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Abstract

Amyotrophic lateral sclerosis 8 (ALS8) is a late-onset slow-progressing form of motor neurone
disease caused by a missense mutation replacing cytosine with thymine in the VAMP-
associated protein B (vapB) gene, leading to a proline to serine replacement at position 56
(P56S) in the protein. The vapB protein is ubiquitously expressed in humans and located on
the endoplasmic reticulum (ER). It is involved in intracellular signalling through two
phenylalanine in a fatty acidic tract (FFAT)-like motifs on target proteins binding the major
sperm protein domain (MSP) which can also cleave for extracellular signalling. The vapB?~%°
mutation interferes with MSP cleavage and vapB function by preventing cleavage of the MSP
domain. CRISPR with long single stranded DNA inducing conditional knockout alleles (CLICK)
was used to generate founders of a colony, with heterozygous (vapBP®/*), homozygous
(vapBP°85/P56%) " and knockout (vapB”") offspring. A cohort was aged to 17-18 months in a
longitudinal study with gait being assessed at 6, 12, and 18 months. Male vapBP>®/?5%S female
vapBPo85/P56S and female vapB7- exerted less pressure on their paws at 18 months. Tissue was
collected at 18 months and analysed. There were fewer motor neurons (MN) in the lumbar
spinal cord of vapBP*®*/* and vapBP*®*/?>%S, and MIN were smaller in vapBP°65/P56S  TDP-43
pathology was present in vapB”- motor neurons, and syntaxin 1A signal was reduced in lumbar
spinal homogenates, but glial activation was absent. These results show that this rat model

could help to provide insight into the initiation and propagation of ALSS.



Lay Summary

Motor neuron disease is an umbrella term for a group of diseases affecting the central
nervous system and muscles involved in voluntary movement, leading to a deterioration of
muscle control over time. One of these diseases, amyotrophic lateral sclerosis 8 (ALS8), is
caused by a mutation in the vapB gene which changes the function of the protein created
from that gene. The mutation linked to ALS8 was introduced into the rat version of the gene
to see how it affected movement and the cells that send signals to muscles for movement
which are called motor neurons. Rats that carried the mutation had smaller and fewer motor
neurons than rats without the mutation. They also used tiptoe-like gait when walking, which
indicates a significant change in their movement, and a cellular marker of ALS was present in
cells where vapB was not functional. These results indicate that this rat model could offer

clues into how motor neuron diseases start and progress over time.
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1.1

1.1.1

1 Introduction

Neurodegeneration and Motor Neuron Diseases

Neurodegeneration refers to the progressive loss of cells in the central and/or peripheral
nervous system. Some cellular mechanisms have been studied as potential culprits of

neurodegeneration.

Protein Misfolding and Aggregation

Of all transcribed proteins, around 30% are misfolded (Schubert et al., 2000), affecting the
tertiary structure of the protein and modifying or eliminating sites that would usually interact
with cellular targets, and ultimately modifying or eliminating the protein’s role with adverse
downstream effects. Aggregation of misfolded proteins is a common hallmark of
neurodegenerative diseases due to regions of the protein, usually hidden away in its native
tertiary structure, being exposed and forming bonds with similarly exposed regions in other
copies of misfolded protein. This leads to the build-up of oligomers of various lengths, which

have been shown to induce apoptosis in cells (Demuro et al., 2005, Simoneau et al., 2007).

Famously, B-amyloid (BA) and tau proteins form plaques and neurofibrillary tangles
respectively in the cortex of patients diagnosed with Alzheimer’s disease (AD) (Masters et al.,
1985, Grundke-Igbal et al., 1987), with misfolding of the former occurring up to 14 years
before clinical symptoms emerge (Stocker et al., 2020). Parkinson’s disease (PD) is
characterised histologically by the presence of Lewy bodies and Lewy Neurites composed of
alpha-synuclein aggregates (Polymeropoulos et al., 1997). Mutations in the huntingtin gene
leads to the production of misfolded protein in Huntington’s disease (HD) (Neueder et al.,

2017).

The aggregation of misfolded proteins is thought to progress through seeding nucleation
where small oligomers of misfolded protein grow to a thermodynamically-favourable size,
and increase in size at a faster rate (Chothia and Janin, 1975). As post-mitotic cells, neurons
heavily rely on mechanisms that clear misfolded proteins and protect cells from aggregate
formation. Proteins are folded in the endoplasmic reticulum (ER) before translocation to their
target site, and misfolded proteins are cleared by the ER-associated degradation pathway

(ERAD), which transports proteins out of the ER for degradation by processes such as the
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ubiquitin-proteasome system (UPS) or the autophagy-lysosome system (Halbleib et al., 2017,
Baldridge and Rapoport, 2016).

Molecular chaperones, such as heat shock cognate 70 (Hsc70), recognise exposed
hydrophobic domains of misfolded proteins and can aid their refolding, or assist in their
degradation through the UPS, or the autophagy-lysosome system (Bercovich et al., 1997,
Ciechanover et al., 1995). UPS degrades proteins by tagging them with chains of ubiquitin,
which are recognised by the proteasome which degrades target proteins into peptides (Arrigo
et al., 1988), which are then further degraded to their constituent amino acids by peptidases
(Reits et al., 2003, Reits et al., 2004). The autophagy-lysosome system involves lysosomes
taking in targets through a transmembrane translocation complex (Cuervo and Dice, 1996),
or through invagination (Sattler and Mayer, 2000). Lysosomes can also take part in
macroautophagy where targets are enveloped in membrane to form a phagophore (Suzuki et
al., 2001), which develops into an autophagosome (Abeliovich et al., 2000), which fuses with
lysosomes (Nguyen et al., 2016), which use their acidic environment filled with hydrolases to
degrade material in the autophagosome (G.M., 2000). This fusion is enabled through proteins
involved in the SNARE complex (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor), which also has roles in vesicle recycling (Mori et al., 2021) and

neurotransmitter release (Xu et al., 1999).

Neuroinflammation

Neuroinflammation is also implicated in neurodegeneration, primarily enacted by glial cells,
which are non-neuronal populations of cells in the nervous system. Whilst important for
promoting tissue repair and removing cellular debris (Albrecht et al., 2003, Miron et al., 2013),

persistent inflammatory responses can lead to damage and progressive neurodegeneration.

Microglia are the innate immune cells of the nervous system, and can release neuroprotective
or neurotoxic factors, as well as phagocytose and clear debris (Sierra et al., 2010, Chen et al.,
2019, Zhou et al., 2020). Whilst morphology varies (Lawson et al., 1990), microglia constantly
monitor their microenvironment for any sign of damage or infection (Wake et al., 2009), can
change morphology from ramified to amoeboid (Das Sarma et al., 2013, Nimmerjahn et al.,
2005), and are able to translocate to target sites (Davalos et al., 2005a). They can release anti-

inflammatory cytokines and growth factors to aid repair (Park et al., 2007), and can release
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toxic factors to kill invading pathogens and recruit help via the release of pro-inflammatory
cytokines (Fenn et al., 2014). In the event of prolonged exposure to stressors such as physical
injury, excessive heat, or ageing, long-lasting activation of microglia could become damaging
to surrounding tissue and contribute to neurodegenerative diseases (Baniasadi et al., 2020,
Barcia et al., 2011). Their morphology and activity can be location-dependent, such as BA
plague adjacent microglia in AD undergo major changes whereas plaque-distant microglia
show only minor changes (Plescher et al., 2018). Pro-inflammatory cytokines were
significantly elevated in patients with PD (Qin et al., 2016). Microglia were shown to release
elevated levels of reactive oxygen species in pluripotent stem cells from HD patients (O’Regan

et al.,, 2021).

Astrocytes are star-shaped glial cells that have key roles in maintaining the central nervous
system blood-brain barrier (BBB), providing energy through metabolites to neurons,
modulating synaptic activity, and in glial scar formation (Wolburg et al., 2009, Pellerin and
Magistretti, 1994, Magistretti and Chatton, 2005, Wanner et al., 2013). Astrocytes, like
microglia, activate when exposed to stress or injury by changing morphology and releasing
neurotoxic or neuroprotective factors, depending on the microenvironment (Hayakawa et al.,
2014, Lian et al., 2015). They also upregulate glial fibrillary acidic protein (GFAP), which could
potentially have neuroprotective effects in pathological conditions (Wilhelmsson et al., 2004,
Liedtke et al., 1998). There is also cross talk between astrocytes and microglia, which can
activate or alleviate each other depending on the environment (Saijo et al., 2009, Liddelow et

al., 2017).

Metabolism

Astrocytes play a key role in metabolism in the CNS as neurons are isolated from blood supply
through the BBB (Ehrlich, 1885). They have a higher capacity for glucose utilisation (Jakoby et
al., 2012), and provide neurons with lactate through the astrocyte-neuron lactate shuttle.
Glucose transporters such as glucose transporter 1 (GLUT1) translocate glucose from
capillaries to astrocytes where it is converted to pyruvate and then lactate, or is used to
generate ATP. Lactate is transported to neurons via monocarboxylate transporters (MCTs)
where it is converted back to pyruvate, and used for the production of cellular energy in the
form of adenosine triphosphate (ATP) through aerobic respiration (Brooks, 1985). In events

of increased neurotransmission, glutamate, an excitatory neurotransmitter, is taken up by

3



astrocytes via excitatory amino acid transporters (EAATs) and converted to glutamine, which
is transported into neurons for conversion back into glutamate and re-used (Hertz and
Rothman, 2016). This recycling mechanism also clears the synapse of excess glutamate which
can excite post-synaptic neurons and lead to excitotoxicity (Olney, 1971, Choi et al., 1988).
Astrocytes can also synthesize glutamate de novo from glucose through pyruvate carboxylase
(Gamberino et al., 1997), and glutamate in astrocytes has been shown to be oxidised to

generate ATP (McKenna, 2012, Hertz and Hertz, 2003, Sonnewald et al., 1993).

Changes to the glycolytic pathway and tricarboxylic acid (TCA) cycle have been observed in
models of AD (Arias et al., 2002, van Gijsel-Bonnello et al., 2017). Plasma samples from PD
patients contained significantly reductions of fatty acids, elevation of bile acids and
alterations in steroid hormones compared to controls (Shao et al.,, 2021). Early positron
emission tomography scans revealed reduced glucose metabolism in the cerebral cortex and
striatum of HD patients before the emergence of clinical symptoms (Kuwert et al., 1990,

Antonini et al., 1996)

Cholesterol and unsaturated fatty acids are enriched at the synaptic membrane and play key
roles in membrane fluidity, vesicle formation, synaptogenesis, and ion channel function and
clustering (Pani et al., 2008, Bolotina et al., 1989, Zhang et al., 2009, Mauch et al., 2001).
Astrocytes provide cholesterol via the apolipoprotein E (APOE) complex to neurons to utilise,
and also play a role in defending fatty acid toxicity by taking up lipoproteins carrying
peroxidated lipids secreted by overstimulated neurons and storing them in lipid droplets and

breaking them down (loannou et al., 2018).

Glucose metabolism is linked to lipid metabolism through the synthesis of cholesterol from
acetyl CoA, which is a derivative of glucose (Gould et al., 1953). Therefore, changes to glucose
metabolism can affect lipid metabolism. For example, glucose metabolism is altered in
carriers of APOE*E4 before the appearance of symptoms of Alzheimer’s disease (Reiman et
al., 2004). APOE also increases calcium excitability in astrocytes (Larramona-Arcas et al.,
2020). Increasing the presence of cholesterol in astrocytes has been shown to be
neuroprotective (Fagan et al., 1996, Berghoff et al., 2021). Altered cholesterol metabolites
found in blood and CSF (Griffiths et al., 2021, Segatto et al., 2014).

Mitochondria provide energy in the form of ATP that enables cellular processes to occur. In
stress or pathological conditions, the ability to provide this energy alters to a malfunctioning
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state. Less ATP is produced, more reactive oxygen species (ROS) are generated, and calcium
regulation is negatively affected, causing further stress and cellular dysfunction (Cha et al.,
2015, McManus et al., 2011, Peterson et al., 1985). Mitochondrial dysfunction has been
implicated in neurodegeneration through these mechanisms, in conjunction with other

malfunctioning cellular processes.

Motor Neuron Diseases

The term motor neuron disease (MND) encompass a group of diseases in which the
degeneration of either upper, lower or both upper and lower motor neurons are linked with
muscular atrophy and/ or weakness. With ongoing study, diagnostic criteria enable clinicians
to discern MNDs from potential mimic diseases, allowing for suitable therapeutic steps to

take, and enabling patients to understand their prognosis.

Primary lateral sclerosis (PLS) has been characterised as an adult- to late-onset slowly
progressive upper motor neuron disease with mild or lack of lower motor neuron deficiency
(Sorenson et al., 2002). Symptoms initially tend to emerge in lower limbs, but upper motor
signs predominate, including hyperreflexia and pseudobulbar effect (Turner et al., 2020). PLS
is sporadic, with diagnosis requiring a lack of familial history of the disease (Pringle et al.,
1992), however cases of PLS patients with a family history of other motor neurons diseases
have been described (Brugman et al., 2005). Underlying mechanisms are unknown due to the
rarity of the disease, but TDP-43 pathology has been identified in post-mortem motor cortex

(Mackenzie and Briemberg, 2020, Singer et al., 2005).

Spinal muscular atrophy (SMA) is characterised by the homozygous deletion of survival motor
neuron 1 protein (SMN1) in 95% of SMN cases, and mutation in the remaining 5% of cases
(Lefebvre et al., 1995). Incidence is 1 in 11,000 live births (Sugarman et al., 2012). This results
in the death of alpha motor neurons in the spinal cord (Powis and Gillingwater, 2016).
Subsequently, patients present with lower motor signs including muscle weakness and
atrophy, although clinical presentation is heterogeneous from foetal death to mild
presentation in adulthood and are classified according to age of onset and clinical severity
(Finkel et al., 2014, Swoboda et al., 2005, Kaufmann et al., 2011, Oskoui et al., 2017). Although
homozygous deletion of SMN1 is the key cause of the disease, heterogeneity may arise from

the various number of copies of SMN2 that individuals carry (Prior et al., 2004). SMN2 cannot
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fully compensate for the lost SMN protein expressed by SMN1, and a single C-T substitution
in SMN2 promotes splicing of exon 7, resulting in dysfunctional truncated SMN protein
(Burnett et al., 2009). SMN is thought to have roles in spliceosome formation (Chari et al.,
2008), actin dynamics (Antoine et al., 2020), vesicle release (Kong et al., 2009), and mRNA
transport (Fallini et al., 2011). However, precise understanding of how reduced availability of

SMN leads to SMA is not completely understood.

Amyotrophic Lateral Sclerosis

The prevalence of motor neuron diseases varies geographically, but the most globally
common form of motor neuron disease is amyotrophic lateral sclerosis (ALS), also known as
Lou Gehrig’s disease in North America, named after the famous baseball player diagnosed in

1939.

A Brief History

Whilst multiple clinical descriptions of progressive muscular atrophy had been described

(Duchenne de Boulogne, 1851, Aran, 1850), the disease was described by Jean-Martin Charcot
in 1829 after longitudinal observation of similar clinical symptoms in multiple patients
(Charcot, 1869). This led to him coining the term Amyotrophic Lateral Sclerosis (ALS) after
linking clinical symptoms of progressive muscular atrophy with the loss of large cells in the
anterior horn and sclerosis of the lateral columns of the spinal cord. This was built upon by
subsequent groups identifying the loss of Betz cells in the motor cortex (Hammer et al., 1979),
which are large pyramidal motor neurons in layer Vb of the primary motor cortex, and
synapse with motor neurons in the ventral horn of the spinal cord (Nieuwenhuys et al., 2008).
This forms part of the link between ALS with frontotemporal lobar dementia (FDLD) (Hudson,
1981, Kiernan and Hudson, 1994), and the presence of ubiquitin-positive tau-negative protein
aggregates in neurons (Leigh et al., 1988, Lowe et al., 1988) contained TDP-43 (Arai et al.,
2006, Neumann et al., 2006). The advent of genetic sequencing and analysis provided further
understanding of underlying molecular mechanisms involved in ALS using genes identified

from families with multiple affected individuals carrying the same genetic mutations.



1.2.2 Pathophysiology

Symptoms of ALS include progressive motor impairment with lower and/or upper motor
neuron signs with a focal onset, and with little sign of neuropathic pain or sensory loss (Brooks
et al., 2000, Shefner et al., 2020). Some patients with lower motor neuron signs have bulbar-
rather than limb-onset and display symptoms such as dysarthria and dysphagia. All of this
gives ALS a heterogenic nature in the clinical presentation of the disease, which increases the
risk of misdiagnosis due to some symptoms being attributed to mimic diseases such as
Primary Lateral Sclerosis and Myasthenia gravis (Singer et al., 2007, Singh et al., 2018).
Guidelines such as the El Escorial Criteria (Brooks, 1994), the Revised El| Escorial Criteria
(Brooks et al., 2000), the Awaiji Criteria (de Carvalho et al., 2008), and the Gold Coast Criteria
(Shefner et al., 2020) all outline clinical assessments and criteria which help clinicians to
pinpoint diagnosis. The most recent takes into account ECG assessment, rigorous testing for

disease mimics, and takes bulbar-onset cases into account.

Weight loss is also a key symptom as patients lose fat and muscle tissue during disease
progression. Hypermetabolism alongside loss of fat and muscle tissue have also been seen
as an indicator of poor clinical prognosis and survival from altered metabolism in patients
(Steyn et al., 2018, Guillot et al., 2021, D'Amico et al., 2021, Lee et al., 2021, Moglia et al.,
2019), perhaps exacerbated by loss of appetite reported by patients in a small study (Holm et
al., 2013). Whilst loss of appetite and dysphagia amongst patients were key factors for weight
loss, a subset of spinal onset of patients without dysphagia lost weight regardless of loss of
appetite, disease severity, depression, or FTLD (Koérner et al., 2013, Moglia et al., 2019).
Hypometabolism was associated with delayed need for percutaneous endoscopic
gastrostomy and ventilation alongside better survival in comparison with hypermetabolic
patients (Cattaneo et al., 2021), and managed dietary intake helped to slow rapid weight loss

(Lépez-Gémez et al., 2021).

Environmental risk factors were previously considered, with the only accepted one being
smoking. However, non-environmental risk factors reported in literature included genetic
variants, being male, and advanced age (Oskarsson et al., 2015). A recent analysis of whole
genome of SALS patients found that most carried one or more of 22 newly-identified
mutations with a subset of individuals carrying 17 or more of the novel mutations (Logan et

al., 2022), leading to the theory that SALS cases arise from interactions between multiple
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genetic factors (Luigetti et al., 2011, Chio et al., 2012, van Blitterswijk et al., 2012a, Pottier et
al., 2015).

Whilst astrogliosis has been shown to dampen initial CNS damage and induce repair after
spinal cord injury (Wanner et al., 2013), increasing evidence shows a role for astrogliosis in
MN loss in models of ALS such as SOD1 (Wong et al., 1995, Bi et al., 2013, Nagai et al., 2007),
FUS (Sharma et al., 2016), and TARDBP (Tong et al., 2013, Yang et al., 2014), and in samples
from ALS patients (Haidet-Phillips et al., 2011). Evidence suggests astrocyte-induced
upregulation of the glutamate receptor subunit GIuR2 in neighbouring MNs, giving rise to MN
excitotoxicity and progressing neurodegeneration (Van Damme et al., 2007, Haidet-Phillips et
al., 2011, Meyer et al., 2014). Microglia act as the innate immune cells of the nervous system,
scanning their surroundings for signs of injury or infection and responding to them
(Nimmerjahn et al., 2005, Davalos et al., 2005b). Microglial activation been implicated in
models of ALS such as SOD1 (Almer et al., 1999), TDP-43 (Zhao et al., 2015), FUS (Ajmone-Cat
et al., 2019), and C9orf72 (O'Rourke et al., 2016), as well as in patient post-mortem samples
(Brettschneider et al., 2012, Dols-Icardo et al., 2020). However, this has been controversial as
microgliosis may be linked to normal brain ageing, which needs to be taken into account as

ALS is a late-onset disease (Soreq et al., 2017).

There are only 2 drugs that have been clinically shown to delay the need for invasive
ventilation by a number of months — Riluzole and Edaravone (Bensimon et al., 1994, Abe et

al., 2014).

Disease causing genes of familial ALS

Of all ALS cases, 90% are sporadic (SALS) and 10% are inherited familial cases (FALS) (Turner
et al., 2013). These familial cases provide a foothold for investigating underlying mechanisms

of ALS through genetic components passed between generations.

The most commonly occurring genes in FALS cases are in copper/zinc Superoxide Dismutase
(SOD1) (Rosen et al., 1993a), the nuclear protein fused in sarcoma (FUS) (Vance et al., 2009b),
TAR DNA-binding protein 43 (TARDBP) (Sreedharan et al., 2008), and chromosome 9 open
reading frame 72 (C9orf72) (Delesus-Hernandez et al., 2011, Brown and Al-Chalabi, 2017).
Most lead to protein misfolding, which is a hallmark of neurodegenerative diseases, and has

been partially ameliorated in disease models by the introduction of cytosolic and ER



chaperone proteins which help with protein folding, including heat shock proteins (Malik et
al., 2013, Lin et al., 2013, Crippa et al., 2016). However, motor neurons appear particularly
susceptible due to their large size, vital need for efficient axonal transport of resources to and
from the soma, and reliance on good protein quality control to prevent accumulation of

misfolded proteins (Puga et al., 2015).
1.2.3.1 SOD1

SOD1 was the first gene to be identified and linked to FALS (Rosen et al., 1993a), with the
same molecular signature of aberrant 32kDa SOD1 protein in spinal cord samples from FALS
and SALS patients (Gruzman et al.,, 2007). SOD1 encodes the homodimeric copper/zinc
superoxide dismutase protein which protects the cell from damage by reactive oxygen species
by converting superoxide anion to hydrogen peroxide, which is further reduced to water by

glutathione peroxidase (Fridovich, 1986).

Many mutations within the gene have been identified that link SOD1 to ALS, with the most
common in Europe, North America, and Russia being D90A, which is mostly inherited
recessively (Andersen et al., 1996), and the most studied being G93A, due to the successful
development of a mouse model with a well-characterised phenotype (Gurney et al., 1994b).
Most SOD1 mutations are inherited in an autosomal dominant manner (Rosen et al., 1993b),
and lead to toxic gain of function from misfolded SOD1 creating insoluble aggregates,

disrupting cellular homeostasis by as yet unknown mechanisms (McAlary et al., 2016).
1.2.3.2 TARDBP

TAR DNA-binding protein 43 (TARDBP), the gene that encodes TDP-43, was initially identified
as suppressor of HIV1-1 gene expression (Ou et al., 1995), but was subsequently identified in
ubiquitin-positive tau-negative aggregates in cortical samples from ALS and FTLD patients
(Arai et al., 2006, Neumann et al., 2006). TDP-43 is a nuclear RNA-binding protein involved in
RNA processing, including splicing and transport (Sreedharan et al., 2008, Rutherford et al.,
2008). Although it is primarily located in the nucleus, it shuttles between the nucleus and
cytoplasm (Tziortzouda et al.,, 2021). Under pathological conditions, abnormal truncated
forms of the TDP-43 protein mislocalizes to cytoplasmic inclusions (Neumann et al., 2006,
Chen et al., 2004), a pathology seen in the post-mortem tissue in the majority of ALS patients

not carrying ALS-linked mutations in SOD1 or fused in sarcoma (FUS) (Mackenzie et al., 2007a,



Kwiatkowski et al., 2009). This is also replicated in models of the disease amongst a number
of ALS-linked mutations of TDP-43 (Barmada et al., 2010, Mutihac et al., 2015, Chen et al.,
2010a) and has become a key histological marker of ALS in both FALS and SALS cases
(Sreedharan et al.,, 2008). Mechanisms explaining the link to TDP-43 mislocalisation to
neurodegeneration is unclear, but its depletion or overexpression leads to neurotoxicity
(lguchi et al., 2013, Wu et al., 2012, Kabashi et al., 2010), and its deletion is embryonically

lethal in mice (Kraemer et al., 2010).
1.2.3.3 FUS

Fused in Sarcoma (FUS) is an RNA binding protein localised to the nucleus, but, like TDP-43,
shuttles between the nucleus and cytoplasm (Zinszner et al., 1997). ALS-linked FUS mutations,
especially those located in its nuclear localisation signal domain (NLS), lead to mislocalisation
and aggregate formation in the cytoplasm (Niu et al., 2012). Mutations account for 4% of SALS
cases, and FUS pathology appears in cases of ALS where there is no TDP-43 pathology for, as
yet, unknown reasons (Vance et al., 2009a). FUS is involved in messenger RNA (mRNA)
transport and translocation (Fujii and Takumi, 2005, Yasuda et al., 2013), mediates mRNA
splicing and silencing (Lagier-Tourenne et al., 2012, Zhang et al., 2013), is recruited into stress
granules under stress conditions (Lenzi et al., 2015), and promoted DNA repair under stress
(Wang et al., 2013a). ALS-linked mutations affect the ability of FUS to properly mediate RNA
metabolism (Lagier-Tourenne et al., 2012), stress response (Lenzi et al., 2015, Dormann et al.,

2010), or DNA repair (Deng et al., 2015).

1.2.3.4 C9orf72

The hexanucleotide GGGGCC repeat expansion in the non-coding region of the C9orf72 gene
was identified in 2011 (Delesus-Hernandez et al., 2011, Renton et al., 2011, Gijselinck et al.,
2012), and has been shown to be the most common genetic cause of ALs and FLTD in Europe
and North America (Delesus-Hernandez et al.,, 2011). Whist the true threshold of
hexanucleotide repeats is unclear, most healthy individuals carry less than 11 repeats whilst
ALs patients are heterozygous for hundreds or thousands of repeats (Delesus-Hernandez et
al., 2011, van Blitterswijk et al., 2013). Theories underlying disease mechanisms include the
repeats leading to loss of function through haploinsufficiency (Shao et al., 2019), the repeats

being translated to expanded RNAs that accumulate into foci (Lee et al., 2013, Mori et al.,
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2013), or the expanded RNAs being transcribed into dipeptide repeat proteins which also
accumulate into foci . TDP-43 inclusions were also identified in neurons of patients carrying
the repeat expansions (Cook et al., 2020). Mounting evidence suggests a combination of the

described mechanisms leading to ALS pathology (Shao et al., 2019, Zhu et al., 2020)

1.2.4 ALS Disease Models

In order to study cellular roles and possible disease mechanisms, transgenic techniques
allowed the development of disease models. A motor neuron cell line, NSC34, transfected to
express SOD1%%3A demonstrated morphological changes to mitochondria accompanied by
decreases in electron transport chain activity, and increased cell death in an oxidative
environment compared to controls (Menzies et al.,, 2002). C.elegans expressing human
vapBP® presented with adverse locomotion and axonal misguidance, whilst knocking out the
homologue vpr-1 induced age-progressive motor neuron death (Zhang et al., 2017). Induced
pluripotent stem cells (iPSCs) from ALS patients revealed transcriptomic commonalities, with
potential for use as predictive markers of ALS (Ho et al., 2021). Recently, organoids developed
from iPSCs from ALS patients demonstrated altered transcriptomic and DNA repair in

astrocytes and neurons in one system (Szebényi et al., 2021).

1.2.4.1 Rodent Models

Rodent models have been a key step in translational neuroscience as system effects of a
genetic component observed in a mammal system, or treatments successful in cell lines and
non-mammalian organisms could be tested for effectiveness and potential side effects in a
more complex biological system. Whilst some rat models of ALS do exist, most have been

developed in the mouse.
1.2.4.1.a S0ODI1 Mice

The most commonly used animal model is the SOD1%°** mouse, which has a well-
characterised disease phenotype with consistent progressive loss of spinal motor neurons
and muscle atrophy (Gurney et al., 1994a). The SOD1 model helped determine the non-cell
autonomous nature of ALS where glial cells were revealed to have roles in the disease, such
as the reduction of astrocyte glutamate GLT-1 receptors leading to increased levels of

glutamate at synaptic clefts and opening motor neurons to excitotoxicity (Rothstein et al.,
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1992). The degeneration of cortical MNs has been reported inconsistently, but is key in the

diagnosis of ALS1 (Thomsen et al., 2014, Ozdinler et al.)
1.2.4.1.b TDP-43 Mice

Knocking out TDP-43 in mice was embryonically lethal, but heterozygous mice lived long
enough to develop late-onset motor deficits (Kraemer et al., 2010). Reducing expression
through the use of conditional floxed TDP-43 resulted in rapid loss of fat and death 9 days
after expression was halted (Chiang et al., 2010). Over-expression of TDP-43 led to changes
in gait and weight loss coinciding with the loss of corticospinal axons, and TDP-43
proteinopathy in cortical motor neurons (Wegorzewska et al., 2009b, Hatzipetros et al.,
2014). Recently, a promising TDP-43 knock-in model in the mouse presented with all of the
hallmarks of ALS-TDP pathology from motor deficit down to cellular process, such as
abnormal RNA splicing of spinal Bcl-2 pre-mRNA leading to the increase of the negative
regulator of autophagy (Huang et al., 2020). A commercial model over-expressing human
TDP-43®331K was recently characterised and found to have significantly reduce muscle mass
and function in the hind limbs, increased weight gain, and a lack of classical TDP-43
proteinopathy but an increase in TDP-43 expression in motor neuron nuclei compared to

control (Watkins et al., 2021).
1.2.4.1.c FUS Mice

Ubiquitous overexpression of FUS/TLS-R521C led to damage of the BDNF gene, leading to
downstream defects in dendritic growth and synapse formation. Splicing defects of other
genes involved in those roles was also observed, potentially further exacerbating the
presenting symptoms (Qiu et al., 2014). Expression of AFUS(1-359) in mice led to late-onset
pathology where large cytoplasmic inclusions develop, pro-inflammatory microglia become
active, and acetylcholine neurotransmission failed in motor neurons (Funikov et al., 2018).
Another model demonstrated how the over expression of human FUS increases
downregulation of endogenous FUS, leading to a rapid progressive phenotype and
dysregulation of gene expression from defective RNA metabolism (Ling et al., 2019). Mice
over-expressing wild type FUS had reduced histone acetylation, which was ameliorated by
treatment with a potent histone deacetylase inhibitor and improving survival (Rossaert et al.,
2019). A FUS knock-in model demonstrated dysfunction in stress granule processing (Zhang
et al., 2020), whilst an over-expression model had accumulation of FUS at synapses, and
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evidence of synaptic RNA dysregulation (Sahadevan et al., 2021). Knock-in mice (FUSP525L)
were shown to have reduced expression of FUS in the brain and spinal cord and delaying
motor neuron degeneration when FUS antisense oligonucleotide was used to silence FUS

(Korobeynikov et al., 2022).

1.2.4.1.d C9orf72 Mice

Nuclear foci, dipeptide repeat proteins, TDP-43 pathology, motor deficits, behavioural
changes, weight loss, and cortical neuron loss were all observed in the cortices of mice
expressing (GaCz)es repeats (Chew et al., 2015). Bacterial artificial chromosome (BAC) was
used to generate models of ALS from DNA of an ALS/FTLD patient, but only one of the four
models developed motor deficits (Liu et al., 2016, Jiang et al., 2016, O'Rourke et al., 2016,
Peters et al., 2015). Crossing the model with the motor deficit with a knockdown model
showed that motor deficits were exacerbated by reduced C9orf72 protein availability,
indicating a protective role for endogenous C9orf72 in the BAC model (Shao et al., 2019).
Short GA repeats still produced non-lethal sex-specific ALS/FTLD-like symptoms in mice
(Verdone et al., 2022). Treatment with rifampicin ameliorated RNA foci formation, dipeptide
repeat cytoplasmic inclusions, synapse and neuronal loss, and mouse memory changes when

administered nasally (Hatanaka et al., 2022)
1.2.4.1.e ALSinthe Rat

Rat models have been used over mouse models due to their larger size, and ease of direct
therapeutic administration through the use of, for example, osmotic pumps to deliver
vascular endothelial growth factor (VEGF) in SOD1%%3* rats which prolonged their survival

(Storkebaum et al., 2005).

Rats expressing human SOD1%%3* developed slight motor deficits during early disease
progression (Thonhoff et al., 2007). However, overexpression of SOD1%%A in rats led to ALS-
like MND with rapid progression, focal loss of EAAT2 glutamate transporter in the ventral horn
of lumbar spinal cord, SOD1 inclusions that were ubiquitin-positive, and evidence of gliosis
(Howland et al., 2002). This has been shown to be more aggressive in rats than mice (Nagai
et al., 2001). Mitochondrial protein import was observed to be inhibited in rats expressing
SOD1%%%A and proteins key to mitochondrial protein import were upregulated as a possible

response (Li et al., 2010).
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TDP-43 over-expression also led to ALS-like symptoms including progressive widespread
neurodegeneration specific to motor neurons, denervation and atrophy of skeletal muscle,

and classic TDP-43 mislocalisation to the cytoplasm (Zhou et al., 2010).

vapB and ALS8

vapB Discovery, Function, and P56S Mutation

VAMP-associated protein of 33 kilo Daltons (VAP-33) was identified in Aplaysia Californica,
using yeast two-hybrid system, as a protein that interacted directly with the vesicle associated
membrane protein (VAMP) (Skehel et al., 1995). Cell fractionation localised the protein to cell
membranes, and in vitro intracellular injections of antibodies raised against a recombinant
form of the protein inhibited evoked excitatory synaptic potentials, demonstrating the
requirement of VAP-33 the release of synaptic vesicles. VAP-33 was also identified in the
mouse (mVAP-33), and observed to localise to the cytoplasmic face of the endoplasmic
reticulum (ER) to interact with microtubules via ultrastructural analysis (Skehel et al., 2000).
Human (hVAP-33) and rat homologues of VAP-33 were also identified and were named vapB,
its paralogue vapA, and the vapB splice variant vapC (Nishimura et al., 1999). vapB and vapA
were found to form homo- and heterodimers through a dimerization motif (GXXXG) in the
transmembrane domains (Kim et al., 2010, Russ and Engelman, 2000), and hVAP-33 had
greater distribution amongst tissues than VAP-33 in A.Californica, with similar structure and
ability to bind VAMP (Weir et al., 1998). The VAPs were composed of an N-terminal major
sperm protein domain (MSP), coiled coil domain (CCD), and the C-terminal transmembrane

domain (TMD) (), apart from vapC which lacked the CCD and TMD.

P565 124 159 196 223 243

l l l l l l - Major Sperm Protein domain

i = BB . B coies cof doman

T T T T Transmembrane domain
T4ael

P56H Al145V V2341

Figure 1.1: Schematic of VAPB with domains and P56S mutation annotated IN RED. Other mutations,
described in 1.3.1.2, are marked out in grey below the schematic.
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The VAP family of proteins was later expanded with discovery of motile sperm domain-
containing proteins MOSPD1, MOSPD2, and MOSPD3, all of which are localised to the ER, and
form homo-and heterodimers with other VAP proteins such as vapB and vapA (Cabukusta et

al., 2020, Di Mattia et al., 2018, James and Kehlenbach, 2021, Neefjes and Cabukusta, 2021).

The highly conserved N-terminal MSP domain was so named due to its homology to the major
sperm protein found in the C.elegans, where it acts as a hormone and binds to ephrin (Eph)
receptors to activate oocyte maturation (Corrigan et al., 2005). It is also a key component in
Ascaris sperm cytosolic filamentous motility system, which utilises MSP rather than an actin-
based system for motility (Italiano et al., 1996). There is evidence of an N-terminal cleavage
product of vapB in whole brain and spinal cord lysates (Gkogkas et al., 2008). The specific site
of cleavage has not yet been described but the cleavage product size indicates a site between
the MSP and CCD, indicating that the MSP domain is released as a cleavage product. MSP is
noted to have inter- and extracellular presence in D.melanogaster wing discs, and is key for
alpha lobe formation (Tsuda et al., 2008). MSP has a two phenylalanines in an acidic tract
(FFAT) motif-binding site which allows interaction of VAPs with other proteins (Loewen and
Levine, 2005). The FFAT binding site in MSP is widely agreed to be EFFDAXE and downstream
of an acidic tract (Loewen et al., 2003), and thought to interact as a pair within a VAP dimer

when interacting with a pair of FFAT motifs (Kaiser et al., 2005).

1.3.1.1 Cellular roles and interactors of vapB

Proteins containing a FFAT-like motif interact with vapB to enable cellular mechanisms to
occur. If the protein binding vapB is resident on the membrane of another organelle, the
binding proteins form a tether to anchor the organelle to the ER and allow, for example, the
transfer of materials between them. Oxysterol binding protein (OSBP) on the Golgi apparatus
binds to vapB, facilitating the formation of a membrane contact site between the Golgi and
the ER, and enabling the transfer of lipids (Wyles et al., 2002), ER to Golgi protein trafficking
(Kuijpers et al., 2013b, Peretti et al., 2008), and calcium and lipid homeostasis (De Vos et al.,
2012, Costello et al., 2017a). Phosphatidylinositol-transfer proteins (Nir1, Nir2, and Nir3) help
to maintain the characteristic tubular structure of the ER by creating an interaction between

the ER membrane and microtubules (Amarilio et al., 2005).
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Other examples of vapB interacting with other proteins to tether the ER to organelles includes
the protein tyrosine phosphatase interacting protein 51 (PTPIP51) on mitochondria which is
key for normal calcium homeostasis and autophagy (De Vos et al., 2012, Gémez-Suaga et al.,
2019), the ceramide transfer protein located on Golgi allowing the transfer of ceramide from
the ER which is key in sphingomyelin synthesis (Kawano et al., 2006), acyl-coenzyme A-binding
domain protein 5 (ACBD5) allowing the interaction between the ER and peroxisomes (Costello

et al., 20173, Costello et al., 2017b).

In autophagosome formation, vapB interacts with autophagosome proteins such as FIP200
and ULK1 to stabilize their complex to autophagosome formation sites on the ER (Zhao et al.,
2018). Regulation of autophagy also involves vapB through its interaction with PTPIP51 to
form ER-mitochondrial tethers, which hen loosened, stimulated autophagosome formation

(Gomez-Suaga et al., 2017b, Gomez-Suaga et al., 2017a).

The cleavage of the MSP domain of vapB allows for signalling away from the ER. The MSP
domain of the C.elegans homolog of vapB is secreted and interacts with Roundabout and
leukocyte common antigen-related (LAR)-like receptors in striated muscle, helping to localise
mitochondria to myofilaments and promote energy production (Han et al., 2013, Han et al.,

2012).

Given the vast range of cellular processes vapB is involved in, any change to its normal
behaviour could result in changes to any or all of these roles that could lead to
neurodegeneration and disease. For example, its interaction with aberrant a-synuclein
disrupts vapB-PTPIP51 interactions and affects ER-mitochondrial tethering, and interrupts
calcium homeostasis (Paillusson et al., 2017). Such disruptions makes vapB a key protein for

ALS modelling.

1.3.1.2 Mutations in vapB

Different point mutations in the gene encoding vapB have been reported. The P56H mutation
was discovered in a Chinese Han kindred with a case of FALS with slow progression, muscular
cramps and fasciculations (Sun et al., 2017). The T46] mutation was detected in a FALS case
and characterised in a D.melanogaster model where ubiquitin aggregate formation and
neuron cell death were observed (Chen et al., 2010b). The V234l mutation, located in the

transmembrane domain, was identified in a case of rapid progression FALS from a Dutch
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1.3.2

kindred who also carried C9orf72 repeat expansions (van Blitterswijk et al., 2012b). The
A145V mutation, located between the MSP and coiled coil domains, was discovered in a SALS

case of rapid progression late-inset ALS (Kabashi et al., 2013).

The most common mutation linked with ALS P56S to ALS8, especially given its prevalence in
ALS cases in Brazil. P56S is located in the region encoding the MSP domain, next to the FFAT
binding region (Furuita et al., 2010), and inhibits MSP cleavage from the main vapB protein
(Tsuda et al., 2008, Gkogkas et al., 2011). Interactions between vapB and target proteins are
also affected, such as the vapB-PTPIP51 ER-mitochondrial interaction which is also indirectly
affected by TDP-43 (Stoica et al., 2014b), implicating vapB in mechanisms affected by another
ALS-related protein. This interaction could have downstream implications for ER and
mitochondrial calcium homeostasis as well as mitochondrial function. The tethering of
organelles to the ER via vapB was also affected by the mutation, possibly due to delocalisation
from the ER to the autophagosome (Yamanaka et al., 2020, Larroquette et al., 2015). The
interaction between vapB and autophagosome proteins was also affected by the P56S

mutation and impaired autophagy at an early step (Zhao et al., 2018).

Amyotrophic Lateral Sclerosis 8

ALS8 (OMIM [#608627]) is a late-onset subset of ALS first identified in a large Caucasian
Brazilian family with 28 affected members over 4 generations (Nishimura et al., 2004a). The
initial paper featuring this family did not name the disease but outlined clinical symptoms
which included lower motor neuron symptoms confirmed by electrophysiological studies,
early postural tremor, fasciculation in limbs and tongue confirmed with needle
electromyography, large motor unit activation with reduced recruitment of other units on
effort, and normal sensory function and motor nerve conduction. Phenotypic clinical
presentation amongst affected members was organised into three diseases: late-onset spinal
muscular atrophy, typical ALS with rapid progression, and atypical ALS with slow progression
and postural tremor. The proportion of affected members in each family presenting with one

of the three phenotypes was not equal, and there appeared to be no sex differences.

Linkage analysis helped to show that all affected members of the family were found to inherit
genes in a locus identified in the paper as 20q13.33. In a later paper (Nishimura et al., 2004b),

the authors used microsatellite markers, mutation screening, and recombination events in
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1.4

marker D205430 and the TUBB1 gene to identify a gene with a missense mutation present in
all affected members of this family, which was dominantly inherited, and affected members
of 6 other families in the study who presented with similar symptoms. The gene encoded the
vesicle-associated membrane protein-associated protein B (vapB). The missense mutation in
exon 2 replaced nucleotide base cytosine (C) with thymine (T), and changed codon 56 from

proline to serine (P56S).

More families with individuals carrying this mutation were found in Brazil (Marques and
Marques, 2008, Trilico et al., 2020), which indicated that ALS8 as the most common form of
ALS in Brazil (Chadi et al., 2017). Haplotype analysis even established a common founder
between the Brazilian families in that paper (Nishimura et al., 2005). However, the disease
was not limited to Brazil as other cases have also been reported globally in familial and
sporadic cases (Funke et al., 2010, Millecamps et al., 2010, Guber et al., 2018, Di et al., 2016),
with evidence that it is not a purely motor disease due to cognitive and behavioural

impairments such as apathy and executive dysfunction (de Alcantara et al., 2019).

vapB in vivo

The limited treatment options for ALS speaks to the difficulty in translating findings from
current models to the human. Models in D.melanogaster, D.rerio, and M.musculus have all
been used to study how the P56S mutation or knocking out VAPB affects biology on cellular,
tissue, and whole organism levels. Table 1.1 outlines phenotypes of vapB mutant and
knockout models to date. The use of D.melanogaster, D.rerio, and M.musculus provided key
insight into the mechanisms affected by disease-causing mutations, and how they affect

complex biological environments.

Most models develop cytoplasmic aggregates which appear to sequester wild type vapB and
proteins involved in lipid trafficking, ER stress, and ubiquitin pathway for protein degradation.
Loss of function cannot be completely decided upon as knocking out vapB in the mouse did
not completely replicate outcomes from the knock-in model that expressed vapB and vapBP>%

at endogenous levels.

There is a substantial genetic distance between rats and mice on an evolutionary scale
(Steppan et al., 2004), an example being that roughly 40% of genes in hippocampal neurons

are differentially expressed between rats and mice (Francis et al., 2014), but the gene
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encoding vapB in mice and rats is fully homologous. Rats provide an enhanced biological
disease model compared to the mouse given their social nature, and similar pathology to
humans in instances, such as inflammation after spinal cord injury (Fleming et al., 2006,
Norenberg et al., 2004, Metz et al., 2000). They also offer options for developing treatments
through applications that are difficult to implement in mice, such as continuous direct spinal
delivery of therapeutic agents through an osmotic pump, which are too large to be

implemented in mice (Howland et al., 2002).

There is a need to verify the nature of the vapB™® mutation by replicating endogenous

expression in the rat.

Species

Generation

Phenotype

Ref.

Mouse

HR knock-in
VAPBExon 2

Reduction in soluble full length vapB and increase in insoluble
vapB fragments in het and hom mutants.

Mild motor deficits.

Increase in atypical muscle fibres (nuclear inclusion or atrophy).
Mild partial denervation and synaptic bouton morphology
changes.

No change in MN number.

vapB mislocalisation to autophagosome in MNs.

(Larroquette et
al., 2015)

OE hvapB

Punctate cytoplasmic accumulations of vapB™® in SMN and
CSMN.

Markers of autophagy (ubi and p62) upregulated in mutants.
Reduced weight gain and abnormal motor phenotype in
mutants.

UPR activated and degeneration of CSMN, not SMN.
Abnormal translocation of vapB to postsynaptic C-boutons of
SMNs, and changed morphology and muscarinic activation.

(Aliaga et al.,
2013)

OE hvapB

Punctate cytoplasmic accumulations of vapBP56S throughout SC.

No change in motor behaviour.

No signs of MN degeneration or muscle fibre morphology.
No TDP-43 pathology or ubiquitin activity.

ER and mitochondria structurally unchanged

No sign of vapA co-aggregation.

Over-expression of vapBP56S in SOD1%%*A mice did not affect
disease progression.

(Qiu et al., 2013)

OE Cloning hvapB

vapB cytoplasmic inclusions surrounded by ribosome-rich areas
Inclusions include luminal ER proteins and positive for ERAD
proteins.

ER morphology changed to tubular structures.

ER cisterns stacked in wild type MN.

Inclusions gradually lost with axotomy.

(Kuijpers et al.,
2013)

OE Cloning hvapB

Punctate cytoplasmic accumulations of vapB™®* in brain and SC
neurons.
No motor deficit or signs of MN degeneration.

Cytoplasmic ubiquitin aggregates and TDP-43 pathology present.

Ubiquitin and TDP43 co-localise.
No TDP-43 cleavage.

(Tudor et al.,
2010)

KO Cre loxP

Mild late-onset motor deficit
NMIJs, muscle innervation, and UPR unaffected

(Kabashi et al.,
2013)
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Zebrafish

KD antisense
Morpholino
oligonucleotide

Developmental/ morphological abnormalities in 20% transgenic
fish.

Remaining fish morphologically normal.

Knock down fish have motor deficit not rescued by vapB over-
expression.

Mild deficits in axonal projections.

Fly

p-element excision
mutagenesis
DVAPA2
DVAPA448
DVAPA166
DVAPA466

D.melanogaster homologue identified — DVAP-33A.
Severe motor deficit in hemizygous mutant males.

Pre- and post-synaptic localisation at NMJs.

DVAP-33A associated with microtubules.

Fewer larger boutons at NMJs in mutants; overexpression
increased number and reduced size.

Mutations affected synaptic microtubule arrangement.

(Pennetta,
Hiesinger, Fabian-
Fine,
Meinertzhagen, &
Bellen, 2002)

Cloning
VapPSSS

DVAP localised to ER.

DVAP required for ER protein homeostasis.

DVAP-null mutants have ER stress and accumulation of
ubiquitinated proteins.

Oxysterol binding protein mislocalized in DVAP-null flies.
DVAPBP56S caused partial loss of function.

(Moustagim-
Barrette et al.,
2014)

Fly survival increased and age-dependent motor deterioration
delayed when Caspar expressed in glia.

Glial inflammation effected ALS8 progression.

Inclusions in adult brain not affected by Caspar.

Caspar shown to interact with DVAP as adapter to TER94
(orthologue of p97).

DVAP doesn’t interact with Caspar in Caspar-mediated glial
inflammation.

(Tendulkar et al.,
2022)

Site-directed
Mutagenesis
DVAP\/260|

Wild type and mutant expression yield similar results:
Reduced survival, altered motor behaviour and neuromuscular
deficits.

Neuronal degeneration in adult fly eyes.

Small presynaptic boutons over-produced.

Microtubule cytoskeleton in pre-synaptic boutons affected.
Aggregate formation and altered nuclear morphology.
Over-expression induced heat-shock response.

(Sanhueza,
Zechini, Gillespie,
& Pennetta, 2014)

Fewer larger boutons at NMJs in mutants; overexpression
increased number and reduced size.
Genetic modifiers identified and affected NMJ bouton size,

(Deivasigamani,
Verma, Ueda,
Ratnaparkhi, &

especially TOR pathway components. Ratnaparkhi,

Site-directed Changes to boutons reduced by TOR inhibitor rapamycin. 2014)

Mutagenesis

vap"T Fewer larger boutons at NMJs in mutants; overexpression (Ratnaparkhi
vap™® increased number and reduced size. Lawless !

VAP-33A™%S ubiquitinated aggregates recruit VAP-33A"T, Schweiz,er
Microtubule organisation impaired and overexpression of both Golshani é(
proteins changes synapses ultrastructurally. Jackson ’2008)
VAP-33A"T overexpression reduced active areas at NMJ. ’
DVAP regulated levels of PtdIns4P, necessary for lipid trafficking.
Increased levels lead to neurodegeneration and changes to NMJ
bouton morphology.

Homologous Presynaptic Sacl necessary for phospholipid transfer,

o microtubule organisation, axonal transport, and NMJ synapse (Forrest et al.,
Recombination ] .
DVAPPSES morphology, and co-localised with DVAP. 2013)
Postsynaptic downregulation of Sac affected bouton
morphology. Neuron downregulation induced
neurodegeneration.
DVAP™8S aggregates bound Sacl.
Excision LoF DVAP-33A expression altered NMJ ultrastructure and

mutagenesis:
LoF DVAP-33A%166

Site-directed

Mutagenesis:
DVAP-33A"55 and

neurotransmitter release.

LoF DVAP-33A affects clustering of post-synaptic receptors at
NMJs.

hVAPB™® functionally replaced DVAP-33A, and rescued LoF
phenotype.

(Chai et al., 2008)
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1.5

hVAPBP*6s e Motor deficit, neurodegeneration, aggregates, and DVAPW'
sequestration in DVAP"*® aggregates.

Table 1.1: Table of in vivo ALS8 models.
HR — homologous recombination, OE — overexpression, ERAD — ER-associated protein degradation,
UPR — unfolded protein response, LoF —loss of function.

Project Aims

The late-onset nature of ALS8 would need to be reflected in any animal models to show how
the vapBP>®> mutation interacts with the natural process of ageing. Past studies have roughly
equated 18 month old rats with 45-50 year old humans after taking developmental and ageing
landmarks into account, but limitations due to developmental and ageing differences need to
be kept in mind (Sengupta, 2011, Sengupta, 2013). Given that most ASL8 patients developed
initial symptoms at 46 years of age on average (Nishimura et al., 2004b) and a mouse vapBP>®S
knock-in model shows a decline in motor function at 11-15 months (Larroquette et al., 2015),
monitoring the health and physiology of rats to 18 months would allow for any effects of the

VAPBP>%5 mutation to surface over time.

Sex differences have not been reported in human ALS8 cases (Nishimura et al., 2004b) and
none have been reported in murine models. The choice was made to include 3-4 males and
3-4 females of each genotype of interest: vapB as wild type control, vapB®*%/* to represent
the disease phenotype, vapBP*¢%/P565 to determine if the mutation has a dose-dependent
effect as seen in one mouse model (Larroquette et al., 2015), and vapB~" as a negative control

and to provide insight to whether the P56S mutation resulted from gain or loss of function.

In Chapter 3, an initial characterisation will be described to determine if vapBP56S leads to
weight loss or gain, if the mutation affects the distribution of genotypes amongst pups, if any
potential biomarkers of ALS8 can be identified in blood samples, and the mitochondrial

capacity to cope with stress conditions.

In Chapter 4, data on motor behaviour from rota rod and CatWalk gait analysis will be
described to determine if any motor deficits emerge over the course of 18 months, as other
rodent models with changes to their gait have shown progressive and/or late-onset

symptoms.
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Chapter 5 will outline vapB and vapA expression in lumbar spinal cord, alongside the
expression of proteins known to interact with vapB. This will help to determine how the
mutation affects vapB localisation, whether vapA might compensate for vapB™®, and if

interacting proteins are affected by the vapB">% mutation.
(Gomez-Suaga et al., 2017b, Baron et al., 2014, Pennetta et al., 2002, Skehel et al., 1995)

Chapter 6 will cover the number and morphology if spinal motor neurons, TDP-43
proteinopathy, and signs of gliosis as all are major histological signs of ALS in animal models

and in some patient tissue.

Knockout animals that were generated collaterally were also used to help determine if the
P56S mutation was similar to knocking out the MSP domain, and hence would be a loss-of-
function mutation. Any changes observed as a result of the mutation would open avenues to
elucidate cellular mechanisms affected and how they relate to disease instigation and

progression.
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2.1

Cas 9
mRNA

2 Materials and Methods

Colony Generation

The CLICK (CRISPR with IssDNA inducing conditional knockout alleles) protocol (Miyasaka et
al., 2018) enabled the generation of conditional knock outs using Fisher F344 rats. A simplified
overview of the protocol can be found in . This allowed for mutant vapB to be expressed at
endogenous levels, which were only affected by the mutation, rather than purposeful over-
expression as depended upon in other rodent models. Rats with exon 2 of vapB knocked out

were also generated as a result of the process.

) a
52) T AW - @ ——————

< o

Embryos

[ssDNA

Figure 2.1: CLICK generation of conditional knockouts.

Adapted from (Miyasaka et al., 2018). Long single stranded DNA (IssDNA) fragment containing floxed
exon2 with P56S mutation (magenta), 2 guide RNAs (gRNA), and Cas9 messenger RNA (mRNA) were
introduced into single-celled rat embryos via electroporation and implanted into foster dams. Cas9
located regions homologous to the gRNAs and induced double stranded breaks around exon 2 of
endogenous vapB. The IssDNA was used as a template to incorporate floxed exon 2 carrying the P56S
mutation. Electroporated embryos were implanted into foster dams and chimeric offspring were
produced (F0). Half of FO carried the floxed P56S exon 2 of vapB indicating success in generating
conditional knockout rats carrying the mutation. Germline transmission of the mutation was
successful, and crossbreeding with Cre-expressing F344 rats induced a knockout of exon 2 to create
knockout animals.
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2.2

2.3

Colony Husbandry

All procedures were carried out in alignment with the UK Animals (Scientific Procedures) Act
1986, and in accordance to personal and project licences issued by the UK Home Office. All
experiments were reviewed and approved by a University of Edinburgh Named Veterinary
Surgeon and Named Animal Care and Welfare Officer. Full training was administered to
ensure competency and limit animal suffering. Animals in the ageing cohort had their weight
and body condition monitored within the confines of the project licence, and severity at end
points was recorded in accordance with UK Home Office requirements. Animals were kept on

a 12 hour dark-light cycle with food and water available ad libitum.

Individuals were monitored and genotypes were identified. The advent of splenomegaly and
anaemia in 3 males at 17.5 months led to reducing the maximum ageing end point to 17
months instead of 18 months to prevent further adverse cases from occurring. Some female
rats also developed over-production of porphyrin in one of either eyes from 12 months
onwards which was not genotype-specific. This was managed with attentive husbandry and

saline eye washes by animal technicians to reduce irritation and chance of infection.

Genotyping

Ear clips taken to identify individual pups at weaning were stored at -202C. DNA was extracted
using the ChargeSwitch™ gDNA Micro Tissue Kit (Thermo Fisher). To amplify exon 2 of vapB,
PCR reagents (1 unit/pul Tag DNA Polymerase, 1X PCR buffer, dNTPs. #201205, QIAGEN) were
added to 0.2ul of extracted DNA along with primers for vapB-exon 2 (forward: 5'-
TGTGGTTCTGTGGAAGCAAG-3’; reverse: 5'-AGTGTGGTACCCGAGGTGAG-3’). A programme of
35 cycles was set up — hot start at 852C, denature 3 minutes 942C, 30 seconds 942C, anneal 1
minute 602C, extend 45 seconds 722C, 3 minutes 722C. When the cycles had ended, products

were stored at 42C short-term, or -202C for long-term storage.

PCR products were visualised on 1% agarose gel (2% 50 X TAE buffer and 0.1% SYBRsafe Dye)
with DNA ladder (1kb DNA Ladder, N3232, New England Biolabs) and run at 65V for 30

minutes. Records of individual animals were updated accordingly.
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2.4

Behaviour — Rotarod

Figure 2.2 shows a schematic of the rota rod apparatus. Data was collected every 2 weeks
from 1 month to 6 months of age between 08:00 and 12:00. As there was not the option to
automatically accelerate rotating speed from 4 to 44rpm for 300 seconds as seen elsewhere
in literature (Steventon et al., 2016), latency to fall was recorded at 5rpm and 12rpm. These
speeds, in addition to 20rpm, were chosen to represent the range of speeds available on the
rota rod that rats had proved they could stay on the rod during training sessions. However,
20 rpm was removed as the rats fell from the rod too quickly to gain meaningful data during
practice trials. It has been shown that speeds above 20 rpm have little to no effect on latency

to fall (Rustay et al., 2003).

Dividers Rod

Coarse Dial Cage Bottom

Fine Dial

Tissue

Figure 2.2: Rotarod Schematic.

The apparatus was placed into an empty cage bottom to prevent rats from escaping when they fell
from the rod. Paper towels are placed on the rotarod base to reduce risk of injury A: Rat balancing on
rod during rotation B: Rat falling off of the rod. Adapted from (Bryan, 2013, 0:54).

Rats were trained for 3 consecutive days prior to the first test. Training consisted of 20 minute
habituation and 3 trials each lasting 30 seconds at the slowest speed (5.72rpm) with a 5
minute inter-trial break in their home cage. On the days of data collection, animals were

habituated for 20 minutes in their home cage. The rod was started up, and the animals were
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placed onto the rod. Latency to fall was recorded using a stopwatch. The maximum end point
to avoid fatigue was 5 minutes (300 seconds), after which rats were removed from the rod
and 300 seconds was recorded. If the rat clung onto the rod and completed a rotation, or if
they fell off before the first 5 seconds, the trial was stopped and the rat was returned to its
home cage for 10 minutes before repeating the trial. To avoid fatigue, animals were not
subjected to more than 4 trials per session. In total, data from 3 trials at 5rpm and 12rpm

were collected. Animals were weighed at the end of each session.

Behaviour — CatWalk

A schematic of the CatWalk apparatus (Hamers et al.,, 2006, Hamers et al., 2001) and a
description of its mechanism for recording paw prints is shown in Figure 2.3. As light intensity
was the key measurement, experiments were carried out in a dimly-lit room. Thresholds to
identify individual paw prints were set by allowing a non-experimental animal walk up and
down the walkway whilst adjusting settings on the software (minimum run duration 0.5
seconds, maximum run duration 10 seconds, maximum allowed speed variation 60%, camera
gain 28.2, intensity threshold 0.23, abort runs after 10 seconds, label assigned to paw when
max intensity is greater than 100). As the dim light source remained constant throughout all

CatWalk data collection, the threshold settings also remained consistent.

The day before data collection, animals were allowed to have 3 practice runs and were
habituated in their home cage in the behaviour room for 30 minutes. An animal was removed
from its home cage and placed on the end of the walkway furthest from the home cage.
Software automatically started capturing data once the rat was visible in the pre-defined run
capture area. Recording was aborted if the animal did not run to the end of the capture area
within the maximum run time set at 10 seconds. The practice runs were completed with 5

minute breaks in the home cage between runs.

On test day, rats were habituated in the dark for 30 minutes. Data for 10 runs were collected
with a 5 minute break between runs. After collecting all runs, body weight was recorded and
animals were returned to their housing units. Data collected by the software was exported

for analysis. Parameters and their definitions can be found in Table 2.1.
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Figure 2.3: Schematic of CatWalk apparatus.

A: Animals were placed at one end of the glass walkway and their cage was made accessible on the
other end by elevating it on a trolley and bridging the gap between the walkway and cage using a
cardboard bridge. The smell of their home cage was the best incentive to walk across the walkway. B:
The glass walkway was illuminated from the side. The green light refracted between the outer surfaces
of the glass and appeared clear in images captured by the high speed camera. When a paw was placed
on the top glass surface, it disrupted the refraction and green light was reflected down into the high
speed camera. Paw pressure affected signal intensity captured. C: View of animal on glass walkway.
The overhead red light captured the outline of the rat as it ran along the walkway, allowing the
software to label each paw in relation to body position. To minimise the likelihood of animals stopping
in the middle of runs to inspect odours, the glass walkway and walls were cleaned with 70% ethanol
and Distel ™ cleaning solution.
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Parameters Units Definition
Base of Support . . . - .
(BOS) Mm Average width between girdle paw pairs (front pair, hind pair)
Stand as % . - . .
Duty Cycle Average proportion of Step Cycle for specific paw spent supporting weight.

of Step Cycle

I Number of Steps Number Number of steps within one run
(%]
&% Print Positions Mm Average distance between lateral paws (left pair, right pair)
Stand S Average time paw is in contact with glass
Stride Length mm Average distance between sequential paw placements
Subport % Proportion of run that rat is not in contact, or is in contact with runway on 1 paw, a diagonal pair of paws, a lateral
PP ? pair of paws, a girdle pair of paws, 3 paws, or all 4 paws.
Maximum
Contact . . . . N .
Maximum AU Average maximum intensity at maximum contact (from 0 to 255). Intensity increases with pressure
Intensity
Maximum
Contact AU Average mean intensity at maximum contact (from 0 to 255). Intensity increases with pressure
Mean Intensity
g
2 Maximum
o ) AU Average maximum intensity of complete paw
= Intensity
Maximum . . .
S Average time since start of run that largest part of paw makes contact with glass
Contact At
Minimum . . .
. AU Average minimum intensity of complete paw
Intensity
Mean Intensity AU Average mean intensity of complete paw
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Average Speed frames/s Average speed across one run
Maximum . L . L
. % Maximum variation of running speed within one run
- Variation
o
= Run Duration s Total time taken to traverse the runway on one run
Step Cycle 3 Average time between two consecutive initial contacts of the same paw.
Swing Speed frames/s Average speed between sequential paw placements
Proportion of run the other body parts (right or left hip, right or left knee, nose, tail, abdomen, gonads, or tail
Body Contacts % of run P yp (rig P, g g )
contacted the walkway
Cadence steps/s Average number of steps taken per second during a run
Number Numb Number of ised st ithi inal
umber umber of recognised step sequences within a single run
c of Patterns & Pseq g
e
© ) ) % of Anchor
£ Phase Dispersions Mean delay between the placement of two paws
T Step Cycle
o
8 Regularity Index % in pattern Proportion of steps included in recognised step patterns
» | "Speed paw loses contact with glass (indicates paw dragging)stand index= (a/0x)*frame rates from y=ax+b
Stand Index frames/mm A . . . . “
describing line of best fit of t(Max Area) in 90% percentile, Ox is max contact area
Step Sequence % Proportion of runs in cruciate, alternate, or rotate sequences
Swing s Average time paw is not in contact with walkway
Maximum 2 . . .
mm Average maximum area of paw that comes in contact with glass
Contact Area
) Maximum . e . . .
= % of stand Percentage of stand time transitioning from braking to propulsion during Stand
=2 Contact At
(%]
é_;u Print Area mm2 Average area pf paw print
Print Length Mm Average length of paw print
Print Width mm Average width of paw print

Table 2.1: Table of CatWalk parameters.
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2.7

Blood Collection and Analysis

Blood samples were collected from 3 — 5 month old male and female rats. To assist
vasodilation before collecting samples, individual animals were placed into a heating chamber
(35 2C for no longer than 10 minutes), and peripheral blood was collected from the lateral tail
vein of 3 — 5 month old rats using a 25G butterfly needle. Samples were stored in lithium
heparin or K2EDTA tubes for haematology and biochemistry analyses respectively. The
samples were stored at room temperature for less than 12 hours, or at 42C for 24-48 hours,
before being sent to Easter Bush Clinical Pathology lab for analysis of erythrocytes,

leukocytes, and blood chemistry.

Cerebrospinal Fluid Collection

A method of extracting cerebrospinal fluid (CSF) from adult rats was developed with ML, and
adapted from (Nirogi et al., 2009). For the syringe, a 2.5ml syringe was fitted with a 19 gauge
needle. Liquid superglue was used to attach 12 inches of PE-50 tubing, and sealed with gel
superglue. A pulled pipette shortened to roughly 1cm long was glued to the other end of the
tubing using the same types of superglue. Syringes were left to dry for a minimum of 20
minutes before use, and syringe plungers were pulled to release the air seal. Pulling and
pushing the plunger helped to look out for air leaks. Figure 2.4 demonstrates syringe

assembly. At least 2 syringes were assembled per animal before the procedure.

12" PE-50
Plastic Tubing

Liquid
Superglue Pulled glass
pipette
ﬁ
19G needle \‘ /
2.5ml
syringe  * Gel

Superglue

Figure 2.4: Assembly of syringe for CSF Extraction.
Average liquid superglue was too thin to create an airtight seal around the points where the plastic
tubing met the 19G needle and pulled glass pipette, so thicker gel superglue was used to do this.
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After inducing anaesthesia with isoflurane, the rat was placed into a stereotaxic rig taking care
to angle the head downward by about 302. The procedure to extract CSF from rats is outlined
in Figure 2.5. CSF was deposited into a pre-cooled Eppendorf and placed on dry ice before
being transferred to storage at -80°C. If the sample started to appear pink with blood, the PE-
50 tubing containing contaminated sample was pinched and cut off, leaving clean sample to
deposit into an Eppendorf. Immediately after CSF collection, an overdose of sodium

pentobarbital was administered intraperitoneally to end the surgery.

Rectus capitis

Rectus capitis dorsalis major

dorsalis major

Skull
Occipital Occipital Biver_1t_er
b Protuberance Cervicis
Protuberance

Occipital
Protuberance

Biventer
Cervicis

#— Levator

Scapulae ¢

|

Cisterna
Magna

Occipital

protuberance \ Skull

Occipital ‘/

Protuberance Cisterna

. magna

Cisterna

Magna
g | CSF

Figure 2.5: CSF extraction through cisterna magna.
Terminal procedure to extract CSF from rats under anaesthesia induced by isoflurane.
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2.8

Mitochondrial Stress Test

Mitochondrial performance under stress conditions was measured using the Agilent Seahorse
XFe24 Analyzer. Hippocampal cultures were prepared by PS in the day prior to
experimentation. Briefly, hippocampi from PO — P1 pups were dissected out and washed with
Leibocitz’s L-15 medium, and tail tissue was excised and stored at -20°C for later genotyping.
Individual hippocampi were transferred to individual Eppendorf tubes and incubated in
Hank’s/Hepes solution, Trypsin, and DNAse for 20 minutes at 372C. Wells were washed with
growth medium (Basal Medium Eagle, Horse Serum, Penicillin-Streptomycin, 32.5% glucose
solution, 100mM Sodium Pyruvate, N2 supplement) which was decanted, and hippocampi
triturated with a fire-polished glass Pasture pipette in DNAse-growth medium solution. Cells
were counted, and wells of a Seahorse XFe24-well plate were seeded with 100,000 to 800,000

cells each. Cells were incubated at 372C overnight for single-cell layer proliferation.

Cultures were incubated in Seahorse medium (Seahorse Base Medium, 1mM pyruvate, 2mM
glutamine, 10mM glucose, pH 7.4) in a non-CO; incubator at 372C for at least 1 hour as CO;
affected the pH of the cell media. The lid of the plate contained chambers for reagents to be
added into as shown in Figure 2.6 and was prepared whilst cells incubated. The plate and its
chambered lid was inserted into the Agilent Seahorse XFe24 Analyzer where fibre optic
probes measured extracellular flux and helped to mix reagents after injection. The
experiment mixed the medium for 3 minutes, waited for 2 minutes, and measured for 2
minutes for 4 cycles when taking baseline measurements and measurements after the
injection of each drug. Data was exported for analysis. When the plate was ejected, cells were
homogenised and had their protein concentration measured using Coomassie Plus (Pierce™
Thermo Fisher), reading absorbance at 595nm. Mitochondrial stress test data was normalised

to protein concentration before analysis.
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Figure 2.6: Schematic of 24-well plate lid, Seahorse drug targets, and microfluidic chamber.

A: 1uM of each reagent was placed into ports and were kept in place by capillary action. Once in the
Analyzer, a blast or air injected the drug into cell media at the assigned time point, and probes were
raised and lowered to help mix the reagent into the media B: Electron transport chain components
affected by reagents. Oligomycin inhibited ASP synthase, disrupting the flow of protons from the inter-
membrane space into the mitochondrial matrix. FCCP permeabilized the membrane to uncouple the
electron transport chain from oxidative phosphorylation. Rotenone and Antimycin A inhibited
complexes | and lll respectively to completely shut down the ETC C: During the Mito Stress Test,
fluorophores embedded at the end of probes were excited by light emitted by the fibre optic bundles.
The fluorophores were quenched by either oxygen or protons generated by hippocampal cultures in
cell media. This information was used to record the concentration of both metabolites in real-time
and to calculate the oxygen consumption rates (OCR) and extracellular acidification rate (ECAR) in real
time, which provided insight into mitochondrial respiration and glycolysis respectively.
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2.9 Antibodies

Details of the antibodies used in western blot, immunofluorescence, and immunohistological assays are listed in Table 2.2.

Use Antibody Target Location Host Dilution Incubation Source
WB vapB #38 VAMP-Associated Protein Endo.plasmlc Rabbit 1:1000 Overnight . Made
B Reticulum 4°C in-house
VAMP-Associated Protein Endoplasmic . . Overnight Made
we vapA A Reticulum Rabbit 1:1000 4eC in-house
Overnight MAB1637,
WB Tubulin Bl Tubulin Bl Microtubules Mouse 1:1000 4°Cg Sigma-Aldrich/
Chemicon
Vesicle-Associated . . Overnight AB3347,
WB VAMP2 Membrane Protein 2 Vesicles Rabbit 1:1000 40 Abcam
. . . Overnight
WB Syntaxin 1 Syntaxin 1 Vesicles Mouse 1:15,000 A0 10011, Sysy
e . 13-0300
WB GFAP Gll‘aI.F|br|IIa|.'y Astrocytes Rat 1:5000 Overnight Thermo Fisher
Monoclonal Acidic Protein 4eC .
Scientific
WB Mitofusin2 Mitofusin 2 Mitochondria Mouse 1:300 Overnight Ab124773,
4°C Abcam
Binding Immunoglobulin
. Protein/ . Overnight SC-13539,
WB BiP/GRP7 ER Mark R 1:2
P/GRP78 Glucose-Regulated Stress Marker abbit 00 4°C Santa Cruz
Protein 78
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VAMP-Associated Protein Endoplasmic . _ 48 hrs Made
IF vapB #6 B Reticulum Rabbit 1:100 4eC in-house
VAMP-Associated Protein Endoplasmic . 48 hrs Made
IF vapA A Reticulum Rabbit 1:200 49C in-house
. . . . AB144pP
248 | povclona cetyltransferase Nevrons Goat | r100 | O Merck/
4 ¥ ) Sigma-Aldrich
TDP-43 TAR DNA Cell . . Overnight 10782-2-AP
DAB Polyclonal Binding Protein 43 Nucleus Rabbit 1:2000 40C ProteinTech
AIF-1/ Ibal lonized Calcium- Overnight NB100-1028
IF Binding Adapter Microglia Goat 1:500 & . .
Polyclonal Molecule 1 49C Novus Biologicals
13-0300
GFAP Glial Fibrillary . Overnight .
IF Monoclonal Acidic Protein Astrocytes Rat 1:200 4eC Th(;l(':?;?];;is:er

Table 2.2: Table of primary antibodies used in this project.
WB — Western Blots. IF — Immunofluorescence. DAB — 3, 3’-Diaminobenzidine used for immunohistology.
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2.10

2.11

Western Blotting

Lumbar spinal cord was excised and stored at -802C. Frozen lumbar spinal cord was manually
homogenised in HEPES buffer (20mM, cOmplete protease inhibitor, Roche) on ice. Coomassie
Plus (Pierce™ Thermo Fisher) and spectrophotometer were used to determine protein

concentration and dilute homogenates to 2mg/ml with 1x SDS running buffer.

Samples were heated at 902C for 15 minutes before being run on 10% or 7.5% acrylamide gels
in Novex™ Tris-Gycine SDS running buffer (Thermo Fisher) at 100V for 50 minutes or until the
dye front reached the bottom of the cassette. Proteins were transferred to 0.75um PVDF
membrane at 100V in cold NuPAGE™ transfer buffer (Thermo Fisher) for 1 hour. Membranes
were blocked in 5% milk TBST for 1 hour and left to incubate in primary antibody overnight in
5% milk TBST at 42C. Membranes were washed in TBST 3 times for 5 minutes, and incubated
in HRP- (Goat F(ab) Anti-Rabbit 1gG H&L (HRP) ab7171 for vapB #6 and vapA) or IRDye®-
conjugated secondary antibodies (IRDye® 800CW Donkey anti-Rabbit 1gG 926-32213 for
VAMP2, BiP/GRP78, PTPIP51, and Histone H3; IRDye® 800CW Donkey anti-Mouse IgG 926-
32212 for Syntaxin; IRDye® 800CW Goat anti-Rat 1gG 926-32219 for GFAP) for 1 hour or 30
minutes respectively. Membranes were washed in blocking solution before developing
images of membranes on X-ray film or imaging on LI-COR Odyssey 9120 Infrared Imaging

System.

Histology of Lumbar Spinal Cord

Tissue was dissected from animals following transcardial perfusion with cold PBS followed by
4% paraformaldehyde, and post-fixed in 4% paraformaldehyde for 12 hours. Tissue was
processed in a Sakura Tissue-Tek TEC 6 processor, embedded in paraffin, and stored at room
temperature. Sections of L3 — L5 spinal cord were cut at 10um thickness on a Leica-RM2245
microtome, mounted onto SuperFrost Plus™ slides using a 40°C hot water bath, dried for 12
hours at 602C, and stored at room temperature. At the start of each procedure below, slides
were de-waxed by immersion in xylene and decreasing concentrations of ethanol, and re-

hydrated in running water for 5 minutes.

For Haematoxylin and Eosin (H&E) staining of tissue, slides were incubated in haematoxylin
for 3 minutes, washed for 2 minutes in running water, and placed into Scott’s Tap Water

Substitute (STWS) for 5 minutes. Slides were washed for 3 minutes in running water,
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2.12

incubated in eosin for 2 minutes, dipped in running water, and incubated in potassium alum
for 2 minutes. They were washed again in running water for 5 minutes before being immersed
in increasing concentrations of ethanol for 2 minutes each, and cleared in xylene for 5
minutes. Slides were mounted with DPX (Dibutylphthalate Polystyrene Xylene) and left in a

fume cupboard for 48 hours to harden.

For immunohistochemical and immunofluorescent staining, slides were incubated in 10mM
sodium citrate buffer (pH6.0) whilst being microwaved at 400V for 4 times 5 minute cycles.
After cooling and washing in tap water, slides were incubated with 3% H,0, (in TBS) for 10
minutes and followed by 2x10 minute TBST washes. Slides were then blocked for 1 hour at
room temperature with 4% Normal Goat Serum in TBST (or Bovine Serum Albumin for primary
antibodies raised in goats), and incubated with the primary antibody. After 3x10 minute TBST
washes, tissues were incubated for 1 hour at room temperature with either biotinylated
secondary antibodies and signal developed (VECTASTAIN ® ABC-HRP Kit, Rabbit IgG, PK-4001
for TDP-43; Polyclonal Rabbit Anti-Goat #E0466 Dako for ChAT144P), or fluorescent
secondary antibodies in 4% NGS or BSA TBST block (Cy™3 AffiniPure Donkey Anti-Rabbit IgG
(H+L) for vapB #6 and vapA; Cy™3 AffiniPure Donkey Anti-Goat IgG (H+L) for lbal; Cy™3
AffiniPure Donkey Anti-Rat I1gG (H+L) for GFAP). Sections were washed again in TBST. For all
sections, coverslips were mounted using VECTASHIELD® HardSet™ Antifade Mounting

Medium (H-1400-10, Vector Laboratories) and stored in the dark at 42C.

Image Capture

Images were captured on an Axio Scan.Z1l slide scanner at 40x magnification (Plan-
Apochromat 40x/0.95 Korr M27 objective), and was set up to capture a whole section of
lumbar spinal cord in one stitched image. Brightfield images were captured with a Hitachi HV-
F202SCL camera, and fluorescence images with a Hamamatsu Arca Flash camera. During
analysis, images were opened using QuPath (Bankhead, 2017) and processed in FlJI/Image)

(Schindelin et al., 2012).
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2.13 Statistical Analysis

Comparison of vapBP>®5/*, vapBP35/P565 and vapB”- back to vapB was carried out using one- or
two-way ANOVA with Dunnett’s post-hoc test in GraphPad Prism 7.0. For CatWalk data,
genotypes were compared back to vapB using two-way ANOVA with Tukey’s post-hoc test in

GraphPad 9.3 for consistency, with analysis aided by HT.
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3.1

3 Primary Characterisation

P56S mutation and knock out inherited in Mendelian
proportions

The colony was maintained through breeding vapBP*®*/* or vapB*/- pairs. As far as possible,
male and female rats were replaced after 6 months, but during rationalisation of the colony,
some breeding pairs were maintained for longer. This was based on reports stating a better
success rate when female rats remain with their initial mating partner (Peng and Huang, 1972,
Acufia et al., 2009, Goltzsch and Clauss, 1990, Ferreira-Nufio et al., 2005, Lovell et al., 2007).
Data on the number of pups per litter and the age of dams in vapB, vapBP*®**, and vapB*"

pairs can be seen in Figure 3.1.

20
— WT, WT

-=-- P56S/+, P56S/+
154 '

. ,/+, -+

Number of Pups/Litter

Age of Dam (Months)

Figure 3.1: Average number of pups per litter born to vapB, vapB™®/* and vapB* pairs over time.

Two-way ANOVA determined no statistically significant differences between genotypes at each age.
Data based on live births. n=37 litters from vapB”* pairs, and n=22 litters from vapB?**** pairs.

Whilst there were no statistical differences in the number of pups/litter for each genotype
pair, there was a notable decline in number at 6 months for all three genotypes. As the data
for dams older than 6 months was limited, it was not possible to determine whether the
declining trend carried on and if it became statistically significantly decreased between 2 and
6 months. If so, it would support evidence in literature for the general decline in numbers

after the age of 6 months.

To see if genetic modification affected the proportion of genotypes carried by pups in each

litter, the number of pups that were wild type, and either heterozygous or homozygous for
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the modification was recorded and analysed. Both vapBP>®%/* pairs and vapB~* pairs produce

offspring in roughly Mendelian proportions ( C) which were not significantly different ( A).

There was also a rough 50/50 split of male and female pups in all litters ( D) which was not

significantly different between the genotypes ( B).

A s

Number of Pups/Litter
T ¢ %

WT  Het  Hom
P56S/+
C
Het
47.94
D

Female

B

mm P56S/+
-+

il

Male Female

_/+

WT
Het 30.84

41.97 H

Female
51.09

Figure 3.2: Inheritance of P56S mutation and knock out.

A: The number of vapB, homozygous, and heterozygous pups per litter from vapB™®/* pairs. B: The
number of vapB, homozygous, and heterozygous pups per litter from vapB”* pairs. C: Pie charts
depicting proportions of genotypes carried by pups born in each litter. D: Pie charts depicting
proportions of pups belonging to either sex in each litter. Two-way ANOVA with Sidak’s post-hoc test
applied. Data based on live births. n=37 litters from vapB~* pairs, and n= 22 litters from vapB®***/* pairs.
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3.2

Male vapBP*®/P>%5 and vapB~’- gain more weight than wild type
after 7 months

The majority of individuals were kept to maintain the colony or to produce tissue for pilot
studies, so most rats were not kept beyond 6-7 months of age. Up to the age of 17 months,
there were records for at least 4 animals per genotype per sex (apart from 6 month old vapB
males, where there was only 1 record available). shows average weight according to sex and

genotype.

There was a significant increase in weight gained in male vapBP°%%/P>65 and vapB”- compared
to vapB between 7 and 17 months ( B — C). There was also an increase in weight gained in
male vapBP*%/+ compared to vapB between 8 and 12 months but this was not statistically
significant ( A). Female rats had very similar rates of weight gain over time, but vapBP>65/P56
females gained more weight from 10 to 17 months compared to vapB which was not

statistically significant ( E).

42



600 -

400 4

— WT — WT
5004 -~ PS5BS/WT P56S/MWT
3004
400+ .
= =
£ 300 £, 200+
= =
= 2004 =
1004
1004
0 T T T T T T T T T T 0 T T T T T T T T 1
02 4 6 8 10 12 14 16 18 20 0 4 6 8 10 12 14 16 18 20
Age (months) Age (months)
600 400 4
) — WI * — WT
5004 --. P56S/PSES 200 - P56S/P56S
4004 .
= =
_%300— _-'5_200—
a @
= 200 =
100
1004
U T T T T T T T T T 1 0 T T T T T T T T 1
0o 2 4 6 8 10 12 14 16 18 20 0 4 6 & 10 12 14 16 18 20
Age (months) Age (months)
600 - 4004
* —_— WT - WT
5004 - e
3004
400 4 —
= =
£ 300 %, 2004
a o
= 200- =
100 4
1004
U T T T T T T T T T 1 0 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Age (months)

Age (months)

Figure 3.3: Weight of male and female rats over 18 months.

Wild type vapB was compared to vapB*®*/* (A and D), vapB™>®/P>5 (B and E) and vapB” (C and F). One
way ANOVA carried out at each age point comparing back to vapB animals. * p <0.0500. Additional
analysis comparing vapBP*%/* to vap®™®/P*%S and vapB™" revealed no significant differences between

the genotypes. At least 4 animals per sex and genotype were weighed, apart from 6 month vapB males
where only one data point was available. * p<0.0500; **p<0.0100.
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3.3

Pilot blood analysis suggest changes to male vapB”- erythrocyte
morphology

Blood was obtained and analysed as described in Chapter 2. Cell populations and biochemical
markers in the samples were analysed, and results for red blood cell (RBC) analysis were
shown in . Male vapBP*®/?5%5 plood chemistry data was not obtained due to insufficient

sample volume for analysis.

Male vapB”- rats had a lower concentration of RBCs, reduced proportion of total cell
population, and reduced haemoglobin concentration than vapB ( A-C). However, there were
no changes in RBC volume, average haemoglobin concentration per RBC, or in platelet
concentration ( D — F). Male vapB~ also have an altered variation in RBC sizes (aniocytosis) as
indicated in the reduction of cell distribution width ( G). These differences were not reflected

in the females ( H— N).

Parameters of white blood cell (WBC) analysis were shown in . Segmented neutrophilia was
detected in vapBP>®$/P%5 (' G), and lymphocytosis in vapB” female rats ( 1). There were no

statistically significant differences in WBC parameters for male animals.
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Figure 3.4: Red blood cell analysis from male rats.

A: Red Blood Cells — number of red blood cells (x10e12) per litre (p=0.0424). B: Haemoglobin —
concentration of haemoglobin (p=0.0033) C: Packed Cell Volume — proportion of sample consisting of
cells (p=0.0056). D: Mean Corpuscular Volume — average volume of RBC. E: Mean Corpuscular
Haemoglobin Concentration — average haemoglobin concentration per RBC. F: Platelets —
concentration of platelets. G: Red Blood Cell Distribution Width —amount of variation in RBC size and
volume. One way ANOVA with Dunnett’s post-hoc analysis compared each genotype back to wild type.
n=3 for all genotypes.
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Figure 3.5: Red blood cell analysis from female rats.

A: Red Blood Cells — number of red blood cells (x10e12) per litre (p=0.0424). B: Haemoglobin —
concentration of haemoglobin (p=0.0033) C: Packed Cell Volume — proportion of sample consisting of
cells (p=0.0056). D: Mean Corpuscular Volume — average volume of RBC. E: Mean Corpuscular
Haemoglobin Concentration — average haemoglobin concentration per RBC. F: Platelets —
concentration of platelets. G: Red Blood Cell Distribution Width —amount of variation in RBC size and
volume. One way ANOVA with Dunnett’s post-hoc analysis compared each genotype back to wild type.
n=4 for female VAPB"T, and n=3 for remaining female genotypes.
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Figure 3.6: White blood cell analysis for male rats.

A: Segmented Neutrophils — Mature first responder and most abundant. Apoptotic, cytotoxic,
phagocytic, and induces immune response p=0.0043). B: Non-Segmented Neutrophils — First
responder and most abundant. Apoptotic, cytotoxic, phagocytic, and induces immune response. C:
Lymphocytes — Include antibody-producing B and cytotoxic T cells (p=0.0089). D: Monocytes precursor
to macrophages that attack and devour labelled targets. E: Eosinophils — phagocytose antibody-
antigen complexes and produce histamines. F: Basophils — mainly involved in allergic reactions by
releasing granules of histamine, and recruits other cells to sites of infection. One way ANOVA with
Dunnett’s post-hoc analysis compared each genotype back to wild type. n = 3 for all genotypes.
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Figure 3.7: White blood cell analysis for female rats.

A: Segmented Neutrophils — Mature first responder and most abundant. Apoptotic, cytotoxic,
phagocytic, and induces immune response p=0.0043). B: Non-Segmented Neutrophils — First
responder and most abundant. Apoptotic, cytotoxic, phagocytic, and induces immune response. C:
Lymphocytes — Include antibody-producing B and cytotoxic T cells (p=0.0089). D: Monocytes precursor
to macrophages that attack and devour labelled targets. E: Eosinophils — phagocytose antibody-
antigen complexes and produce histamines. F: Basophils — mainly involved in allergic reactions by
releasing granules of histamine, and recruits other cells to sites of infection. One way ANOVA with
Dunnett’s post-hoc analysis compared each genotype back to wild type. n = 3 for all male genotypes,
n = 4 for female VAPB"T, and n = 3 for remaining female genotypes.
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Blood biochemistry was not available for male rats due to difficulty in obtaining sufficient
volumes of blood for analysis. shows blood chemistry analysis from female rats. No

statistically significant changes were detected.
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Figure 3.8: Figure 8: Blood chemistry from female rats.

A: Alanine Transaminase (AST) —released from liver into blood stream due to damaged. B: Cholesterol
—vital role in composition of cell membrane. C: Creatine Kinase (CK) — released into blood stream from
skeletal or cardiac muscle due to damage Creatine ensures constant supply of energy to working
muscles. D: Triglycerides — main component of dietary fat and used to store energy. E: Aspartate
Aminotransferase (AST) — released into bloodstream from liver or heart due to damage. F: Bile Acids
—transports fat-soluble waste and helps absorption of fat-soluble compounds through intestine. One
way ANOVA with Dunnett’s post-hoc analysis compared each genotype back to wild type. n = 4 for
female WT, and n = 3 for remaining female genotypes.

49



3.4

Oxygen

Pilot mitochondrial metabolism analysis suggests reduced
vapBP°®*/* capability in stress environment

The Seahorse XFe24 analyser measures the oxygen consumption rate (OCR) and the
extracellular acidification rate (ECAR). OCR ( A) was used as a measure of mitochondrial
function due to O; being used to store free electrons from the electron transport chain (ETC).
ECAR ( B) was used to measure glycolysis due to protons being released into cell medium by
lactic acid, which was the primary source of extracellular protons and the product of
generating ATP from glucose. Oligomycin, FCCP, and Rotenone and Antimycin A were
reagents used to sequentially induce mitochondrial stress by inhibiting ATP synthase,
increasing the porosity of the mitochondrial membrane and inhibiting the ETC respectively (
C). Parameters recorded during the Mito Stress Test and their definitions were shown in Table

3.1.

P8 P8

_ _ Rotenone and Rotenone and
Oligomycin  FGCP AptimycinA Oligomycin  FCCP Antimycin A
1 I

L B

.

-

Extracellular
Acidification Rate

©
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Time Time

@ Basal Respiration @ Maximal Respiration @ Basal Glycolysis
@ ATPRespiration (§) Spare Capacity @ Glycolytic Capacity

® Proton Leak ® Non-Mitochondrial @ Maximal Glycolysis
Oxygen Consumption

Figure 3.9: Outline of the plots of OCR and ECAR from cell medium.
A: oxygen consumption rate (OCR) over the course of the Mito Stress Test. B: extracellular acidification
rate (ECAR) over the course of the Mito Stress Test.
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Parameter

Definition

Basal Respiration

Baseline consumption of oxygen from cell media before the
addition of reagents

ATP Respiration

Calculated as reduction in O, consumption after inhibiting
ATP synthase with oligomycin.

Proton Leak

Residual passing of protons from inter-membrane space
back into mitochondrial matrix without ATP synthase.
Could indicate mitochondrial damage.

Maximal
Respiration

Induced by FCCP increasing inner mitochondrial membrane
permeability, allowing protons to flow freely between
mitochondrial matrix and inter-membrane space.

This forces ETC complexes to work harder to restore
concentration gradient across membrane, consequently
transporting more electrons across ETC, and driving up O,

consumption to store electrons.

Spare Capacity

Additional facility of mitochondria to deal with stress from
increased membrane permeability.

Non-
Mitochondrial
Oxygen
Consumption

Use of O, in other cellular processes measured when ATP
synthase and ETC were both inhibited.

Basal Glycolysis

Measured before addition of any reagents.

Triggered by inhibition of ATP synthase, and alternative

Maximal
aX|ma_ method of producing ATP (glycolysis) moves to compensate
Glycolysis .
for this loss.
Glycolytic Additional facility available in cells to produce ATP when ATP
Capacity synthase was dysfunctional.

Table 3.1: Parameters recorded and calculated by Seahorse XFe24 analyser during Mito Stress test.

B shows that vapB™®/* hippocampal cultures have reduced maximal respiration, and
reduced non-mitochondrial respiration compared to vapB. The ETC of vapBP>%/* was less able
to compensate for additional mitochondrial porosity than vapB, and other cell processes
involving the consumption of O, were reduced compared to vapB. There were no significant

differences in measures of glycolysis ( C). There were insufficient samples for vapBP>65/P565,
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Figure 3.10: Measures of mitochondrial stress test from Seahorse XFe24 analyser.

A: Measures of mitochondrial respiration of hippocampal cultures and B: Measures of glycolysis of
hippocampal cultures from vapB, vapB™®/*, and vapB”". vapB n=14, vapB™*** n=11, vapB’ n= 4
animals. One way ANOVA with Dunnett’s post-hoc test applied. *** p<0.0010, ** p<0.0100. There
appears to be a consistent reduction in Maximal Respiration and Non-Mitochondrial Respiration for
vapB7 but neither were significantly reduced from vapB wild type (p=0.0597 and 0.1391 respectively).
Male and female samples pooled as individuals were not genotyped for sex.
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3.5 Discussion and Future Work

3.5.1 Litter Proportions

Whilst data on the number of pups per litter from vapBP°% rodent models was not available
in literature, general consensus holds on not keeping breeding animals beyond 6 months to
reduce possible pup mortality (Niggeschulze and Kast, 1994), and reduce the likelihood of
adverse effects as a result of ageing such as vaginal prolapse, the risk of which increases with

repeated mating (Couri et al., 2012).

Evidence from literature, based mainly around Sprague Dawley rats, indicated the first signs
of reproductive senescence in female rats appeared from 8-10 months and most females had
a reduced number of pups/litter from 6 months onward (Peng and Huang, 1972, Acufia et al.,
2009). It was long believed that male ageing did not have an effect on offspring outcomes
(Goltzsch and Clauss, 1990), but other evidence pointed to male fertility starting to decline at
12 months which was reported in Wistar rats (Rodriguez-Gonzalez et al., 2014) and Long-
Evans Rats (Smith et al., 1992). Further study would be needed to see how advanced age of
male and female rats in conjunction affect the overall outcomes of offspring from this colony.
It was decided that male and female rats would be replaced at 6 months of age as there was
a better rate of mating success with virgin rats staying with their initial mating partner than
in replacing partners after 6 months. Whilst the data for this phenomenon was not available
for this colony, evidence in literature indicates female rats had a consistent preference for

the same male partner (Ferreira-Nufio et al., 2005, Lovell et al., 2007).

The distribution of pups born to mating pairs shows a Mendelian distribution, which reflects
the autosomal dominant nature of the vapBP®/* mutation in human patients (Nishimura et
al., 2004b, Harel et al.,, 2015). It has been found that there were no negative selective
pressures on fertility related to ALS, mostly due to the fact that the great majority of patients
develop symptoms in later stages of life (Uysal et al., 2021). Further research could investigate
the incidence of pregnancies not carried to full term, but this would raise major ethical

concerns.

Other rodent models of ALS report similar findings of genetic expression in litters. For
example, overexpression of human FUS in mice resulted in Mendelian expression of non-

transgenic, hemizygous, and heterozygous offspring (Mitchell et al., 2013). The knock-in
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3.5.2

murine model of ALS8 generated mice heterozygous and homozygous for the vapBP>®S
mutation, but the proportion of knock-out mice to wild type was not specified (Larroquette

et al.,, 2015).

Weight

The weight gain seen in vapBP*¢/P565 and vapB~- was contrary to findings in ALS patients and
in other rodent models of ALS8. Of the three mouse models that over-expressed vapB®®° and
were monitored between 18-24 months, only 1 displayed significant weight loss compared to
wild type littermates (Aliaga et al., 2013). The other two models (Qiu et al., 2013, Tudor et al.,
2010) had no significant change in body weight. The SOD1/vapB mouse model had similar
significant weight loss to the SOD1 mouse, but it was delayed by 2 weeks (Kim et al., 2016).
There were no significant changes in body weight of vapBP® knock-in mice (Larroquette et
al., 2015), and no data was reported on weight for the vapB”/- mouse model (Kabashi et al.,

2013).

In other rodent models of ALS, most models reporting weight loss involved expression of TDP-
43. However, some SOD1 mice and a model overexpressing human FUS in the mouse also
reported weight loss (Stribl et al., 2014, Mitchell et al., 2013, Chiang et al., 2010, Graffmo et
al., 2012, Wu et al., 2012, Shan et al., 2010, Wegorzewska et al., 2009a). One mouse model
of ALS, which expressed TDP-43%331K experienced weight gain compared to wild type and
non-transgenic littermates (Watkins et al., 2021, White et al., 2019). It was suggested that
hyperphagia, associated with FTLD, may have been the root cause given the link of TDP-43
mislocalisation from the nucleus in both ALS and FTLD (White et al., 2018). However,
overexpression of TDP-43 has also been found to affect Glucose-4-transporter (Glut4)
translocation in skeletal muscle, leading to an increase in fat deposits in mice (Stallings et al.,
2013). Further assessment on food intake and lipid metabolism in vapB rats would be needed
to find the root cause of weight gain seen in male vapBP>%5/P6% and vapB”-. Such weight gain
may have affected data collected on gait (Pitzer et al., 2021), but this will be discussed in more
detail in Chapter 4. ALS in rodents has been linked to altered lipid metabolism in the past (Kim
et al., 2011, Vejux et al., 2018), so it would be worth trying to get blood biochemistry analysis

from male rats in the future.
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3.5.3

Body weight has been a standard marker of overall health of patients and rodents, usually in
diseases such as cancer (Reuben et al., 1988, Redgate et al., 1991), but weight loss, gain, or
maintenance, effects ALS patient prognosis and survival (Shimizu et al., 2019). A combination
in the loss of muscle mass, fat loss, and increased resting metabolism contributes to a
significant proportion of ALS patients suffering from overall weight loss during disease
progression (Desport et al., 1999). However, it has not been considered a factor in diagnostic
criteria as it was not a defining feature of the disease (Brooks et al., 2000, de Carvalho et al.,
2008, Hannaford et al., 2021). Weight loss has been linked to increased chance of developing
complications and fatigue (Heffernan et al., 2004). Studies have also linked factors such as the
development of hypermetabolism (loannides et al., 2017), loss of appetite (Ngo et al., 2019),
hypothalamic atrophy (Ahmed et al., 2021), and declining mental health (Wang et al., 2021)
as contributing factors for weight loss in ALS patients. Dysphagia was mentioned in many
studies but was not directly linked with weight loss. Hypermetabolism alongside weight loss
has also been seen as an indicator of poor clinical prognosis and survival (Steyn et al., 2018,
Nakayama et al., 2019), whereas hypometabolism was associated with delayed need for PEG
and ventilation alongside better survival in comparison with hypermetabolic patients
(Cattaneo et al.,, 2021). Clinical guidelines advise the use of percutaneous endoscopic
gastrostomy tube (PEG) for feeding after specific criteria were met (Andersen et al., 2005),
although stress from installing PEGs might increase disease progression in some patients

(Kérner et al., 2013).

Pilot Blood Analysis

ALS has been a difficult disease to diagnose and treat due to its heterogeneity (Sabatelli et al.,
2013, Ghasemi and Brown, 2018) and the potential to misdiagnose mimic diseases such as
primary lateral sclerosis (Tartaglia et al., 2007, Kuipers-Upmeijer et al., 2001) and spinal and
bulbar muscular atrophy (Grunseich and Fischbeck, 2015). In the search for potential
biomarkers or biochemical changes linked to ALS, various differences in blood components
and biochemistry have been found in ALS patients when compared to healthy controls.
Multiple studies have shown changes in peripheral myeloid cell populations in ALS patients,
which were outlined in Table 3.2, and have the potential to be biomarkers for ALS. These
results opened a new line of enquiry regarding the colony: could there be any changes to

blood composition or biochemistry linked to genetic modification?
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Cell Type Changes Seen Reference(s)

Increased RBC deformation; decreased nitrous oxide

RBC (Lima et al., 2016)

efflux

Increased RBC polyamines (Gomes-Trolin et al,,
RBC 2002)
Biochemistry

Increased HGBA1c in SALS led to worse survival (Wei et al., 2017)

. . . . (Murdock et al., 2016)
Neutrophils Increased percentage of circulating neutrophils (swindell et al,, 2019)
(Jin et al., 2020)

Tregs reduced and less effective in immune (Mantovani et al., 2009)

suppression (Henkel et al., 2013)
Lymphocytes (Beers et al., 2017)

(Rentzos et al., 2012)

Cytotoxic T cells increased Uin et al,, 2020)

(Henkel et al., 2004)

Increase in activated monocytes and macrophages in (Butovsky et al., 2012)
. ¥ phag (Zondler et al., 2016)
spinal cord

Monocytes (Zhao et al., 2017)
(zhang et al., 2005)

Fewer monocytes in ALS with bulbar involvement (McGill et al., 2020)

Eosinophil-derived neurotoxin increased in patient

Eosinophils
serum

(Liu et al., 2013)

Basophils More found in slow-progression cases of ALS (Greco et al., 2021)

Table 3.2: Changes in blood cell populations from ALS patients reported in literature.
RBC — red blood cells; HGBAc1 — haemoglobin Acl; SALS — sporadic ALS; Tregs — regulatory T

cells. Sex-specific changes were not outlined as patient data was pooled for all studies

mentioned.

Pilot blood analysis suggests major sex-specific differences. The reduction in the
concentration of erythrocytes, haemoglobin concentration, and the increased variability of
the width of erythrocytes from vapB” male rats would indicate morphological changes in
erythrocytes in the absence of functional vapB. Mature erythrocytes do not contain an
endoplasmic reticulum, but this, along with other organelles such as the nucleus and
mitochondria, were expelled from immature erythroblasts as a necessary step in maturation
(Skutelsky and Danon, 1970, Simpson and Kling, 1967, Skutelsky and Danon, 1967, Awai et al.,
1968, Campbell, 1968). Autophagy has been shown to be a key step in the elimination process

of mitochondria from erythroblasts which leads to severe anaemia when defective
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(Mortensen et al., 2010), and vapB has key roles in regulating autophagy, including ER-
orchestrated autophagosome biogenesis through interaction with ULK1 and WIPI2 (Zhao et
al., 2018), interactions with PTPIP51 to form an ER-mitochondria tethering complex (Gomez-
Suaga et al., 2017b, Stoica et al., 2014b), and interaction with autophagosome adapter
sequestosome 1 (James et al., 2021, Cha-Molstad et al., 2017). The vapBf*®> mutation has
been shown to alter early and late stages of autophagy in muscle and skin fibroblast samples
from ALS patients (Tripathi et al., 2021a), and cause mislocalisation of vapB">®® from the ER to
the autophagosome in the motor neurons of a knock-in murine model (Larroquette et al.,
2015). The reduction of functional vapB could have a detrimental effect on the maturation
process of erythrocytes through altered interaction with proteins such at PTPIP51, leading to

the changes seen in this study.

Female rats do not have any significant changes in erythrocyte parameters, but vapBP>65/P565
have an elevated concentration of segmented neutrophils, and vapB’ have a high
concentration of lymphocytes. Continuous screening for infections in the rodent housing units
detected Kilham Rat Virus (KRV) and Rat Parvovirus (RPV) were around the same time as blood
sample collection. KRV induces autoimmune diabetes in rats mediated by T lymphocytes and
involving lymphocyte infiltration of the pancreas (Chung et al., 2000, Ellerman et al., 1996,
Guberski et al., 1991), whereas RPV decreases lymphocyte viability and suppresses T
lymphocyte function and proliferation (McKisic et al., 1995) However, there were no
significant changes in male rat leukocytes. Studies of sex differences in susceptibility to viral
infection indicate male rats were more likely to be infected than females (Kosyreva et al.,
2020, Klein et al., 2001, Hannah et al., 2008), likely to be linked to progesterone which has
been shown to suppress dendritic cell-stimulated activation of T lymphocytes and suppress
pro-inflammatory cytokine production (Butts et al., 2007). There was no literature on the
effect of these infectious agents on erythrocytes, so changes seen in male vapB”" cannot be
linked to viral infection without further study. The presence of infectious agents at the time
of blood sampling was an important factor that should be taken into account when

interpreting such results in any future work of the colony.

Activated monocytes were recruited to the spinal cord of an ALS mouse model, and the
microRNA inflammatory signature was similar to that found in ALS patients (Butovsky et al.,

2012) but monocytes remained unchanged in the blood samples of 3 — 5 month old rats in
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this study. However, lymphocytosis in female vapBP*¢%/P>65 may indicate similar changes in ALS
patients where cytotoxic T lymphocytes (CD8*) were recruited and had a detrimental effect
on disease progression (Rentzos et al., 2012, Jin et al., 2020). Given the relatively young age
point at which blood samples were obtained in this study, future work should involve taking
samples at a later age to detect potential elevations in monocytes and lymphocytes, and mild
anaemia coupled with increased variability in erythrocytes. However, limitations in lateral

vein blood collection from older rats should be taken into account.

Further blood chemistry analysis would be beneficial from male rats given the excess weight
gain in vapBP°®/P56% and vapB” males compared to vapB. Cholesterol, triglycerides, and AST
in those genotype might be elevated compared to vapB, indicating weight gain from aberrant
lipid metabolism. This, in conjunction with measuring food intake, could help to determine if
changes in lipid metabolism or hyperphagia may have roles in increased weight gain seen

here.

There was no literature specifically investigating the role of vapB in erythropoiesis, and data
on blood analysis in rodents was not split by sex. However, the MSP domain was studied as a
potential biomarker of ALS from peripheral blood leukocytes (Deidda et al., 2014), and vapB
was misfolded in the peripheral mononuclear cells of ALS patients (Cadoni et al., 2020). As
the region coding the MSP domain of vapB was knocked out in vapB™ rats, this might indicate

arole in the domain in oxygen dynamics in the blood.

Pilot Mitochondrial Metabolism Analysis

Maximum capacity for mitochondria to endure a stressed environment was induced by
increasing the porosity of mitochondrial membrane, and forcing complexes of the ETC to work
hard to restore the mitochondrial membrane potential needed to generate ATP by ATP
synthase. The ability to cope with this kind of stress was reduced in vapBP*%/* compared to
vapB hippocampal cells, indicating altered capability of the ETC of vapBP*%* in stressful
conditions. This was reflected in the reduced activity of ETC complexes in SOD1 mouse models
(Clark-type electrode oxygraph showed reduced ETC complex activity and oxidative
phosphorylation (Mattiazzi et al., 2002), spectrophotometric enzyme assay found reduction
in activity in lumbar spinal cord from SOD1 G93A mice (Jung et al., 2002) and loss of

cytochrome C from ETC of mitochondria (Kirkinezos et al., 2005), Seahorse assay revealed
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shift from oxidative phosphorylation to glycolysis in fibroblasts cultured from SOD1''137
patients (Allen et al., 2014)). There was also proof of impaired mitochondrial respiration in
TDP-43 (Hong et al., 2012, Wang et al., 2013b, Duan et al., 2010, Lu et al., 2012), FUS over-
expression (Deng et al., 2015, Stoica et al., 2016), SIGMAR1 mutation related to ALS (Tagashira
et al., 2014), and SQSTM1 knockout and fibroblasts from patients with VCP/p97 (Bartolome
et al., 2013). Changes in mitochondrial respiration could have been affected by impaired
calcium homeostasis (Glancy et al., 2013, McCormack and Denton, 1989), decreased
anterograde axonal transport (Fang et al.,, 2012), or disrupted ER-mitochondria contacts
(Stoica et al., 2016) all implicated in the presence of vapB™® (De Vos et al., 2012, Mdrotz et
al., 2012).

There was also a reduction in non-mitochondrial O; consumption by vapBP>®¥/* hippocampal
cultures compared to vapB. Whilst the role of non-mitochondrial oxygen consumption has
not been specifically defined, potential contributors include enzymatic reactive oxygen
species (ROS) generation (Manes and Lai, 1995, Boveris et al., 1972, Boveris and Chance,
1973, Turrens, 2003, Johnson et al., 2007b, Johnson et al., 20073, Piccoli et al., 2005). There
was also evidence of O, consumption at cell surface level (Herst and Berridge, 2007) to
support rapidly proliferating cells producing ATP through glycolysis (Krisher and Prather,
2012). The reduction in non-mitochondrial oxygen consumption being linked to ROS
production could be supported by evidence of iPSC-derived MNs from ALS8 patients having

lower levels of ROS compared to healthy controls (Oliveira et al., 2020).

ER calcium regulation and ROS production were closely linked (Grupe et al., 2010, Florea and
Blatter, 2008, Redondo et al., 2004), and vapB interaction with PTPIP51 in calcium regulation
was altered by the P56S mutation (De Vos et al., 2012), but ROS have also been shown to have
important signalling properties in the innate and adaptive immunity (Chandel et al., 2000,
West et al., 2011, Heid et al., 2013) and induce reversible post-translational modification
(Paulsen et al., 2011, Krishnan et al., 2011). The reduction in non-mitochondrial oxygen
consumption could point to a reduction in cellular oxygenase activity, altered calcium

regulation, altered ER-mitochondria contacts, or modified redox signalling.

There was evidence of reduced ROS in the muscle of C.elegans carrying the vpr-1 (homolog
of vapB) null mutation (Han et al., 2012).post m However, most literature regarding ROS and

ALS indicate increased oxidative damage in the spinal cord and motor cortex (Ferrante et al.,
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1997, Abe et al., 1995, Beal et al., 1997, Shaw et al., 1995), and reduced glutamate binding in
synapses when exposed to ROS (Volterra et al., 1994, Trotti et al., 1996, Rao et al., 2003).
Whether reduced non-mitochondrial oxygen consumption in vapBP>®%/* was linked to changes
in ROS production or oxidative damage would need to be investigated by comparing ROS

production in vapB tissue.

Data from this study was not separated by sex, but this is an avenue to explore in future work
by genotyping for sex as well as vapB mutation, especially given the differences in weight gain

in males.

Major Sperm Protein in Cerebrospinal Fluid

A method was adapted from (Nirogi et al., 2009) with great help from ML to obtain CSF from
adult rats in a terminal procedure, the details of which can be found in Chapter 2. However,

initial western blots of samples were carried out but failed to detect a vapB-MSP signal.

Deidda and colleagues used 100ug of total protein from human CSF samples to detect MSP
by immunoblotting, whilst 4-5ug of total protein was obtained per rat CSF sample. Given the
faint signal detected by #6 antiserum against vapB-MSP (see Chapter 5), with homogenates
having a total protein concentration of 20-25ug (see Chapter 2), this was not enough to obtain
a detectable signal from immunoblotting. There was insufficient time to find alternative

methods to detect and quantify MSP from individual or pooled rat CSF samples.

A study set out to identify biomarkers in CSF of neurotoxicity in 8-9 month old male F344 rats
exposed to carbonyl sulphide (Lardinois et al., 2014). Samples were collected via lumbar
puncture for analysis. Two main methods were utilised to detect and quantify low
concentrations of proteins: Enzyme-Linked Immunosorbent Assay (ELISA) and Mass
Spectroscopy (MS). ELISA was utilised to determine the amount of blood that contaminated
CSF samples. In the indirect ELISA protocol followed in the study, samples coated the wells
and were probed with rabbit anti-rat haemoglobin antibody and detected using a secondary
antibody tagged for chemiluminescence, the emission of which was recorded by a microplate
reader. Contamination was defined as 1/500,000 dilution of whole blood sample, roughly
equivalent to 10 RBC/ul (Zhang, 2007) due to the high protein content of blood compared to
CSF (You et al., 2005). Of their samples, 86% were deemed to be contaminated. This included

samples visually deemed to be clear compared to red samples with evident blood
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contamination. Other proteins present in blood but not present in CSF could be measured
such as apolipoprotein B (apoB), which in humans was a contaminant at 1:6000 in
concentration in CSF (Zhang, 2007). Control concentrations of haemoglobin or apoB in wild
type rats should be established as a baseline to compare experimental samples as
concentrations of various proteins differs between species (Martens, 2015). Low speed
centrifugation could pellet myeloid cells, but dissolved proteins may still artificially drive up
the total protein concentration of samples. Analysing MSP in rat serum and using data to
“normalise” data obtained from contaminated samples could be an option, but would involve
determining the degree of contamination in each sample as well as a baseline of MSP in blood

for each genotype.

ELISA could be utilised to detect MSP in pooled CSF samples, but detection using #6 rabbit
anti-MSP serum would likely yield a very faint signal given results from this project. Biotin
amplification may help to boost the signal by applying a biotinylated secondary anti-rabbit
antibody and incubating with HRP-conjugated avidin or streptavidin. This could be further
assisted by protein enrichment techniques prior to ELISA detection, such as precipitation and
fractionation. These techniques were utilised in a proteomic study of human CSF to find age-
related changes (Zhang, 2007). Fractionation was also utilised in the neurotoxicity study by
Lardinois and colleagues to enrich low abundance proteins and deplete high abundance
proteins fraction by fraction. Fractions were subjected to matrix assisted laser
desorption/absorption mass spectrometry (MALDI-MS) which utilises “soft ionisation” to
apply a charge to large molecules. This confirmed that fractionation depleted abundant
proteins such as albumin and haemoglobin, and low abundance proteins were enriched in

later fractions.

In a pilot study, Lardonis and colleagues pooled 10 CSF samples and put them through MALDI-
MS. The presence of haemoglobin indicated contamination and implied other protein
concentrations may have been compromised. CSF samples deemed to not be contaminated
(via ELISA) were put through liquid chromatography electrospray ionisation tandem mass
spectroscopy (LC-ESI-MS-MS). This would have provided the best chance to detect proteins a
low concentrations, but detection failed in these samples due to the extremely low
concentration of protein available in the non-contaminated samples. The group concluded

that alternative methods for obtaining CSF that limited blood contamination and obtaining
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samples when neurotoxicity would have been more extensive might have resulted in a greater
concentration of proteins that would have been detectible. Even if no blood contamination
occurred, protein concentration would still be below detection unless samples were pooled

and low abundance proteins enriched.

It was also key to keep in mind the rostrocaudal gradient effect in CSF as some analytes were
more abundant in some regions of CNS than others (Tarnaris et al., 2011), so sampling CSF
from the cisterna magna at the base of the skull rather than close to the lumbar region of the

spinal cord may have an effect on CSF protein composition.

Ageing Fischer Rats and Splenomegaly

There appeared to be an issue with the health of the spleen in male Fischer F344 rats in the
ageing cohort. Within weeks of each other, 2 male rats (1 x vapB and 1 x vapBP*¢/*) at 17.5
months became lethargic, and appeared to have pale eyes, nose, ears, and paws. When
handled, a large, long, rigid mass could be felt in the abdomen. During post-mortem, this
transpired to be an enlarged spleen. Rats in the ageing cohort were limited to age up to 17

months instead of the intended 18 to prevent the development of further cases.

The University of Edinburgh Bioresearch and Veterinary Services Named Veterinary Surgeon
clarified that Kilham Rat Virus (KRV) infection was detected in the housing unit around the
same time that symptoms developed. KRV has been linked to the development of T cell-
dependent autoimmune diabetes in rats (Ellerman et al., 1996), and diabetes has been linked
to spontaneous splenomegaly in mice fed a high-fat high- sugar diet (Buchan et al., 2018). A
high fat diet alone in rats did not change splenic morphology in rats (Jakobsdottir et al., 2013)
so the addition of sugar or the larger amount of fat included in the mouse study may have
helped to induce splenomegaly as already noted (Buchan et al., 2018). The vapBP*®*/* and
vapB”~ male rats in this study gained more weight than vapB between 10 and 17 — 18 months,
so this in conjunction with KRV infection might have induced splenomegaly, especially if lipid

metabolism was altered.

Another potential culprit was mononuclear cell leukaemia (MCL) as symptoms match
observations in these rats. This was a condition that F344 rats are susceptible to when ageing,
with 22.2% of males developing the condition and the risk of developing the condition

increasing from 20 months old (Stromberg and Vogtsberger, 1983). Incidence in this colony
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was 2 out of the 14 males (14.3%) ageing to 18 months with each case happening around 17.5
months of age. Implanting tumorous cells into healthy recipient rats resulted in haemolytic
anaemia, presence of tumorous cells in peripheral blood and spleen, dispersion of splenic
lymphoid tissue (Stromberg et al., 1990). Regarding haematology, an increase in the number
of immature red blood cells (reticulocytosis), severe haemolytic anaemia, neutrophilia,
reduction in lymphocytes (lymphocytopenia), marked reduction in platelets

(thrombocytopenia), and aniocytosis (Stromberg et al., 1983) are also hallmarks of MCL.

Official diagnosis would need to be made by histological processing of spleens and livers
collected and embedded in paraffin wax to find signs of abnormal or tumorous cells
infiltrating the spleen and liver. Aniocytosis was identified in the 3 —5 month old vapB”- male
rats, and neutrophilia was identified in female vapBP>®%/?5%S rats. A survival study where blood
samples were monitored for monocyte proliferation, erythrocyte depletion, and analysis to
see if genotype affects either parameter would help to maintain any future ageing colonies.
As shown in this project, blood collected from 3 — 5 month old animals had unchanged
monocyte concentrations in male and female rats which were relatively normal compared to
data collected elsewhere (Stromberg et al., 1983), so samples would also have to be taken at

later age points for monitoring if a longer study was carried out.
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A

4 Motor Behaviour

RotaRod

The rotarod was a widely used piece of equipment used as an assay for the motor behaviour
of rodents, so a pilot longitudinal study of vapB and vapBP*%/* female rats over the course of
6 months was carried out. Data was collected every 2 weeks and Figure 4.1 shows the results.
Performance was measured at slow (5rpm) and medium (12rpm) speeds, and weight data

was also collected from each animal throughout the study.
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Figure 4.1: Rotarod motor assessment and weight gain over 6 months for vapB and vap
rats.

A: Latency to fall at slow speed (5rpm). B: Latency to fall at medium speed (12rpm). C: Weight
measured over course of rotarod assessment. Mean and S.E.M displayed. Bonferroni-Dunn t-tests

applied for rotarod performance and weight gain. n=3 for both groups.

Performance of both groups did not differ significantly from each other, but there was an

average reduction in latency to fall over the course of 6 months for both groups. Data for
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these female rats was not collected beyond 6 months/200g due to the rota rod motor being
unable to cope with heavier rats “dragging” the rod as they fell, suddenly accelerating the
speed of the rod and causing other rats on the rod to fall prematurely. Male rats reached 200g
at 2 months old on average. The limitations of the rod motor being able to withstand the
weight of animals over 200g and the excessive time it would have taken to record individual
performances over the course of 18 months made the rota rod an inefficient method of
gaining mobility data from the ageing cohort. That, in combination with the level of handling
and researcher involvement in data collection, had the potential to influence or mask subtle
changes in mobility over time. An alternative method for recording motor behaviour needed

to be sought out.

CatWalk Gait Analysis

The CatWalk Gait Analysis system uses light intensity and images captured by a high-speed
camera to capture the gait of individual animals as they run across a walkway, and compute

subtle changes in gait from paw prints (Hamers et al., 2006, Hamers et al., 2001) as shown in

Figure 4.2.
| Stride Length
Print Positions
Left Paw -
I
I
I
: Print Width
BoS , |= = =
° ® : ° [ ] T Print
RightPaw W& 0: o
o * o *
Stand (R) Swing (R)
Step Cycle (R)

Figure 4.2: Key parameters recorded by CatWalk XT 8.1 software.
Spatial and temporal parameters calculated from information gained from paw prints generated by
frustrated total internal reflection (fTIR). BoS — Base of Support.
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Data was separated by sex due to significant weight differences between male and female
rats. Multiple spatial and temporal parameters were imputed from information captured
about signal intensity, paw placements, paw print area, and temporal relationships between
paws that represent aspects of coordination. Table 4.1 shows how each parameter captured

by the software was grouped in this study.

The p-values from statistical analysis on all parameters can be found in Appendix 1, but there
were a number of key findings. In the male rats, the greatest changes were in parameters
relating to paw pressure, namely the signal intensity of paws against the glass walkway that
was recorded. Male vapBP3%5/P555 exerted less pressure through their paws at 12 and 17 — 18
months than vapB ( A - C), indicating a lighter paw tread. The minimum intensity of vapBP>%5/+
at 6 months was greater than vapB ( D), implying that their lighter paw treads at that age were

not as light as vapB.

There was also a change in paw intensity in female rats that was most prominent at 17 — 18
months where vapBP%5/P565 and vapB”- both exerted less pressure on their paws than vapB (
A —C), but their minimum intensity was greater at this age ( D). This indicates a reduced range

of paw pressure at 17 — 18 months.

The female vapBP*¢/?>65 and vapB”- rats also had reduced paw size parameters at 17 — 18
months compared to vapB ( A — E). This, in conjunction with the reduction in paw pressure
exerted by paws, depicts a “tip-toe” like gait acquired by these rats by the time they reach 17

— 18 months.
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Paw

Parameter . . Units Definition
Statistic
Base of N mm Average width between girdle paw pairs (front pair, hind pair)
Support (BOS) & & pawp pair, P
Stand as %
Duty Cycle Y Average proportion of Step Cycle for specific paw spent supporting weight.
y Ly of Step Cycle ge prop pLly p p p pp g weig
d
§. Number of Steps N # Number of steps within one run
§' Print Positions N mm Average distance between lateral paws (left pair, right pair)
Stand Y s Average time paw was in contact with glass
Stride Length Y mm Average distance between sequential paw placements
Supbport v % Proportion of run that rat was not in contact, or was in contact with runway on 1 paw, a
PP ° diagonal pair of paws, a lateral pair of paws, a girdle pair of paws, 3 paws, or all 4 paws.
Maximum Contact v AU Average maximum intensity at maximum contact (from 0 to 255). Intensity increases
Maximum Intensity with pressure
© Maximum Contact v AU Average mean intensity at maximum contact (from 0 to 255). Intensity increases with
5 Mean Intensity pressure
(7]
§ Maximum Intensity Y AU Average maximum intensity of complete paw
a
Maximum Contact At Y s Average time since start of run that largest part of paw makes contact with glass
Minimum Intensity Y AU Average minimum intensity of complete paw
Mean Intensity Y AU Average mean intensity of complete paw
Average Speed N frames/s Average speed across one run
- Maximum Variation N % Maximum variation of running speed within one run
[}
g Run Duration N s Total time taken to traverse the runway on one run
wv
Step Cycle Y s Average time between two consecutive initial contacts of the same paw.
Swing Speed Y frames/s Average speed between sequential paw placements
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Body Contacts N % of run Proportion of run the ot.her body parts (right or left hip, right or left knee, nose, tail,
abdomen, gonads, or tail) contacted the walkway
Cadence N steps/s Average number of steps taken per second during a run

Number of Patterns N # Number of recognised step sequences within a single run
c
o % of Anchor
= Phase Dispersions N % Mean delay between the placement of two paws
o Step Cycle
-g Regularity Index N % in pattern Proportion of steps included in recognised step patterns
S "Speed paw loses contact with glass (indicates paw dragging)stand index= (a/0x)*frame

Stand Index Y frames/mm’ rates from y=ax+b describing line of best fit of t(Max Area) in 90% percentile, Ox was
max contact area”
Step Sequence N % Proportion of runs in cruciate, alternate, or rotate sequences
Swing Y s Average time paw was not in contact with walkway
Maximum Contact 2 . . .
Area Y mm Average maximum area of paw that comes in contact with glass
(]
§ Maximum Contact At Y % of stand Percentage of stand time transitioning from braking to propulsion during Stand
wv
2 Print Area Y mm’ Average area of paw print
(o)
e Print Length Y mm Average length of paw print
Print Width Y mm Average width of paw print

Table 4.1: Parameters generated by CatWalk XT8.1 software.
Parameters grouped by Support, Pressure, Speed, Coordination, and Paw Size. Parameters relating to specific paws (right front, left front, right hind, and left
hind) were marked out in the Paw Statistic column marked by “Y” (yes), and others marked with “N” (no).
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Figure 4.3: Parameters related to Print Intensity of male rats at 6, 12, and 17 — 18 months.

A: Max Pressure at Max Contact — Maximum pressure exerted by paw when maximal contact area was generated by the paw. B: Mean Pressure at Max
Contact — Average pressure exerted by paw when maximal contact area was generated by the paw. C: Max Pressure — Maximal pressure exerted by the paw.
D: Min Pressure — Minimal pressure exerted by the paw. Two-way ANOVA with Tukey’s post-hoc test applied to each parameter. n=3-5 animals per sex per
genotype. * p<0.0500, ** p, 0.0100, *** p<0.0010, **** p<0.0001.
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Figure 4.4: Parameters related to Print Intensity of female rats at 6, 12, and 17 — 18 months.

A: Max Pressure at Max Contact — Maximum pressure exerted by paw when maximal contact area was generated by the paw. B: Mean Pressure at Max
Contact — Average pressure exerted by paw when maximal contact area was generated by the paw. C: Max Pressure — Maximal pressure exerted by the paw.
D: Min Pressure — Minimal pressure exerted by the paw. Two-way ANOVA with Tukey’s post-hoc test applied to each parameter. n=3-5 animals per sex per
genotype. * p<0.0500, ** p, 0.0100, *** p<0.0010, **** p<0.0001.
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Figure 4.5: Parameters related to Paw Size of female rats at 6, 12, and 17 — 18 months.
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A: Print Area — Average area of paw print recorded. B: Print Length — average length of paw print recorded. C: Print Width — Average width of paw print
recorded. D: Max Contact Area — Maximum contact area generated by the paw. E: Max Contact At — The point during Stand where maximum contact was
generated by the paw. Two-way ANOVA with Tukey’s post-hoc test applied to each parameter. n=3-5 animals per sex per genotype. * p<0.0500, ** p, 0.0100,
*#* p<0.0010, **** p<0.00.
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There has been data to suggest that speed has a large effect on the acquisition and calculation
of many CatWalk parameters (Batka et al., 2014), so normalisation of parameters to speed
would have mitigated this. However, only vapB7- females at 12 months were significantly
faster than vapB whilst all other groups had no significant changes in their average speed ( C
— D). This was reflected in vapB~- having a faster Swing Speed ( A) and longer Stride Length (

B) compared to vapB, which was not the case with all other groups.
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Figure 4.6: Swing Speed, Stride length, and Average Speed in female rats.

A: Swing Speed — Average speed in mm/s of the limb swinging from one placement onto the glass and
the next. B: Stride Length — Average distance in mm of the limb swinging from one placement onto
the glass and the next. Average Speed — How quickly an animal moved from one end of the CatWalk
walkway to the other averaged across a run for male (C) and female (D) rats. Two-way ANOVA with
Tukey’s post-hoc test applied to each parameter. * p<0.0500, ** p, 0.0100, *** p<0.0010, ****
p<0.0001.
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Front

Hind

The hind limb Base of Support (BoS) for 12 month old vapBP*®**, and 12 and 18 month old

vapBP5t/P585 males was wider compared to vapB. However, front limb base of support for 18

month old vapBP%¢5/P%65 was wider than vapB. Female vapB~- also had wider front BoS across

the age groups, but significantly so at 6 and 18 months ().
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Figure 4.7: Base of Support (BoS) in male and female rats.
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Two-way ANOVA with Tukey’s post-hoc test applied to each parameter. n=3-5 animals per sex per
genotype. * p<0.0500, ** p, 0.0100, *** p<0.0010, **** p<0.0001.

Overall, male vapBP%5/P56S had reduced paw pressure at 12 and 17 — 18 months compared to

vapB, but this would need to be corroborated by correcting for weight gain. This does not

appear to be connected increased weight gain at these ages (see Chapter 3) as vapB”" also

gain weight at the same rate and do not have similar changes in paw pressure. As previously

mentioned, there were no significant differences in average speed so it was unlikely to be a

factor.
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4.3

For female rats, the greatest changes can be seen in paw print area and paw pressure, where
both sets of parameters decrease at 17 — 18 months for vapBP*65/P56S and vapB™-. This does
not appear to be connected to speed as there were no significant changes in average speed,

and weight gain does not change over the course of 18 months (see Chapter 3).

Discussion and Future Work

The main motor changes in this model indicate a lighter tread during ambulation in male
vapBP56/P585 and female vapBPo®5/P%65 and vapB”/- at 18 months. This is in agreement with
studies carried out in ALS patients who exerted less force in their footsteps (Fraiwan and
Hassanin, 2021, Akgun et al., 2018). Patients also tended to have a greater variability in the
time taken to complete step cycles, longer swing phase, longer step cycle (Hausdorff et al.,
2000, Wu and Krishnan, 2009) shorter stride length, more time supported on two legs than
one leg (Radovanovi¢ et al., 2014) and reductions in cadence and speed (Goldfarb and Simon,
1984). Changes in gait have been investigated as markers of ALS (Sanjak et al., 2017), and
have opened up the possibility of classifying gait abnormalities in neurological disorders to
assist in diagnosis (Fraiwan and Hassanin, 2021, Felix et al., 2021, Prabhu et al., 2020, Akgun
etal., 2018). However, translating such findings from bipedal to quadrupedal organisms is not

straightforward.

Studies into the gait of animal models of ALS have provided information on temporal and
inter-paw relationships. Table 4.2 summarises changes in rodent models of ALS. Most data
available for gait of rodent models of ALS have been generated with the SOD1%%A mouse.
Whilst there was no gait data for transgenic rats, SOD1%%3A rats had reduced spontaneous
walking activity at 120 and 160 days (Nagai et al., 2001), and TDP-43 rats tended to cover less
ground in open-field assays (Tong et al., 2013, Huang et al., 2012).

There are some conflicts regarding gait changes in existing rodent models of ALS. Swing speed
of SOD1%%3A s faster than WT, but AMPKa2" is slower compared to WT. Stride length is longer
for both FUF models, but shorter for SOD1, TDP-43, and AMPKa27-. AMPKa2”" rely more on
diagonal support whilst SOD1 and TDP-43 have less reliance. Two different mouse models of
SOD15%3A have increased or decreased propulsion from stance phase, but both were analysed
using treadmill gait analysis. It is inaccurate to put these differences down to the method of

acquisition of data as treadmill and CatWalk data have provided the same outcomes for
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SOD15%3A models (longer stand duration, shorter stride length), and differing outcomes for
the same method (propulsion). Data analysis and whether speed and weight were accounted
for might have affected final conclusions, but replication of gait analysis in these models
would offer better comparison of gait changes according to mutation. Applying false
discovery rate to the vast array of data might also reduce the number of type 1 errors in the

data, but time constraints limited the analysis.
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N

Stride
Duration +(Chan et al.,
2020)
2 N
+(Allodi et al., N N *(Vergouts et
Stride 2021) N al., 2015)
ki kK]
Length *(Mead et al., +(Chan et al., et(zllng et(lz_;lng
2011) 2020) 2019) 2019)
+(Hampton and
Amende, 2009)
N%
Paw *(Haulcomb et al.,
Pressure 2017)
*(Mead et al.,
2011)
Paw Area
Base of T
Support *(Watkins et

al., 2021)
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Diagonal Vv N2 T
Support *(Mead et al., *(Watkins et *(Vergouts et
2011) al., 2021) al., 2015)
T
+(Mancuso et al.,
2011)
Propulsion
N
+(Hampton and
Amende, 2009)
Paw T
Dragging +(Allodi et al.,
2021)
T
Relative
*(Haulcomb et al.,
Paw 2017)
Position
*(Gerber et al.,
2012)

Table 4.2: Changes in gait of rodent models of ALS.
Unless specified, the vapB results combine changes in male and female animals. References included for other rodent models of ALS where gait is analysed.
* refers to gait analysis by CatWalk apparatus. + indicates gait analysis by treadmill. ** indicates gait analysis from paw prints taken using non-toxic paint.
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Reduced paw pressure of male vapBPo®5/P56S at 17-18 months was surprising given the
increased weight gain compared to wild type (see Chapter 3), and that weight gain may have
affected the gait of male rats rather than genotype (Pitzer et al., 2021). However, changes in
gait seen in male vapBP>%5/P565 3t 12 and 17 — 18 months old were not reflected in vapB™,

suggesting a change not relating to weight gain.

Only 12 month old female vapB~ rats were significantly slower than vapB, but this was the
only statistically significant finding regarding average speed. It would be worth normalising
data to speed and weight using a linear mixed model statistical method or regression analysis
as used elsewhere (Haulcomb et al., 2017) which might have given more clear changes as
speed especially affects CatWalk parameters (Batka et al., 2014). Regression analysis would
allow for weight to also be factored in as this could affect data variability (Machado et al.,

2015). Regression analysis was not completed on this data due to time constraints.
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5.1

5.2

5 VAP Expression and Interactions

Size of vapB exon 2 affected by loxP sites or collateral knockout
from CLICK knock-in generation

The distinct bands identifying each genotype were shown in Figure 5.1. The floxed sites

around P56S-exon 2 increased the size of the gene, whilst knocking out exon 2 reduced the

size of the gene.

vapB
vapB **
vapB P56S/H+
vapB PSES/PSES

wT

576bp —»
508bp —»

298bp —

Figure 5.1: DNA bands for exon 2 of vapB.

PCR primers used here flanked exon 2 of vapB. Wild type vapB was 508 base pairs (bp) long, and CLICK
generation of conditional knockout rats inserted floxed exon 2 carrying the P56S mutation increasing

the size of the mutated version of vapB (vapB™®) to 576bp. Knocking out exon 2 as collateral from
CLICK reduced the size of vapB (vapB’) to 298bp.

Specificity of antisera against vapB

Whilst inoculation and extraction of serum from animals was a practical and cost-effective
method of generating antibodies through the use of commercial services, targets for
inoculation still needed to be constructed and provided in enough volume and of good
enough quality to reduce the likelihood of non-specificity (Maurer and Callahan, 1980, Harlow

and Lane, 1988). Protein constructs of vapB and methods used to produce antisera against

them were outlined in Table 5.1.
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Antiserum

D Animal | Construct Construct method of production
Glutathione-S-Transferase (GST) (Smith and
e Rabbit vapB- Johnson, 1988) transfusion with thrombin cleavage
abbi
MSP site (Guan and Dixon, 1991). Affinity-purification,
and GST cleaved before inoculation
Histidine-tagged construct. Chromatograph
#38 Rabbit vapB o g8 grapny
purification.
B Multi-antigenic peptide (MAP) form of 174-189.
va
#84 Sheep (174p189) Affinity-purified against immunizing peptide
(Gkogkas et al., 2008)
) Histidine-tagged construct. Protein purified by
vapA Rabbit vapA

chromatography (Skehel et al., 2000)

Table 5.1: Table of antisera, animals, and protein constructs involved in antiserum production.

Specificity of each serum was examined by probing constructs used in their generation with
each antiserum on western blots, as shown in Figure 5.2. Regions of vapB targeted by each

antiserum were outlined in Figure 5.3.
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Figure 5.2: Western blots demonstrating specificity of antisera raised against vapB.
A: All constructs probed with vapB#38, * CCD and TMD not bound to Green Fluorescent Protein (GFP)
used in the generation of constructs. B: All constructs probed with vapB#84. C: All constructs probed

with vapB#6, ** MSP bound to GFP. D: All constructs probed with antibody against GFP, *** vapB-
MSP band. E: Schematic of components of vapB-GFP.
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Figure 5.3: Schematic of vapB with regions of specificity of antisera to distinct parts of the protein.

As vapB#38 was raised against the whole protein, the bands at the bottom of Figure 5.2 A
(annotated with *) were likely to correspond to the truncated form of vapB seen in the vapB
and vapB-MSP homogenates, so vapB#38 could show the full length and truncated forms of
vapB. The full-length form of vapB was reduced in the vapB-MSP lane compared to the wild
type vapB lane, further supporting the idea that vapBP">®> mutation affected the expression of
the full-length protein as seen in Figure 5.3. However, there appeared to be no difference in

signal corresponding to the truncated form of vapB in the wild type or mutant lanes.

There was also a notable reduction in signal from vapB to vapBP*®° in Figure 5.2 C where
homogenates were probed with vapB#6 raised against vapB-MSP, further implying the
involvement of the mutation in protein expression or detection. It also confirmed that the
band at Figure 5.2 A (*) was likely to be truncated vapB rather than the MSP domain. In Figure
5.2 C (**), the vapB-MSP signal was weak when probed with #6. The same position for the
same homogenate when probed for GFP was much stronger (Figure 5.2 D***), This suggested
GFP bound to MSP may have inhibited vapB#6 antibody from binding to a dominant epitope

at MSP N-terminus.

Blots obtained during optimisation of vapB#38 (see Appendix Figure 9.1) produced cross-
reacting bands against various tissues, making interpretation of any histological work
problematic. However, vapB#6 maintained specificity against the MSP domain and became
the key candidate for use in immunofluorescence (see Chapter 6). The comparative signal
detection between vapB#38 and vapB#6 in western blots identified vapB#38 as the best
candidate for western blots below. The presence of cross-reacting bands in vapB#38 and
vapB#84 could be reduced by purifying the antibodies with techniques such as Protein G
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5.3

purification (langone, 1982), gel filtration (Grodzki and Berenstein, 2010), or antigen affinity
chromatography (Jack, 1994), but this could affect the titre and subsequent signal when used
in experiments. Pre-absorbing antibodies on tissue from vapB- animals could be another way
to reduce the signals of non-specific bands, but this could also affect the detection of

truncated proteins as vapB” was only missing exon 2.

Expression of vapB and vapA in Lumbar Spinal Cord

There was ubiquitous expression of vapB and vapA in all tissues in rats and in humans,
however its expression was reduced in the presence of the P56S mutation (Nishimura et al.,
1999, Gkogkas et al., 2008, Teuling et al., 2007, Anagnostou et al., 2010). Most mouse models
to date do not reflect this as they over-express wild type and mutant vapB (Kim et al., 2016,
Kuijpers et al., 2013a, Tudor et al., 2010, Aliaga et al., 2013, Qiu et al., 2013), but it was
reflected in the knock-in mouse model where there was a reduction in the expression of full-
length vapB in the heterozygous and homozygous mutants, and an increase in truncated
forms of vapB detected in insoluble fractions from the spinal cord (Larroquette et al., 2015).
The truncated products also appear under normal conditions in CNS tissue as vapB was
thought to cleave at an, as yet, unknown point between the MSP and coiled coil domains, and
has been shown to have roles in intra- and extracellular signaling (Tsuda et al., 2008, Han et
al., 2012, Deidda et al., 2014). Changes in the expression of vapB in the presence of the P56S
mutation were also reflected in this project where homogenates of lumbar spinal cord were
probed for vapB and vapA using vapB#38 and vapA antisera. In this rat model of ALS8, vapB
expression was reduced in LSC homogenates from vapBP>%*, and absent in vapBP>¢5/P565 gnd
vapB7- (B). The expression of vapA was not expected to change in tissues from this colony.
However, there appears to be a reduction in the level of vapA expressed in lumbar spinal cord
in vapBP>®5/* and vapB~- ( A). Time constraints limited the number of samples per genotype to
only one, so repeat blots with other samples are needed to confirm this change in vapA

expression.
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Figure 5.4: Immunoblots probing lumbar spinal cord homogenates for vapB and vapA.
vapB (A) and vapA (B) bands at 33kDa. Samples taken from homogenates of lumbar spinal cord of 17-
18 month old animals. Analysis not completed as only one sample per genotype.

Motor Neurone Expression of vapB and vapA

Evidence in literature points to vapBP°® forming aggregates in fibroblasts from SALS patients
and peripheral blood mononuclear cells (Cadoni et al., 2020), which was reflected in mouse
models of ALSS8, including the knock-in model where cytoplasmic inclusions were present in

MN (Larroquette et al., 2015).

To see if such aggregates were present in the rat model, LSC sections of 17 — 18 month old
rats were probed for vapB or for vapA using vabP#6 and vapA antisera respectively. Criteria
for cell selection for analysis was as follows: thresholding and particle analysis tools from
FlJI/Image) were used to select and measure cells >700um?, and they should have clear
nucleolus for true middle cross section. The latter criterion was added as the signal
distribution within cells became more striated the further from the nucleolus the cross
section became (Figure 5.5 C). The cell area and mean grey values of the cytoplasm were
collected and analysed with GraphPad Prism 7. As aggregates were not immediately obvious,
the signal distribution within cells was instead categorised as homogenous, granular, striated,
or ring-like (Figure 5.5 A and B), and the frequency of each category along with mean grey

value (MGV, for signal intensity) were recorded.
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Figure 5.5: Distribution of vapB and vapA signal in MN

A and B: MN separated into 4 groups: granular, striated, homogenous, and ring-like. C: Signal
arrangement around the nucleus was less distinguishable when cross section of MN further away from
nucleolus, so cells were excluded from analysis. Scale bars 20um.

The number of MN positive for vapB#6 or vapA antibody, and their area and signal were all
recorded and analysed. As data in Chapter 6 will show, there was a reduction in the number
of MN in vapBP®/* and vapBP>®5/P>65 lJumbar spinal cord, so data here was normalised to
average number and area of ChAT-positive cells. For vapB#6-positive MN, there was a marked
reduction in the signal of vapB”/- MN with homogenous signal distribution (Figure 5.6 F) which
was expected due to exon 2 being knocked out and vapB#6 used here has been shown to
identify the MSP domain. Otherwise there were no other statistically significant changes in

vapB#6-positive MN (Figure 5.6).
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Figure 5.6: Number, area, and signal, or mean grey value (MGV) of vapB #6-positive MNs

MN >700um? in area included in analysis. Data was compared across genotypes (A, C, and E) and then vapB signal distributions were compered within
genotypes (B, D, and E) where G = granular, S = striated, H = homogenous, and R = ring-like. Relative frequency and MN area normalised for average values
gained from ChAT-positive MN. One-way ANOVA with Dunnett’s post-hoc applied to genotype comparisons, and two-way ANOVA with Dunnett’s post-hoc
comparisons applied to signal distribution analysis. 3 sections per animal and 3 — 4 animals per genotype were included. *p<0.0500.
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Images from LSC probed for vapA were also analysed and data was normalised to average MN
number and area of ChAT-positive MN. For vapA-positive MN, vapBP>®¥/?5% neurons were
larger than WT, with the significant difference in MN expressing vapA homogenously (Figure
5.7 C and D). Overall, vapBP°®5/P565 MIN also had a greater signal than WT, but this was not

significant to any of the signal distributions (Figure 5.7 E).

The ER marker PDI was not optimised in time to determine if these staining patterns
colocalised with the ER, and if they exhibited the morphology of the ER in MN. Whilst there
was evidence of vapB colocalising with PDI (Tsuda et al., 2008) and other ER markers such as
GRP78 (Cadoni et al., 2020), it only appears to do so in the presence of the P56S mutation.
Therefore, the changes in “MN area” could just reflect changes in vapB-MSP and vapA
distribution either across the ER or throughout the cell body. However, changes in vapA cell
signal suggests some sort of re-distribution which could be compensatory in the presence of

the P56S mutation.
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Figure 5.7: Number, area, and mean grey value (MGV) of vapA-positive MNs

MN >700um? in area included in analysis. Data was compared across genotypes (A, C, and E) and then vapB signal distributions were compered within
genotypes (B, D, and E) where G = granular, S = striated, H = homogenous, and R = ring-like. Relative frequency and MN area normalised for average values
gained from ChAT-positive MN. One-way ANOVA with Dunnett’s post-hoc applied to genotype comparisons, and two-way ANOVA with Dunnett’s post-hoc
comparisons applied to signal distribution analysis. 3 sections per animal and 3 — 4 animals per genotype were included. *p<0.0500, **p<0.0100.
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5.5 Reduced expression of Syntaxin in vapBP*®%/P>%* spinal cord

The VAMP-associated proteins vapA and vapB help to tether organelles to the ER by
interacting with proteins containing a two-phenylalanines in an acidic tract (FFAT) motifs

found on target organelle membranes (Di Mattia et al., 2018, Cabukusta et al., 2020).

Syntaxin 1A and VAMP?2 interact with VAP proteins to allow interaction between vesicles and
the ER (Weir et al., 1998, Foster et al., 2000, Kanekura et al., 2006), and a-Tubulin also co-
sediments with vapB in the presence of microtubules, and interrupted transport vesicles form
ER to Golgi forming when over-expressed or in the presence of the vapBP® mutation
(Pennetta et al., 2002). Antibodies against Syntaxin 1A, VAMP2, and Tubulin BlIl were used to
probe homogenates of lumbar spinal cord. Tubulin Blll was used rather than a-tubulin due to
antibody availability. In this model, syntaxin 1A was significantly reduced in vapBP>%5/P565 | SC,

There were no changes in VAMP2 or tubulin Bl ().
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Figure 5.8: Expression of VAP interactors in lumbar spinal cord.
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A: Immunoblots of 17 — 18 month old lumbar spinal cord probed for Syntaxin 1A (35kDa), VAMP2
(17kDa), and Tubulin BIll (50kDa). Blots were normalised to GFAP (50kDa). Densitometry analysis was
performed using FlJI/Imagel for syntaxin 1A (B), VAMP2 (C), and tubulin BllI (D). Significant reduction
in syntaxin 1A in vapBP°%/?® compared to vapB. Two-way ANOVA with Dunnett’s post-hoc test
applied. 2 — 3 animals per genotype.*p<0.0500.

The vapB®® mutation might have had an impact on ER stress. One marker of this is the
glucose regulated protein of 78 kDa (GRP78) which is a key ER protein involved in a range of
cellular processes including calcium homeostasis (Ouyang et al., 2011), and sensing ER stress
(Lee, 2005). A shows a preliminary blot probing LSC for GRP78, and indicates no change in

expression across genotypes.

The vapBP*®S mutation might have also affected the behaviour of other tethering proteins
interacting with the ER such as the mitochondrial protein mitofusin. Whilst it is involved in
many cellular roles including mitochondrial autophagy (Franco et al., 2016) and motility
(Rocha et al., 2018), its role as a mitochondrial tether to other organelles including the ER
indicates its importance in mitochondria-ER interactions. When mitofusin expression was
silenced, ER morphology was disrupted which affecting mitochondrial calcium uptake (de
Brito and Scorrano, 2008). Preliminary blot probing LSC for mitofusin shows a reduction in

mitofusin in all genotypes compared to vapB, as shown in B.
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Figure 5.9: Preliminary immunoblots on cortical homogenates.
A: Expression of GRP78/BiP (78kDa). B: Expression of mitofusin (84kDa). GFAP (50kDa) as the control
for both blots. n=1 for each genotype, hence no analysis.

5.6 Discussion and Future Work

Literature on mouse models of ALS8 carrying the vapBP>®S mutation (see Chapter 1) did not
provide PCR results for each genotype being studied, and instead provide immunoblots to
represent expression differences between genotypes. Although this provides quantitative
information on the effect of the mutation on protein expression as shown in Error! Reference
source not found., relative expression of proteins would need thresholding to identify specific
genotypes. This was the case for vapBP>%/* and vapBP>%5/P%6S 35 their expression levels appear

very similar and difficult to distinguish through the immunoblot alone.

There was a lower level of vapB expression in vapBP%/*, similar to vapB”/-and to what has
been reported in other models (Larroquette et al., 2015). However, this was in contrast to
other models in transgenic mouse models, likely due to over-expression of vapB and vapB?~%°
(Tudor et al., 2010, Qiu et al., 2013, Aliaga et al., 2013, Kim et al., 2016) or were generated as

knock-in or knock out (Kabashi et al., 2013) mice.
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Homogenates of a range of tissues from rats also show that whilst vapA was cleaved in all
tissues analyzed, vapB only had detectible cleavage products in CNS tissue (Gkogkas et al.,
2008). Antibodies to differing epitopes of vapB may have been used to detect the cleavage
products, but this was something worth looking into in the future given the important
extracellular signaling functions of the MSP domain, and the mutation affecting cleavage and
release of the MSP domain (Gkogkas et al., 2011). There is, however, a clear reduction in vapB
expression in vapBP>®*/* and vapB”, with a lesser reduction in vapBP*¢/P56S | SC. It was not
clear if the vapBP>®®> mutation contributes to ALS8 by a loss- or gain-of-function. Models over-
expressing vapB report cytosolic aggregates forming in MNs, suggesting gain of function
toxicity. However, given that vapB expression was reduced in this model and in the spinal cord
of SALS patients (Anagnostou et al., 2010), it was likely that ALS results from a lack of
functional protein available to complete key cellular tasks (Borgese et al., 2021). This could
also be disputed as a vapB7- mouse model was unable to replicate ALS phenotype (Kabashi et
al., 2013), but the mouse vapB knock-in model reported mild motor deficit, cytoplasmic vapB
and ubiquitinated inclusions, and ER stress. The motor deficit was more severe in homozygous
mutants, but homozygous mutants also expressed vapB to a lesser degree than wild type or
the heterozygous mutant (Larroquette et al., 2015). Given the differences seen in this model
so far, it was difficult to make the case for vapB® being a loss-of-function mutation as
vapBP*%/+ and vapB”- would be expected to produce similar outcomes which has not been the

case so far.

The cellular distribution of vapB and vapA would need to be investigated further. The relative
size of MN expressing both proteins may just reflect changes in morphology of ER, or
distribution in MN as vapB and vapA have already been shown to localise to differing parts of
HEK293 cells in culture (Gkogkas et al., 2008). The reduction in vapB#6 signal (mean grey
value) in vapB”- and vapBP*®*/* was not as dramatic as expected from the immunoblot probing
LSC homogenates for vapB. However, vapB#38, which recognises the whole of vapB, was used
in the immunoblot whilst vapB#6 only recognised the MSP domain. This may point to why
aggregates of the protein were not immediately obvious so vapB#38 could have provided
information about how the full length protein was distributed. However, vapB#38 was not
suitable for immunofluorescence due to a large cross-reacting band present in blots against

tissue homogenates (see Appendix Figure 9.1) which would have interfered with interpreting
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images. The vapB#84, which recognises the TMD and CCD, was not optimised for histology in
time for this project, but it would offer more information about how this part of the protein
was distributed in MN in a co-localisation study. The signal of vapB in vapB”" was reduced
compared to vapB, but only in MN with homogenous signal distribution. This could be
explained by the immunoblot probing cortical homogenates with vapB#6 where there was a

non-specific band across all samples.

Given the diversity of cellular roles that vapB has been implicated in, a mutation in the MSP
domain which inhibits cleavage was likely to affect interactions with proteins and complexes
needed to initiate steps for specific cell processes. Syntaxin 1A expression was significantly
reduced in vapBP*®%/P565 compared to vapB. Syntaxin immunoreactivity in ALS patients was
relatively unchanged compared to healthy controls (lkemoto et al., 2002), but was up-
regulated when TDP-43 was silenced in cortical cultures from mouse foetal brains (Honda et

al., 2013), giving a mixed profile of syntaxin expression across models of ALS.

The mitochondrial protein mitofusin2 shown to tether mitochondria to ER and disrupts ER
morphology if expression was silenced, affecting mitochondrial calcium uptake (de Brito and
Scorrano, 2008). If confirmed in multiple samples, this should be followed up with ER stress
markers and markers of calcium homeostasis as mitochondrial protein mitofusin was
necessary for mitochondrial fusion and building the network of mitochondrial tubules (Chen

et al., 2003).

The lack of change in these interactors may signify interaction with other FFAT-recognising
proteins such as the recently discovered motile sperm domain-containing proteins (MOSPD1,
MOSPD2, and MOSPD3), which were identified as potential compensatory proteins working
in the absence of vapB or vapA, and preventing the expected reduction in ER-organelle
interactions such as ER-mitochondria (Stoica et al., 2014a), and ER-endosome (Dong et al.,
2016, Eden et al., 2016). However, the P56S mutations was found to destabilise vapB

interaction with B-tubulin (Mitne-Neto et al., 2007).

The expression of VAMP2 and tubulin Blll were unchanged amongst the genotypes studied
here. VAMP2 interacts with VAPs to form close connections between the ER and vesicle
membranes. VAMP2 has a role in the SNARE complex that mediates fusion of synaptic
vesicles. It was downregulated in a C. elegans model of SOD1%°3* (Wang et al., 2009) but there
was no evidence of changes in expression in rodent or human samples. Studies in S. cerevisiae
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show that upregulation of a-tubulin made no changes to the expression of B-tubulin, but
upregulation of B-tubulin led to widespread microtubule dysfunction (Burke et al., 1989,
Weinstein and Solomon, 1990). It was possible that any changes to a-tubulin may not have
translated to B-tubulin very well in this model. Future work should investigate a-tubulin given
that vapBP®%/P565 MIN were smaller than vapB (see Chapter 6), and should also focus on the
interaction between vapB and PTPIP51 which helps to tether ER to mitochondria, with special
interest in vapB”- spinal cord due TDP-43 pathology being present (see chapter 6) and the
ability for TDP-43 to disrupt vapB-PTPIP51 interaction. Markers for ER stress such as
GRP78/BiP (Dudek et al., 2009), and the unfolded protein response (UPR) such as ATF6
(Yoshida et al., 2001, Gkogkas et al., 2008) should also be studied given that ER stress and the
UPR were both mechanisms heavily implicated in ALS (llieva et al., 2007, Prell et al., 2012).
There should also be a focus on the expression of oxysterol binding proteins (ORPs) given
their relationship with vapB and lipid homeostasis (Jansen et al., 2011, Darbyson and Ngsee,
2016), and that male vapBP*®*/?5%5 and vapB~" rats in particular gained weight more rapidly

than vapB which could point to changes in lipid metabolism.
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6.1

6 Markers of ALS

Fewer motor neurons in vapBP®* and vapBP°®¥/%5 and
vapBP2®5/P>65 motor neurons have reduced size

The loss of upper and/or lower motor neurons (MN) was a classic hallmark characteristic of
ALS (Charcot, 1869, Rosler et al., 2000, Brown and Jaatoul, 1974, Dantes and McComas, 1991),
making it a marker of ALS to be investigated when developing animal models of ALS. Whilst
some targeted methods of quantifying MN number have involved retrogradely labelling MN
by injecting dye into the hind limb of rodents (Yu et al., 2015), most groups use antibodies
against Choline Acetyltransferase (ChAT) in histology studies due to its reliable extensive

labelling of the soma, axons, and terminals of MN (Barber et al., 1984).

To investigate if changes to endogenous vapB led to signs of MN degeneration, the first step
was to label MN in the spinal cord using an antibody against ChAT. However, the available
antibody (AB143, Merck-Millipore) appeared to target an epitope of the protein not localised
to MN (Houser et al., 1984, Phelps et al., 1984, Borges and Iversen, 1986), leading to a non-
specific stain of neurons in LSC (Figure 6.1 A). Later troubleshooting and optimisation found
that the use of AB144P (Merck Millipore) specifically targeted large multipolar neurons in the
ventral horn of the spinal cord as recorded in literature elsewhere (Figure 6.1 B). Evidence of
inconsistent localization of the two anti-ChAT antibodies indicates each antibody targets

different epitopes of ChAT in rodent neuronal tissue (Bhagwandin et al., 2006).
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Figure 6.1: Immunoreactivity of cholinergic neurons against ChAT143 and ChAT144P.

A: AB143 stained the soma of cells in both the dorsal (top insert) and ventral (bottom insert) horns of
grey matter B: AB144P stained the soma of large multipolar cells in the ventral horn of the spinal cord
(bottom insert) more strongly than other cells both the dorsal (top insert) and ventral horn. Scale bars
at 100um for section images, and 20um for inserts.
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Whilst troubleshooting ChAT staining, an alternative method of characterising MN in LSC
sections stained with H&E was developed. Criteria from literature defined MN in rat lumbar
spinal cord as large multipolar cells located in the ventral horn of grey matter with a diameter
>30um (Ferrucci et al., 2018). Given that the ageing cohort had not reached 17 — 18 months
at this point, images of H&E-stained cervical, thoracic, and lumbar spinal cord from 9 month
old vapB rats were thresholded in FlJI/Imagel (Schindelin et al., 2012) to select cell soma, the
number and area of which were recorded using the Analyse Particles function. The average
median value between the mean and minimum cell area was rounded to the nearest 100 um?,
and used as the lower threshold to define motor neurons by area, which could be used to
select cells of that size and larger using the Analyse Particles function in FlJI/Imagel. The lower
area threshold for each level of spinal cord was as follows: Cervical and Thoracic were

300um?, and Lumbar was 700um?.

To analyse MN number and morphology, first in H&E stained sections ( A) then in ChAT144P
labelled sections once optimisation was complete( C), the ventral horn (grey matter at and
below the central canal) was selected using the Free Selection tool on FlJI/Imagel. The image
was thresholded to pick out cell bodies, and particles between 700-2500um? ( B and D) and
were analysed to obtain data on circularity (1=smooth perimeter, 0=amorphous perimeter),
aspect ratio (inverse of round), round (1=perfectly spherical, O=elongated morphology),
solidity (Area of cell/ convex hull area, defined as smallest shape that captures all outer points

of an object); inverse of object density), and the number of MN in each section.
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Figure 6.2 H&E and ChAT144P LSC from 18 month old rats.

A: Micrograph of H&E-stained LSC. B: Images of H&E-LSC ventral horn thresholded using FlJI/Imagel).
C: Micrograph of LSC probed for ChAT144P. D: Images of ChAT144P-LSC ventral horns thresholded
using FlJI-ImagelJ. Micrograph scale bars 500um. Threshold image scale bars 200pum.

Additional analysis indicated no difference in the number of MN from male or female lumbar

spinal cord (), so data was pooled by genotype for subsequent analyses.
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Figure 6.3: Number of MN number in lumbar spinal cord between sexes at 18 months.
Data for individuals shown as closed circles (male) and open circles (females). Two-way ANOVA with

Sidak’s post-hoc analysis with p<0.05 applied. 3 sections per animal, and 2 — 3 animals per genotype
included in analysis.

Images taken from H&E and ChAT144P spinal cord both show that there were fewer MN in

vapBPo%/+ and vapBP°®5/P56S | SC compared to vapB. The average vapBP*¢%/P65 MIN was also

smaller compared to vapB. There were no changes in morphology of MN relating to genotype

at 18 months ( E and F).
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Figure 6.4: Number and morphology parameters of motor neurons from lumbar spinal cord probed for ChAT144P or stained by H&E.

All cells included in analysis 2700um2 in area. A and G: Number of MN per section. B and H: Area of MN. C and I: Circularity, 1=smooth perimeter,
O=amorphous perimeter. D and J: Aspect Ratio, Inverse of Round. E and K: Round, 1=perfectly spherical, O=elongated morphology. F and L: Solidity, Area of
cell/ convex hull area (defined as smallest shape that captures all outer points of an object); inverse of object density). Both stains show reduction in the
number of MN in vapB"*** and vapBP**%/*>® from vapB, and that vapB***/"*%S MN were smaller in area compared to vapB. One way ANOVA with Dunnett’s
post-hoc test applied. 3 sections per animal, and 3 — 4 animals per genotype included in analysis. *p<0.0500, **p<0.0100.
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6.2

TDP-43 mislocalisation in vapB” motor neurons

TDP-43 was a ubiquitously expressed nuclear protein involved in RNA regulation, but
mislocalizes to tau-negative ubiquitin-positive cytoplasmic inclusions in pathological
conditions (Neumann et al., 2006, Arai et al., 2006). TDP-43 pathology has been implicated in
a number of neuropathies, but especially so in ALS (Mackenzie et al., 2007b, Tan et al., 2007)
and frontotemporal lobar degeneration (Cairns et al., 2007, Davidson et al., 2007), and has
also been implicated in rodent models of ALS (Stribl et al., 2014, Wegorzewska et al., 20093,
Wils et al., 2010, Fratta et al., 2018). During TDP-43 pathology, there was also a lack of normal
nuclear TDP-43 in neurons (Neumann et al., 2006), indicating the loss of normal nuclear TDP-
43 to be a marker to ALS as well as the cytoplasmic inclusions (Ayala et al., 2008, Johnson et

al., 2008, Sreedharan et al., 2008).

To determine the presence of TDP-43 pathology in this model, cells more than 700pum?in area
were selected by thresholding and particle analysis in FlJI/Imagel. A spherical region of
interest (ROI) with a diameter of 5um was placed in the nucleus of each cell, with 4 additional
ROIs placed in the cytoplasm at 02, 902, 1802, and 2702 from the horizontal orientation of the
image (Figure 6.5). The mean grey value (MGV) of each ROl was measured, and the cytoplasm

MGV was taken as the average of the 4 cytoplasmic ROls.

.................. Nucleus ROI

................... Cytoplasm ROlIs

Figure 6.5: Placement of regions of interest (5um circles) in a TDP-43 stained MN.
Nuclear (blue) and 4 cytoplasmic (red) ROl were used to measure the average signal of TDP-43. Scale
bar S5um.

Whilst the ratio of nuclear to cytoplasmic TDP-43 signal was elevated, albeit to a non-
significant degree, in vapB”- ( D), there was a significant increase in TDP-43 signal in the
cytoplasm of vapB”- LSC compared to vapB ( B). The nuclear TDP-43 signal was less than vapB,

but not to a statistically significant degree ( C).
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Figure 6.6: Analysis of TDP-43 pathology in MN of lumbar spinal cord.

A: Examples of MN from each genotype with the cell body and nucleus outlined in black dotted lines.
B: Mean grey value of the cytoplasm. C: Mean grey value of the nucleus. D: Ratio of mean grey values
Nucleus: Cytoplasm. Scale bar was 5um in all images. 3 sections per animal, and 3 — 4 animals per
genotype included in analysis. **p<0.0100.
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6.3

No change in astrocyte occupancy or GFAP expresion in lumbar
spinal cord

Whilst methods for quantifying astrogliosis have been developed to detect changes in
expression of specific markers (Zamanian et al., 2012), commonly-used methods rely on
histological techniques and visual assessment of changes in morphology (Anan’ina et al.,
2020). In this study, an antibody against glial fibrillary acidic protein (GFAP) was used to mark
astrocytes in LSC sections and images captured. Counting individual astrocytes was not
possible due to the fine nature of their morphology, and images were captured on a single Z-
plane so the full morphologies of sample astrocytes could not be analysed as seen elsewhere
(SheikhBahaei et al., 2018, Wilhelmsson et al., 2006). Similar to (Gottipati et al., 2012),
percentage occupancy of astrocytes was recorded as a measure of branch extension and
invasions into neighbouring astrocyte domains (Wilhelmsson et al., 2006) (Figure 6.7 A — C).

There was no change in the occupation of astrocytes in ROIs (Figure 6.7 D).
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Figure 6.7: Analysis of astrocyte activation in lumbar spinal cord.

A: The same 300um x 300um regions of interest (solid line squares) were applied to each section, and
percentage occupancy of astrocytes was measured. Scale bar 500um. B: Representative images of ROI
from each genotype. Scale bar 100um. C: ROI thresholded. Percentage occupancy calculated from
thresholded images through FlJlI/Imagel. Scale bar 100um. D: Average astrocyte occupancy of ROI
across genotypes. One-way ANOVA with Dunnett’s post-hoc test applied. 3 sections per animal, and
3—4 animals per genotype included in analysis.
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6.4

As GFAP expression changes under pathological conditions concurrent with astrocyte
activation (Eng and Ghirnikar, 1994, Kamphuis et al., 2012), relative expression of GFAP was
also analysed by probing homogenates of LSC form 17 — 18 month old rats with an anti-GFAP

antibody. There was no change in the relative expression of GFAP in LSC homogenates (Figure

6.8 A and B)
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Figure 6.8: Relative expression of GFAP in LSC.

A: Immunoblot of LSC homogenate probed for GFAP. B: Relative expression of GFAP expressed as
normalised area under the curve for each band normalised to cross-reacting band at 170kDa.
Homogenates from 2 — 3 animals per genotype included in analysis.

No change in microglial number in lumbar spinal cord

Microgliosis was analysed similarly to astrogliosis in that morphology was assessed through
histological techniques (Spiller et al., 2018), or expression profiles where changes indicated
an activated state (Maniatis et al., 2019, Hammond et al., 2019). To see if microglia were
activated in this model, LSC sections from 17 — 18 month old animals were probed with an

antibody against Ibal and images were captured. ROIs were outlined (Figure 6.9 A and B) and
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cells with visible soma were counted (Figure 6.9 C). The number of microglia in LSC was similar

across genotypes (Figure 6.9 D).

P565/P565

C

WT P56S/+ P56S/P56S KO/KO

Figure 6.9: Analysis of Iba-1 + cell number.
A: Cells counted in each 300um x 300um region of interest for average number of microglia. Scale Bar

500um. B: Close-up of ROI, scale bar 100um. C: Examples of cells included in count and structures
excluded due to lack of discernible soma, scale bar 10um. D: Average number of Ibal-positive cells
per ROl. One-way ANOVA with Dunnett’s post-hoc test applied. 3 sections per animal, and 3 — 4
animals per genotype included in analysis.
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Changes in morphology of microglia help to indicate microglial activation where they adopt
an amoeboid form by retracting their processes and enlarging their soma (Davalos et al.,
2005b, Jonas et al., 2012). Images captured on the Axio Scan slide scanner struggled to
capture tiles that were in-focus across all sections, so microglial morphology was difficult to
analyse. However, some sections were in-focus and were used for a very preliminary analysis
of morphology. The same ROlIs used for cell counts were used for this. Microglia within these
ROIs were separated into two groups: Complex (3 or more processes from cell coma) to reflect
microglia in “resting” state, and Non-Complex (2 or fewer processes from cell soma) to reflect
activated microglia. This simplistic method of quantifying morphology did not take note of
branch complexity or soma morphology. Although there were no statistically significant
changes in the numbers of either cell population, there do appear to be more non-complex
microglia in vapBP*®*/* and vapBP*¢%/P>65 than vapB (Figure 6.10 A and B). Data from vapB”

images was not collected as there were too few images that were suitable for analysis.
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Figure 6.10: Pilot study of microglial morphology.

A: Examples of Complex (3 or more branches from soma), and Non-Complex (fewer than 3 branches
from soma) microglia. Scale bar 10um. B: Average number of complex and non-complex microglia.
Two-way ANOVA with Dunnett’s post-hoc test applied. 3 sections per genotype included in analysis.
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6.5

Discussion and Future Work

The loss of MN in vapBP*%/* and vapBP*%5/P*65 [umbar spinal cord in this model reflect the loss
of MN seen in other rodent models of ALS (Scekic-Zahirovic et al., 2016, Dong et al., 2021,
Dong et al., 2020, Feeney et al., 2001, Huang et al., 2020), but was contrary to murine models
of ALS8 which detected no loss in spinal motor neurons (Kuijpers et al., 2013a, Tudor et al.,
2010, Qju et al.,, 2013, Larroquette et al.,, 2015). One mouse model did have a loss in
corticospinal MNs (CSMN) where human vapB was over-expressed (Aliaga et al., 2013), and
the loss of MN in an SOD1%°3* mouse model was slightly alleviated by vapB over-expression
(Kim et al., 2016). CSMNs were not studied in this project as all ALS8 patients show signs of
lower MN loss (Nishimura et al., 2004a), so spinal MN were prioritised for analysis. However,
due to the heterogeneity of ALS8 patients carrying the P56S mutation, and that some patients
show upper signs, it could be worth looking at CSMNs in this model to see if there were any
changes in upper motor neurons, reflecting what was found in the human vapB-expressing
mouse model. It would also be worth using vapB#38 antibody against the C-terminal
truncated form of vapB (containing the CCD and TMD) to see if distribution in MNs change as
result of mutation, or if distribution was different to that seen in this project where vapB-MSP
was labelled. There was evidence of vapB and vapA localising in different parts of cells
(Gkogkas et al., 2008), but this was not replicated here due to time restraints. Co-labelling

vapA and vapB would offer insight into how protein distribution was affected by the mutation.

The discrepancy of MN number between mouse models and this rat model may be linked to
the majority of murine ALS8 models over-expressing vapB, however, a knock-in vapB">%°
model in the mouse did not show changes in the number of motor neurons in the spinal cord
(Larroquette et al., 2015). This contradiction might be due to species-specific differences
(Brozzi et al., 2015), or other proteins of the VAP family of proteins, vapA as well as MOSPD1,
MOSPD2, or MOSPD3, could be enough to compensate for changes to vapB in the knock-in
mouse model to inhibit neurodegeneration (Di Mattia et al., 2018). Whilst the size and
morphologies of MNs were not reported in ALS8 models, the SOD1 G93A mouse had larger
MNs than wild type controls (Shoenfeld et al., 2014), completely contrary to findings here.
This model could be an accurate tool for studying motor neuron degeneration as it reflects
the loss of MN in the spinal cord. Further investigation into CSMN could potentially open the

door to insight into heterogeneity seen in the human disease.
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Another difference seen in MN from this project was vapB”~ MN having an elevated
cytoplasmic TDP-43 signal compared to vapB, but no significant change in nuclear TDP-43
signal from vapB. Under normal conditions, TDP-43 was trafficked between the nucleus and
cytoplasm (Ayala et al., 2008). TDP-43 pathology was widely accepted as abnormal truncated
forms of the protein mislocalising to the cytoplasm and recruiting normal nuclear TDP-43 to
aggregates, leading to a change in TDP-43 distribution rather than up-regulation of protein
expression (Arai et al., 2006, Neumann et al., 2006). TDP-43 pathology in vapB” LSC could
indicate changes to calcium homeostasis as TDP-43 has been shown to interfere with vapB-
PTPIP51 ER-mitochondrial tethering via GSK3f activation, and affecting calcium homeostasis
between the two organelles (Stoica et al.,, 2014a, Stoica et al.,, 2016). There was already
evidence for mitochondrial calcium uptake being reduced when vapB was knocked out of
HEK293 cells (De Vos et al.,, 2012), pathogenic mutations that increase cytoplasmic
localisation of TDP-43 affects ER calcium signalling in MN, and ER stress induces TDP-43
mislocalisation to the cytoplasm (Mutihac et al., 2015), and interrupting localisation to the
nucleus or export to the cytoplasm leads to the formation of aggregates in the cytoplasm or
nucleus respectively (Winton et al., 2008). The vapB”- model could offer insights into how the
absence of functional vapB contributes to TDP-43 pathology, potentially affecting trafficking
into and out of the nucleus, and its role in ALS. As the number of MN in vapB” is not
significantly different from wild type, neurodegeneration may not entirely depend upon TDP-
43 pathology in this model. There is no evidence in literature to date of TDP-43 pathology in

models or patient samples as they have not been mentioned in studies to date.

There was no evidence of glial activation at 17 — 18 months in this model, which was contrary
to evidence in literature where reactive astrocytes become hypertrophic with complex
networks of extended processes in the spinal cord of ALS patients (Schiffer et al., 1996, Bruijn
et al.,, 1997), and evidence has been collected, mainly from SOD1 models or tissue from
patients carrying mutations in SOD1, pointing to multiple roles for astrocytes in ALS.
Astrocytes in SOD1 mouse models show signs of irregular protein homeostasis such as protein
inclusions (Bruijn et al., 1997), and even signs of astrocyte sub-populations degenerating over
the course of disease progression (Rossi et al., 2008). Reducing astrocyte SOD1G93A
expression delayed the activation of microglia, slowing disease progression and showing how

both glial populations interact in an ALS model (Yamanaka et al., 2008). Astrocytes carrying
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the SOD1G93A mutation were toxic to neighbouring neurons, specifically motor neurons in
iPSC co-cultures (Di Giorgio et al., 2007, Nagai et al., 2007), and wild type astrocytes extend
MN survival in SOD1 mice (Clement et al., 2003). Astrocytes assist in neurotransmission in
synapses between neurons by taking up glutamate to prevent excitotoxicity. Under
pathological conditions, glutamate uptake was reduced due to reduced expression of
glutamate re-uptake transporters such as GLT-1 and excitotoxicity occurs (Bruijn et al., 1997),
which motor neurons were particularly susceptible to (Saroff et al., 2000, Vandenberghe et

al., 2000).

Although there were no changes in astrocyte occupancy of ROls in LSC, and no change in GFAP
expression in LSC, activated astrocytes also release inflammatory markers such as inducible
nitric oxide synthase (iNOS) (Sasaki et al., 2000b) and cyclooxygenase (Maihofner et al., 2003),
and also downregulate glutamate transporters such as GLT1, which was reduced in the spinal
cord of ALS patients (Sasaki et al., 2000a, Rothstein et al., 1995). The lack of changes in GFAP
expression could reflect differing observations in various ALS models where GFAP has either
increased or decreased (Diaz-Amarilla et al., 2011, Cunha et al., 2018, Tripathi et al., 2017,
Almer et al., 1999) and so may not be a reliable marker of astrocyte activation. Looking into
the expression of markers released by astrocytes may provide more subtle mechanisms being
employed by astrocytes in vapBP*%/* and vapBP>®5/?5%5, as the reduction in MN number point

to some sort of neurodegenerative mechanism taking place.

There were also no changes in the number of microglia in LSC in this model. Microglia have
been shown to activate in ALS through proliferation, and through changes in morphology
where a cell soma with stellate processes becomes amoeboid with fewer processes extending
from the soma (Spiller et al., 2018, Kreutzberg, 1996, Ohgomori et al., 2016). This formed the
basis of the pilot analysis of microglial morphology where there were no differences in the
number of microglial with amoeboid or “non-complex” morphology. However, there do
appear to be more amoeboid cells in vapBP*®*/* and vapBP>®5/P%65, even if this as not to
statistical significance. Future work should focus on sampling cell bodies form the spinal cord
and employing Z-stacks to produce detailed images of microglia, and determine if changes in
morphology were present. This was worth focusing on as there was evidence of morphology
taking precedence over the number of microglia during microgliosis (Gowing et al., 2008). The

number of microglia in spinal cord differs depending on the model, for example, the number
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of resident microglia in the spinal cord of ALS patients being reduced (Butovsky et al., 2012),
although this was not consistent due to the heterogeneity of ALS (Tam et al., 2019). Microglial
gene expression also changes during normal ageing (Soreq et al., 2017), potentially affecting
signs of activation in ALS as it was a late-onset disease. However, increased neuro-
inflammation has been observed in the motor cortices of ALS patients (Alshikho et al., 2018,
Corcia et al., 2012), and evidence from animal models all point to microglia having a role to
play in ALS. This makes investigation into microglial activity in this rat model key in
understanding non-autonomous features of the neurodegeneration seen in vapBP*®** and

vap BPSSS/PSGS MN.
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7 General Discussion and Concluding Remarks

ALSS is a late-onset slowly progressive disease caused by vapBP>®> mutation. In rats the P56S
mutation and knock out were inherited in Mendelian proportions, and in the rat spinal cord,
vapBP%®/* protein was expressed to the same degree as in vapB” in immunoblots of lumbar
spinal cord. This reduction in vapB expression reflects the reduced expression of vapB in ALS
patient spinal cord (Anagnostou et al., 2010), and in the vapB knock-in mouse model
(Larroquette et al., 2015). Such observations have led groups to theorise that the vapBP>®S
mutation causes loss-of-function, either by sequestering functional wild type vapB into
vapBP>®® cytoplasmic aggregates (Teuling et al., 2007) along with proteins involved in key
processes such as ERAD pathway proteins (Kuijpers et al., 2013a). Aggregates appeared to be
reversible in transfected cells and were easily cleared by the proteasome in cell culture
(Papiani etal., 2012), iPSCs from ALS patients adopted mitigating transcriptomes to cope with
reduced availability of functional vapB (Oliveira et al., 2020), and aggregated misfolded vapB
is isolated in a protective ER compartment in transgenic mice (Kuijpers et al., 2013a).
Reduction of functional vapB has been shown to affect phosphoinositide homeostasis (Dong
et al., 2016, Mao et al., 2019), calcium signalling (De Vos et al., 2012, Gomez-Suaga et al.,
2017b), ion transport (Silbernagel et al., 2018), neurite extension (Genevini et al., 2019), and
ER stress (Kanekura et al., 2006).

It is possible that, like TDP-43, vapB is toxic at high levels, as seen in over-expression mouse
models, and that low levels are insupportable (Stribl et al., 2014). Other groups have argued
that the presence of aggregates indicated toxic-gain-of function as seen in other
neurodegenerative diseases such as amyloid-f plaques in Alzheimer’s disease (Shankar et al.,
2008). Aggregates of mutant vapB have been observed in animal models (Larroquette et al.,
2015) and in human samples (Cadoni et al., 2020, Tripathi et al., 2017), however they were
not overtly present in MN from this rat model. Instead, the cytoplasmic signal distribution of
vapB was unchanged, but vapBP>65/P365 MIN expressing vapA in a homogenous manner covered
a larger area of the soma than wild type MNs. This may indicate compensatory changes in
vapA distribution within the cell, as vapB and vapA have been shown to localise to different
parts of cell soma (Gkogkas et al., 2008). Co-localisation studies of vapB and vapA in the same

cells would help to confirm this, and would utilise vapB#84 in-house antibody which
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recognises a motif in the CCD of vapB. As the antibody used in this study recognises vapB-
MSP, it is more likely for vapB-MSP and vapA to be distributed differently within cells as the
MSP domain is cleaved and secreted as a signalling molecule (Tsuda et al., 2008). Co-localising
vapA with vapB-CCD would offer a clearer picture of how both whole proteins are distributed
in cells. The lack of aggregates in this model may point to aggregate formation in mouse
models being products of over-expression as in SOD1 and TDP-43 models of ALS (Zwiegers et
al., 2014, Xu et al., 2010, Xu et al., 2011), however the knock-in model and ALS patients offer
the same observation. This is another issue that could be investigated using vapB#84 as there

is no evidence of the MSP domain alone forming aggregates in patient or model tissue.

Male vapBP36/P365 and vapB~- gained more weight than vapB from 7 months onwards. This is
contrary to ALS patients and other rodent models which all report reduction in mass. One
TDP-43 model gained weight, potentially from hyperphagia linked to FTLD (White et al., 2018),
or increasing fat deposits in muscle due to altered Glut4 receptor location (Stallings et al.,
2013). Hypermetabolism has been linked to poor clinical prognosis in ALS patients (Steyn et
al., 2018), with hypometabolism was seen as slowing progression (Cattaneo et al., 2021). If
behavioural changes underlay this weight gain, it would support evidence of ALS8 not being
a pure motor disease and that some cognitive changes might also occur in this model (de
Alcantara et al., 2019). Cognitive tests on male vapBP*%5/P%65 and vapB” animals at 7 months
would help to investigate any changes in behaviour. Otherwise, lipid metabolism or energy
expenditure could also be compromised in this model as vapB interacts with proteins involved
in lipid transport (Furuita et al., 2010). Lipid metabolism was not investigated here, but pilot
mitochondrial stress tests show that mitochondria of vapBP*¢* hippocampal cultures from
PO—-P1 pups were less able to cope in a stressful environment and had less non-mitochondrial
oxygen consumption. This points to altered mitochondrial function in the homozygous
mutant, but further studies from 7 months onward could help to determine if this could
contribute to weight gain in vapBP>%5/P%6% and vapB”- male rats. A pilot immunoblot showed
that Mitofusin 2 expression was reduced in all genotypes, but quantitation using multiple
samples per genotype could help to determine to what the degree of reduction and if any
genotypes were affected more than others. Given its role in mitochondrial fusion and
metabolism (de Brito and Scorrano, 2008, Chen et al., 2003), it could offer more information

about the state of mitochondria in vapBP*®*/* MN. Proteins that interact with vapB in lipid
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metabolism, such as Osbp, should also be investigated for changes in expression or function.
This would be beneficial to the wider field as hypometabolism in ALS patients has been linked
to delayed need for ventilation (Kérner et al., 2013). As the male vapBP>®5/P%6 rats only had
reductions in paw pressure, whereas female rats had reduced paw pressure and size, and that
the MNs of vapBP°65/P56S are fewer and smaller than wild type, it is possible that fat
accumulation could be having a mitigating protective effect in these rats. However, the vapB
rats do not have the same changes in gait but do have the same changes in weight gain and

also have fewer MNs in lumbar spinal cord.

TDP-43 pathology was observed in vapB7/- MNs. There is evidence of the vapB-PTPIP51
interaction being disrupted by TDP-43 (Stoica et al., 2014b), but it is possible that absence of
functional vapB also leads to disrupted TDP-43 homeostasis. As vapB is expressed at the same
levels in vapBP*®*/* and vapB”", but there was no TDP-43 pathology in vapBP>®$/* MNs, it is
possible that expression of vapB alone may be the main driver for TDP-43 pathology in this
model. Investigating the effect of reduced vapB expression on TDP-43 localisation in cell
culture could indicate how the presence or lack of the P56S mutation might affect TDP-43

homeostasis.

Pilot blood analysis indicated changes to erythrocyte morphology and mild anaemia in male
vapB~-. Given that vapB has a role in regulating autophagy (Gdmez-Suaga et al., 2019, Tripathi
etal., 2021b), its absence in vapB”- could affect erythroblasts ability to expel organelles during
erythropoiesis, and leading to the wide variation in erythrocyte diameters seen in male vapB-
/- rats. This is supported by syntaxin expression being reduced in vapBP*¢%/P>65 spinal cord.
Syntaxin is part of the SNARE complex which is key in the fusion of vesicles, which is a key
step in autophagy due to membrane fusion between lysosomes and autophagosomes for cell

debris degradation and recycling (Wang et al., 2016).

Altering autophagy or investigating markers of autophagy, such as p62 and LC3, in this model,
or examining erythrocyte ultrastructure may help to confirm whether a lack of vapB could

lead to erythrocyte morphological changes.

The phenotypes exhibited by mutant and knock out animals in this study demonstrated the
myriad of cellular function vapB is involved in, and the avenues of enquiry that this model
opens up. Future work on this model will help to link changes in these cellular functions to
ALS8, and provides a strong model on which to develop treatments.
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Appendix

9 Appendix

Male - p value change from WT

6 Months 12 Months 18 Months
Paw Parameter P565/+ P565/P565 KO/KO | P565/+ P565/P565 KO/KO | P565/+ P565/P565 KO/KO
LF  |Wax Contact Area 03058 0.7184 0.4039 | 0.0829 0.2937 0.8503 | 0.1648 0.1237 0.5918
RF  [Max contact Area 0.1827 09525 0.6159 | 0.278  0.7973 0.9863 | 0.1365 0.1997 0.6232
LH  |Max Contact Area 0.0231 0.0612 0.0444 | 0.9441 0.1057 0.2637 | 0.1451 0.0746 0.1774
RH [Max contact Area 0.0914 0.0395 0.0889 |>0.9999 0.2535 0.6962 | 0.0954 0.0712 0.2944
LF  [max Contact At 0.934 02974 06336 | 0932 03291 0.9062 | 0.8563 0.2813 0.3254
RF  |Max Contact At 0.6589 0287  0.543 | 09881 0.5308 0.8127 | 0.9844 0.9321 0.1052
LH [Max contact At 0.6567 0.3657 0.1802 | 0.4659 03612 0.351 | 0.6855 0.509  0.298
RH |Max Contact At 0366 0779  0.123 | 0.4203 0.075 0.8679 | 0.9089 0.4848 0.5095
o [LF [print Area 0.2049 05483 0.3006 | 01012 0.233 0.8172 | 01159 0.0749 0.4793
3 [RF [print Area 0.114 0.8224 0.4486 | 0.3412 06974 0.9767 | 0.0901 0.1072 0.3867
2 |LH |print Area 0.0291 0.0797 0.063 | 0961 0.1683 0.416 | 0.1426 0.0926 0.1821
S IRH [print Area 0.0437 0.0249  0.0461 |>0.9999 0.265 0.7283 | 0.1185 0.0961 0.2986
LF [print Length 0.9975 0.6696 0.3123 | 03627 02392 05422 | 04214 0113 0.1412
RF |print Length 0.7375 0.7393 0.4143 | 0.5821 0.4284 0.6962 | 0.2492 0.1035 0.1206
LH [print Length 0.0942 0.0666 0.0532 |>0.9999 0.2161 0.6906 | 0.0714 0.0388 0.1254
RH [print Length 0.0107 0.0372 0.0099 |>0.9999 0.187  0.6466 | 0.1882 0.0972 0.3113
LF  [print width 0.4923 09796 0.3693 | 0.2176 0.4327 0.2334 | 0.0348 0.1178 0.1531
RF  [Print width 0.0722 09097 0.1295 | 05528  0.739  0.5766 | 0.1711 0.1646 0.2407
LH [print width 0.0334 01274 0.1719 | 09967  0.175 0.7242 | 0.2576  0.0972  0.2992
RH [print width 0.2537 0.0977 0.3863 |>0.9999 0.2202 0.9307 | 0.1591  0.135  0.5535
LF  [Max Contact Max Intensity | 0.0209  0.4368 0.2721 | 0.8766 0.1267 0.3161 | 0.0482 0.0746 0.2515
RF  [Max Contact Max Intensity | 0.0434  0.0743  0.1955 | 0.9608 0.0468 0.1729 | 0.1372 0.0251 0.1819
LH [Max Contact Max Intensity | 0.2236  0.0347  0.0451 | 0.8676 0.0035 0.1338 | 0.0428 0.0102 0.1916
RH |Max Contact Max Intensity | 0.2259  0.0991 0.0393 | 0.9904 0.0167 0.401 | 0.1182 0.0219 0.1034
e :‘:fexnii‘zcta“'v'ea” 06173 03569 00623 [ 0.9952 0.1533 0.2964 | 0.0523 0.0058 0.1506
RF :\:f:n;‘;ctac”‘”ea” 09845 04855 0.1613 | 0.9006 00447 02885 | 0371 0.0245 0.1608
H :‘:fgnii‘;:ta“""ea” 0.5135 0.1836 0.088 | 0.9053 0.0134 0.3144 | 0.1081 0.0133 0.3692
RH mf:nigcta““"ea” 0.8172 0.1462 0.2959 |>0.9999 0.062  0.8953 | 0.2113  0.023 0.2916
o [tF [Maxintensity 0.0107 0.3953 0.1521 | 07639 0.1983 0.4148 | 0.0484 0.0511 0.2457
2 [RF [Maxintensity 0.0308 0.0867 0.1848 | 0.9625 0.0289 0.2207 | 0.0524 0.006 0.0876
@ [H [Maxintensity 0.1919 0.0274 0.0558 | 0.8797 0.0029 0.1362 | 0.0226 0.0117 0.1746
'; RH  [Max intensity 0.0967 0.0952 0.0238 | 0.9875 0.0154 0.454 | 01357 0.0215 0.0939
S IF  [Maxintensity At 0.4441 0.0834 0.9705 | 0.9933 02146 0.9985 | 0.7958  0.034  0.3585
RF  [Max Intensity At 0.0601 0.9973 0.1125 | 0.6987 >0.9999 0.5479 | 0.7941 0.7605 0.6929
LH  [Max Intensity At 0.9978 0.8935 0.8958 | 0.9205 0.1515 0.8023 | 0.7525 0.0203  0.1087
RH  [Max intensity At 0.0644 00378 0.0232 | 09501 02543 0.3392 | 0.6161 0.0117 0.0053
LF  [Vean Intensity 0.6597 05715 0.0556 | 0.894 03419 04277 | 0.1004 0.0116 0.2205
RF  |Mean Intensity 0.9926 0.6345 0.1187 | 0.9636 0.1098 0.4145 | 0.7116  0.084  0.469
LH [Mean Intensity 07197 0.1633 0.1186 | 0.8527  0.017 0.2091 | 0.2645 0.0212 0.3448
RH [Mean Intensity 03336 0.1992 0.1673 | 0.9908 0.1342  0.643 | 0.2387 0.0305 0.3892
LF  [Min Intensity 0.002 09906 0.0914 | 0.1742 0.3036 0.4994 | 0.3071 0.9861 0.9991
RF  [Min Intensity 0.0005 0.9826 0.2434 | 0.9868 0.0321 0.2818 | 0.6191 0.7556 0.5063
LH  [Min Intensity 0.0011 0.042 0.0935|0.8304 0.022 0.1162 | 05613 0.0545 0.3322
RH |Min intensity 0.001 00221 00767 | 0.9768 0.1358 0.6649 | 0.6476 0.146 0.6257
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Appendix

Male - p value change from WT

6 Months 12 Months 18 Months

Paw Parameter P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO

LF [Duty Cycle 0.3047 0.9219 0.2335 | 0.2712 0.357 0.9077 | 0.9879 0.9993 0.9812

RF [Duty Cycle 0.323 0.8733 0.2995 | 0.8448 0.454 0.9936 | 0.9984 0.995 0.9356

LH |Duty Cycle 0.013 0.924 0.0406 | 0.998 0.9286 0.6855 | 0.625 0.7278 0.5597

RH |Duty Cycle 0.0522 0.5958 0.1116 | 0.8705 0.922 >0.9999| 0.6812 0.7383 0.8718

LF |Stand 0.5793 0.8012 0.5888 | 0.5383 0.6006 0.9848 | 0.9332 0.8658 0.9965

RF |Stand 0.6424 0.7353 0.6628 | 0.7475 0.5216 0.9904 | 0.9898 0.9523 0.9955

LH |Stand 0.2207 0.9441 0.3872 | 0.8398 0.9002 0.9907 | 0.9736 0.9923 0.8641

RH |Stand 0.2753 0.9986 0.4217 | 0.5438 0.6081 0.9989 | 0.9862 0.9995 0.9828

LF |Swing 0.5827 0.7016 0.6973 | 0.9925 0.9752 0.9998 | 0.944 0.629 0.9776

g RF |Swing 0.7784 0.9342 0.8964 | 0.9547 0.9729 0.9186 | 0.7284 0.5095 0.9941
& LH |Swing 0.1398 0.2229 0.3114 | 0.312 0.052 0.346 | 0.2517 0.1852 0.2747
& |RH Swing 0.0895 0.1709 0.0699 | 0.8551 0.7865 0.9821 | 0.2243 0.223  0.5316
BoS Front 0.7443  0.8852 0.9981 | 0.8722 0.6834 0.9957 | 0.8732 0.4913 0.9067

BoS Hind 0.6937 0.9934 0.714 | 0.0095 0.0023 0.2551 | 0.2317 0.0335 0.5528

Support Diagonal 0.0787 0.953 0.2783 | 0.9988 0.1179 0.3536 | 0.8788 0.3486 0.3905

Support Four 0.3078 0.949 0.7186 | 0.5613  0.4531 0.9206 | 0.8344  0.9853 0.981

Support Girdle 0.9602 0.6919 0.8882 | 0.9191 0.5601 0.9988 | 0.4996 0.8325 0.9551

Support Lateral 0.6429 0.8133 0.9992 | 0.2115 0.4716 0.6031 | 0.9917 0.8768 0.8755

Support Single 0.1356 0.5839 0.4383 | 0.7038 >0.9999 0.9553 | 0.5411 0.6522 0.6712

Support Three 0.066 >0.9999 0.097 | 0.5151 0.2922 0.8633 | 0.9902 0.9864 0.9995

Support Zero 0.7618 0.7586 | 0.7618 0.72 0.7618 | 0.6771 0.5921 0.6771

LF |Step Cycle 0.8518 0.7322 0.8038 | 0.8055 0.7851 0.9944 |1 0.9046 0.8347 0.9863

RF |Step Cycle 0.935 0.7852 0.8738 | 0.857 0.6115 0.9733 | 0.9557 0.8906 0.9984

LH |Step Cycle 0.722 0.8276  0.7334 | 0.5946  0.4859 0.9994 | 0.9917 0.9319 0.9886

__ |RH_[Step Cycle 0.7173 0.9413 0.7978 | 0.5251 0.4889 0.9998 | 0.9899 0.8907 0.9999
g LF  [Swing Speed 0.9849 0.9761 0.9053 | 0.9961 0.9991 0.7518 | 0.9926 0.9709 0.6746
g— RF [Swing Speed 0.9728 0.9862 0.9345 | 0.9998 0.8906 0.8443 |>0.9999 0.9788 0.892
g LH [Swing Speed 0.9881 0.6208 0.9862 | 0.7514  0.2965 0.9757 | 0.8907 0.3788 0.9889
RH |Swing Speed 0.9912 0.595 0.9834 | 0.9991 0.8194 0.7665 | 0.9716 0.689 0.9894
IAverage Speed 0.8323 0.9797 0.718 | 0.9152 0.8635 0.8434 |>0.9999 0.9478 0.8764
Maximum Variation 0.7236  0.8463 0.9795 | 0.7846  0.7094 >0.9999| 0.3096 0.1719 0.9616

Run Duration 0.7577 0.9305 0.6929 | 0.6486 0.437 0.9988 | 0.6117 0.3133 0.9202
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Appendix

Male - p value change from WT

6 Months 12 Months 18 Months
Paw| Parameter P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO
LF [Stride Length 0.5403 0.9945 0.4673|0.9999 0.8652 0.5848 | 0.9265 0.9999 0.4731
€ |RF |[stride Length 0.4406 0.9869 0.4548 [>0.9999 0.9515 0.6307 | 0.9292 0.9977 0.5024
GEJ LH |[Stride Length 0.3957 0.9791 0.7547 | 0.9988 0.9525 0.5357 | 0.932 0.9829 0.6598
§ RH |Stride Length 0.4252 0.8793 0.6193|0.9039 0.9749 0.4378 | 0.8783 0.9982 0.4485
a Print Positions Left 0.9932 >0.9999 0.9951| 0.821 0.9985 0.6956 |>0.9999 0.9847 0.6203
Print Positions Right >0.9999 0.7884 0.895 | 0.9961 0.9945 0.2484]10.9816 0.9729 0.1134
Cadence 0.9348 0.9019 0.7519 | 0.7057 0.6259 0.9885 | 0.8393 0.8808 0.985
Number of Patterns 0.4227 0.9789 0.4879| 0.58 0.9916 0.3335] 0.9072 0.9986 0.4877
Phase Dispersions LF->LH |0.9458 0.7215 0.1802 | 0.7973 0.5861 0.054 | 0.9465 0.9024 0.9999
Phase Dispersions LF->RF |0.9868 0.9998 0.9969 | 0.39 0.593 0.5994 | 0.9938 0.9466 0.9979
Phase Dispersions LF->RH |0.7301  0.4019 0.9291 | 0.6219 0.9822 0.3438 | 0.9777 0.8959 0.9216
Phase Dispersions LH->RH | 0.9996  0.9981  0.9941 | 0.4449 0.564 0.3179| 0.951 0.9014 0.8968
Phase Dispersions RF->LH |0.8169  0.319 >0.9999| 0.391 0.0974 0.0692 | 0.5874 0.3355 0.4759
S Phase Dispersions RF->RH | 0.6212  0.7688 0.1846 | 0.2093 0.1516 0.7737 | 0.9561 0.4457 0.6742
'(*_;; Regularity Index 0.5056 0.488 0.8214 1 0.3262 0.5653 0.4382 | 0.899 0.1085 0.739
;g Step Sequence AA
g Step Sequence AB >0.9999 0.6996 0.5999 | 0.3615 0.0575 0.7759]0.9905 0.9538 0.9682
© Step Sequence CA >0.9999 0.2444 0.9298 | 0.4482 0.1727 0.773810.4217 0.8439 0.991
Step Sequence CB 0.997 0.9878 0.8635|0.7941 0.3824 0.6393]0.9479 0.9975 0.8839
Step Sequence RA 0.7586 0.7586 | 0.7618 0.4552 0.4951 0.7586
Step Sequence RB 0.7618 0.6347 0.8981 | 0.9965 0.9197 0.9969
LF |Stand Index 0.1818 0.9895 0.2594 | 0.9372 0.9489 0.942 | 0.5512 0.9992 0.9933
RF [Stand Index 0.2112 0.9999 0.2162 | 0.9881 0.8798 0.968 | 0.9462 0.8147 0.9992
LH [Stand Index 0.9877 0.7394 0.9703 | 0.7353 0.8961 >0.9999| 0.8429 0.9858 >0.9999
RH [Stand Index 0.9489 0.9872 >0.9999| 0.44 0.6297 >0.9999| 0.5447 0.86 0.4985
Number of Steps 0.4003 0.8999 0.5039 |[>0.9999 0.9444 0.6372| 0.98 >0.9999 0.4073
Other Statistics Abdomen
Other Statistics Genitals | 0.4998
5 Other Statistics Left Hip
< Other Statistics Left Knee
o Other Statistics Nose 0.6438 0.74 0.988 [>0.9999 0.4656 0.9902 | 0.9934 0.9928 0.9977
Other Statistics Right Hip
Other Statistics Right Knee
Other Statistics Tail 0.7618

Table 9.1: p-values from analysis of Run Statistics parameters produced by CatWalk XT 8.1 software

for male animals.

Parameters have been grouped into 7 categories: Paw Size, Paw Pressure, Support, Temporal,
Placement, Coordination, and Other. Some parameters were calculated for each individual paw and
have been grouped together in the following order: left front (LF), right front (RF), left hind (LH), and
right hind (RH). p-values in blue indicate a decrease in value from wild type, and values in red indicate
an increase in value from wild type. Figures in chapter 4 represent reductions in paw pressure

parameters for vapBP56S/P56S seen here at 18 months.
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Appendix

Female - p value change from WT

6 Months 12 Months 18 Months
Paw Parameter P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO
LF  [Max contact Area 0.883  0.421 0.0968 | 0.5907 0.9963 0.6822 | 0.2305 0.0056 0.0075
RF  [Max contact Area 0.9877 0.9303 0.0537 | 0.6588 0.4068 0.1903 | 0.0542 0.0015 0.0013
LH  |Max Contact Area 0.9797 07754 0.2631 | 0.8924 0.9997 0.3507 | 0.043 <0.0001 0.0019
RH [Max contact Area 0.3156 0.1787 0.0198 | 0.9977 0.9822 0.0037 | 0.0685 0.0032 0.0273
LF  [Max contact At 07021 0208 0.9944 | 0.506 0.152 0.9682 | 0.0811 0.1048 0.9526
RF  [Max contact At 0.9645 0.104  0.418 | 0.616 09963 0.2299 | 0.2342 0704 0.5747
LH  [Max contact At 0.7345 0.7276 0.3378 | 0.9473 0.5503  0.962 | 0.5307 0.0096 0.0154
RH [Max contact At 0.7204 0.2207 0.0347 | 0.8956 0.0504 0.5218 | 0.2219 0.0042 0.012
o ILF |print Area 0.8571 0.3511 0.0633 | 0.6748 >0.9999 0.4386 | 0.1883 0.0063 0.0091
3 IRF [print Area 0.9975 0.693 0.0516 | 0.6607 0.3819 0.0998 | 0.0646 0.0011 0.0015
2 [tH [erint Area 0.913 0.6305 0.0909 | 0.8767 0.9793 0.2694 | 0.0422 <0.0001 0.0019
S IRH [print Area 03322 0.1333 0.0077 | 0.9964 >0.9999 0.0513 | 0.0594 0.0037 0.032
L [print Length 0.7694 02724 0.0302 | 0.9505 0.5789 0.674 | 0.887 0.0016 0.0013
RF  [print Length 0.8969 0.2748 0.0773 | 0.8772 0.8116 0.6529 | 0.6498 0.0092 0.0084
LH [print Length 0.9792 0.8212 0.1158 | 0.9873 04916 0.2517 | 0.1508 0.0003 0.0062
RH [print Length 0.7254 0.0766  0.0041 |>0.9999 0.926  0.4483 | 0.1777 0.0021 <0.0001
LF  |print width 0.668 0.3187 0.0345 |>0.9999 0.9671 0.9936 | 0.0169 0.0005 0.0009
RF  [print width 0.5632 0.3067 0.0858 | 0.9978 0.8893 0.8309 | 0.1263 0014 0.0281
LH  [print width >0.9999 0.812 0.4928 | 0.64 0998  0.6305 | 0.2882 0.0004 0.0004
RH [print width 0.8978 0.139  0.0126 | 0.9098 >0.9999 0.0601 | 0.5661 0.0037 0.0208
LF  [Max Contact Max Intensity | 0.944  0.7119  0.0538 | 0.9721 0.3428  0.098 | 0.1072 0.0051 0.0003
RF  |Viax Contact Max Intensity [ 0.4185  0.3177  0.0216 | 0.8767 09929 0.9952 [ 0.1314 0.0106 0.0588
LH |Max Contact Max Intensity | 0.9498  0.9069  0.0611 | 0.8839 0.9992  0.2005 | 0.447  0.0025 0.0089
RH |Max Contact Max Intensity | 0.6584 0.0833  0.0061 0.97 0.9996 0.139 | 0.0755 0.0109 0.0095
L I“:f:nii‘;cta““"ea“ 0.3596 0.7842 0.0294 | 0.6052 0.3628 0.1271 | 0.1859  0.0021 0.0019
R ms;niﬁctam\"ea” 0.9164 0914 00238 | 0.9482 0.8047 0.4578| 001 00115 0.0073
L :\:f:ngi‘;;ta““"ea“ 02822 0963 02908 | 0.8885 0.8714 0.1706 | 0.4426 0.0006 0.0248
RH l":t"’:ngi‘;cta““"ea“ 0.9762 0.5777 0.2963 | 0.9232 0.9905 0.0321 | 0.2414  0.007  0.0304
0 |LF  [Max Intensity 0.9774 05565 0.022 | 0.8048 0.1827 0.0403 | 0.1376 0.0051 0.005
2 [RF [Max intensity 0.8962 0.3569 0.0062 | 0.9689 0.9841 0.8106 | 0.1376 0.0074 0.0392
@ [tH [Max Intensity 0.9663 0.8325 0.0641 | 0.7934 0.9984 0.2476 | 0.4365 0.0033 0.0083
c; RH  [Vax intensity 0.7386 0.0811 0.0048 | 0.9836 0.9984 0.1575 | 0.1167 0.0111 0.0068
S F  [Maxintensity At 0.5351 0.9034 0.9214 | 0.8836 0.4054 0.5432 [ 0.8882 0.7651 0.0846
RF  [Max intensity At 0.8031 0.7385 0.9981 | 0.7333 0.9226 0.8428 | 0.9008 0.8905 0.1947
LH  [Max intensity At 0.9988 0.9276 0.9874 | 0.4993 09756 0.9874 | 0.97 00223 0.6499
RH |Max Intensity At 0.7836 0.9845 0.7226 | 0.5385 0.5662 0.9404 | 0.8941 0.0683 0.2375
LF  [Mean Intensity 03112 0.6545 0.0471 | 0.4529 0323 0.1627 | 0.1844 0.004 0.0029
RF  [Mean Intensity 0.7073 >0.9999 0.0754 | 0.899  0.3466 0.3061 | 0.0684 00176 0.0102
LH  [Mean Intensity 0.2281 09584 0.3668 | 0.817  0.669  0.2095 | 0.5494 0.0013 0.0149
RH [Mean Intensity 0.9923 0.6205 0.021 | 0.924 0.8595 0.0717 | 0.2348 0.0066 0.0374
LF  [Min Intensity 0.8139 0.2626 0.0409 [>0.9999 0.8171 0.9938 | 0.1618 0.0033 0.0008
RF  [Min Intensity 0.9795 0.586  0.0023 | 0.9312 0.3026 0.5639 | 0.2436 0.0246 0.0059
LH  [Min intensity 0.3494 0.6998 0.0607 | 0.9981 0.8468 0.9911 | 0.1235 0.0298 0.1062
RH  [Min ntensity 0.2483 0.3999 0.0027 | 0.9743 0.3789 0.1089 | 0.258 0.1115 0.1641
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Female - p value change from WT

6 Months 12 Months 18 Months

Paw| Parameter P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO

LF |Duty Cycle 0.9981 0.4344 0.0007 | 0.9153 >0.9999 0.154 0.81 0.0983 0.0482

RF |Duty Cycle 0.9973 0.9788 0.0285]0.9643 0.7219 0.293 | 0.3037 0.5759 0.0359

LH [|Duty Cycle 0.9588 0.7631 0.1078 | 0.6148 >0.9999 0.1584 ] 0.1789 0.1056 0.0581

RH |Duty Cycle 0.9917 0.63 0.0209 | 0.5277 0.9979 0.3219 | 0.0584 0.3735 0.0025

LF |[Stand 0.9613 0.9522 0.017 | 0.6021 0.9913 0.1214 ] 0.2139 0.9478 0.1132

RF [Stand 0.9882 0.9989 0.0575]0.6935 0.9933 0.149 | 0.2684 0.9616 0.191

LH |[Stand 0.9972 0.987 0.3015 | 0.5561 >0.9999 0.0951 | 0.2004 0.3358 0.0943

RH |[Stand 0.9998 0.9474 0.3548 | 0.5388 0.8696 0.1457 | 0.3226  0.5244 0.1948

LF |Swing 0.5126 0.8555 0.2916 | 0.3568 0.6883 0.549 | 0.3124 0.7653 0.1813

g RF [Swing 0.999 0.9995 0.1983 ]| 0.1223 0.1607 0.2117 | 0.5224 0.742 0.0922
% LH [Swing 0.9092 0.7741 0.8574 | 0.4954 0.947 0.0699 | 0.2833 0.0101 0.0689
A IRH Swing 0.8113 0.5637 0.454 | 0.9789 0.9379 0.2407 | 0.8261 0.084 0.0663
BoS Front 0.9839 0.9146 0.0284 | 0.9988 0.9158 0.0538 | 0.7841 0.0358 0.0145

BoS Hind 0.4404 0.9483 0.3487 ] 0.7412 0.6123 0.7999 | 0.5849 0.6523 0.9994

Support Diagonal 0.2406 0.3885 0.7965] 0.9596 0.4869 0.9991 | 0.8666 0.1208 0.6525

Support Four 0.9561 0.8139 0.7432]0.7683 0.7586 0.4436 0.6251 0.4981

Support Girdle 0.5759 0.2037 0.445 | 0.9608 0.9769 0.9712 | 0.2708 0.3768 0.9301
Support Lateral 0.9185 0.9447 0.0905 | 0.9986 0.9767 0.7163 | 0.9908 0.9997 >0.9999

Support Single 0.9357 0.689 0.0049 | 0.7949 >0.9999 0.2336 | 0.1608 0.172 0.0007

Support Three 0.5044 0.9951 0.2499 | 0.9996 0.2988 0.8183 | 0.9816 0.8797 0.3755

Support Zero 0.4751 0.0878 | 0.7683 0.4099 0.3762 0.5037

LF |Step Cycle 0.8284 0.9902 0.2094 | 0.4356 0.8936 0.0882 | 0.1355 0.993 0.2678

RF |Step Cycle 0.9458 0.9962 0.2808 | 0.3794 0.937 0.083 | 0.1555 0.9946 0.4453

LH |[Step Cycle 0.9652 >0.9999 0.5112 ] 0.5101 0.9998 0.0876 | 0.2549 0.9697 0.4217

_ |RH_|Step Cycle >0.9999 0.9992 0.543 | 0.7104 0.9598 0.082 | 0.6461 0.9199 0.8949
g LF [Swing Speed 0.9301 0.823 0.6621 | 0.4434 0.5051 0.0186 ]| 0.3731 0.9993 0.7784
g— RF [Swing Speed 0.9266 0.5996 0.6238 | 0.3956 0.1564 0.0242 | 0.3904 >0.9999 0.9674
& LH |Swing Speed 0.9899 0.7565 0.215 ] 0.5921 0.5091 0.0513]0.9113 0.1679 >0.9999
RH |Swing Speed 0.9546 0.9294 0.4738 | 0.7639 0.6086 0.0349 ]| 0.5937 0.0893 0.9719
[Average Speed 0.9878 0.8297 0.2436 | 0.5139 0.9737 0.046 | 0.2826 0.9434 0.2246
Maximum Variation 0.2281 0.1271 0.2437 | 0.7762 0.8668 0.6765 | 0.5785 0.9067 0.9825

Run Duration 0.8048 0.9364 0.2912 | 0.247 0.9525 0.0315 | 0.4571 0.998 0.6419
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Female - p value change from WT

6 Months 12 Months 18 Months
Paw Parameter P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO | P56S/+ P56S/P56S KO/KO
LF |Stride Length 0.8007 0.4377 0.0912 | 0.5388 0.8258 0.0283 | 0.4829 0.9542 0.1681
‘€ |RF [Stride Length 0.9234 0.3518 0.0975 | 0.7067 0.9029 0.0396 | 0.4956 0.9712 0.1847
g LH |Stride Length 0.8922 0.323 0.0541 | 0.6726 0.6284 0.0603 | 0.4506 0.9983 0.2847
§ RH |Stride Length 0.9353 0.4192 0.0408 | 0.5793 0.6097 0.0161 | 0.3225 0.9514 0.1467
o Print Positions Left 0.6851 0.478 0.6717 | 0.4811 0.7106 0.1858 | 0.2097 0.9979 0.1987
Print Positions Right 0.6991 0.5952 0.2297 | 0.2691 0.7077 0.1597 | 0.2864 0.9928 0.1885
Cadence 0.9947 0.9987 0.2742 | 0.3864 0.9896 0.0756 | 0.1577 0.906 0.3719
Number of Patterns 0.9469 0.3963 0.1752 | 0.8207 0.9395 0.1462 | 0.6873 0.5933 0.2755
Phase Dispersions LF->LH | 0.5755 0.6935  0.2161 | 0.5458 0.8522  0.8421 | 0.9982 0.9656 0.7735
Phase Dispersions LF->RF | 0.8117 >0.9999 0.9909 | 0.8188 0.7068 0.8348 | 0.813 >0.9999 >0.9999
Phase Dispersions LF->RH | 0.9668 0.6029  0.0239 | 0.9912 0.9993 0.4743 | 0.5106 0.9302 0.9322
Phase Dispersions LH->RH | 0.6407 0.9674  0.2331 | 0.8616  0.9727 0.9799 |>0.9999 0.9993 0.5504
Phase Dispersions RF->LH | 0.8411  0.9997 0.08 0.9464 0.8104 0.9656 | 0.6742 0.5244 0.9985
S Phase Dispersions RF->RH | 0.9987  0.6682 0.532 | 0.1012 0.8858 0.4729 | 0.9603 0.5941 0.1984
'g Regularity Index 0.7483 0.9991 0.9621 | 0.6347 0.6643 0.5972 | 0.4912 0.3212 0.9699
% Step Sequence AA
g Step Sequence AB 0.2612 0.3433 0.3357 1 0.9509 >0.9999 0.517 | 0.9686 0.4342 0.9967
o Step Sequence CA 0.7683 0.7754 0.3 0.9967 0.8495 0.6867 | 0.6909 0.6769 0.7631
Step Sequence CB 0.2401 0.1827 0.3758 | 0.994 0.983 0.9943 | 0.7415 0.9798 0.9999
Step Sequence RA 0.7593 0.9976 0.9794 | 0.9932 0.7683 >0.9999| 0.4518 0.9996 0.956
Step Sequence RB 0.1306 0.5131 0.9967 0.9984 0.8435] 0.7683 0.8965 0.7683
LF  |Stand Index 0.9994 0.8761 0.1985 | 0.1923 0.8688  0.0481 | 0.5851 0.679 0.1871
RF |Stand Index 0.9918 0.5325 0.1306 | 0.5072 0.9939 0.0945 | 0.9039 0.9532 0.6995
LH |Stand Index 0.2758 0.6095 0.5387 1 0.9969 0.3847 0.5131 | 0.9387 0.8664 0.3289
RH |Stand Index 0.9417 0.79 0.7644 |1 0.9974  0.5643 0.654 | 0.6525 0.5597 0.4378
Number of Steps 0.8381 0.4742 0.0694 | 0.5561 0.6929 0.0684 | 0.4661 0.9997 0.1952
Other Statistics Abdomen
Other Statistics Genitals 0.7683  0.7683 0.7683
5 Other Statistics Left Hip
< Other Statistics Left Knee
© Other Statistics Nose 0.9967 0.9339 0.9533 | 0.9891 0.3214 0.6793 | 0.9584 0.9063 0.9951
Other Statistics Right Hip
Other Statistics Right Knee 0.7683 0.7683  0.7683
Other Statistics Tail

Table 9.2: p-values from analysis of Run Statistics parameters produced by CatWalk XT 8.1 software

for female animals.

Parameters have been grouped into 7 categories: Paw Size, Paw Pressure, Support, Temporal,
Placement, Coordination, and Other. Some parameters were calculated for each individual paw and
have been grouped together in the following order: left front (LF), right front (RF), left hind (LH), and
right hind (RH). p-values in blue indicate a decrease in value from wild type, and values in red indicate
an increase in value from wild type. Figures in chapter 4 represent reductions in paw pressure and

paw size parameters for vapBP56S/P56S and vapB-/- seen here at 18 months.
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Appendix

BP565/+

Figure 9.1: vapB#38 against wild type and vapB” spinal vap cord homogenates.

Arrow pointing to specific vapB band. Asterisks annotate non-specific cross-reacting band.

171



	Cover Sheet.pdf
	Characterisation_of_a_Model_of_ALS8_in_the_Rat_Redacted.pdf
	1 Introduction
	1.1 Neurodegeneration and Motor Neuron Diseases
	1.1.1 Protein Misfolding and Aggregation
	1.1.2 Neuroinflammation
	1.1.3 Metabolism
	1.1.4 Motor Neuron Diseases

	1.2 Amyotrophic Lateral Sclerosis
	1.2.1 A Brief History
	1.2.2 Pathophysiology
	1.2.3 Disease causing genes of familial ALS
	1.2.3.1 SOD1
	1.2.3.2 TARDBP
	1.2.3.3 FUS
	1.2.3.4 C9orf72

	1.2.4 ALS Disease Models
	1.2.4.1 Rodent Models
	1.2.4.1.a SOD1 Mice
	1.2.4.1.b TDP-43 Mice
	1.2.4.1.c FUS Mice
	1.2.4.1.d C9orf72 Mice
	1.2.4.1.e ALS in the Rat



	1.3 vapB and ALS8
	1.3.1 vapB Discovery, Function, and P56S Mutation
	1.3.1.1 Cellular roles and interactors of vapB
	1.3.1.2 Mutations in vapB

	1.3.2 Amyotrophic Lateral Sclerosis 8

	1.4 vapB in vivo
	1.5 Project Aims

	2  Materials and Methods
	2.1 Colony Generation
	2.2 Colony Husbandry
	2.3 Genotyping
	2.4 Behaviour – Rotarod
	2.5 Behaviour – CatWalk
	2.6 Blood Collection and Analysis
	2.7 Cerebrospinal Fluid Collection
	2.8 Mitochondrial Stress Test
	2.9 Antibodies
	2.10 Western Blotting
	2.11 Histology of Lumbar Spinal Cord
	2.12 Image Capture
	2.13 Statistical Analysis

	3 Primary Characterisation
	3.1 P56S mutation and knock out inherited in Mendelian proportions
	3.2 Male vapBP56S/P56S and vapB-/- gain more weight than wild type after 7 months
	3.3 Pilot blood analysis suggest changes to male vapB-/- erythrocyte morphology
	3.4 Pilot mitochondrial metabolism analysis suggests reduced vapBP56S/+ capability in stress environment
	3.5 Discussion and Future Work
	3.5.1 Litter Proportions
	3.5.2 Weight
	3.5.3 Pilot Blood Analysis
	3.5.4 Pilot Mitochondrial Metabolism Analysis
	3.5.5 Major Sperm Protein in Cerebrospinal Fluid
	3.5.6 Ageing Fischer Rats and Splenomegaly


	4 Motor Behaviour
	4.1 RotaRod
	4.2 CatWalk Gait Analysis
	4.3 Discussion and Future Work

	5 VAP Expression and Interactions
	5.1 Size of vapB exon 2 affected by loxP sites or collateral knockout from CLICK knock-in generation
	5.2 Specificity of antisera against vapB
	5.3 Expression of vapB and vapA in Lumbar Spinal Cord
	5.4 Motor Neurone Expression of vapB and vapA
	5.5 Reduced expression of Syntaxin in vapBP56S/P56S spinal cord
	5.6 Discussion and Future Work

	6 Markers of ALS
	6.1 Fewer motor neurons in vapBP56S/+ and vapBP56S/P56S, and vapBP56S/P56S motor neurons have reduced size
	6.2 TDP-43 mislocalisation in vapB-/- motor neurons
	6.3 No change in astrocyte occupancy or GFAP expresion in lumbar spinal cord
	6.4 No change in microglial number in lumbar spinal cord
	6.5 Discussion and Future Work

	7 General Discussion and Concluding Remarks
	8 Bibliography
	9 Appendix




