-
433K mice in both the running wheel study and the previous characterisation study
(described in chapter 2). Statistical analysis could not be performed as data were not

collected as part of the same study.
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3.4.7. TBC1D1 Gene Expression

Gene expression of TBC1D1 was measured in the cDNA of cortex and spinal cord from
non-transgenic, TDP-43VT and TDP-43%33K mice at 10 months of age (figure 3.8),
expressed as a percentage of the non-transgenic values. Gene expression of TBC1D1
was also measured in the cDNA of hindlimb muscles of TDP-43WT and TDP-43%331 mjce,

expressed as a percentage of the TDP-43"T values.

Expression of TBC1D1 was not significantly different in the TDP-43WT or TDP-43®331K
cortex compared to the non-transgenic cortex (100 + 23.1% in non-transgenic vs 97.9 +
13.4% in TDP-43"Tvs 100 + 8.9% in TDP-439331K) or TDP-43WT and TDP-43%33 spinal cord
compared to the non-transgenic spinal cord (100 + 12.5% in non-transgenic vs 95.5
11.5% in TDP-43WT vs 91.2 + 8.2% in TDP-43®331X),  Expression of TBC1D1 was not
significantly different in the TDP-43%33X hindlimb muscle compared to the TDP-43WT

hindlimb muscle (100 + 24.2% in TDP-43"T vs 108.4 + 34.1% in TDP-430331K),
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Figure 3. 8: TBC1D1 gene expression * SD at 10 months of age.

Gene expression as a percentage of the mean non-transgenic levels, as measured in
c¢DNA of cortex (A) and spinal cord (B) of TDP-43"T and TDP-43%33K mjce (n=9-12)
showed no differences on a one-way ANOVA. Gene expression as a percentage of the
mean TDP-43"T levels, as measured in cDNA of hindlimb muscles (C) of TDP-43"" and

TDP-43%31K mjce (n=9-12) showed no differences on a Student’s t-test.
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3.5. Discussion

3.5.1. Running Activity Over Time

As found in a previous running wheel study in SOD1%%3* mice (Bennett et al., 2014),
running time and distance declined with age and disease severity in both the TDP-43WT

and TDP-43331K mjce,

Several running wheel studies have described an initial training period in which the
running activity gradually increases when the mice are first housed with a running wheel
(De Bono et al., 2006, Bennett et al., 2014, Allen et al., 2001). In the study conducted
here, a slight training period was seen in both the TDP-43"T and TDP-43%33X male mice
for time, distance and average speed. However, a training period was not seen in the
TDP-43VT and TDP-43%331K female mice, other than for average speed in the TDP-432331K
mice. It is unclear why there would be a difference between male and female training

as the previous studies showed a training period in both male and female mice.

3.5.2. Gender Effects on Running Activity

A previous study which compared male and female running wheel activity found that
female mice ran considerably further than male mice (De Bono et al., 2006). This was
also found in the study described here in the TDP-43®331 mjce, as females ran for a
longer time and distance compared to males and had a higher maximum distance during

the disease course, but no differences were found in the TDP-43"T group.

The oestrous cycle of female mice has been suggested to influence running wheel
activity (De Bono et al., 2006) and to increase the variability in this activity measure. In
this study the female running wheel activity showed no more variability than the male
running wheel activity. However, any variance due to the oestrous cycle may have been

eliminated by the use of a weekly maximum time, distance and speed reached.

3.5.3. Running Activity and Disease

Running time, distance and average speed were all non-significantly lower in both male
and female TDP-43%33Kmjce compared to the TDP-43"T mice, suggesting that voluntary

activity levels were slightly reduced in the TDP-43®331X mjce due to disease. Lower
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activity levels have also been found in another overweight mutant TDP-43 mouse model
(Stallings et al., 2013). The decreased activity levels are likely to be a contributing factor

to the increased weight of TDP-43331K mijce.

As suggested in the SOD1%°3 mice (Bennett et al., 2014), reduced activity could also be
due to motor dysfunction. However, the disease phenotype is very mild in this model
so unlikely to be the cause of reduced activity. It is well documented that normal mice
are highly motivated to run on a wheel (Sherwin, 1998), and it is therefore also possible
that reduced running in the TDP-43%331K mice is due to a cognitive aspect of their disease

such as lack of motivation.

The overall running wheel activity of both TDP-43WT and TDP-43®3 mijce was
considerably lower than that found in other studies, in which mice ran for a time period
of 4-6 hours per night (Bennett et al., 2014), compared to a matter of 0-4 hours in the
study discussed here. This is likely to be due to the background strain of the model as it
has been shown that genetic background has a large influence on running wheel activity
in mice (Turner et al., 2005, Massett and Berk, 2005). No record could be found of
running wheel activity in C57BL/6N mice and this study shows it to be relatively low

compared to other strains.

3.5.4. Weight

As found in a previous study (chapter 2), the mice gained weight with age, significantly

more so in the TDP-43%33 mice compared to the TDP-43%T mice.

Surprisingly, when comparing the weight of the mice on running wheels in this study,
with the mice which were not on running wheels in the previous study (chapter 2), it
appears that the mice on running wheels were heavier than those which were not in
males and females of both TDP-43®331K gnd TDP-43"WT mice. The wheel running activity
therefore, did not appear to cause any relative weight loss. Conversely, most previous
studies have found the mice on running wheels to be lighter than those which were not
on running wheels (Bennett et al., 2014), especially in male mice (De Bono et al., 2006).
However, another study found no difference in weight between the mice on wheels and
the mice which were not (Allen et al., 2001). No records could be found of mice being

heavier when on running wheels. It is possible that the mice were heavier due to
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increased muscle mass, but the activity levels were so minimal, especially towards the

end of the study, that this seems unlikely.

3.5.5. Food Intake

Food intake increased with age during the first few weeks of the study, at which time
the mice were still maturing and were therefore increasing their food intake as they
grew. Food intake was higher in both male and female TDP-43%3K mjce compared to
TDP-43"T mice, as reported in another overweight mutant TDP-43 mouse model
(Stallings et al., 2013). Further experiments to assess appetite and metabolic pathways
could elucidate the reason for this increased food intake. The increased food intake is
likely to be a contributing factor to the increased weight of TDP-43%33K mice and may
be a sign of hyperphagia, a symptom which can occur in FTD in humans (Ahmed et al.,

2016a).

A very interesting future study would be to restrict food intake in these mice, providing
further indication of how much increased food intake is influencing the weight of the

mice.

3.5.6. TBC1D1 Gene Expression

As described previously, several mouse models have identified a link between TDP-43
and TBC1D1 expression with conditional deletion decreasing TBC1D1 expression and
TDP-43 overexpression increasing TBC1D1 expression, which may explain the lethal
leaness and obesity seen in these two model systems respectively (Chiang et al., 2010,
Stallings et al., 2013). This TDP-43%331K model shows increased weight gain and
increased expression of huTDP-43 compared to the TDP-43WT expression and so TBC1D1

gene expression was evaluated by gPCR, with an increase in expression anticipated.

The data (figure 3.8) indicated that levels of TBC1D1 expression were no different in the
cortex, spinal cord and hindlimb muscles of TDP-432331X mjce when compared to TDP-
43T and non-transgenic mice. There appears to be no direct link in this case between
levels of huTDP-43, TBC1D1, and the observed weight gain. This leaves open the
guestion of why these mice show increased weight gain. Certainly the reduced activity

as evidenced by the poor running wheel performance and increased food intake may
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explain the weight gain observed in these mice but the underlying cause of this is

unknown.

3.6. Conclusion

In conclusion, the TDP-43®33K mjce have increased food intake and reduced activity
levels compared to TDP-43WT mice. Expression of huTDP-43 cDNA is increased in TDP-
43933 pyt this increase in expression is not correlated with expression levels of TBC1D1.
As a result, the underlying reason for increased fat deposition in the TDP-43%331K mouse

model remains uncertain.
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4. Riluzole and Electrophysiology Study

4.1. Introduction
4.1.1. Riluzole

As discussed previously (chapter 1), riluzole is the only drug licenced for treatment of
MND, and extends life by several months (Stewart et al., 2001, Miller et al., 2003),
potentially as long as 12 months (Georgoulopoulou et al., 2013). Riluzole was first
published as an effective treatment for MND in 1994 (Bensimon et al., 1994) and
approved by the Food and Drug Administration in 1995. The most likely mechanism of
action is to reduce glutamate toxicity and modulate sodium channels, thereby reducing

cortical and axonal hyperexcitability (Geevasinga et al., 2016).

The general consensus is that 100mg/day of riluzole can extend median survival and has
a small beneficial effect on bulbar and limb function but not muscle strength (Miller et
al., 2012). However, other studies have suggested that riluzole has little or no effect on
MND (Stewart et al., 2001) and this may be related to the concept of MND consisting of
multiple clinical subgroups, with riluzole only being effective in a subset of patients,
limiting its overall effect on the MND populations investigated (Georgoulopoulou et al.,

2013).

Some investigators test therapeutic compounds in SOD1%%A mice in combination with
riluzole (Waibel et al., 2004, Snow et al., 2003), arguing that it is more clinically relevant

as patients will remain on riluzole during clinical trials.

Studies in SOD1%%3* mice found that riluzole has a slight effect on survival and motor
function at 24 and 44mg/kg/day, dosed from 42-43 days of age, mixed into feeding
pellets, prior to disease onset (Gurney et al., 1998). The improvement in motor function,

measured by running wheel activity, was larger during the earlier stages of disease.

A more recent study showed dosing of riluzole at 8mg/kg/day in SOD1%%3*A mice had no
effect on disease onset or survival (Li et al., 2013), as has been suggested in several other

studies at varying doses (Scott et al., 2008).

Riluzole has a short half-life which can be affected by age (Le Liboux et al., 1999) and in
humans the mean half-life after multiple doses is 12 hours (Bryson et al., 1996), hence
patients take riluzole twice a day. Mice have a much faster metabolism than humans

and clear drugs more rapidly. For this reason, previous studies have administered
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riluzole to mice in the drinking water, ensuring continual dosage. In-house studies have
treated SOD15%3A mice with riluzole at doses ranging from 120 to 2000ug/ml of riluzole
in the drinking water (equating to doses of 36 to 100mg/kg). The higher doses showed
some sedative effect. A dose of 240ug/ml significantly reduced the decline in motor

function in SOD1%%3A mice in two separate studies.

It has been shown in patients that the plasma concentrations of riluzole are strongly
correlated with therapeutic effect (Le Liboux et al., 1999). Plasma levels should

therefore be considered when designing a preclinical study.

Such mixed results in the SOD1%°3* mouse model may indicate that SOD1 patients are a
subgroup of MND which may or may not benefit from taking riluzole. A preclinical trial
of riluzole in TDP-43%33 mjce may provide insight in to whether riluzole is effective in
patients with TDP-43 mutations and/or TDP-43 pathology. To date, no riluzole studies

have been recorded in a TARDBP mouse model.

4.1.2. Electrophysiology

Biomarkers are measurable indicators of biological processes, either of normal function,
pathological processes or responses to therapeutic intervention (Turner et al., 2009). In
the case of MND, the latter two processes are of interest in order to facilitate diagnosis

and disease monitoring, and measure the effect of therapeutic trials.

There is currently no single diagnostic test for MND. Diagnosis relies on a history of
progressive motor symptoms , supported by examination findings and the elimination
of other diseases (Turner et al., 2009) through MRI, blood tests and electromyography
(EMG). Due to the gradual onset of symptoms, the extensive range of tests and the level
of expertise required, diagnosis of MND takes an average of one year from symptom
onset (Zoccolella et al., 2006). A biomarker which could be used to make an earlier,
more concrete diagnosis would help patients in future planning and allow earlier access

to relevant healthcare services and symptomatic therapies.

Monitoring of the disease is key for healthcare professionals and carers to plan ahead
and put in place the necessary care and practicalities needed at end of life. Disease
monitoring usually consists of symptom assessment, measurement of one or more

functional rating scales, respiratory function tests, and assessments of muscle strength
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and patient quality of life (Costa et al., 2010). Currently, prognosis can only be inferred
by observing clinical disease presentation and speed of progression (Chio et al., 2009),

whereas a reliable biomarker could enable more accurate predictions.

A biomarker to carry through from trials of animal models to patients could offer
invaluable insights into disease pathophysiology and enable monitoring of the response
to therapeutic agents from the laboratory to the clinic. This translational approach is
invaluable in increasing confidence when moving into clinical studies and has the
potential to offer new insights into disease pathophysiology and, importantly, reduce
the duration and cost of clinical trials in patients, allowing more potential new

treatments to be tested.

Nerve conduction studies and EMG are currently one of the main diagnostic tests
undertaken when patients are being investigated for suspected MND (Benatar et al.,
2016). One of their key aims is to exclude other diseases which may mimic MND such as
cervical myeloradiculopathy, hereditary spastic paraparesis or inclusion body myositis
(Turner and Talbot, 2013). Nerve conduction studies are undertaken in both the arms
and legs. Receiving electrodes are placed on the muscle and stimulating electrode
needles are placed on to the nerve. A supramaximal stimulation is applied to the nerve
and a compound muscle action potential (CMAP) is measured. CMAP is a standard test
in nerve conduction studies, which quantifies the depolarisation of muscle fibres
following supramaximal stimulation of the nerve innervating that muscle, as detected
by the electrodes. Reduced CMAP amplitude usually correlates with a loss in functional
motor axons and/or the fibre they innervate. In MND patients (Benatar et al., 2016),
CMAP amplitudes may be reduced due to degeneration of the motor axons which in

turn leads to a reduction in muscle strength and function.

Motor unit number estimation (MUNE) is an electrophysiological method which has
been used for decades (McComas et al., 1971), and can be calculated in several ways.
One method estimates the action potential of the whole muscle using a supramaximal
stimulation, and divides this by the estimated action potential of a single motor unit, as
calculated using minimal stimulation. Alternatively, the stimulus is gradually increased
and with each increase in response, another motor unit is assumed to have been
recruited, allowing for counting of the number of motor units. A more recently

developed but similar method is motor unit number index (MUNIX) (Nandedkar et al.,
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2010), in which CMAP is divided by an average motor unit size derived from surface
interference patterns obtained as the patient voluntarily contracts the muscle being
examined. In both MUNE and MUNIX, lower numbers of motor units are found in MND

patients compared to control subjects (Neuwirth et al., 2015, Baumann et al., 2012).

A further test carried out in diagnostic investigations, most commonly when
investigating neuromuscular junction (NMJ) disorders such as myasthenia gravis, is
repetitive stimulation. In this, repeated stimulation is applied to the nerve. During
normal activation of the NMJ, increased pre-synaptic calcium causes an increase in
acetylcholine (ACh) release. As post-synaptic ACh receptors are activated, an influx of
sodium occurs into the myocyte, causing an endplate potential (EPP). If the EPP is above
threshold, an action potential will occur in the muscle fibre, resulting in contraction. The
safety factor is defined as the difference between the EPP and the threshold potential
required to produce an action potential, or the amount of excess neurotransmitter

beyond the point of producing an action potential (Wood and Slater, 2001).

During repetitive stimulation, the primary store of ACh is depleted, reducing the EPP.
However, so long as the EPP remains above threshold, an action potential will still occur.
After approximately 1 second, a secondary store of ACh will be available for release and
the EPP will rise back to normal levels. Therefore, during a slow repetitive stimulation
(3Hz), a temporary reduction in EPP may be seen around the fourth stimulus. However,
the CMAP amplitude will usually remain unaffected as the EPPs will always remain above

threshold.

During fast repetitive stimulation or exercise (30-50Hz), the primary store of ACh is
depleted very rapidly and the secondary store is activated faster, combined with an
increase in calcium concentration, further increasing release of ACh; EPPs (and CMAP

amplitude) remain the same throughout in healthy subjects.

In MND patients a decremental response to repetitive nerve stimulation has been
reported (lwanami et al., 2011, Wang et al., 2001). While this is incompletely
understood, it is thought to reflect an underlying reduction in the safety factor, perhaps
due to axons being in the process of degenerating. As the train of stimuli proceed the
threshold for successful transmission is not achieved for a proportion of neuromuscular
junctions. This results in fewer muscle fibres being activated and so a drop in the

amplitude of the CMAP.
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EMG is also utilised in the diagnostic process. In this a needle electrode is inserted in to
a muscle of interest. The recording activities during both rest and voluntary muscle
activation (if possible) are then recorded and analysed. When the muscle is at rest no
electrical activity should be recorded by the needle electrode. If any activity is recorded
this is generally held to be abnormal and a sign of denervation. Fibrillation
potentials/positive sharp waves are signs of spontaneous EPPs in which an individual
muscle fibre is spontaneously activated (Whittaker, 2012) and fasciculation potentials
are indicators of spontaneous motor unit action potentials, both of which can be signs
of the denervation that occurs in MND (Costa et al., 2012). The Awaji criteria allow for
EMG data to be equated to clinical examination and historical evidence of lower motor

neuron pathology (de Carvalho et al., 2008).

Motor evoked potentials (MEPs) are another useful electrophysiological measurement
in mice as they give an indication of motor connectivity involving stimulation of the
motor cortex and measurement of the electrical current at the spine or the muscle.
However, MEPs can be invasive and require a wider range of equipment and are
therefore, not as frequently used in diagnosis as other methods. In patients, transcranial
magnetic stimulation can be used to evoke MEPs, reducing its invasive nature and

providing useful indicators of upper motor neuron dysfunction (Menon et al., 2015).

CMAP amplitude, MUNE and fibrillation potential measurements have been reported in
mouse models of neurological disease and suggested as translational biomarkers,
showing similarities to measurements in human studies (Arnold et al., 2015, Arnold et
al., 2014). A decremental response in repetitive stimulation has also been shown in a
mouse model of spinal muscular atrophy, showing promise as a translational

electrophysiological biomarker (Bogdanik et al., 2015).

Many electrophysiological studies have been carried out on MND mouse models, mostly
on the SOD1%%3*A mice. Studies have found a reduction in CMAP amplitude (Mancuso et
al., 2014, Alves et al., 2011, Li et al., 2013, Mancuso et al., 2011b), MUNE (Li et al., 2013,
Shefner et al.,, 2002, Mancuso et al., 2011b) and MEPs (Mancuso et al., 2011b).
Furthermore, EMG has demonstrated spontaneous fibrillations in the hindlimb muscles

(Azzouz et al., 1997, Miana-Mena et al., 2005).

The published data on the TDP-43%3X model used electrophysiological studies to

investigate the loss of upper/lower motor neurons (Arnold et al., 2013). Muscle MEPs
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were reduced in the TDP-43%3K mjce compared to control mice, demonstrating a loss
of connectivity in the motor system. However, spinal MEPs were not reduced in the
TDP-43®33K mjce, indicating that there was no loss of upper motor neurons, only lower
motor neurons. Consistent with this, EMG demonstrated spontaneous activity

suggestive of fibrillations.

In summary, electrophysiological measures may provide a translational biomarker of
MND, whilst concurrently providing additional insight in to the TDP-43%331K mouse
model under investigation. Neurophysiological measures have been used in this study
to further characterise the phenotype of the model and investigate the potential

therapeutic effect of riluzole in the TDP-4333X mouse model.

4.1.3. Marble Burying

Marble burying assays are tests in which mice are placed in a cage of deep bedding with
marbles placed on the surface and the number of marbles buried in a set time are
counted (Deacon, 2006). The true meaning of marble burying activity has long been
debated and marble burying activity widely varies with genetic background (Deacon,

2006, Thomas et al., 2009).

Marble burying was traditionally thought of as a test of anxiety seeing as anxiolytic drugs
reduce marble burying behaviour (Ichimaru et al., 1995, Nicolas et al., 2006). However,
several studies propose that the marbles do not induce fear/anxiety, as mice will dig in
the new environment regardless of whether marbles are present (Gyertyan, 1995,
Thomas et al., 2009), repetitive exposure to the marbles does not reduce the burying
response (Londei et al., 1998, Thomas et al., 2009, Njunge and Handley, 1991), mice did
not avoid marbles when given the choice (Njunge and Handley, 1991), and marble

burying activity does not correlate with other anxiety measures (Thomas et al., 2009).

Marble burying has frequently been used as a measure of repetitive behaviour,
especially in mouse models of obsessive compulsive disorder (Angoa-Perez et al., 2013,
Londei et al., 1998, Ichimaru et al., 1995, Egashira et al., 2008). Glutamate-related drugs
used to treat obsessive behaviour have been shown to reduce marble burying behaviour

without reducing locomotor activity, although riluzole had no effect on marble burying
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behaviour (Egashira et al., 2008). Anti-psychotic drugs have also been shown to reduce

marble burying behaviour (Nicolas et al., 2006).

It is now a common belief that marble burying is simply a measure of digging behaviour
(Deacon, 2006, Gyertyan, 1995) and one study showed that marble burying correlated
with digging behaviour and digging behaviour was unaffected by the presence of
marbles (Thomas et al., 2009). It could therefore be concluded that marble burying is a
measure of normal behaviour, as digging is a habitual behaviour in mice, by which they

explore their environment (Deacon, 2006).

As described previously, an estimated 50% of MND patients will experience
cognitive/behavioural changes (Ringholz et al., 2005), and 10-15% of MND patients will
be diagnosed with MND-FTD, the symptoms of which may include repetitive behaviours
and apathy (Chan et al., 2015). Symptoms of FTD may be measured in mice by using
measures of normal behaviour such as mothering, nest construction and self-grooming

(Cathomas et al., 2015), in which apathy is presented by a lack of normal behaviour.

No cognitive investigations have been carried out in the TDP-43%331K mjce, as yet. We
propose therefore, that marble burying could be considered as a measure of habitual
behaviour, which could be increased by the presence of FTD in the TDP-43®33 mijce, as
found in FTD patients (Chan et al., 2015). Conversely, the presence of FTD may cause
apathy in the mice, reducing normal digging behaviour, and consequently marble
burying activity. Current data from the running wheel study (chapter 3) suggests that
the mice may show signs of apathy as they demonstrate reduced running activity, again
a normal behaviour in mice, although this may be complicated by any pure motor deficit

which is also present.

Marble burying has been used recently in mouse models of C9ORF72, in which mice with
a (GaCy)aso repeat expansion showed increased marble burying behaviour compared to

wild type mice, interpreted as increased levels of anxiety (Jiang et al., 2016).

4.2. Aims
1. To assess whether riluzole is an effective treatment in TDP-43®331K mijce.

2. To use electrophysiology to characterise the hindlimb denervation of TDP-43®331K

mice.
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3. To assess marble burying behaviour in TDP-43®331 mjce as a measure of normal

behaviour.

4.3. Materials and Methods

4.3.1. Ethics Statement

All mouse experiments were carried out under the terms of the UK Animals (Scientific
Procedures) Act 1986 and under a UK Home Office project license. Mice were housed
and cared for in accord with the Home Office Code of Practice for Housing and Care of

Animals Used in Scientific Procedures.

All procedures were carried out under an appropriate UK Project Licence by personal

licence holders.

ARRIVE guidelines (Kilkenny et al., 2010) were adhered to during this report.

4.3.2. Transgenic C57BL/6N Mice

TDP-43WT and TDP-43%331K mijce (Mus musculus) were originally generated on a
C57BL/6NCrl background by insertion of c-myc-tagged human TARDBP (Arnold et al.,
2013) and were subsequently backcrossed on to a C57BL/6NJ background before being
deposited at the Jackson Laboratory (stock numbers 017907 and 017933, respectively).

Power analysis (see table 2.4) was used to calculate minimum group sizes to detect
differences in latency to fall on the rotarod. Required group sizes were lower in females
and therefore only female mice were used in this study. 14 TDP-43%33X mjce were
recruited to the riluzole and vehicle groups, 7 of which were also assessed by
electrophysiological investigations. A group of 7 TDP-43WT and 7 non-transgenic mice
were also recruited as controls for the electrophysiological investigations. The number
of mice recruited to each group eventually differed slightly from that planned as one
mouse was culled due to encephalitis and the replacement was accidentally recruited to
a different group. Mice were recruited at 25 days of age and remained on the study

until 6 months of age.

For genotyping methods see section 2.3.4.
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4.3.3. Housing

Mice were bred in a SPF environment, and transferred to a conventional facility for the
studies described here. The facility uses a 12 h light/dark cycle, and room temperature
is set to 21°C. Cages were lined with fine sawdust (eco-pure flakes 6, Datesand, UK),
which was changed weekly, a plastic house was in each cage and paper wool (Datesand,
UK) was used as bedding material. Mice were fed 2018 rodent diet (Harlan, UK) ad

libitum.

All mice were housed in littermate pairs or trios whenever possible.

4.3.4. Mass Spectrometry of Riluzole Compounds

Mass spectrometry of two riluzole batches was carried out at the University of Sheffield

Mass Spectrometry facility.

Liquid chromatography-mass spectrometry was carried out on 0.4mg/ml samples of
riluzole (Apollo Scientific, UK). Liquid chromatography was carried out on an Agilent
1260 Infinity instrument (Agilent, UK). Mass spectrometry was carried out on an Agilent
6530 Q-ToF instrument (Agilent, UK) with an injection volume of 1ul and a flow rate of

0.4ml/min.

4.3.5. Administration of Riluzole/Vehicle

Riluzole (Apollo Scientific, UK) was administered in the drinking water at 240ug/ml
(approximately 70mg/kg) in 0.1% dimethyl sulfoxide (DMSO, Sigma-Aldrich, UK). All
non-transgenic, TDP-43"T and vehicle mice were administered 0.1% DMSO in the

drinking water.

Mice were dosed from 30 days of age. Drinking water was changed every 2/3 days and

drinking bottles changed weekly.

The primary investigator (JS) was blinded to the treatment group throughout the study.
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4.3.6. Riluzole PK Study

An initial pharmacokinetic (PK) study was carried out in a cohort of 6 female non-
transgenic mice, all of which were administered riluzole (as described in 4.3.4.) for 7
days. On the eighth day, half of the cohort were culled at 6am; half at 6pm (anticipated

to represent peak and trough exposure respectively due to lighting hours).

Mice were culled with an overdose of pentobarbitone. Blood samples were taken by
cardiac puncture. Spinal cords were removed and snap frozen in liquid nitrogen.
Samples were sent for riluzole quantification using ultra-high performance liquid
chromatography time of flight - TOF mass spectrometry using electrospray ionisation

(Pharmidex, UK).

4.3.7. Neuroscoring and Weighing

Neuroscores and weight were monitored weekly in the morning. A modified
neuroscoring system was devised in which forelimb tremor was measured by holding
the mouse by the tail and scoring the forelimbs on a subjective scale of 0-3 (normal-
strong). Resting tremor was measured by placing the mouse in the hand (0-no tremor,
l-intermittent tremor, 2-continuous tremor, 3-continuous tremor with large, whole
body convulsions). A ‘neuroscore’ scale was used to delineate motor dysfunction (O-
normal, 1-significant resting tremor, 2-abnormal gait, 3-severe waddle). Whenever

possible, this scoring was carried out by the same investigator (JS).

Weight was monitored by placing the mice in a box on a set of scales (Kern, Germany)

pre-set to zero.

These measurements were taken immediately prior to rotarod testing and in the same

procedure room as the rotarod.

4.3.8. Accelerating Rotarod Test

Mice were placed on the accelerating rotarod (Jones & Roberts for mice 7650) for a
period of 300 seconds. In this time the rotarod accelerates from 4 to 40 rpm and latency

to fall was recorded for each mouse. All rotarod testing was carried out at a similar time
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of day (am) and all testing consisted of two trials, with the highest score being recorded

for analysis.

Mice were initially trained on the rotarod over 3 days (27-29 days of age) and underwent

the first testing day at 30 days of age, being tested each week thereafter.

4.3.9. Catwalk Gait Analysis

The catwalk gait analysis system 7.1 (Noldus Information Technology B.V., Netherlands)
was used to capture gait parameters at 1, 3, 6 and 10 months of age. Mice were placed
on the glass floor of the catwalk system in complete darkness and left to walk/run freely.
Whenever possible, 6 straight continuous runs were recorded and the 3 straightest,
most continuous runs were selected for analysis. Catwalk software 7.1 was used to
analyse the gait parameters of the mice. Microsoft excel was used to collate data within
groups. Walking duration is the time taken to cross the length of the recording window
(43.8 cm). Base of support is the distance between the paws whilst walking. For more

details see section 2.3.9.

4.3.10. Electrophysiology

Electrophysiology was carried out at 1, 3 and 6 months of age in all non-transgenic, TDP-
43WT  TDP-43®331K  rjluzole/electrophysiology,  and  TDP-43%31K  vyehicle
/electrophysiology groups (n = 7-8 per group). Mice were placed under gaseous
anaesthesia (1-2% isoflurane, flow rate 1.0 L/min oxygen and nitrous oxide continuous
inhalation through a nose cone). Body temperature was maintained using an electric
heat pad (CWE, USA). The fur of the left hindlimb and lower back was shaved and

depilatory cream used to remove any remaining fur.

All recordings were made using a Dantec Keypoint Focus EMG System (Optima, UK). For
CMAP and repetitive stimulation, supramaximal stimuli were applied subcutaneously at
the sciatic notch using twisted pair subdermal electrodes (Ambu Neuroline, UK). A
grounding electrode was placed in the base of the tail (Ambu Neuroline, UK), and ring

recording electrodes were placed circumferentially around the distal hindlimb muscles
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(Alpine Biomed, Denmark), layered with Ten20 nerve conductive paste (Pulse Medical

Ltd, UK), see figure 4.1.

The mouse was maintained under gaseous anaesthesia with stimulating electrodes over

Nose cone
(anaesthesia)

Stimulating
electrodes

Ring

Groundin
electrodes g

electrode

Figure 4. 1: Electrophysiology set-up.

the sciatic notch, a grounding electrode in the base of the tail and ring electrodes around

the hindlimb.

CMAPs were acquired by applying a single, square wave electrical impulse of 0.1ms
duration to the sciatic notch. The position of the subcutaneous stimulating electrodes
was trialled to ensure that a response was obtained using a stimulating current of
around 1-2mA. The stimulation intensity was then increased until no further increase in

amplitude was seen and hence a supramaximal response elicited.

The electrodes were then held in the same place whilst repetitive stimulation was
carried out. This involved ten pulses, applied at 3Hz, 10Hz and 50Hz. The area and
amplitude of the response decrement were recorded. Analyses were undertaken using
the change in amplitude/area seen on the 10th response relative to the first response
(as typically employed in the clinical investigation of neuromuscular junction disorders)

and also the relative change seen on the final response.
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At 6 months of age, in mice for which electrophysiology was non-recovery, EMG
recordings were taken using a 30 gauge concentric cable electrode (Ambu Neuroline,

UK). Recordings were taken in the gastrocnemius and tibialis anterior muscles.

Electrophysiology training and analysis was carried out with the help of Dr James Alix.

4.3.11. Marble Burying

Mice were placed in a semi-light room in cages 19cm deep x 33cm long x 21cm wide,
filled with sawdust approximately 8cm deep. 24 marbles were placed in 4 x 6 grid
pattern on the surface of the sawdust (see figure 4.2A). Mice were left undisturbed for
1 hour and then returned to their home cage. Marbles were counted as buried when

2/3 covered by sawdust (see figure 4.2B).

Figure 4. 2: Marble burying cage layout (A) and cage after marble burying (B).

As shown in A, marbles are placed in a 4 x 6 grid pattern. Post marble burying (B),
marbles are counted as buried if 2/3 covered by sawdust (green arrow), marbles are not

counted as buried if they are <2/3 covered by sawdust (purple arrow).
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4.3.15. Statistics

GraphPad Prism 6 was used for all statistical analyses (GraphPad, San Diego, CA, USA).
Two-way ANOVA with Tukey’s post-test was used unless otherwise stated. All data are

presented as a mean and standard deviation.

4 A. Results

4.4.1. Mass Spectrometry of Riluzole

Before administering riluzole to the mice, it was noted that the colour of the substance
was different to that used in a simultaneous study within the department. Therefore, a
sample of each riluzole batch was sent for mass spectrometry analysis to ensure they

were suitably pure.

The total ion current (TIC) intensities of two riluzole samples are shown in figure 4.3.

Both samples show a peak in the spectra at approximately 6.5 and 7.9 mins.

In both spectra the 6.5 min peak is much larger than the 7.9 min peak at approximately
4.6x10’, this is representative of the riluzole compound. The 7.9 min peak is larger in
sample 2 at 0.4x107, compared to sample 1 where it is 0.2x10’, this is representative of
an impurity which is still within acceptable limits. These data confirm identity and purity

of the riluzole batch used.
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Figure 4. 3: Total ion current (TIC) intensity spectra of riluzole samples.
Mass spectrometry shows both batches contain a single major peak although the

impurity peak is slightly larger in batch 2 they are both >95% pure.
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4.4.2. Riluzole PK Study

A PK study was carried out to ensure that the riluzole was penetrating the blood brain

barrier at therapeutic levels which match those found in humans.

Riluzole levels in blood and spinal cord were detected at anticipated peak and trough
exposures at the end and the beginning of the night cycle respectively (table 4.1). Peak
levels were higher than trough in both blood (116.2 £54.4nM peak vs 78.7 + 8.3nM
trough) and spinal cord (307.4 £173.6nM peak vs 220.8 +43.8nM trough), with a similar
spinal cord/blood ratio in both groups (2.5 +0.6nM peak and 2.8 +0.4nM trough).

Therefore, as expected, riluzole penetrated the blood brain barrier and more riluzole

was consumed during the dark hours of the light-dark cycle.

Table 4. 1: Riluzole concentrations (uHPLC/TOF Mass spec). Mean riluzole
concentrations in the blood and spinal cord for 7-day dosed mice at peak and trough

dosage (n = 3, mean +/- SD).

Blood (nM) Spinal cord (nM) Spinal cord/blood ratio
Peak 116.2 (+54.4) 307.4 (+173.6) 2.5 (+0.6)
Trough | 78.7 (+ 8.3) 220.8 (+43.8) 2.8 (+0.4)

4.4.3. Neuroscoring

Neuroscoring was carried out weekly in all TDP-43%331K mice, both riluzole and vehicle

groups.

Neuroscoring consisted of 3 measurements, forelimb tremor, hindlimb tremor and an
overall neuroscore, all measured on a scale of 0-3. No difference was evident between

the riluzole and vehicle groups in any measurement on a two-way ANOVA.

Both groups presented with a median forelimb tremor score of 1 (mild tremor when
lifted by the tail base) from the beginning of data collection (5 weeks of age) and this
remained at 1 throughout the study. Some mice developed to a score of 2 (moderate

tremor) but most mice maintained a forelimb tremor score of 1 throughout.

Both groups presented mostly with a hindlimb tremor score of 0, with a few mice
presenting with a score of 1 at 5 weeks of age. Hindlimb tremor progressed to a median

score of 3 in both groups by 25 weeks of age. Most mice progressed to a hindlimb
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tremor score of 3 (continuous resting tremor with whole-body convulsions), whilst

several mice progressed to a hindlimb tremor score of 2 (continuous resting tremor).

A median overall neuroscore of 0 was found in both groups at 5 weeks of age,
progressing to a median neuroscore of 3 by 25 weeks of age, suggesting that most mice
developed to a neuroscore of 3 (severe waddle), whilst some mice progressed to a

neuroscore of 2 (abnormal gait).
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Figure 4. 4: Median neuroscores over time.

Graphs showing median (+ interquartile range) forelimb tremor, hindlimb tremor and
neuroscores based on a scale of 0-3 from 5-25 weeks of age in riluzole and vehicle female

TDP-4333 K mijce (n = 13-15).
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4.4.4. Body Weight

Body weight was measured weekly in the riluzole and vehicle groups from 5-23 weeks
of age (female TDP-43%331K)  As found previously, weight increased with age. In the
riluzole group (n = 15), weight increased from 15.4 + 1.4g at 5 weeks, to 33.6 + 6.8g at
23 weeks of age. In the vehicle group (n = 13), weight increased from 15.5 + 1.2g at 5
weeks of age to 30.1 + 5.1g at 23 weeks of age. There was no significant difference in
weight between each group on a two-way ANOVA with repeated measures. Riluzole,

therefore, had no effect on the weight of TDP-43%331K mjce.

Body weight
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Figure 4. 5: Mean body weight (+SD) in vehicle and riluzole TDP-43%3K mice.

Body weight increased from 5-23 weeks of age in the riluzole and vehicle groups (female,
TDP-43%31K n = 13-15). There is no significant difference in weight between the two

groups (two-way ANOVA with repeated measures).

4.4.5. Rotarod Performance

Rotarod performance was measured weekly in the riluzole and vehicle groups from 5-
23 weeks of age (female TDP-43®331)  As found previously, rotarod performance
decreased with age. In the riluzole group (n = 15), rotarod performance declined from
257.2 +54.3s at 5 weeks, to 168.7 + 49.5s at 23 weeks of age. In the vehicle group (n =

13), rotarod performance declined from 264.5 + 49.6s at 5 weeks of age to 182.5 + 63.3s
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at 23 weeks of age. There was no significant difference in rotarod performance between
each group on a two-way ANOVA with repeated measures. Riluzole, therefore, showed

no treatment effect on rotarod performance.
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Figure 4. 6: Mean rotarod performance (+SD) in vehicle and riluzole TDP-43%31K mijce,

Rotarod performance decreased from 5-23 weeks of age in the riluzole and vehicle
groups (female, TDP-43%331K n = 13-15). There is no significant difference in latency to

fall between between the two groups (two-way ANOVA with repeated measures).

4.4.6. Catwalk Gait Analysis

Gait analysis was carried out in all groups at 3 and 6 months of age. All numbers for

significant findings are recorded in table 4.2.

Duration (the time taken to cross the recording area of the catwalk equipment) showed
no differences between the riluzole and vehicle dosed TDP-43®33 groups or between
the non-transgenic and TDP-43WT groups at 3 or 6 months of age. However, both TDP-
43833 groups had a significantly longer duration compared to the non-transgenic and

TDP-43"T groups at 3 and 6 months.

Forelimb base of support (the distance between the forepaws during walking) showed

no differences between any of the groups at 3 or 6 months.

Hindlimb base of support (the distance between the hindpaws during walking) showed

no differences between the riluzole and vehicle TDP-43%3X groups or between the non-
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transgenic and TDP-43"T groups at 3 or 6 months of age. However, the TDP-43Q331K
groups had a significantly increased hindlimb BOS compared to the control groups at 3

and 6 months of age.

Diagonal stepping (the percentage of time spent walking in a diagonal stepping pattern:
left forepaw placed at the same time as right hindpaw; right forepaw placed at the same
time as left hindpaw) showed no differences between the riluzole and vehicle TDP-
43833 groups or between the non-transgenic and TDP-43WT groups at 3 or 6 months of
age. However, both TDP-43®31 groups had significantly less diagonal stepping

compared to the control groups at 3 and 6 months.

Three paw stepping (the percentage of time spent walking with three paws on the

surface) showed no significant differences between any groups.

Four paw stepping (the percentage of time spent walking with four paws on the surface)
showed no differences between the riluzole and vehicle TDP-43%331K groups or between
the non-transgenic and TDP-43W"T groups at 3 or 6 months of age. However, both TDP-
4333 groups had significantly more four paw stepping compared to the control groups

at 3 and 6 months.
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Figure 4. 7: Catwalk gait analysis: mean (+SD) duration (A), diagonal stepping (B),
forelimb BOS (C), three paw stepping (D), hindlimb BOS (E) and four paw stepping (F).

Mean duration (A), forelimb BOS (C) and hindlimb BOS (E) for all groups at 3 and 6
months of age (n = 7-14) showing significantly longer walking duration in both TDP-
433K groups at 3 and 6 months of age compared to the control groups (p<0.001,
p<0.0001 respectively) and significantly increased hindlimb BOS at in both TDP-43331K
groups at 6 months of age compared to the control groups (p<0.001). Percentage of
time spent stepping in a diagonal (B), three paw (D) and four paw (F) pattern for all
groups at 3 and 6 months of age (n = 7-14). Diagonal stepping was significantly lower in
the TDP-43%331K groups compared to the control groups at 3 and 6 months of age
(p<0.05) and four paw stepping was significantly increased in the TDP-43%31K groups
compared to the control groups at 3 and 6 months of age (p<0.0001, p<0.01

respectively).
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Forelimb swing time (the mean time between lifting a forepaw and placing it back down)
showed no significant differences between any groups at 3 months of age. However,
both TDP-43%331K groups had a significantly increased forelimb swing compared to the

control groups at 6 months of age.

Forelimb stride length (the mean distance between forepaw prints) showed no

significant differences between any groups at 3 or 6 months of age.

Forelimb duty cycle (the length of time a paw is on the surface, expressed as a
percentage of the total time taken for each stride) showed no differences between the
riluzole and vehicle TDP-43%331K groups or between the non-transgenic and TDP-43®331K
groups at 3 or 6 months of age. However, both TDP-43%33X groups had a significantly

higher duty cycle compared to the control groups at 3 and 6 months.

Hindlimb swing time (the mean time between lifting a hindpaw and placing it back
down) showed no significant differences between any groups at 3 months of age.
However, both TDP-43933K groups had a significantly increased hindlimb swing

compared to the control groups at 6 months of age.

Hindlimb stride length (the mean distance between hindpaw prints) showed no

significant differences between any groups at 3 or 6 months of age.

Hindlimb duty cycle (the length of time a paw is on the surface, expressed as a
percentage of the total time taken for each stride) showed no differences between the
riluzole and vehicle TDP-43%33K groups or between the control groups at 3 or 6 months
of age. However, both TDP-43®3 groups had a significantly higher duty cycle

compared to the control groups at 3 and 6 months.
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Figure 4. 8: Mean (+SD) catwalk gait analysis: forelimb swing time (A), stride length
(B) and duty cycle (C), hindlimb swing time (D), stride length (E) and duty cycle (F).

Forelimb swing time (A), stride length (B) and duty cycle (C) for all groups at 3 and 6
months of age (n = 7-14). Forelimb swing time was significantly increased in the TDP-
433K groups compared to the control groups at 6 months of age (p<0.01) and forelimb
duty cycle was significantly increased in the TDP-43%33K groups compared to the control
groups at both 3 and 6 months of age (p<0.0001, p<0.01 respectively). Hindlimb swing
time (D), stride length (E) and duty cycle (F) for all groups at 3 and 6 months of age (n =
7-14). Hindlimb swing time was significantly increased in the TDP-43%31K groups
compared to the control groups at 6 months of age (p<0.01) and hindlimb duty cycle was
significantly increased in the TDP-43%331K groups compared to the control groups at both

3 and 6 months of age (p<0.01).
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Table 4. 2: Table of significant catwalk gait analysis findings. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.

Catwalk parameter | Age TDP-43331K TDP-43@331K TDP-43WT Non-transgenic Significance  of
riluzole vehicle the difference
between the TDP-
43331K and
control groups
Duration 3 31+0.3s 3.1+0.4 210.3s 2.21+0.4s kK
6 3.410.6s 3.410.5s 1.8+0.4s 1.8+0.4s oAxk
Hindlimb BOS 6 31.6%4.5mm 30.8+2.9mm 22.9+2.5mm 24.4+1.8mm oAk
Diagonal stepping 3 38.5+12.2% 41.8+9.9% 57+11.4% 56.7t11% *
6 41.4+12% 40.718.4% 56.4+8.3% 57.6+£13.8% *
Four paw stepping | 3 26.3+7.7% 23.5+4.9% 8.9+3.4% 9.1+3.9% *okkk
6 24.5+5.5% 22.7+6.5% 13.814.6% 11.916.1% ok
Forelimb swing time | 6 0.12+0.02s 0.13+0.04s 0.0940.01s 0.09+0.01s ok
Forelimb duty cycle | 3 67.6+5.9% 65.8+4% 56.8+2.9% 56.8+2.6% ok ok
6 65.4+3.8% 65.7+3.8% 59.9+3.6% 60.1+2.1% *
Hindlimb swing time | 6 0.1+0.01s 0.1+0.02s 0.07+0.01s 0.08+0.02s ok
Hindlimb duty cycle | 3 73.2£3.2% 72.6+£2.9% 64.614.4% 65.1+5.4% ok
6 74+4.4% 73.3t1.7% 65.8+4.7% 64.61£8.4% ok
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4.4.7. CMAP

CMAP amplitude, representative of the amount of functional motor axons and muscle
fibres, was measured in the hindlimb of mice in all groups at 1, 3 and 6 months of age.
CMAP amplitude showed no differences between the riluzole and vehicle TDP-43@331K
groups or between the non-transgenic and TDP-43®33 groups at 1, 3 or 6 months of
age. However, both TDP-43®3 groups had a significantly lower CMAP amplitude
compared to the non-transgenic and TDP-43"T groups at 1 month (22.6+6.4mV TDP-
439331 riluzole vs 24.7+6.7mV TDP-43%331K yehicle vs 34.6+2.7mV non-transgenic vs
32.9+2.4mV TDP-43"T, p<0.05, two-way ANOVA), 3 months (26.9+4.5mV TDP-430331K
riluzole vs 26.3%6.7mV TDP-43®331K yehicle vs 49.2+8.9mV non-transgenic vs
50.1+5.1mV TDP-43"T, p<0.0001, two-way ANOVA) and 6 months (24.6+7mV TDP-
43933IK riluzole vs 25.3+5.9mV TDP-43®331K yehicle vs 46.2+5.7mV non-transgenic vs
45.7+5.2mV TDP-43"T, p<0.0001, two-way ANOVA), suggestive of a lower number of

functional motor axons in the TDP-43%331K mjce throughout.
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Figure 4. 9: CMAP amplitude (+SD) at 1, 3 and 6 months of age.

CMAP amplitude was recorded in the hindlimb of all mice (n = 7-8) at 1, 3 and 6 months
of age. CMAP was significantly lower in TDP-43%331K groups compared to the control

groups at 1 (p<0.05), 3 (p<0.0001) and 6 months (p<0.0001).
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4.4.8. Repetitive Stimulation Total Decrement

Repetitive stimulation was carried out at 1, 3 and 6 months of age to investigate the
functionality of the NMJs. In healthy subjects, the response to repetitive stimulation
would be expected to remain at a steady state; a reduction in response could be

suggestive of disease.

4.4.8.1. Differences with Age

Repetitive stimulation was carried out at 3Hz in all groups at 1, 3 and 6 months of age.
The decrement between stimuli 1 and 10 showed no significant differences at any age
between the non-transgenic and TDP-43"T mice. Although non-significant, the riluzole
group did show a consistently smaller decrement compared to the vehicle group
throughout, indicative of a potential treatment effect. Differences between the TDP-
439331 groups and the control groups were evident throughout but not consistently
significant (see figure 4.12). However, the TDP-43%331X groups had a larger decrement
than the control groups at 1 month (-4.3+3.5% TDP-43%331K riluzole vs -3.1+3.1% TDP-
4308331K yehjcle vs -0.5+3.4% non-transgenic vs -0.6+5.3% TDP-43"T), 3 months (-
6.412.1% TDP-43%3 rjluzole vs -4.242.7% TDP-43%31K yehicle vs -1.4+0.9% non-
transgenic vs 0.1+2.7% TDP-43"T) and 6 months (-3.2+0.4% TDP-43%33K rjluzole vs -
5+3.5% TDP-43%331K yehicle vs -0.7+0.9% non-transgenic vs -0.8+1.9% TDP-43WT),

The data for 3Hz was very variable, and therefore difficult to assess changes over time
within groups. At 10Hz, a trend can be seen in the TDP-43%33X riluzole group in which
repetitive stimulation response decreases over time. However, there are no obvious
trends in any other groups over time. 50Hz was only measured at 6 months and so there

are no data over time for this parameter.
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Figure 4. 10: Repetitive stimulation — total decrement from first to last stimulus.

The decrement between stimuli 1 and 10 were recorded at 3 and 10Hz in the hindlimb of
all groups (n = 7-8) at 1, 3 and 6 months of age. 50Hz was carried out in the same mice
at 6 months of age. Repetitive stimulation at 3Hz was significantly different for the effect
of group (p<0.001), but not for the effect of age on a two-way ANOVA with repeated
measures and Tukey’s post-tests. Repetitive stimulation at 10Hz was significantly
different for the effect of group (p<0.0001), but not for the effect of age on a two-way
ANOVA with repeated measures and Tukey’s post-tests. Repetitive stimulation at 50Hz
was significantly different on a one-way ANOVA with Tukey’s post-tests (p<0.01).
Multiple comparisons were also made (* = p<0.05, ** = p<0.01, *** = p<0.001, **** =

p<0.0001).
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4.4.8.2. Analysis of Individual Stimuli at 1 Month
Analysis of each individual stimulus response was plotted to enable further
interpretation and to ensure that stimulus responses were not decreasing and returning

to baseline between stimuli 1 and 10.

With a stimulus of 3Hz at 1 month of age (figure 4.13), a slight decrement in response is
shown over time in all groups in response to repeated stimuli. Overall, there is no
significant difference between groups on a two-way ANOVA with repeated measures,

and multiple comparisons show no differences between groups for any stimuli.

With a stimulus of 10Hz (figure 4.13), a decrement in response is shown over time in
both TDP-43®331 groups, whereas the TDP-43WT and non-transgenic groups show no
decrease in response to repeated stimuli. Overall, there is a significant difference
between groups on a two-way ANOVA with repeated measures (p<0.001), and multiple
comparisons show no differences between the TDP-43%331K rjluzole and vehicle groups,
no differences between the TDP-43"T and non-transgenic groups. Some differences
were found between TDP-43%331K groups and control groups but these were inconsistent

across stimuli.
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Figure 4. 11: Repetitive stimulation showing individual stimuli at 1 month.

The response (+SD) for each stimuli normalised to the first stimulus at 3, 10, and 50Hz in
the hindlimb of all groups (n = 7-8) at 1 month of age. At 3Hz, no significant difference
was found between groups on a two-way ANOVA with repeated measures and Tukey’s
post-tests. At 10Hz, there was a significant difference (p<0.001) between groups on a

two-way ANOVA with repeated measures and Tukey’s post-tests.

4.4.8.3. Analysis of Individual Stimuli at 3 Months

With a stimulus of 3Hz at 3 months of age (figure 4.14), a slight decrement in response
is shown over time in both TDP-43®33 groups, whereas the TDP-43"T and non-
transgenic groups show little or no decrease in response to repeated stimuli. Overall,

there is a significant difference between groups on a two-way ANOVA with repeated
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measures (p<0.0001), and multiple comparisons show no differences between the TDP-
438331K rilyzole and vehicle groups, no differences between the TDP-43WT and non-
transgenic groups, and significant differences between the TDP-43%33IX riluzole group
and the control groups from stimulus 3 (p<0.01), a consistent significant difference
between the TDP-4333K yehicle group and TDP-43WT from stimulus 6 (p<0.01), and a
significant difference between the TDP-432331K vehicle group and non-transgenic group

at stimulus 10 (p<0.05).

With a stimulus frequency of 10Hz (figure 4.14), a decrement in response is shown over
time in both TDP-43%331K groups, whereas the TDP-43"T and non-transgenic groups
show no decrease in response to repeated stimuli. Overall, there is a significant
difference between groups on a two-way ANOVA with repeated measures (p<0.001).
Multiple comparisons show no differences between the TDP-43%3X rjluzole and vehicle
groups, no differences between the TDP-43"T and non-transgenic groups, and no
differences between the TDP-43%331X riluzole group and the control groups. Significant
differences were found between the TDP-432331K riluzole group and the control groups
from stimulus 3 (p<0.01), a significant difference between the TDP-43%331K yehicle group
and non-transgenic from stimulus 5 (p<0.01), and a significant difference between the

TDP-43®3K yehjcle group and TDP-43"T non-transgenic group at stimulus 6 (p<0.01).

It should be noted that, although non-significant, the riluzole group show a consistently
reduced decrement compared to the vehicle group throughout both the 3Hz and 10Hz

stimulations, showing a potential treatment effect.
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Figure 4. 12: Repetitive stimulation showing individual stimuli at 3 months.

The response (+SD) for each stimuli normalised to the first stimulus at 3, 10, and 50Hz in
the hindlimb of all groups (n = 7-8) at 3 months of age. At 3Hz, there was a significant
difference (p<0.0001) between groups on a two-way ANOVA with repeated measures
and Tukey’s post-tests. At 10Hz, there was a significant difference (p<0.001) between

groups on a two-way ANOVA with repeated measures and Tukey’s post-tests.

4.4.8.4. Analysis of Individual Stimuli at 6 Months
With a stimulus of 3Hz at 6 months of age (figure 4.15), a decrement in response is
shown over time in both TDP-439331K groups, whereas the TDP-43WT and non-transgenic

groups show no decrease in response to repeated stimuli. Overall, there is a significant
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difference between groups on a two-way ANOVA with repeated measures (p<0.001).
Multiple comparisons show no differences between the TDP-43®33 rjluzole and vehicle
groups, no differences between the TDP-43"T and non-transgenic groups but significant
differences between the TDP-43®31 groups and the control groups from stimulus 7

(p<0.05).

With a stimulus of 10Hz (figure 4.15), a decrement in response is shown over time in
both TDP-43®331 groups, whereas the TDP-43WT and non-transgenic groups show no
decrease in response to repeated stimuli. Overall, there is a significant difference
between groups on a two-way ANOVA with repeated measures (p<0.001), and multiple
comparisons show no differences between the TDP-43%331K rjluzole and vehicle groups,
no differences between the TDP-43WT and non-transgenic groups and no differences
between the TDP-43%331 rilyzole group and the control groups. However, there are
significant differences between the TDP-43%331K yehicle group and the control groups
from stimulus 6 (p<0.05). This shows that there is potentially a slight rescue effect in
the riluzole group, given that the repetitive stimulation responses are not significantly

lower compared to the control groups, whereas the vehicle group are.

With a stimulus of 50Hz (figure 4.15), a decrement in response is shown over time in all
groups in response to repeated stimuli. Overall, there is a significant difference between
groups on a two-way ANOVA with repeated measures (p<0.01), and multiple
comparisons show no differences between the TDP-43%33XK rjluzole and vehicle groups,
no differences between the TDP-43WT and non-transgenic groups, no differences
between the TDP-43%33K riluzole group and the control groups, and significant
differences between the TDP-43®33K yehicle group and the control groups from stimulus

4 (p<0.05), again, suggestive of a slight treatment effect in the riluzole group.

As with the 3 month data, it should be noted that the riluzole group shows a significantly
reduced decrement compared to the vehicle group at 3, 10 and 50Hz, showing a possible

treatment effect.
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Figure 4. 13: Repetitive stimulation showing individual stimuli at 6 months.

The response (+SD) for each stimulus normalised to the first stimulus at 3, 10, and 50Hz
in the hindlimb of all groups (n = 7-8) at 6 months of age. At 3Hz, there was a significant
difference (p<0.001) between groups on a two-way ANOVA with repeated measures and
Tukey’s post-tests. At 10Hz, there was a significant difference (p<0.001) between groups
on a two-way ANOVA with repeated measures and Tukey’s post-tests. At 50Hz, there
was a significant difference (p<0.01) between groups on a two-way ANOVA with

repeated measures and Tukey’s post-tests.
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4.4.9. EMG

Spontaneous activity was investigated as its presence is usually considered indicative of

denervation.

Spontaneous EMG activity was not identified in every TDP-43%331X mouse but was found
in the hindlimb of seven out of the eight mice investigated and there was no obvious
difference in the frequency of spontaneous activity between the riluzole and vehicle
groups. Spontaneous activity included fasciculations (figure 4.16A & B), heightened
insertional activity (figure 4.16C), and positive sharp waves (figure 4.16D). Some possible

motor unit action potentials were also seen to fire briefly (see figure 4.16E).
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Figure 4. 14: Electrophysiological traces of spontaneous activity recorded in TDP-

439331K female mice at 6 months of age.

Examples of spontaneous activity recorded in the TDP-43%331K mijce include fasciculations
(A & B), heightened insertional activity in response to the EMG needle (C), positive sharp
waves (D), and possible motor unit action potentials (E).
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Although far less frequent, some positive sharp waves were also found in one or two of
the seven TDP-43"T and seven non-transgenic mice investigated. As with the TDP-
439331 mice, possible motor unit action potentials were found (see figure 4.17). No

signs of fasciculations, fibrillations, or heightened insertional activity were found.
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Figure 4. 15: Electrophysiological traces of spontaneous activity recorded in TDP-43"7

female mice at 6 months of age.

Examples of spontaneous activity recorded in the TDP-43"T mice possible motor unit

action potentials (A), and positive sharp waves (B).

4.4.10. Marble Burying

At 6 months of age mice were placed in new cages containing 24 evenly spaced marbles
and the number of marbles buried in 1 hour was recorded. As discussed in section 4.1.3,
the main purpose of the marble burying paradigm was to identify apathy as an indicator

of FTD in the TDP-43®331K model.

The data show a much higher proportion of marbles being buried by the non-transgenic
and TDP-43"T mice compared to the TDP-43%331Krjluzole and vehicle mice (4.7+5.1 TDP-
43933 rjluzole vs 9.2+7.4 TDP-4333 yehicle vs 13.7+8 non-transgenic vs 17.3+4.8 TDP-
43T, There was a significant difference between the TDP-43WT and TDP-43®33 rjluzole
group (p<0.001, one-way ANOVA), the TDP-43WT and TDP-43%331K yehicle group (p<0.05,
one-way ANOVA), and the non-transgenic and TDP-43%3 rjluzole group (p<0.05, one-
way ANOVA).

The decreased marble burying activity in TDP-43%331K groups may be indicative of

apathetic behaviour or could be due to motor dysfunction.
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Figure 4. 16: Marble burying.

Number of marbles buried (out of 24) at 6 months of age in all groups (n = 7-15) within
1 hour. The TDP-43%31K yehijcle group buried significantly fewer marbles than the TDP-
43"T group, and the TDP-43%331K rijluzole group buried significantly less marbles than

both the TDP-43""and non-transgenic group.

4.4.11. End of Study Riluzole Concentrations

Riluzole levels in blood and brain were analysed at the end of the riluzole study in mice
from the dosed group (table 4.2). Riluzole levels in blood were found to be very similar
to the earlier PK study (116.2 + 54.4nM peak in the PK study vs 123.9 + 54.4nM at the
end of the study) and the brain concentrations recorded here were at similar levels to
those found in the PK study trough spinal cord reported in section 5.4.2.(220.8 + 43.8nM
PK trough spinal cord vs 194.7 + 115.3nM in brain). These results indicate that the CNS

riluzole levels were maintained throughout the study.

Table 4. 3: Riluzole concentrations (uHPLC/TOF Mass spec). Mean riluzole
concentrations in the blood and spinal cord of TDP-43%3K mjce dosed with 240ug/ml in

drinking water from 1-6 months of age (blood n = 2, brain n = 5).

Blood (nM) Brain (nM) Brain/Blood ratio
123.9 (£54.4) 194.7 (+115.3) 2.05 (0.5)
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4.5. Discussion

4.5.1. Mass Spectrometry of Riluzole

As seen in figure 4.3, riluzole batch 2 (from a previous study) was found to have a higher
peak of impurity at 7.9mins retention time, when compared to batch 1. The expert
opinion of the mass spectrometer was that both samples were at least 95% riluzole
which correlated with the data sheets provided by the supplier. However, batch 1 had

higher purity and was therefore used for this study.

4.5.2. Riluzole PK Study

The purpose of the PK study was to assess the CNS penetrance of the riluzole and ensure

that the drug exposure was comparable to that in MND patients.

In patients, riluzole levels within the CNS have not been measured as far as we are aware
(for example in cerebrospinal fluid). However, plasma levels have been measured in
several studies. Steady state plasma concentrations are reached within 5 days of dosing
in patients (Bryson et al., 1996), with highly variable serum concentrations (which

correlate highly with plasma levels) among individuals (Groeneveld et al., 2008).

In healthy volunteers, mean peak serum concentrations of riluzole were reported as
0.173-0.269mg/L (0.73-1.15uM) (Le Liboux et al., 1999). In MND patients, mean trough
to peak serum levels of riluzole were 0.11-0.432mg/L (0.47-1.84uM) and minimum
trough to peak serum levels of riluzole were 0.013-0.034mg/L (0.056-0.145uM)
(Groeneveld et al., 2001).

In the PK study carried out here, whole blood levels of riluzole were measured in the
mice, which are assumed to be comparable to serum and plasma levels, as is found with
many drugs (Flanagan et al.,, 2003). The mean trough-peak range of riluzole
concentrations in the blood was 78.7-116.2nM (0.0787-0.1162uM). Therefore,
although relatively low, the blood concentrations found in this study were within the
minimum peak and trough range found in patients (0.056-0.145uM) (Groeneveld et al.,

2001), as was the end of study mean blood concentration of riluzole (0.123uM).

Peak levels were higher than trough levels in the spinal cord and blood, showing that

the mice consume more of their drinking water, and therefore more riluzole, during the
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night. The high spinal cord/blood ratio in the PK study and brain/blood ratio in the end

of study riluzole concentrations indicate that riluzole is highly CNS penetrant.

Overall, the PK study data suggest that an optimal riluzole concentration may require a
higher dose in the TDP-43233K mice. However, this must be approached with caution as

a high dose in SOD1%°3* mice has been shown to have a sedative effect (in-house data).

4.5.3. Neuroscoring

In chapter 2, neuroscoring was assessed using criteria based on the SOD1%%3* mouse
model. However, differences between TDP-43%331K TDP-43WT gnd non-transgenic mice
were not found by this neuroscoring method until after differences were evident on
both rotarod and catwalk measures, suggesting that an adjusted neuroscoring system

may be required.

A new assessment protocol was created for this study and the data show consistent

findings with low variability, signifying an effective system.

No differences were identified between the riluzole and vehicle TDP-43®33K groups,
however, a clear phenotypic progression can now be identified through neuroscoring,
in which forelimb tremor is evident from early on in the model but does not appear to
progress, whilst hindlimb resting tremor progresses rapidly to a consistent continuous
resting tremor at 6 months of age, and walking progresses from normal to a severe

waddling gait in most mice by 6 months of age.

Since forelimb tremor shows little change with disease, measurement of hindlimb
resting tremor and walking (overall neuroscore) would be sufficient in measuring

disease progression in the TDP-43%331K model.

4.5.4. Body Weight and Rotarod

Body weight and rotarod data showed no significant differences between the TDP-
43833 rjluzole and vehicle groups but there was a very slight trend for increased weight

and decreased rotarod performance in the riluzole group.

Riluzole has been shown to reduce glutamate release and facilitate glial uptake of

glutamate (Banasr et al., 2010, Chowdhury et al., 2008), in turn increasing glucose
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oxidative metabolism and glutamate/glutamine cycling (Chowdhury et al., 2008), and
therefore affecting metabolism. A study in rats showed a 2mg/kg dose of riluzole
decreased baseline metabolic rate and motor activity (Faustino and Donnelly, 2006).
One or both of these may be occurring in the TDP-43®3X rjluzole group, and resulting

in their slightly increased weight.

In comparison to the data presented in chapter 2 (see sections 2.4.4. and 2.4.5.), the
weight and rotarod data showed a considerably lower mean weight and increased
rotarod performance from the beginning of the study at 5 weeks of age (weight:
17.7+1.3 in TDP-43®331K ys 15, 5+1.2 in TDP-43%3X yehicle; rotarod: 230.1+50.8 in TDP-
430331y 264.5+49.6 in TDP-43%33K yehicle), to the end of the study at 23 weeks of age
(weight: 34.9+3.7 in TDP-43®331K y5 30.145.1 in TDP-43%331K yehicle; rotarod: 105+30.7 in
TDP-43%331K y5 182.5+63.3 in TDP-43%3 yehicle). The reason for differences in weight
and rotarod between the two studies is unknown but could relate to the intake of DMSO
in the drinking water, the absence of male mice in the room or genetic drift within the
colony. It will be important to monitor inter-study variability between control groups

over time as has been reported for the SOD1%°** mouse model (Mead et al., 2011).

4.5.5. Catwalk Gait Analysis

No differences were found between the TDP-43%3 rjluzole and vehicle groups, at any
time point. Differences were found between the TDP-43%33 groups and control groups.
Catwalk gait analysis has not been reported previously in the TDP-43%331K mjce, but was

described in chapter 2 (section 2.4.8.) of this thesis.

Duration (time taken to cross the catwalk) is significantly increased in the TDP-43®331K
groups compared to control groups at 3 and 6 months of age, as found in chapter 2.
Forelimb BOS showed no significant differences but a tendency towards increased BOS
in the TDP-43%33X mice compared to controls, as supported by findings in chapter 2, in
which forelimb BOS increased with age in the TDP-43®331K mjce, with the difference
becoming significant at 10 months of age. Hindlimb BOS increased in the TDP-43®331K
compared to the control groups, becoming significantly larger by 6 months of age, as
was also found in chapter 2. These findings signify a considerably slower walking speed

in the TDP-43%331K \yith a wider stance.
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Diagonal walking (stepping using diagonal paws) is the most commonly used stepping
pattern in mice, used approximately 80% of the time (Gruntman et al., 2007). In the
TDP-43®33K myjce, they use diagonal stepping significantly less compared to the control
groups at 3 and 6 months of age, using significantly more three and four-paw stepping
at the same ages. Interestingly, these findings appeared earlier than in the cohort of
mice described in chapter 2, in which these parameters were not significantly different
until 10 months of age, possibly due to smaller group sizes. It appears that the TDP-
43333 mjce are becoming more unsteady and reliant on support from a third or even
fourth paw whilst walking and this was more evident in this study, compared to the

previous characterisation study.

Forelimb and hindlimb swing time were significantly increased in the TDP-43%331K groups
compared to controls at 6 months of age, as was found in chapter 2. Tendencies towards
an increased forelimb and hindlimb stride length were found in the control groups over
time, whilst stride length in the TDP-43®331 groups remained the same, however,
differences were significant at these time points in the earlier study (figures 2.11 and
2.13). Forelimb and hindlimb duty cycle were increased in the TDP-43®33 groups
compared to controls at 3 and 6 months of age but were only significant at 6 months of

age in chapter 2.

Overall, the catwalk gait analysis findings were very similar to those found previously
(chapter 2), showing consistency in findings between studies in these mice. It appears

that dosing of riluzole did not have any therapeutic effects detectable by gait analysis.

4.5.6. Electrophysiology

CMAP amplitude, repetitive stimulation and EMG were measured in all groups at 1, 3

and 6 months of age.

4.5.6.1. CMAP

CMAP amplitude quantifies the depolarisation of stimulated muscle fibres and a
reduction in CMAP correlates with loss of functional motor axons or muscle fibres. A
reduction in CMAP amplitude is often seen in MND patients following degeneration of

motor axons (Benatar et al., 2016).
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No difference was found in CMAP amplitude between the TDP-43%33X rjluzole and
vehicle groups. CMAP amplitude was significantly lower in both TDP-43%331K groups
compared to the control group at 1, 3 and 6 months, suggestive of a loss of functional
motor axons/fibres, as has been demonstrated previously in the SOD1%°3# mouse model

(Mancuso et al.,, 2011b, Alves et al., 2011).

CMAP amplitude increased with age initially, and then plateaued. This initial increase
may be due to an increase in muscle fibre size as the mice develop and a similar pattern

with age has been documented in another mouse model (Verhamme et al., 2011).

4.5.6.2. Repetitive Stimulation

Repetitive stimulation provides a measure of the fidelity of neuromuscular transmission.
In healthy subjects, no decrement in response will be seen across stimuli; in MND a
decrement is seen in most patients (Wang et al., 2001, Iwanami et al., 2011, Killian et
al.,, 1994). The exact aetiology behind this observation remains unclear but is usually
interpreted as representing the presence of immature neuromuscular junctions

(lwanami et al., 2011).

A previous study using a mouse model of SMA found that repetitive stimulation at 10Hz
showed a decremental response (Bogdanik et al., 2015) but no records of repetitive
stimulation in a mouse model of MND could be found. In this study there was no obvious
change in response to repetitive stimulation with age in any of the control groups, and
no obvious decrement across stimuli was evident in the control groups at 3 or 10Hz. It
is probable that the decrement seen at 50Hz in the control groups at 6 months was

related to a change in confirmation of the muscle due the tetanic stimulus response.

In comparison, the TDP-43%331K mice showed a significant decrement in response at all
frequencies and ages, as is consistent with findings in MND patients. This is suggestive
of a reduction in the safety factor at the neuromuscular junction, potentially a sign of
recent reinnervation in which endplates have a lower safety factor (Wang et al., 2001,
Iwanami et al., 2011) or a lack of acetylcholine replacement after depletion (lwanami et

al., 2011).

It appears that the decremental response was less severe in the TDP-432331X riluzole

group, compared to the vehicle group at 3 and 6 months of age, indicative of a treatment
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effect. Itis possible that this treatment effect could have been clarified by putting more
stress on the neuromuscular junction (i.e. a higher frequency of repetitive stimulation).
When this was attempted at 50Hz, it is believed that the frequency was too high,
affecting the confirmation of the limb. A compromise of 20 or 30Hz may have been a

more appropriate frequency to investigate.

If these findings do demonstrate a treatment effect, it is interesting that no effect was
found in any motor function tests such as the catwalk or rotarod. However, it has been
found in MND patients that although riluzole extends survival, it does not improve
functional outcome measures including motor function, lung function, fasciculations,
muscle strength and motor symptoms (as stated in the Summary of Product
Characteristics for riluzole). It is possible therefore that any treatment effect at the

neuromuscular junction was too subtle to detect using motor function tests.

It is likely that the repetitive stimulation decrement is reduced in the riluzole group
because less NMJs are unstable due to a reduction in denervation/reinnervation events,
in which the safety factor for action potential conduction is impaired. Unfortunately
there is no NMJ immunostaining to support this theory but it is an interesting topic for

further research.

There are a number of ways in which riluzole may reduce NMJ instability. Riluzole
affects many neural mechanisms and the mechanisms by which it extends life in MND
patients remain unclear. The mechanisms of action include: reduced glutamate release
from the pre-synaptic terminal, inhibition of voltage-gated calcium currents,
potentiation of calcium-dependent potassium currents, inhibition of voltage-gated
potassium current, inhibition of sodium currents (both persistent and fast) (Bellingham,

2011) and blocking of muscle ACh receptors in vitro (Deflorio et al., 2012).

MND patients are recorded as having increased levels of persistent sodium and a
decreased potassium conductance (Vucic and Kiernan, 2006). Riluzole reduces
hyperexcitability, which increases the threshold voltage, requiring further
depolarization in order to produce an action potential (Kuo et al., 2006, Del Negro et al.,
2002). This reduction in hyperexcitability is as a result of decreased sodium influx and
potassium efflux, reducing the occurrence of over-activation of the neurons and in turn,

reducing neurodegeneration, preventing NMJ instability (Stys et al., 1992). Hence,
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riluzole has a neuroprotective effect, which reduces the number of unstable NMJs,

increasing the muscle’s ability to maintain a response to repetitive stimulation.

A second factor is whether the dose of riluzole is high enough. As shown in table 4.1 we
have achieved reasonable levels of riluzole in the CNS, but the levels of riluzole may be
much higher in the CNS of patients judging by the levels in the systemic circulation in
the two species (blood in mice, serum in patients). This raises the question of whether
a higher dose of riluzole may show a more profound difference. However, in-house
studies have found that high doses of riluzole have a sedative effect in SOD1%%3*A mice so
higher doses must be approached with caution. It is also possible that an alternative

method of dosing may be more effective and should be considered.

4.5.6.3. EMG

Spontaneous EMG activity is not specific to motor neuron loss and may be seen in a
range of pathologies such as neuropathies and myopathies (although fasciculation

potentials are not seen in myopathic conditions).

Positive sharp waves have been found in the SOD1%%3* (Miana-Mena et al., 2005) and
wild type SOD1 (PeledKamar et al., 1997) mouse models. However it must be considered
that normal healthy mice may have some nerve injury from normal everyday life, as

found in healthy people (Falck and Alaranta, 1983).

Insertional activity occurs due to discharge potentials as the cell membrane is disrupted
by the EMG needle. Heightened insertional activity is considered a sign of denervation
(Shi et al., 2014) and was not found in the non-transgenic or TDP-43"T mice, but was
identified in the TDP-43®33K mijce. Heightened insertional activity has also been
identified previously in a wild type SOD1 mouse model (PeledKamar et al., 1997) and a
knockout SOD1 mouse model (Shi et al., 2014).

Fibrillations and fasciculations are a classic electrophysiological finding in MND and
indeed in mouse models of MND (Costa et al., 2012, Azzouz et al., 1997, Miana-Mena et
al., 2005). The previous study of TDP-4333X mjce reported fibrillation potentials (Arnold
et al., 2013) and we also found both fasciculation and fibrillation potentials in TDP-
430833 mice in this study. While it is a little surprising to observe spontaneous activity

in the wild type and non-transgenic groups, including positive sharp waves, fasciculation
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and fibrillations have been recorded in healthy people (Falck and Alaranta, 1983). It is
possible that this activity related to age related changes or minor injuries sustained over
time in cages with other mice. It is difficult to quantify the amount of spontaneous
activity as it can be subjective and also liable to sampling error, given the small recording
area of the EMG needle. As a result we did not attempt quantification of spontaneous
activity. However, we did not observe increased insertional activity or fasciculation

potentials in the TDP-43WT mice.

Overall, the spontaneous activity was evident but was not consistently found in all mice
tested. This may be due to some reinnervation, as the phenotype does not progress
rapidly. Carrying out EMG at earlier time points would have allowed us to investigate
this further but the EMG needle is relatively large (30 gauge) and so it was deemed safest

to only carry out EMG during terminal procedures (at 6 months of age).

Ultimately, the increased spontaneous activity in the TDP-43%331K group is in keeping

with the MND phenotype.

4.5.7. Marble Burying

As described previously, marble burying is believed to be a surrogate marker of normal

digging behaviour in mice (Deacon, 2006).

As was found in a previous study of non-transgenic mice (Egashira et al., 2008), riluzole
had no impact on marble burying behaviour, as demonstrated by no difference in marble

burying activity between the TDP-43%33X rjluzole and vehicle groups.

The TDP-43%33K groups buried fewer marbles than the TDP-43"T and non-transgenic
groups, suggesting a decrease in normal digging behaviour. This was evident in the mice
during the task, as the TDP-43®331X mjce would often sit motionless and show no signs
of exploration. Itis possible that this lack of digging could be due to motor dysfunction,
however, the motor phenotype in this model is mild so that appears unlikely, and little
attempt at digging was observed in the TDP-43%33K mjce. The lack of digging behaviour
is more likely to signify a cognitive phenotype, namely apathy, or a lack of interest in
digging. 10-15% of MND patients will develop a diagnosis of MND-FTD, exhibiting as

signs such as inappropriate behaviour, repetitive behaviour, and/or apathy (Chan et al.,
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2015). Overall, the lack of marble burying activity in the TDP-43%331K mice may be

indicative of an FTD phenotype.

4.6. Conclusion

This study has allowed further characterisation of the TDP-43%331K mjce and highlighted
a potential FTD phenotype. The study has also allowed us to define a more reliable
neuroscoring system for the TDP-43®33 gnd TDP-43"T colonies. Riluzole appeared to
have no significant effect on gross motor phenotype in the TDP-43%33K mijce, but did
seem to improve the NMJ safety factor, reducing the repetitive stimulation decrement
and posing interesting ideas for future studies. Further investigation using
immunohistochemistry is needed to determine whether riluzole treatment influences

the disease pathology.
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5. 31P-MRS Imaging

5.1. Introduction

5.1.1. Energy Metabolism in MND Patients

Most MND patients lose weight during their disease course, partially due to muscle loss
and lowered food intake (Kasarskis et al., 1996, Slowie et al., 1983); but also, at least in
some patients, due to an increased basal metabolic rate (hypermetabolism) (Dupuis et
al.,, 2011). Hypermetabolism, along with dysphagia, can make it very hard for MND
patients to maintain weight, however, maintenance of weight is crucial, as weight loss
correlates with morbidity and mortality (Kasarskis et al., 1996, Koerner et al., 2013) in

MND patients.

It is widely accepted that many MND patients become hypermetabolic, but it appears
that it is not ubiquitous, and it is unclear which subgroups of patients are at risk.
Estimates of the proportion of patients who are hypermetabolic range widely from 50%
(Bouteloup et al., 2009), 62% (Desport et al., 2005), and 52% in purely sporadic cases; to

100% in familial cases (Funalot et al., 2009).

The underlying cause of hypermetabolism in MND is unknown and it appears that
several metabolic pathways/elements may be implicated, including insulin signalling,
glycolysis, and fatty acid oxidation (Raman et al.,, 2015). Many investigations have
identified mitochondrial dysfunction as a key contributor to hypermetabolism in MND.
In muscle biopsy samples from MND patients, mitochondria have been found to have
increased volume and poor morphology (Siklos et al., 1996) with a tendency to
pathological grouping in the lumbar spinal cord (Sasaki and Iwata, 1996) and
sarcolemma of skeletal muscle (Afifi et al., 1966). Mutations and deletions in
mitochondrial DNA have been found in patients (Comi et al., 1998, Dhaliwal and Grewal,
2000, Wiedemann et al., 2002) and axonal transport of mitochondria is often disrupted

(De Vos et al., 2008).

It is also possible that the phosphocreatine (PCr) pathway is affected in MND. It has
been regularly suggested that patients have increased levels of phosphocreatine kinase,
suggestive of increased PCr pathway activity or muscle damage (Williams and Bruford,
1970, Felice and North, 1998, Rafig et al., 2016). This has led to pre-clinical trials of

creatine supplementation for the treatment of MND (Snow et al., 2003, Andreassen et
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al., 2001), however, these results have not translated through to beneficial effects in

human clinical trials (Groeneveld et al., 2003, Shefner et al., 2004).

It is likely that, whilst some energy pathways are disrupted in MND, such as glycolysis
and fatty acid oxidation, activity of other components such as the PCr pathway may be

upregulated in a compensatory manner, in order to provide the energy required for life.

5.1.2. 31P-MRS

Magnetic resonance spectroscopy (MRS) is an imaging method which can assess the
molecular content of living tissue based on magnetic resonance signal characteristics.
Some phosphorous-containing compounds can be measured using 31P-MRS, providing
comparative levels of several compounds including PCr, inorganic phosphate (Pi), a-

adenosine triphosphate (a-ATP), B-ATP, and y-ATP at the positions stated in table 5.1.

Table 5. 1: Spectral position for each of the main 31P-MRS metabolites.

Metabolite Spectral position (ppm)
PCr 0

Pi 5.14

y-ATP -2.389

o-ATP -7.529

B-ATP -16.072

The phosphocreatine pathway is a key source of rapidly available ATP (the energy
currency of the cell). The enzyme phosphocreatine kinase is the catalyst for the
reversible conversion of PCr + ATP <> Pi + creatine + adenosine diphosphate (ADP). A
calculation based on the distance between peaks of Pi and PCr can be used to calculate

intracellular pH (Ren et al., 2015, Petroff et al., 1985).

5.1.3. 31P-MRS in MND Patients

A number of studies using 31P-MRS of muscle have been carried out in MND patients,
one of which applied the imaging after aerobic and ischaemic muscle contraction in 10
patients vs 38 controls (Grehl et al., 2007). The study showed that consumption of PCr
during both exercise conditions was significantly lower in MND patients compared to
controls, and hypothesised several alternate mechanisms for this observation including:

a decrease in substrate availability; a decreased energy demand; or defective energy
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metabolism. The ratio of PCr/ATP was significantly higher in patients than in controls.
The authors stated that it was unclear whether this was due to increased PCr, decreased
ATP levels, or both. They concluded that they could not confirm mitochondrial
dysfunction using this method. Another study of 31P-MRS in MND patients using an
exercise protocol showed pH and PCr to be lower; and Pi to be higher in patients
compared to controls during the exercise phase but not during the recovery phase.
However, none of these metabolic responses to exercise showed statistically significant

differences (Sharma et al., 1995).

Another study was carried out in patients at rest, in which the triceps surae was studied
and no differences in metabolites were found between patients and controls (Ryan et

al., 2014). However, the groups were small (6 patients, 7 controls) and unmatched.

5.1.4. Energy Metabolism in Mouse Models of MND

Studies of various mouse models of MND have demonstrated evidence of
hypermetabolism with increased oxygen consumption (Dupuis et al., 2004) and reduced
body mass (Dupuis et al., 2004, Wong et al., 1995), despite equal or increased calorie

intake compared to control animals (Dupuis et al., 2004).

At the muscle level, oxygen consumption has been shown to be increased in SOD1%%34
mice using a Clark electrode in an oxygraphic cell containing muscle fibre bundles
(Leclerc et al., 2001) but unchanged at the spinal cord level, as measured by a
respirometer (Wendt et al., 2002). The SOD1%%A mouse model has also demonstrated
reduced ATP synthesis in the brain and spinal cord measured using a luciferase/luciferin-
based system (Mattiazzi et al., 2002) and muscle using an enzymatic assay (Derave et
al., 2003). However, in the SOD1%8® mouse model, ATP synthesis in the spinal cord was
not significantly different from control mice (Mattiazzi et al., 2002). In another study,
energy use in muscle appeared to be derived preferentially from lipids rather than
glucose at the presymptomatic stage (Palamiuc et al., 2015). These contrasting results
could support the hypothesis that patterns of energy metabolism dysfunction may differ

with genotype.

From an environmental perspective, diet has been shown to affect survival and disease

in mouse models, with a high energy diet increasing mean survival by 20% and reducing
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loss of motor neurons (Dupuis et al., 2004). Meanwhile, long term calorie restriction
appears to cause earlier disease onset and hasten disease progression (Hamadeh et al.,
2005), as does short term calorie restriction, when compared to an ad libitum diet

(Hamadeh and Tarnopolsky, 2006).

As shown in patients, many mouse models of MND appear to show changes in
morphology of mitochondria. In brainstem, cerebellum and forebrain of mice with high
expression of human SOD1, mitochondria were swollen, with dilation of the
intermembrane space and swollen cristae, from 30 weeks of age compared to controls.
Axons showed vacuolated mitochondria and older mice had aggregates of degenerating

mitochondria at symptomatic stages of disease (Jaarsma et al., 2000).

Motor neuronal mitochondria in the spinal cords of many mouse models of MND at
onset/symptomatic stages have been found to be aggregated (Xu et al., 2010), swollen
(Jaarsma et al., 2001, Bendotti et al., 2001, Wong et al., 1995) and vacuolated (Xu et al.,
2010, Bendotti et al., 2001, Higgins et al., 2003, Kong and Xu, 1998) with fewer,
disorganised cristae (Xu et al., 2010, Bendotti et al., 2001, Wong et al., 1995, Dalcanto
and Gurney, 1995, Kong and Xu, 1998) and extended, leaking and even unravelled outer
membranes (Higgins et al., 2003, Wong et al., 1995, Dalcanto and Gurney, 1995, Kong
and Xu, 1998).

The morphology of mitochondria in muscle of mouse models of MND has been less
extensively investigated. A SOD1%%3* mouse model showed abnormalities in
mitochondria at the neuromuscular junction and not in muscle (Gould et al., 2006),
whereas another SOD1%%3* mouse model showed clustered, swollen and vacuolated
mitochondria with abnormal cristae at the end stage of disease (Dobrowolny et al.,
2008). These defects in mitochondrial morphology and functionality increase
generation of free radicals, causing increased oxidative stress, and impairing function of
the electron transport chain, as measured histochemically in SOD1%%3*A mice (Bendotti et

al., 2001, Shaw, 2005).

31P-magnetic resonance spectroscopy has not yet been investigated in mouse models
of MND. However, a study which measured PCr in SOD1%°3* mice by enzymatic analysis
with standard fluorometric assays, found significantly reduced PCr in SOD1%%3A mice

compared to controls (Derave et al., 2003).
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One study using enzymatic analysis found that creatine levels in muscle were higher in
SOD1%%3A mice compared to control mice (Derave et al., 2003). However, in spinal cord,
creatine kinase levels were significantly decreased (Wendt et al., 2002). In contrast to
findings in patients, creatine supplementation in mouse models of MND was shown to

improve survival and disease progression (Klivenyi et al., 1999, lkeda et al., 2000).

Overall, it appears that SOD1 mouse models of MND exhibit deficits in energy
metabolism which may be partially ameliorated by increased availability of energy

substrates and many studies suggest this is partly due to mitochondrial dysfunction.

Clearly, there is energy dysfunction in both MND patients and SOD1 mouse models, and
a large proportion of studies have focused on mitochondrial function. As demonstrated
with the lack of translation of creatine as a therapeutic intervention, it must be
considered that findings may not always translate between mouse models and patients,
but may give an indication of subgroup pathologies. Little focus has been made on the
PCr pathway in mouse models of MND and investigation of 31P-MRS in the SOD1%3A
mouse model would provide the opportunity to fill this gap in knowledge and compare

findings in the mice with those from patients.

5.2. Aims
1. To establish a safe protocol for 31P-MRS in mice.
2. To optimise the MR sequence for 31P-MRS.

2. To investigate differences in energy metabolism of SOD1%°3* mice compared with

controls using 31P-MRS.

5.3. Materials and methods
5.3.1. Mice
5.3.1.1. Ethics Statement

All mouse experiments were carried out in accordance with the Animals (Scientific
Procedures) Act 1986 under an appropriate UK Project Licence. Animals were housed

and cared for in-house at the University of Sheffield, adhering to the Home Office Code
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of Practice for the Housing and Care of Animals Used in Scientific Procedures Act (ASPA

1986) in-house at the University of Sheffield.

5.3.1.2. Transgenic SOD1%%3* Mice

Mice were from a well-established in-house colony of C57BL/6J Ola Hsd SOD1%°3A mice
bred by crossing C57BL/6) Ola Hsd females (Harlan, UK) with males which are
hemizygous for the SOD1%%3* transgene. Non-transgenic littermates were used as

control mice. All mice used for imaging were male.

5.3.1.3. Study Sizes

For the initial preliminary experiment, one non-transgenic mouse was scanned at 106
days of age. For the second preliminary experiment, one 113 day old non-transgenic,

and one 110 day old SOD1%°3 mouse were scanned.

For the main pilot study, 6 SOD1%%3A mice were scanned together with 6 non-transgenic
littermates for the 36 day time point. However, all 12 mice were culled due to welfare
issues (see section 5.4.4). Therefore, a new cohort was established for the 73 day scan
of 6 SOD1%%3A mice and 6 non-transgenic mice. By the 115 day time point 3 SOD16%3A
mice remained and 3 non-transgenic mice. The details for the changes in sample size

are given below.

For the follow up experiment (using a narrower spectral width and a cotton blanket with
heat pad), 2 SOD1%%3* mice were scanned together with 2 non-transgenic mice at 49-50

days of age.

5.3.2. Anaesthesia and Physiological Monitoring of Mice

5.3.2.1. Original Method using Heat Pad

Animals were placed on a sponge bed in a custom built Perspex magnet capsule and
imaged under gaseous anaesthesia (1-2%, flow rate 1.0 L/min oxygen and nitrous oxide
continuous inhalation through a nose cone). Anaesthetic level was controlled on the
basis of respiratory parameters using a pressure sensitive pad under the subject’s chest

(SAIl Model 1025 monitoring and gating system, SAll, USA).
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Inside the capsule, a non-magnetic ceramic heated hot air system (SAll - MR-compatible
Heater System for Small Animals, SAIll, USA) and rectal temperature probe (SAll - MR-
compatible Heater System for Small Animals, SAIl, USA), integrated into the
physiological monitoring system maintained and monitored the temperature of the

animal.

Post-scanning, animals were placed in an incubator at 31-32°C for 10-30 minutes whilst

they recovered from the anaesthesia.

5.3.2.2. Modified Heat Pad Protocol Covering Tails

After some of the animals developed tail necrosis issues thought to relate to thermal
injury (see section 5.4.4.), wet gauze was placed over the tail of the mice to reduce the
temperature and increase humidity. All other aspects of the protocol remained the

same.

5.3.2.3. Modified Heat Pad Protocol Placing Pad Underneath

After further issues with tail necrosis, the procedure was abandoned as unsafe and an
alternative heating method was used, in which a heat pad (CWE, PA, USA) was placed
under the sponge bed of the mouse within the scanner, and a rectal temperature probe

(Harvard, UK) was used to supply feedback to the monitoring system (CWE, PA, USA).

5.3.2.4. Warm Water System

Due to further problems with overheating, a warm water system was trialled. The
custom built Perspex magnet capsule had an incorporated hollowed-out area to allow
passage of a water tube under the mouse. This system was plugged in to a water bath
(Heating Circulator SC150-S5P, ThermoFisher Scientific, UK), warming the water to 60°C,
which then passed under the mouse to maintain body temperature. The rectal probe
and pressure pad were used to detect body temperature and respiratory rate

respectively. However, this method was insufficient.
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5.3.2.5. Heat Pad Method with Cotton Blanket

A cotton blanket was wrapped around the mouse with the pressure pad to the chest.
The heat pad was then placed over the back of the mice (with the cotton blanket
protecting the fur of the mice from the heat pad). The rectal probe provided

temperature feedback (CWE, PA, USA).

5.3.3. Scanning Parameters

The animals were scanned on a 7 Tesla MRI system (Bruker BioSpecAVANCE! 310mm bore,
B/C 70/30), with pre-installed 12 channel RT-shim system (B-S30) and fitted with an
actively shielded, 116mm inner diameter, water cooled, 3 coil gradient system (Bruker

BioSpin MRI GmbH B-GA12S. 660 mT/m maximum strength per axis with 80us ramps).

5.3.3.1. Long TR Method

A 31P single pulse sequence utilising a block excitation pulse was used, with centre
frequency 121.57MHz, and an acquisition time of 102ms, with repetition time (TR) of 4s.
The spectral width was 164ppm/20000Hz with 2048 points and 450 averages, giving a

spectral resolution of 4.88Hz/pt.

The whole brain of each mouse was scanned using a 2cm diameter surface coil.
Saturation slices were used to suppress signal from surrounding muscle. The total

scanning time was 30 minutes.

5.3.3.2. Short TR Method

Short TR scans were carried out using the same parameters, except with a shorter
repetition time of 400ms, meaning we could increase averaging to 4500 in an effort to

improve signal to noise ratio.
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5.3.3.3. Narrower Spectral Width Method

A 31P sinc3 pulse sequence was used with an acquisition time of 500ms, flip angle 45°,
TR 5s, spectral width 41.13ppm/20000Hz with 2500 points and 128 averages, giving a

spectral resolution of 1Hz/pt. The total scanning time was 10 minutes.

5.3.4. Data Processing

Firstly, a manually identified phase shift was applied to all spectra using Matlab 7
(Mathworks Inc, USA). Spectra using the same scanning parameters had the same phase
shift applied. 31P-MRS spectra were normalised along the X-axis to align the PCr peaks
of each trace. Peak values were then extracted for PCr, Pi, y-ATP, a-ATP and B-ATP (see

table 5.1). The three ATP-peaks represent each of the phosphates bound to adenosine.

For visual comparison of the average spectra, the PCr peak was normalised to 1 because
some scans produce spectra in which all peak values are high/low, so normalising to the
PCr peak height compensates for this. Conventionally, in 31P-MRS, the PCr peak is used

for this purpose.
ATP was measured using the B-ATP peak.

Integrals of peak values, ratios of peak values, and comparisons of ratios and integrals
were calculated and plotted using Graphpad Prism 6.0. Ratios and integrals for the
transgenic and non-transgenic groups were compared using unpaired t-tests. When

multiple t-tests were carried out, a Bonferroni correction was applied.

5.4. Results

5.4.1. First Preliminary Scan

Firstly, a single mouse was scanned using the 31P-MRS surface coil. Whole brain
acquisition was performed for 30 minutes to ensure a spectrum could be obtained. No

adverse events occurred.

Figure 5.1 shows the first spectrum obtained, with no post-processing of the data. Peaks
are identifiable for phosphomonoesters (PME), Pi, PCr, y-ATP, a-ATP and B-ATP. The x-
axis was not aligned to the correct position and is approximately 8ppm shifted to the

right due to field drift in the MR system.
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Figure 5. 1: Raw 31P-MRS spectrum from whole brain of a 106 day old non-transgenic

mouse (TR = 4s).

5.4.2. Second Preliminary Scans

To ensure the scans could be replicated and the protocol ran smoothly, a second set of

31P-MRS scanning was carried out on whole brain for 30 minutes on a pair of mice, one

transgenic; one non-transgenic. No adverse events occurred.

Figure 5.2 shows the non-transgenic spectrum obtained, with no post-processing of the

data. Peaks are identifiable for PME, Pi, PCr, y-ATP, a-ATP and B-ATP. The x-axis was

not aligned to the correct position and is approximately 3ppm shifted to the right due

to drift in the MR system.
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Figure 5. 2: Raw 31P-MRS spectrum from whole brain of a 113 day old non-transgenic

mouse (TR = 4s).

Figure 5.3 shows the SOD1%%3A spectrum obtained, with no post-processing of the data.
As with the non-transgenic spectrum, peaks are identifiable for PME, Pi, PCr, y-ATP, a-
ATP and B-ATP and the x-axis was not aligned to the correct position and is

approximately 3ppm shifted to the right.
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Figure 5. 3: Raw 31P-MRS spectrum from whole brain of a 110 day old SOD1%%*A mouse
(TR = 4s).
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The spectra collected were similar in height, shape and noise, providing confidence in
the reproducibility of the scans, and the protocol had produced no adverse events so
appeared sufficient to begin a pilot study, comparing whole brain spectroscopy in

SOD1%%3A and non-transgenic mice.

5.4.3. Pilot Study 36-Day Scanning

Six pairs of mice were scanned using a 31P-MRS surface coil placed to provide coverage
of the whole brain. It was noted that, over time, noise in the spectra increased. This
was thought to represent a physical effect due to the increase in temperature of the
coil, caused by the hot air flow used to maintain the body temperature of the mice.
Therefore, an ice pack was applied between scans to reduce the temperature of the coil.
However, it is unknown what effect this warming of the coil may have had on the

average spectra.

When normalised to the PCr peak height, the spectra of the transgenic brain appeared
to show higher Pi, higher y-ATP and lower a-ATP compared to the non-transgenic brain

(figure 5.4).
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However, no obvious differences could be extrapolated from the PME, PDE and B-ATP peaks.
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Figure 5. 4: Average 31P-MRS spectra of whole mouse brain at 36 days of age (n = 6), TR 4s.

PME: phosphomonoesters; Pi: inorganic phosphate; PDE: phosphodiesters; PCr: phosphocreatine; gATP: y-ATP; aATP: a-ATP; bATP: 8-ATP. Peak height

of PCr normalised to 1.
To compare peaks quantitatively, peak height ratios and integrals for PCr, Pi and ATP (3-ATP) were derived.

Peak height ratios (figure 5.5) showed no significant differences between the spectra of SOD1%°34 and non-transgenic mice for any of the ratios Pi/PCr
(non-transgenic 0.71+0.10 vs SOD1%°3A 0.71+0.09), ATP/Pi (non-transgenic 0.65+0.11 vs SOD1%°34 0.63+0.09) and ATP/PCr (non-transgenic 0.45+0.06

vs SOD16%3A 0.44+0.07). No obvious trends were present.
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Figure 5. 5: Scatter plot graphs illustrating metabolite peak height ratios in the

transgenic (Tg) and non-transgenic (NTg) (n = 6) mice groups at 36 days of age.

Unpaired t-tests showed no significant difference between groups with any of the

comparisons.
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Alternatively, integrals of the peaks can be investigated, as this provides a figure for the
whole peak, taking width of the peak in to consideration rather than just the height. Due
to slight magnetic field inhomogeneity some molecules will resonate around an
approximate frequency, rather than at an exact frequency, and this method accounts

for molecules resonating slightly above or below the estimated frequency.

Interestingly, each of the integral graphs (figure 5.6) demonstrates a higher mean
integral for the SOD1%%3A compared to the non-transgenic spectra for PCr (non-
transgenic 1.9x107#4.1x10° vs SOD1%%A 2.2x107+4.6x10°), Pi (non-transgenic
1.6x107#3.3x10° vs SOD1%%A 1.8x107+3.8x10°), and ATP (non-transgenic
5.3x107#1.2x107 vs SOD16%3A 6,5x107+1.2x107). This appears most marked for ATP.

However, these differences were not statistically significant.
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Figure 5. 6: Scatter plot graphs illustrating metabolite integrals for PCr, Pi and ATP in

the SOD1%%*4 and non-transgenic (NTg) (n = 6) mice at 36 days of age.

Unpaired t-tests showed no significant difference between groups with any of the

metabolites.
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5.4.4. Adverse Events

During the week after scanning, several mice developed a necrotic-like appearance to
the tail. These mice were immediately humanely sacrificed. To determine whether this
might be caused by air flow in the scanner we scanned a single mouse with its tail
covered by a wet gauze. This modification to the technique prevented the adverse event

from occurring, and was used for subsequent scans.

5.4.5. Pilot Study 73-Day Scanning

Six pairs of mice were scanned at 73 days of age using the 31P-MRS surface coil to obtain
whole brain coverage. An ice pack was applied between scans to reduce the
temperature of the coil. The tails of the mice were covered with wet gauze in an attempt
to avoid tail necrosis. Two mice died during scanning under anaesthesia, reducing the

number of mice in the non-transgenic group to 4.

When normalised to the PCr peak, the brain spectra from the transgenic mice appeared
to show higher PME, Pi, y-ATP, a-ATP and B-ATP compared to the non-transgenic mice
(figure 5.7). There was no difference in PDE. However, it appears likely that these
differences in spectra are due to a lower PCr peak in the transgenic spectra,
consequentially increasing the other peaks when the PCr peaks are normalised to 1. To
compare peaks more easily, ratios of peaks heights and integrals of peaks were

compared.
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Figure 5. 7: Average 31P-MRS spectra of whole mouse brain at 73 days of age (6 SOD1%%3A, 4 NTg), TR = 4s.

PME: phosphomonoesters; Pi: inorganic phosphate; PDE: phosphodiesters; PCr: phosphocreatine; gATP: y-ATP; aATP: a-ATP; bATP: B-ATP. Peak height

of PCr normalised to 1.

The main pattern evident in the ratios of peak heights at 73 days of age (figure 5.8) is that ATP/PCr (non-transgenic 0.66+0.19 vs SOD1%°3A 0.79+0.09)
appears higher in the SOD1%%3A group than in the non-transgenic group. In contrast, ATP/Pi ratios (non-transgenic 0.61+0.11 vs SOD1%°3A 0.61+0.08)
appear lower in the transgenic group and Pi/PCr (non-transgenic 0.39+0.06 vs SOD16%34 0.47+0.05) is slightly higher in the SOD1%°3* group compared

to the non-transgenic.

Although the ATP/PCr ratio initially appears significantly higher in SOD1°3 mice compared to the non-transgenic mice on a student’s t-test (p<0.05),

the significant difference between the peak height ratio ATP/PCr is no longer significant when calculations are adjusted using a bonferroni correction.
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Figure 5. 8: Scatter plot graphs illustrating metabolite peak height ratios in the

SOD1%%3A (n = 6) and non-transgenic (NTg) (n = 4) mice groups at 73 days of age.

Unpaired t-tests showed no significant difference between Tg and NTg spectra for any

ratios.
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Interestingly, each of the integral graphs for 73 days of age (figure 5.9) show a slightly
higher mean integral for the non-transgenic spectra compared to the SOD1%%3* spectra
for PCr (non-transgenic 2.2x107+1x107 vs SOD1%°3A 1,9x107+8.1x10°), Pi (non-transgenic
1.7x107+8.2x10° vs SOD1%93A 1.6x107+6.8x10°), and ATP (non-transgenic 6x107+3x107 vs
SOD16%3A 5,7x107+2.5x107), showing the opposite trend to the 36-day integral values.

However, these differences are non-significant.
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Figure 5.9: Scatter plot graphs illustrating metabolite integrals for PCr, Pi and ATP in

the SOD1%%*A (n = 6) and non-transgenic (NTg) (n = 4) mice at 73 days of age.

Unpaired t-tests showed no significant difference between groups with any of the

metabolites.
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5.4.6. Adverse Events

During the week after scanning, despite use of the wet gauze, several mice developed a

necrotic-like appearance to the tail. These mice were immediately humanely sacrificed.

5.4.7. Pilot Study 115-Day Scanning

Three pairs of mice were scanned at 115 days of age using the 31P-MRS surface coil to
achieve whole brain coverage. The core temperature of the mice was maintained using
a heat pad rather than the hot air system. One mouse died during scanning as it did not
survive the anaesthesia and one mouse was scanned using a shorter TR so could not be

grouped with other scans. Therefore, data were collected from 4 mice only.

When normalised to the PCr peak, the spectra of the SOD1%°3* brain appeared to show
lower PME, PDE and Pi compared to the non-transgenic brain (figure 5.10). However,
no obvious differences can be observed between the y-ATP, a-ATP and B-ATP peaks. To
compare peaks more quantitatively, ratios of peak heights and integrals of peaks were

compared.

191



" o O |
PMEPi PDE PCrgATP aATP bATP

Relative Intensity (arbitrary units)

Chemical Shift (ppm)
Figure 5. 70: Average 31P-MRS spectra of whole mouse brain at 115 days of age (1 SOD1%%34, 3 NTg), TR = 4s.

PME: phosphomonoesters; Pi: inorganic phosphate; PDE: phosphodiesters; PCr: phosphocreatine; gATP: y-ATP; aATP: a-ATP; bATP: B-ATP. Peak height

of PCr normalised to 1.

The peak heights data for 115 days of age are shown in figure 5.11 for comparison with previous time points. However, there are insufficient data to

draw any conclusions or conduct statistical analysis between groups.
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Figure 5. 81: Scatter plot graphs illustrating metabolite peak height ratios in the

SOD1%%3A (n = 1) and non-transgenic (NTg) (n = 3) mice groups at 115 days of age.

There were insufficient numbers to perform formal statistical testing.
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The peak integral graphs at 115 days of age are shown in figure 5.12 below. Again, there

are no obvious differences between groups and insufficient data to draw conclusions.
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Figure 5. 92: Scatter plot graphs illustrating metabolite integrals for PCr, Pi and ATP in

the SOD1%%A (n = 1) and non-transgenic (NTg) (n = 3) mice at 115 days of age.

There were insufficient numbers to perform formal statistical testing.
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5.4.8. Adverse Events

During the week after scanning, several mice developed a necrotic-like appearance to

the tail and feet. These mice were immediately humanely sacrificed.

5.4.9. Changes in 31P-MRS Over Time

The changes in 31P-MRS peak height ratios over time show no statistically significant
changes between 36 and 73 days of age using a two-way ANOVA (figure 5.13). 115 day

data was not plotted as there was only one mouse in the SOD1%%3A group.
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Figure 5. 103: Changes in 31P-MRS peak height ratios from 36 days of age (SOD1%%3A n
=6, NTgn=6)to 73 days of age (Tgn=6, NTgn=4). TR =4s.

The changesin 31P-MRS integrals over time also show no statistically significant changes

between 36 and 73 days of age on a two-way ANOVA (figure 5.14).
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Figure 5. 114: Changes in 31P-MRS peak integrals from 36 days of age (SOD1%°3A n = 6,
NTg n =6) to 73 days of age (Tgn =6, NTgn =4). TR =4s.
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5.4.10. Water Bath Method

The water bath tubing within the mouse scanning bed did not cover the whole area in
which the mouse lays. Therefore, an attempt was made to maintain body temperature
of the mouse using this method outside of the magnet, prior to any attempts within the

magnet, where the temperature is lower.

Unfortunately, the mouse could not maintain body temperature using this method and
had to be removed from the bed and placed in the incubator. This heating method was

therefore deemed unsafe for use.

5.4.11. 31P-MRS Findings from Final Experiment

At a much later time point and after several discussions with the vet, project licence
holder, and head of Biological Services, a final attempt was made to collect 31P-MRS
data from 2 pairs of mice at 49-50 days of age. In this experiment the mice were

wrapped in a cotton blanket before the heat pad was placed over the back of the mouse.

The mean spectra suggest decreased Pi concentrations in the SOD1%%3A mice compared
to the non-transgenic but no obvious differences in any other peaks. However, due to

normalisation to the PCr peak, it is more informative to look at peak ratio values.
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Figure 5. 15: Mean 31P-MRS spectra for 49-50 day old SOD1%%*A and non-transgenic
mice (n = 2).
Spectra are normalised to PCr peaks. Peaks are identified for Pi, PCr, y-ATP, a-ATP, and

B-ATP.

The ratio values (figure 5.16) show a lower Pi/PCr for the SOD1%°** mice compared to
the non-transgenic, and a higher ATP/Pi, whilst ATP/PCr looks to be similar. Considering
the small numbers of mice in each group (n = 2), statistical differences were not

calculated.
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Figure 5. 16: Ratio values for mean spectra of the final set of scanning (n = 2).

There were insufficient data to calculate statistical differences.
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5.4.12. Final Heat Pad Method

With this method, the mouse was wrapped in a cotton blanket before application of the
heat pad to the back. It was ensured that the heat pad was kept well away from the tail

of the mouse. Despite this, within 24 hours, damage to the tail was evident.

After the mouse was culled, the tail was removed and sent to Central Diagnostic Services
at the University of Cambridge for histological analysis. The report stated a diagnosis of
severe extensive coagulation necrosis oedema and perivascular inflammation consistent
with thermal injury. From this, it can be concluded that overheating is a problem, but

no solution has been found thus far.

5.4.13. Comparison of Scanning Parameters

One of the major limitations of this technique in mice is the lack of signal from such a
small volume of tissue, requiring long sequences with multiple scans averaged to
improve signal to noise ratio. During discussions with colleagues at the nuclear magnetic
resonance (NMR) facility at the University of Sheffield it was suggested that a shorter TR
would allow for more data points to be collected within the same time frame, possibly
increasing the signal to noise ratio and eliminating the ‘phospholipid bump’ seen in

figure 5.17 (black spectra).

Subsequently, a shorter TR of 0.4s, collecting 4000 data points, was used. The main
limitation of this method is that a short TR may prevent the molecules relaxing back to
their original state between scanning points, so may not represent the number of
phosphates present in the tissue, making the data less quantitative. As shown by the
red spectra in figure 5.17, this method eliminates the ‘phospholipid bump’, reducing the

amount of post-processing required for analysis.

During the final period of scanning, a third set of parameters were used, with a narrower
spectral width (figure 5.17, green spectra), allowing for higher resolution. This method
acquired a similar resolution of scanning with a much shorter scanning time, when

compared to the previous scanning parameters.

The purpose of this comparison was to investigate whether the larger number of

averages in the 0.4s TR scan would improve the signal-to-noise ratio of the spectra whilst
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maintaining a spectrum which is representative of the tissue phosphates and therefore,

similar to the scans which used a 4s TR.
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Figure 5.17: Raw spectra from each set of scanning parameters.
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The original scanning parameters (long TR) shown in black, short TR shown in red, and a
shorter spectral width shown in green. All spectra are from whole brain, male non-

transgenic mice.

5.5. Discussion

5.5.1. Feasibility of 31P-MRS

This pilot study investigating 31P-MRS scanning in mice demonstrated technical
feasibility as spectra were reproducible, with similar profiles and peak locations to
previously published work in mice (Renema et al., 2003, Tracey et al., 1996). However,
the experiment was limited by significant and recurrent problems relating to mouse

welfare, which are discussed below.

When attempting to work up a 31P-MRS protocol, it may have been more appropriate
to use mouse models of metabolic disease, in which the differences in metabolite levels
between non-transgenic and disease groups would have been far greater and
predictions of differences could have been made. 31P-MRS findings would then have
been further validated. This may be worthy of consideration for any further studies in

to 31P-MRS in mice, prior to looking for subtle differences in metabolites.

5.5.2. Adverse Events

No studies could be found which reported necrosis of rodents caused by MRS,
anaesthesia, or by use of any similar heating systems. Other groups conducting MRI in
mice at other academic centres have used circulating warmed water, so this technique
was attempted. However, our water system proved insufficient to maintain body

temperature in the mice.

Previous experience from our group using the same mouse model applying MRI to
detect muscle volume changes at 30, 60, 90 and 120 days, had not identified any issues
(Mead et al., 2011), so this problem was not foreseen. However, since these studies
were performed, a new magnet was purchased which ran at a colder temperature and
we hypothesise that this made the heating system insufficient and during the initial
equilibrium phase, additional demands on the system may have led to higher local

temperatures. This decreased temperature of the magnet system was adjusted by the
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manufacturers after our initial issues. However, we continued to have serious problems
despite switching to a water system and then a heat pad with cotton blanket. Therefore,
it appears that despite the temperature of the magnet bore being as warm as possible,
the heating systems were still having to work very hard, causing necrosis with the heat

pad and cotton blanket protocol, as confirmed by a diagnostic report.

The reasons for necrotic-like appearance to the tail in MRS studies remains a mystery.
Several attempts were made to resolve this issue, but none were successful. We
therefore conclude that this approach is not suitable for further investigation in our

models.

5.5.3. Comparison of 31P-MRS in SOD1%%3A and Non-Transgenic Mice

Due to the issues described above, the conclusions drawn from our experiments are
limited. No ratios of peak heights were found to have significant differences between
the transgenic and non-transgenic groups, at 36, 73 or 115 days of age. No significant
findings were found in the differences between transgenic and non-transgenic peak
integrals at 36, 73 or 115 days of age. The limitations of small sample size reached their
peak at 115 days of age, at which time only one mouse was in the transgenic group,
precluding statistical analysis. The last set of scanning was also carried out with too few
mice to analyse the data statistically but no recurrent trends were found in the data as

a whole.

In a previous study using this mouse model, ATP was found to be lower in the brain at
end stage (17 weeks of age) using a luciferase/luciferin based assay (Mattiazzi et al.,
2002). Therefore, with larger group sizes, it would be hypothesised that a decrease in
ATP-values may be found at the end stage of disease. We can neither confirm nor refute
this hypothesis with the data acquired in this study. Overall, no conclusions can be made
with regard to differences in 31P-MRS spectra between transgenic and non-transgenic
mice, without testing larger group sizes. It must also be considered that these scans
were of whole brain, whereas MND affects some, but not all brain areas. Therefore,
scans of specific brain regions, such as the forebrain, may represent an alternative

approach.
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5.5.4. Changes in 31P-MRS over Time

The 115 day scan results could not be included in the comparison of 31P-MRS over time
due to attrition of the sample size. Comparison of peak heights and peak integrals
between 36 and 73 days of age in the pilot study showed no significant differences.
However, as mentioned previously, increased group sizes would be necessary to find out

whether there are any differences in peaks over time.

This is a novel area of investigation in MND mouse models and in the human disease.
No reports could be found in the literature for 31P-MRS in mouse or human brains with
age, therefore, it is unknown what may be expected if 31P-MRS was investigated further

in SOD1%%3A mice.

5.5.5. Comparison of 31P-MRS Scanning Parameters

Throughout the study, scanning parameters were adjusted to improve the quality of the

spectra by firstly shortening the TR, then shortening the spectral width.

It is possible that the long TR scanning provides more quantitative peaks, as the
phosphorus molecules can fully relax between scans, providing a similar signal with each
scan. Whereas, with the short TR, phosphorus molecules may not have time to fully
relax between scans, resulting in peak heights which do not represent the absolute
number of phosphorus molecules in a particular environment but are relative to the
number of phosphorus molecules. However, the long TR results in a large bump under
the spectra, deemed to be a ‘phospholipid bump’, and shortening the TR eliminates this

bump.

Shortening of the spectral width prevents the scans recording activity from areas of the
spectra which are not of interest and subsequently, shortens the scanning time. In the
interests of welfare, a shorter scanning time is always preferable as it reduces the
chance of the mice failing to recover from the anaesthesia. In future studies, a shorter

scanning time would therefore be recommended.

5.6. Conclusions

This study revealed a problem with the methods used to maintain mouse body
temperature during MRS imaging that proved to be intractable.
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The best scanning parameters were the final set in which the spectral width was
reduced, producing a good quality spectra whilst decreasing the amount time the mice

spend in the scanner. These parameters would be preferable for future studies.
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6. Discussion

6.1. Was the TDP-43%331K Mouse Model an Appropriate Choice?

As discussed in chapter 1, the main reason for choosing this TDP-43%33X mouse model
(Arnold et al.,, 2013) was to avoid a knockout or a high overexpression of TDP-43,
ensuring that the genotype of the mice was as close to the human MND genotype as
possible (i.e. a mutation in the endogenous gene). Since the acquisition of this model,
CRISPR/Cas9 technology has been developed for use in mouse models, enabling the
knock-in of specific mutations in the endogenous mouse gene with relative ease (Wu et
al., 2013, Platt et al., 2014). This technology provides a fast method of creating mouse
models without the overexpression caused by most other techniques, and could provide
the ideal disease model genotype. However, at the time of choosing a TDP-43 mouse
model, this technique was not available and no other knock-in TDP-43 mouse models

had been created.

Investigations made here have found that the overexpression of TDP-43 in this model
was slightly higher than expected from previous findings (Arnold et al., 2013). However,
this overexpression is still moderately low compared to the overexpression levels in

other models (see table 1.4).

The main qualities required in a TDP-43 model were defined in chapter 1 as: being on a
defined genetic background, having a reproducible phenotype with low variability in
readouts, disease homogeneity, a mild-moderate disease severity, a moderate disease
length, having an appropriate control line, having a degenerative phenotype due to loss

of motor neurons, and signs of MND pathology.

Many of these criteria were already met by choosing the TDP-432331K mouse model over
other models, including the defined genetic background (due to backcrossing at Jackson
laboratories), which in turn increases disease homogeneity, and an appropriate control
line was also available; the TDP-43"T line. During this project, three in vivo studies were
carried out to investigate the remaining characteristics. The low variability was evident
in the coefficients of variation for most of the phenotypic readouts, including rotarod
performance, catwalk gait analysis, running wheel performance and marble burying, as
well as by the relatively low numbers of animals required to achieve good statistical

power for detecting changes of 10-20% from the baseline.
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The data were similar between studies, particularly for catwalk gait analysis. However,
there was a noticeable drift in weight and rotarod data across studies, by which the
increase in weight and decline in rotarod performance were not as large in the later
studies of TDP-43®33 mjce. There is a need here for replication studies to establish the
reason for these shifts in data and to assess the influence of these on preclinical trial
data. Itis also important to replicate studies at different centres to ensure the model is

robust.

Copy number showed some variability in the TDP-43®31X [ine and it is known that copy
number can cause wide variability in phenotype in mutant SOD1 transgenic mice
(Alexander et al., 2004). Tissue was not available to investigate the TDP-43 expression
levels and pathological differences between the mice tested for TDP-43 copy number,
hence only rotarod differences were investigated, which were not suggestive of a
difference in phenotype. This, coupled with the low variability found in all three in vivo
studies, indicates that the low copy number observed in two TDP-432331K mjce was likely
due to atechnical error. Ideally, further investigation would be made by sending a larger

number of samples for gene copy number estimation.

As expected from previous studies (Arnold et al., 2013, Mitchell et al., 2015), the disease
phenotype of TDP-43%331K mice was relatively mild and did not progress to a state of
paralysis or a humane end point, ensuring minimal distress. Our studies suggested that
the disease progression beyond 6 months of age was minimal, and that a 6 month study,
as opposed to 10 months, provided a big enough window in phenotype to measure
neuroprotective agents or to investigate the mechanisms of pathogenesis. This greatly
reduces the cost and time required for studies in this model, and also reduces the total
distress experienced by the mice under study, satisfying the refinement aspect of in vivo

studies.

A degenerative phenotype was evident in the TDP-43%33X mjce which showed reduced
rotarod performance, reduced muscle mass, reduced CMAP, reduced repetitive
stimulation response, and spontaneous EMG activity. However, this cannot be
supported by a reduced number of motor neurons as, although this investigation was
planned, it was not completed due to issues with tissue quality and time constraints. A
reduced number of motor neurons is to be expected as a 35% reduction in motor

neurons at 12 months of age was recorded previously in this model when on a
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C57BL/6NCrl background (Arnold et al., 2013). Furthermore, a reduction in CMAP
amplitude (as reported in chapter 4) is suggestive of motor axon loss. Despite this, the
counting of motor neurons is a key investigation for further study as it would confirm
whether the cell body of the motor neurons are also lost. Investigation of NMJ integrity
(suggested by the reduced response to repetitive stimulation shown in chapter 4) is also
of importance, as it could confirm the presence of a ‘dying back’ axonopathy, as found
in both MND patients and the SOD1%°3# mouse model (Dadon-Nachum et al., 2011,
Fischer et al., 2004).

Pathological investigations confirmed the presence of astrogliosis and microgliosis in the
spinal cord of TDP-43%33K mjce, as found previously (Arnold et al., 2013, Mitchell et al.,
2015). Although nuclear clearing of TDP-43 with increased cytoplasmic levels are found
in motor neurons in MND (Neumann et al., 2006), we identified elevated TDP-43 levels
in the nucleus of spinal motor neurons in the TDP-43%331K mjce, which is the converse of
findings in MND patient motor neurons (Neumann et al., 2006, Tollervey et al., 2011).
It is interesting that a degenerative phenotype is present in such a scenario and may
suggest the absolute level of TDP-43 in either compartment (nucleus or cytoplasm), or

overall, is the critical factor.

The absolute level of TDP-43 expression, as described in the introduction, has been
clearly linked to neurodegeneration and in models with significant wild type
overexpression, a very severe phenotype is found. This was the reason why one the
main criteria for choosing this model was that the total TDP-43 gene expression and
protein levels were deemed to be similar to those in the wild type and non-transgenic
mice (Arnold et al., 2013). However, upon investigation we found that total TDP-43
levels in the wild-type mice were approximately 2-fold that of the non-transgenic mice,
and 3-fold in the TDP-43%331K mijce, differing depending on tissue type and considerably
higher than the levels reported previously. This poses potential for an influence of the
overexpression on the TDP-43233K mjce which is independent of the mutation, however
this is expected to be of little relevance as these overexpression levels are still relatively
low compared to wild type overexpression models (Wils et al., 2010, Shan et al., 2010).
The importance of total TDP-43 expression levels is perhaps best emphasised by the
report in which TDP-43%331K mice were crossed with TDP-43WVT, creating a TDP-43Q331K/WT

mouse with a severe phenotype, resulting in a total TDP-43 expression in the brain of
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over 4-fold that of non-transgenic mice, and death by 8-10 weeks of age (Mitchell et al.,
2015). Although this overexpression is not dramatically higher than seen here in the
TDP-43®33K mice, the effect on the phenotype is dramatic. It appears that a 4-fold total
TDP-43 expression level pushes the TDP-43 levels beyond a threshold, which accelerates
the disease course and causes severe motor dysfunction with a striking TDP-43

pathology.

Further investigation for TDP-43 pathology is required in the TDP-43%331K model as
aggregates and inclusions were not identified in this project, although cytoplasmic
ubiquitin and p62-positive inclusions of TDP-43 have been identified in TDP-43Q331K/WT
motor cortex and spinal cord at 8 weeks of age (Mitchell et al., 2015). Immunostaining
for phospho-TDP-43, p62 and ubiquitin should be conducted in the brain and spinal cord
of TDP-438331K myjce, all of which have been identified in motor neurons of MND patients

(Neumann et al., 2006, Arai et al., 2006).

All-in-all, this model met most of the requirements expected of a TDP-43 mouse model
and presented as the best available model at the time of choosing. However, more
investigation is required to confirm the pathology and pattern of motor neuron death in

this model, as well the potential for genetic drift within the colonies.

6.2. Utility of the TDP-43%331K Mouse Model for Pre-clinical Trials

As described in table 2.4, many readouts measured in this model have provided data
with low variability, which is ideal when looking for a treatment effect in preclinical
trials. Based on this, power analysis has suggested group sizes of 14 females, which is a
relatively low number of animals per group for pre-clinical trials, when compared to the

SOD1%%*Amodel (Scott et al., 2008).

Treatment effects in therapeutic preclinical trials of TDP-43®33 mijce can be identified
by measuring motor phenotype, which can be easily and reliably measured using
rotarod (Hamm et al., 1994, Gilli et al., 2016). These findings can also be supported using
more time consuming measurements such as neuroscoring, Catwalk gait analysis and
electrophysiological studies. Pathologically, a treatment effect may be identified by a
reduction in astrogliosis, microgliosis or cytoplasmic TDP-43 levels. Added to this,

further pathological studies of spinal cord, brain and muscle in this model may add to
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the pathological readouts which may identify treatment effects. Electrophysiological
studies may be of particular relevance for preclinical trials as this is a measurement
which can also be monitored in patients, increasing the translational aspects of the

transition from preclinical to patient trials.

The TDP-43%33K mouse model was characterised in this project in the hope that it may
be representative of a larger population of MND patients compared to the SOD1%%34
mouse model, increasing translation from MND models to patients. We showed here
that the TDP-43%31K mijce have increased cytoplasmic TDP-43 in spinal cord motor
neurons, as found in MND patients (Neumann et al., 2006, Arai et al., 2006), and clear
signs of a neurodegenerative phenotype, coupled with a potential FTD phenotype, all of
which can be reliably monitored. The TDP-43®3 mouse model is therefore well suited
to pre-clinical trials due to the low variability, moderate length disease course and

reliability of readouts.

However, it is key to replicate studies within the centre and across centres to establish

the robustness of the model, prior to its use in preclinical trials.

6.3. How Problematic is the Increased Weight of TDP-43%331K Mice?

An unexpected finding in this project was the increased weight of TDP-43%331K mjce
compared to their TDP-43"T counterparts, the reason for which remains unknown.
Slightly decreased voluntary activity levels and increased food intake were found, which

may be indicative of FTD (see chapter 3) and in part, explain the increased weight.

The increased weight was a concern as it may confound other findings such as the
rotarod (Stover et al., 2015) and catwalk gait analysis (Deumens et al., 2007). However,
after a number of methods were considered, the rotarod data were normalised for
weight, and a decline in rotarod performance was still evident. Also, weight is unlikely
to impact on electrophysiological and pathological investigations, providing reliable
measures of neurodegeneration, regardless of weight. Furthermore, reduced muscle
mass was identified in the hindlimb, which is certainly not linked with the increased body

weight.

We therefore suggest that motor function testing should always be supported by

electrophysiological and/or pathological studies in therapeutic trials using the TDP-
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438331 mouse model and weight should always be monitored so it can be taken in to

account for rotarod measurements.

6.4. Does the TDP-43%331K Mouse Model the MND-FTD Continuum?

Signs of apathy, reduced activity levels and over-eating are found in FTD patients
(Ahmed et al., 2016b, Chan et al., 2015), and led to an investigation of cognitive function
in the TDP-43®331K mjce. Marble burying was chosen as a simple, yet effective
measurement of normal exploratory behaviour (digging). As hypothesised, TDP-43®331K
mice buried significantly less marbles than TDP-43"T mice, suggesting reduced digging

behaviour, which may be interpreted as a sign of apathy.

Apathy combined with over-eating is highly suggestive of FTD in the TDP-43%33K mjce.
However, other measurements of FTD such as a lack of social interaction, anxiety,
repetitive behaviour, and a lack of fear response must be carried out in these mice
before an assumption of FTD can be made. Further studies could include a three
chamber social approach test (Gascon et al., 2014, Yin et al., 2010), which may confirm
or refute the hypothesis that reduced marble burying may be interpreted as a sign of

FTD.

6.5. The Implications of Riluzole Having no Treatment Effect on Motor Function in TDP-

439331K Mice

Riluzole is the only drug which has been licenced for treatment of MND and has been
predicted to extend life by as long as 12 months (Georgoulopoulou et al., 2013, Miller
et al., 2012). However, other studies have suggested riluzole has little or no effect on
MND (Stewart et al., 2001) and this may be related to the concept of subgroups, limiting

its overall effect on the MND population (Georgoulopoulou et al., 2013).

Studies on the effect of riluzole in SOD1%°3* mice have reported mixed findings (Gurney
et al., 1998, Li et al., 2013, Scott et al., 2008), so it is debatable whether riluzole is an
effective treatment in this model. It is interesting therefore, that riluzole appeared to
have no significant effect on motor function in TDP-43%3 mjce. However, as discussed
in the Summary of Product Characteristics for riluzole, no effect has been found on

motor function in MND patients, only on survival. A potential treatment effect was
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identified here in the repetitive stimulation results for TDP-43%33K mice, suggestive of a
subtle rescue effect at the NMJ, but this finding requires further investigation, including

NMJ histology.

It could be that a higher dose of riluzole is required to see a more definite treatment
effect in the TDP-43%331K mouse model but such an effect may never appear as a clear
rescue of motor function. The possibility of using a higher dose is highlighted by
comparing the riluzole PK concentrations to studies in SOD1%°3A mice (in-house data),
for which the TDP-43®331K data is within the trough range for both blood and brain.
Future studies should include the administration of riluzole at a higher dose, in which
the blood levels of riluzole reach the mid-high levels of those found in patients and

equate more to the levels found in SOD1%%3A mice.

6.6. 31P-MRS as a Pre-clinical Biomarker

This study was the first known attempt at measuring 31P-MRS in a mouse model of MND
(chapter 5) which could be a useful translational biomarker, indicative of underlying
metabolic changes during disease (Grehl et al., 2007, Sharma et al., 1995, Ryan et al.,
2014). SOD1%%*A mice were used for this investigation as the TDP-43%331K gnd TDP-43WT
mice were not available at that point and they have a more profound phenotype with
well described metabolic changes (Leclerc et al., 2001, Derave et al., 2003, Mattiazzi et

al., 2002).

Issues with animal welfare resulted in low numbers of mice at later time points, limiting
the conclusions which could be drawn. Furthermore, the scanning parameters were
frequently changed to improve the quality of scanning, reducing consistency between
scans. Now that scanning parameters have been optimised, repeated scanning of a
cohort of mice at different time points is required, to assess the utility of 31P-MRS as a

translational biomarker.

In order to scan a cohort of mice, the animal welfare issues must be addressed by
installing a safe and suitable heating system. The hot water system (see section 4.3.2.4.)
which was used in one of the scanning sessions was unsuitable as the warm water
beneath the mouse only covered half of the body area, and the mouse lost temperature
very quickly. We suggest a modification to this method in which the water flows under

the whole of the mouse by adjusting the layout of the scanning bed. This modification
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has already been made but has not been tested. This would be a logical technique to

test in the first instance.

6.7. Future Work

This project had limitations which could be overcome with future work, primarily by a
thorough investigation of the brain, spinal cord and muscle of the TDP-43®33K mjce.
Pathological investigations should include NMJ staining, motor neuron counts and
motor neuron staining for p62, ubiquitin and phospho-TDP-43, as well as careful
examination for TDP-43 inclusions and aggregates. These investigations could further
elucidate the underlying mechanisms involved in neurodegeneration in the TDP-432331K
model, and potentially provide insights in to the development of TDP-43 pathology in
MND patients.

Further investigations of gene copy number are required by sending a large number of
samples for quantification. Studies in to the potential FTD phenotype of TDP-43®331K
mice using a variety of tests could be very informative, as well as another riluzole study
using a higher dose. Further testing of a heating system is required for future 31P-MRS

imaging.

6.8. Overall Conclusions

Overall, this project has provided new insights into the TDP-43%33X mouse model and
showed potential benefits of using this model in future pre-clinical trials. Detailed
phenotypic characterisation has provided a number of novel readouts of disease in this
model and shown that an increase of nuclear TDP-43 may be sufficient to cause
neurodegeneration. The EMG readouts provide a useful measure which can be
implemented in an identical manner to human studies, facilitating the translation of
therapeutic effects from one species to another. The fact that riluzole was able to
improve the reduction in CMAP amplitude on repetitive stimulation may indicate that
this is a useful translational readout for riluzole mimics or other compounds that can act
on this pathway. There is also room for the identification of therapeutics which modify
the motor phenotype (as riluzole did not, similar to the human disease). Finally the

identification of a phenotype which may mimic MND-FTD to an extent is intriguing and
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worthy of further investigation and again, may make this model particularly valuable for
investigation of therapeutics and mechanisms across the MND-FTD disease spectrum.
The TDP-43%331K model has a reliable and reproducible motor phenotype, signs of
pathology, and a potential FTD-like phenotype. Further studies of pathology and signs
of FTD in this model could be very beneficial to increase the number of readouts

available for monitoring in pre-clinical therapeutic trials.
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