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Abstract

Background: Amyotrophic lateral sclerosis (ALS) is a progressive and ultimately fatal
neurodegenerative disease characterised by upper motor neurone loss in the brain and lower
motor neurone loss in the spinal cord. The most common genetic cause is a hexanucleotide
repeat expansion in the C9ORF72 gene. Bacterial artificial chromosome transgenic mouse
models of the expansion have been generated, yet only one reported decreased survival and
progressive motor phenotypes. Subsequent reports of this model in several laboratories have
revealed contradictory results regarding the nature of the phenotype. Determining the utility

of the model is vital to advance preclinical studies investigating C9orf72 ALS.

Methods: Two colonies of transgenic C9orf72 mice were established. The first was generated
with C9orf72 transgenic and FVB/N control animals from The Jackson Laboratory. The second
colony was generated with C9orf72 transgenic mice donated from the University of Bern and
FVB/N control animals from Janvier labs. Both colonies underwent an extensive range of
behavioural and electrophysiological characterisations to assess survival, motor, and

cognitive function up to 1 year of age. Immunohistochemical studies were also carried out.

Results: Over the course of 1 year, C9orf72 BAC mice displayed no discernible survival, motor,
or cognitive abnormalities, despite production of dipeptide repeat proteins. Both transgenic
and non-transgenic mice demonstrated a gradual decline over time in several
behavioural/cognitive tests. No neurodegeneration was observed in the brain or spinal cord
of either colony. The Janvier labs colony displayed possible neuronal abnormalities in the
motor cortex revealed by Sholl analysis. Both colonies exhibited intermittent seizures
consistent with previous reports of the FVB/N genetic background. Histopathology of mice
seen to exhibit seizures demonstrated similar abnormalities to those reported in the initial

report of this model.

Conclusions: Neither colony manifested a neurodegenerative phenotype attributable to the
C9orf72 BAC insert. Background strain related abnormalities were observed. The data
indicate that the model is not suitable for preclinical studies with the aim to measure

phenotype.
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1 Introduction

1.1 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS), also known as motor neurone disease, is a progressive
and ultimately fatal neurodegenerative disease characterised by upper motor neurone
(UMN) loss in the brain and lower motor neurone (LMN) loss in the spinal cord. This causes
extensive muscle weakness and atrophy as denervation of the voluntary muscles progresses,

leading to eventual paralysis and death.

1.1.1 Epidemiology

The incidence of ALS is approximately 2 in 100,000 individuals with a prevalence of 4-5 in
100,000 individuals, although this varies with geographical region (Xu et al., 2020; Longinetti
and Fang, 2019). The lifetime risk is 1 in 350 for men and 1 in 400 for women (Kiernan et al.,
2011). Some studies show a stable incidence (Ryan et al., 2019), while others show an increase
in recent years (Xu et al., 2020; Feigin et al., 2021), perhaps resulting from diagnostic
improvements. However, it is anticipated to increase due to ageing populations (Arthur et al.,
2016). The average age of onset is 55-60 years, and survival is approximately 2-3 years from
diagnosis (Hoppitt et al., 2011; Hobson et al., 2016), however the age of onset and disease

progression can vary considerably between patients.

1.1.2 Clinical Presentation

Pathologically, ALS displays a combination of UMN and LMN features. However, onset often
occurs focally and can present in a number of different ways. Limb onset is the most common,
presenting in approximately 60% of patients, and usually occurs asymmetrically in either the
upper or lower limbs causing spasticity, weakness, and fasciculations in the affected limb.
Bulbar onset occurs in approximately 30% of patients and is primarily characterised by
progressive dysarthria (speech problems) and dysphagia (swallowing difficulties) before
progressing to limb features. The least common presentation is respiratory onset, resulting in

breathing difficulties (Kiernan et al., 2011; Hardiman et al., 2017).



Over the past decade, it has been accepted that there is an overlap between ALS and
frontotemporal dementia (FTD); a degenerative condition caused by neuronal pathology
within the frontal and temporal lobes of the brain that results in cognitive deficits and
behavioural, personality, and language changes. Up to 50% of ALS patients can exhibit signs
of FTD (Phukan et al., 2012; Cividini et al., 2021), and up to 30% FTD patients can exhibit motor
dysfunction (Burrell et al., 2011).

1.1.3 Biomarkers and Treatment

Diagnosis of ALS is challenging due to the non-specific nature of symptoms that can mimic
other neuromuscular disorders. Patients will often undergo several tests such as imaging of
the brain and spinal cord and electrophysiological examinations before ALS is diagnosed.
Clinicians use various diagnostic criteria including the revised El Escorial criteria (Brooks et al.,
2000), Awaji Shima criteria (de Carvalho et al., 2008), and Gold Coast criteria (Shefner et al.,
2020) to make a diagnosis. However, this can take time, due to the lack of a valid diagnostic
biomarker and the requirement to show symptom progression. As a result, an average delay
of 12 months between symptom onset and diagnosis is common (Mitchell et al., 2010;
Longinetti and Fang, 2019). This delay may have a negative impact on prognosis as the early
stages of disease are missed. A diagnostic biomarker for ALS would not only reduce this delay
but also improve disease progression monitoring and prognosis, as well as patient

stratification and the detection of early treatment effects in clinical trials.

Various potential biomarkers have been identified, such as neurofilament levels in blood and
cerebrospinal fluid (CSF) as an indicator of neurodegeneration and neuroinflammation (Lu et
al., 2015; De Schaepdryver et al., 2019), electrophysiological measurements to reflect motor
unit loss and thus disease progression (Neuwirth et al., 2015), and neuroimaging such as
magnetic resonance imaging (MRI) to track pathological changes in vivo (Turner et al., 2013).
Despite great effort in developing a robust and replicable biomarker for diagnostic and

prognostic applications, none have been approved for clinical use.

There is no cure for ALS and current treatments are limited, focusing primarily on managing

symptoms and providing supportive care to improve quality of life. Drug development



remains focused on disease-modifying therapies, and to date, only four have been approved
by the Food and Drug Administration (FDA) in the US: riluzole, edaravone, AMX0035, and
most recently, Tofersen. Riluzole reduces glutamate excitotoxicity (Benoit and Escande, 1991)
and was the first drug to be approved by the FDA for ALS in 1995. However, its benefit is

limited, extending survival by approximately 3 months (Bensimon et al., 1994).

Edaravone was approved by the FDA in 2017. It reduces oxidative stress and was shown to
slow disease progression in a trial in Japan (Writing Group and Edaravone, 2017) and prolong
survival by 6 months in a trial in the US (Brooks et al., 2022). However, two other trials in Italy
and Germany showed no effect on progression or survival (Lunetta et al., 2020; Witzel et al.,

2022). Due to this inconsistency, edaravone has yet to be approved in Europe.

AMXO0035 is a combination therapy of sodium phenylbutyrate and taurursodiol that targets
multiple pathophysiological mechanisms. It was approved by the FDA in September 2022
after a phase Il clinical trial suggested it confers functional and survival benefits in ALS
(Paganoni et al., 2021), although there are criticisms of the trial (Mullard, 2022). A phase llI

trial is now underway to evaluate the efficacy of AMX0035.

Tofersen is an antisense oligonucleotide (ASO) therapy specifically for patients harbouring a
S0OD1 mutation. It targets and degrades the SOD1 mRNA thus reducing the synthesis of the
abnormal SOD1 protein. It was approved by the FDA in April 2023 after a phase lll clinical trial
demonstrated a reduction of SOD1 protein level in the CSF and patients with early
administration of the drug showed a decrease in the decline of respiratory function, strength,

and quality of life (Miller et al., 2022).

Historically, ALS clinical trials have a high failure rate, highlighted by the fact that only four
drugs have been approved in the past 30 years; all of which confer only very modest benefits
or are specific to a particular causal mutation. There are several reasons, ranging from trials
treating ALS as a homogeneous disease rather than a heterogeneous one; an over-reliance
on the SOD1%%3* mouse model (which only represents 2% of patients and lacks the TDP-43
proteinopathy present in 97% of ALS cases); to pharmacology and trial design (Mead et al.,

2022). However, a major issue is the lack of a biomarker of disease progression which could



provide a more accurate survival measure than the revised ALS functional rating scale
(ALSFRS-R) currently used. As mentioned earlier, significant research is underway and
identifying biomarkers that can be translated from preclinical models into clinical trials would

significantly improve the detection of treatment effects and monitor disease progression.

1.2 Causes of ALS

Approximately 90% of ALS cases are sporadic (SALS), seemingly presenting at random with no
family history of the disease, while the remaining 10% are classed as familial ALS (fALS). fALS
cases have a family history of the disease and show a typical mendelian autosomal dominant
pattern of inheritance (Ranganathan et al., 2020). There are over 30 known genes that have
been identified as being causative or conferring an increased risk of developing ALS (Table
1.1). The most common are C90RF72,SOD1, TARDBP, and FUS, and together they account for
the majority of fALS cases in European and Asian populations; although in Asian populations
the SOD1 mutation is most common, followed by FUS, C90RF72, and TARDBP (Zou et al.,
2017). About 10% of sALS cases harbour known ALS genetic mutations yet do not have a
family history of the disease (Feldman et al., 2022). Identification of these genes has led to
the identification of various pathophysiological mechanisms underlying ALS, including protein
aggregation, excitotoxicity, oxidative stress, mitochondrial dysfunction, neuroinflammation,
RNA processing, and impaired axonal and nucleocytoplasmic transport. There is also
emerging evidence regarding environmental risk factors, such as smoking, educational
attainment, and intensive physical activity (Harwood et al., 2009; Bandres-Ciga et al., 2019).
As such, ALS is considered to be a genetically complex and multifactorial disease resulting

from a complex interaction of genetic and environmental influences (Zheng et al., 2023).



Table 1.1: Causal mutations identified in ALS.

Adapted from Mead et al. (2022). ALS-new denote potential ALS genes requiring further validation; ALS-putative denote potential ALS risk factors; FTD-ALS denote mutations

associated with both ALS and FTD.

ALS locus | Gene Protein Locus Protein Function

number

ALS1 SOD1 Cu-Zn superoxide dismutase 21g22.11 Dismutates superoxide free radicals: oxidative stress; protein aggregation;
mitochondrial dysfunction; axonal transport defects; proteasome impairment; glial
dysfunction

ALS2 ALS2 Alsin 2g33.1 Intracellular trafficking

ALS4 SETX Senataxin 9g34.13 RNA processing

ALS5 SPG11 Spatacsin 15¢21.1 Vesicle trafficking; axonal defects

ALS6 FUS Fused in sarcoma RNA binding protein 16p11.2 RNA processing; DNA damage repair defects; nucleocytoplasmic transport defects;

(component of the hnRNP complex) stress granule function; protein aggregation

ALS8 VAPB Vesicle-associated membrane protein 20913. 32 Proteasome impairment; intracellular trafficking

ALS9 ANG Angiogenin 14q11.2 RNA processing

ALS10 TARDBP | TDP-43 1p36.22 RNA processing; nucleocytoplasmic transport defects; stress granule function;
protein aggregation

ALS11 FIG4 Polyphosphoinositide phosphatase 6921 Intracellular trafficking

ALS12 OPTN Optineurin 10p13 Autophagy; protein aggregation; inflammation; NF-kB regulation; membrane
trafficking; exocytosis; vesicle transport; reorganization of actin and microtubules;
cell cycle control

ALS13 ATXN2 Ataxin 2 12qg24.12 RNA processing

ALS14 VCP Valosin-containing protein/Transitional 9p13.3 Autophagy; proteasome impairment; defects in stress granules; protein aggregation;

endoplasmic reticulum ATPase mitochondrial dysfunction; endoplasmic reticulum dysfunction




ALS15 UBQLN2 | Ubiquilin 2 Xpll.21 Proteasome impairment; autophagy; protein aggregation; oxidative stress; axonal
defects
ALS16 SIGMARL1 | Sigma non-opioid intracellular receptor 1 | 9p13.3 Proteasome impairment; intracellular trafficking
ALS17 CHMP2B | Charged multivesicular body protein 2b 3pl11.2 Autophagy; protein aggregation
ALS18 PFN1 Profilin-1 17p13.2k Axonal defects
ALS19 ERBB4 Receptor tyrosine-protein kinase erbB-4 2934 Neuronal development
ALS20 hnRNPA1 | Heterogeneous nuclear ribonucleoprotein | 12913.13 RNA processing
Al
ALS21 MATR3 Matrin-3 5g31.2 RNA processing
ALS22 TUBA4A | Tubulin a4A chain 2935 Cytoskeleton
ALS23 ANXA1l1l | Annexin All 10g22.2 Intracellular trafficking
ALS24 NEK1 Serine—threonine protein kinase Nek1 4933 Intracellular trafficking; DNA-damage response; microtubule stability
ALS25 KIF5A Kinesin heavy chain isoform 5A 12q13.3 Axonal defects; intracellular trafficking
ALS-new GLT8D1 Glycosyltransferase 8 domain-containing | 3p21.1 Ganglioside synthesis
protein 1
ALS-new TIA1 Cytotoxic granule-associated-RNA binding | 2p13.3 Delayed stress granule disassembly; stress granule accumulation
protein
ALS-new C21orf2 Cilia and flagella-associated protein 410 21922.3 Microtubule assembly; DNA damage response and repair; mitochondrial function;
interacts with NEK1
ALS-new DNAIC7 Dnal heat shock protein family (Hsp40) 17q921.2 Protein homeostasis; protein folding and clearance of degraded proteins; protein
member C7 aggregation
ALS-new LGALSL Galectin-related protein 2pl4 Protein function is largely unknown
ALS-new KANK1 KN motif and ankyrin repeat domain- 9p24.3 Cytoskeleton; axonopathy
containing protein 1
ALS-new CAV1 Caveolin 1 7931.2 Intracellular and neurotrophic signalling
ALS-new SPTLC1 Serine palmitoyltransferase, long-chain 9g22.31 Excess sphingolipid biosynthesis

base subunit 1




ALS-new ACSL5 Long-chain fatty acid coenzyme A ligase 5 | 10g25.2 Long-chain fatty acid metabolism

ALS- ELP3 Elongator protein 3 8p21 Ribostasis; cytoskeletal integrity

putative

ALS- DCTN1 Dynactin 2p13 Axonal transport

putative

ALS- PARK9 Probable cation-transporting ATPase 1p36.13 Lysosome function

putative 13A2

FTD-ALS1 C90rf72 Chromosome 9 open reading frame 72 9p21.2 RNA processing; nucleocytoplasmic transport defects; proteasome impairment;
autophagy; inflammation; protein aggregation (DPRs)

FTD-ALS2 CHCHD10 | Coiled-coil-helix-coiled—coil-helix 22911.23 Mitochondrial function; synaptic dysfunction

domain-containing protein 10

FTD-ALS3 SQSTM1 | Sequestosome-1 5g35.3 Proteasome impairment; autophagy; protein aggregation; axonal defects; oxidative
stress

FTD-ALS4 TBK1 Serine—threonine protein kinase 12q14.2 Autophagy; inflammation; mitochondrial dysfunction

FTD-ALSS CCNF Cyclin F 16p13.3 Autophagy; axonal defects; protein aggregation




1.2.1 SOD1

Superoxide dismutase 1 (SOD1) was the first gene to be linked to ALS (Rosen et al., 1993). It
codes for a homodimeric Cu/Zn-binding enzyme that is involved in reducing oxidative stress
in cells, and over 150 mutations have been identified so far (Kaur et al.,, 2016). There is
considerable phenotypic heterogeneity between SOD1 mutations, however cognitive
impairments are rarely seen (Renton et al., 2014; Rosenfeld and Strong, 2015). This variability
has made investigating the pathogenesis of SOD1 ALS challenging, although the consensus is

that SOD1 mutations lead to ALS through toxic gain-of-function mechanisms.

SOD1 mutations account for 12-23% of fALS and 1-2% of sALS cases, and result in the
formation of neuronal cytoplasmic inclusions in the spinal cord that contain misfolded SOD1
protein (Kaur et al., 2016; Renton et al., 2014). This is a unique pathology in ALS as it lacks the
TDP-43 proteinopathy found in most other, non-SOD1 related ALS cases. Initially, it was
thought the SOD1 mutation led to loss-of-function and the lack of dismutase activity led to
increased superoxide radicals (Deng et al., 1993), however it is now accepted that the
mutation causes a toxic gain-of-function which leads to multiple downstream effects, such as
oxidative stress, protein instability, and mitochondrial dysfunction (Barber and Shaw, 2010;

Ferraiuolo et al., 2011; Bozzo et al., 2017).

1.2.2 TARDBP

The TARDBP gene encodes the TAR DNA-binding protein 43 (TDP-43), a primarily nuclear
DNA/RNA-binding protein that plays a vital role in many cellular processes including
transcription, splicing regulation, microRNA processing, and mRNA stability, transport and
translation (Buratti and Baralle, 2012). The discovery that TDP-43 is present in the neuronal
inclusions found in ALS and FTD (Neumann et al., 2006) not only placed both diseases on a
clinical spectrum, but was key to the discovery of mutations in the TARDBP gene in fALS and
FTD cases (Sreedharan et al., 2008; Chio et al., 2010). Consequently, over 50 mutations in the
TARDBP gene have now been identified and they account for approximately 4% of fALS cases
(Chio et al., 2012).



The presence of TDP-43 in neuronal aggregates and inclusions is a pathological hallmark of
ALS due to their presence in 97% of cases (Ling et al., 2013). These inclusions contain
ubiquitinated and hyperphosphorylated TDP-43 and occur both in the presence and absence
of TARDBP mutations (Mackenzie et al., 2007). In cells with cytoplasmic TDP-43 aggregates,
there is a concurrent loss of nuclear TDP-43 which has been suggested to cause disease via a
loss-of-function mechanism (Chiang et al., 2010; Iguchi et al., 2013; Mitra et al., 2019).
However, cytoplasmic aggregation suggests a toxic gain-of-function mechanism (Chou et al.,
2018). Moreover, whether these cytoplasmic TDP-43 aggregates actively cause
neurodegeneration or are simply a result of it is unclear, although evidence suggests it may
be the latter as TDP-43 mouse models have displayed neurodegeneration in the absence of
aggregates (Arnold et al., 2013; Ricketts et al., 2014). Therefore, it seems likely that both loss-
of-function and toxic gain-of-function mechanisms play a role in the TDP-43 pathophysiology

of ALS and FTD (Brown et al., 2022; Mehta et al., 2023).

1.2.3 CO90ORF72

The most common cause of fALS is a mutation in chromosome 9 open reading frame 72
(C90ORF72). It accounts for approximately 40% of fALS and 25% of familial FTD cases, further
strengthening the association of these two diseases on a clinical spectrum, and 7% of sALS
cases (Majounie et al., 2012). The mutation was discovered by two independent groups
simultaneously and was identified as a hexanucleotide repeat expansion (HRE) of GaC; in

intron 1 of the C90RF72 gene (Delesus-Hernandez et al., 2011; Renton et al., 2011).

1.2.3.1 C90RF72 Function

Little was known about the C9ORF72 protein prior to discovery of the HRE, but in the years
following there was significant progress in revealing its function and how it pertains to
C90RF72-associated ALS/FTD (hereby referred to as C9ALS/FTD). The C90RF72 gene is made
up of two non-coding exons, 1a and 1b, and 10 coding exons that result in three transcript
variants and two protein isoforms through alternative splicing (Figure 1.1). Variant 1 is made
up of exon 1a and exons 2-5, resulting in a 228 amino acid isoform and 24 kDa protein.
Variants 2 and 3 are made up of exons 1b and 1a, respectively, and exons 2-11. These result

in 481 amino acid isoforms and a 54 kDa protein (Delesus-Hernandez et al., 2011; Renton et



al.,, 2011). The C9orf72 gene is very highly conserved in many species, including apes,
monkeys, rodents, and zebrafish, which indicates the protein has a critical function (lyer et

al., 2018).
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Figure 1.1: C90RF72 transcripts and protein isoforms.

The C9ORF72 gene is made up of two non-coding exons, 1a and 1b, and 10 coding exons that result in
three transcript variants and two protein isoforms through alternative splicing. Variant 1 is made up
of exon 1a and exons 2-5, resulting in a 228 amino acid isoform and 24 kDa protein. Variants 2 and 3
are made up of exons 1b and 1a, respectively, and exons 2-11. These result in 481 amino acid isoforms

and a 54 kDa protein. Variants 4 and 5 are non-coding transcripts. Created with Biorender.com.

Expression of the COORF72 protein has been detected in several tissues throughout the body,
but the highest levels are found in the brain, spinal cord, and immune system. C9ORF72 has
been shown to have a wide range of functions, including involvement in membrane

trafficking, the endolysosomal pathway, nucleocytoplasmic transport, stress granule
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formation and degradation, and immune system regulation. Structurally, COORF72 is similar
to the differentially expressed in normal and neoplastic cells (DENN) protein family (Marat et
al.,, 2011; Levine et al., 2013), which suggests a role in activation of Rab-GTPases. These
proteins regulate membrane trafficking and co-localise with C90ORF72 (Farg et al., 2014),
indicating C90ORF72 is involved in the endolysosomal trafficking and autophagy pathways.
Furthermore, in human cell lines, a knockdown of C9ORF72 results in inhibition of the
autophagy pathway and accumulation of p62, an important protein involved in autophagy
regulation (Sellier et al., 2016; Webster et al., 2016). These same results have been replicated

in C9orf72 knockout mouse models (O'Rourke et al., 2016; Sullivan et al., 2016).

Homozygous C9orf72 knockout mouse models also display striking immune system
dysregulation, including enlarged lymph nodes, splenomegaly, glomerulonephropathy, and
excessive release of inflammatory cytokines and autoantibodies (Atanasio et al., 2016;
Burberry et al., 2016; Sudria-Lopez et al., 2016). This indicates C9ORF72 has an important
function in immune regulation, primarily in macrophages and microglia as a mouse model
with C9orf72 depletion in myeloid cells displayed the same immune deficits as global C9orf72
knockout mouse models (McCauley et al., 2020), and microglia lacking C9ORF72 cannot clear

protein aggregates (O'Rourke et al., 2016).

1.2.3.2 (C9orf72 Pathological Mechanisms in ALS and FTD

Since discovery of the HRE, there has been much debate concerning the disease mechanisms
that lead to C9ALS/FTD. Most of the healthy population have less than 10 repeats while a
repeat length above 30 is considered pathological. However, this cut-off is an arbitrary
number as there have been reports of individuals with pathological length repeats that do
not develop disease (Xi et al., 2015). The vast majority of C9ALS/FTD patients harbour repeat
lengths ranging from hundreds to thousands (van Blitterswijk et al., 2013); although there
have been cases of C9ALS/FTD in individuals with very short repeats (lacoangeli et al., 2019).
This has made it challenging to determine to what extent repeat length drives disease. In
addition to this variability, the HRE exhibits somatic heterogeneity within the same patient,
with expansions in the central nervous system (CNS) differing from that in the blood (Nordin
et al.,, 2015; Gijselinck et al., 2016). To further complicate matters, repeat length also appears

to differ between brain regions in the same patient (van Blitterswijk et al., 2013). This
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instability could account for the clinical heterogeneity in symptom presentation and age of

onset seen in C9ALS/FTD patients, but evidence is still inconclusive.

Three disease mechanisms are currently hypothesised to lead to CO9ALS/FTD. The first is a loss-
of-function mechanism that results in C9orf72 haploinsufficiency. Exactly how this occurs was
the focus of several studies and is thought to be due to hypermethylation of the repeat and
the CpG island upstream of it (Gijselinck et al., 2016; Jackson et al., 2020). This causes a
reduction in C90ORF72 protein levels, and several knockdown and knockout models have been
created to investigate the physiological effects (Jiang et al., 2016; Sudria-Lopez et al., 2016;
Burberry et al., 2016; Atanasio et al., 2016). As mentioned in the previous section, knockout
mouse models develop striking immune system dysregulation, but crucially, none of them
develop neurodegeneration. This implies that C9ORF72 haploinsufficiency alone is insufficient
to cause disease and may instead be contributory in combination with other disease

mechanisms.

The second mechanism is a toxic gain-of-function mechanism that results from sense and
antisense transcription of the HRE. This results in the formation of RNA foci; very stable DNA
and RNA structures. They are found in the spinal cord and several brain regions, such as the
motor cortex, hippocampus, and cerebellum, and predominantly form in neurones
(Mizielinska et al., 2013). Toxicity is thought to come from the interaction of these structures
with several RNA-binding proteins, sequestering them in aggregates and inducing RNA
metabolism dysfunction (Xu et al., 2013). In particular, the heterogeneous nuclear
ribonucleoproteins (hnRNPs) are affected, and have been shown to directly bind to the RNA
repeat and colocalise with RNA foci, leading to potent neurotoxicity (Lee et al., 2013). Primary
cortical and motor neurone cultures have been used to model RNA toxicity and show reduced
survival in the presence of nuclear RNA foci (Wen et al.,, 2014). A Drosophila model also
suggests RNA toxicity causes eye and motor neurone degeneration (Zhang et al., 2015).
However, another Drosophila model expressing repeat lengths similar to patients, found no
motor neurone degeneration in adult neurones (Moens et al., 2018). This could indicate that

RNA foci have a more limited role in disease pathogenesis than previously thought.
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The third mechanism is another toxic gain-of-function mechanism and results from repeat-
associated non-ATG (RAN) translation of transcripts containing the HRE (Ash et al., 2013).
These transcripts are translated in both sense and antisense directions in all three frames,
producing five dipeptide repeat proteins (DPRs): poly-glycine-alanine (poly-GA) and poly-
glycine-arginine (poly-GR) in the sense direction, poly-glycine-proline (poly-GP) in both sense
and antisense directions, and poly-proline-arginine (poly-PR) and poly-proline-alanine (poly-
PA) in the antisense direction. These DPRs form cytoplasmic aggregates positive for p62 and
ubiquitin, but negative for TDP-43. They are found in several areas of the brain, and to a lesser
extent in the spinal cord, and do not appear to correlate with areas of neuronal loss (Cooper-

Knock et al., 2012; Schipper et al., 2016).

The most toxic of the five DPR species are the arginine-containing DPRs, poly-GR and poly-PR.
In a zebrafish model, poly-GR primarily affected motor activity and survival (Swaminathan et
al., 2018). In Drosophila, poly-GR and poly-PR were found to be the most toxic in the eyes and
motor neurones, while poly-PA and poly-GP were found to not be toxic at all and poly-GA only
caused a slight decrease in survival (Wen et al., 2014; Mizielinska et al., 2014; Freibaum et al.,
2015). Overexpression of poly-GA has been shown to lead to toxicity in various model systems
from cell cultures to mice (May et al.,, 2014; Zhang et al.,, 2014; Zhang et al., 2016;
Swaminathan et al., 2018), however these levels of poly-GA are unlikely to accurately
represent physiological levels. Poly-GA is the most prone of the DPR species to aggregate,
forming fibrils similar to those seen in amyloid-beta in Alzheimer’s disease (Chang et al., 2016)
and is thought to indirectly result in toxicity through sequestration of proteins, particularly

Uncl19 (May et al., 2014).

1.3 Animal Modelling C9orf72 ALS

The use of animal models is an important step to uncover the pathophysiological mechanisms
of COALS/FTD and develop therapeutics. Many different types of models have been

developed on a range of species, some of which are briefly covered here.
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1.3.1 Non-Murine Models of C9orf72

While rodent models, and particularly mice, are some of the most popular model systems to
use, lower order organisms have been important in elucidating the mechanisms of COALS/FTD
and enabling modelling in vivo in organisms with lower neurophysiological sensitivity which

is attractive for ethical reasons.

1.3.1.1 Caenorhabditis elegans

C. elegans is an attractive model organism as it is cheap, small, and has a short lifespan, which
allows for easy manipulation and study. Approximately 38% of its genes have a human
ortholog, including tau and C9orf72 (Alexander et al., 2014), which make it a good candidate
for studying neurodegenerative diseases. The first model of C9ALS/FTD following the
discovery of the HRE was a null mutation of the C9orf72 ortholog in C. elegans (Therrien et
al., 2013). It resulted in motility defects and degeneration of motor neurones as a result of
TDP-43 toxicity and was one of the first studies to suggest a combination of loss-of-function
and gain-of-function mechanisms in C9ALS/FTD. However, C. elegans is an invertebrate and

lacks a spinal cord so is unlikely to holistically replicate such a complex disease as C9ALS/FTD.

1.3.1.2 Drosophila melanogaster

Drosophila have been used to model several neurodegenerative diseases, including
Parkinson’s (West et al.,, 2015) and Alzheimer’s (Chakraborty et al., 2011), and are an
attractive organism due to their low cost, short generation time and lifespan, and ease of
genetic manipulation. Approximately 75% of human genes have an ortholog in Drosophila,
however C9orf72 is not one of them (Sharpe et al., 2021). While this means Drosophila cannot
be used for loss-of-function studies, they are widely used to investigate gain-of-function
mechanisms and as overexpression models. As such, studies in Drosophila were the first to
suggest purely gain-of-function mechanisms could lead to toxicity (Xu et al., 2013; Mizielinska
et al., 2014). Drosophila are also useful for high-throughput genetic screens and have been

used in this way to identify genes involved in gain-of-function toxicity (Freibaum et al., 2015).
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1.3.1.3 Zebrafish

Zebrafish are a useful alternative to other model organisms such as C. elegans and Drosophila
as they are vertebrates, have a similar CNS to humans, are easy to genetically manipulate,
and have high conservation of genes (Babin et al., 2014). Zebrafish models of C9ALS/FTD have
provided evidence for both loss-of-function and gain-of-function mechanisms (Ciura et al.,
2013; Swaminathan et al., 2018). However, their usefulness is limited as they are not
mammals and they lack a corticospinal tract (Babin et al., 2014), which makes it difficult to

fully recapitulate ALS.

1.3.2 Murine Models of C9orf72

Rat and mouse models are the most popular animal model systems as they are mammals,
share 98% of genes with humans, are relatively easily to genetically manipulate, and have
relatively short lifespans. Their use also has fewer ethical concerns than a more closely related

model organism such as a non-human primate.

1.3.2.1 Rat

While rats are larger than mice, which makes imaging studies and surgery much easier, they
are also more expensive to keep and more challenging to genetically manipulate (Bryda,
2013). Rat models have been created for various fALS mutations including SOD1 (Aoki et al.,
2005) and TARDBP (Zhou et al., 2010). Two rat models of C9ALS/FTD have been created. The
first was a knock-in model of 80 repeats in the endogenous rat C9orf72 locus that resulted in
reduced C9orf72 expression, motor deficits, and neurodegeneration in the spinal cord that
ultimately led to hindlimb paralysis (Dong et al., 2020). The second was a rat model with a
deletion mutation in the endogenous rat C9orf72 gene, resulting in haploinsufficiency (Dong
etal., 2021). This alone did not cause a phenotype, but when the rats were treated with kainic
acid to induce excitotoxicity, they developed motor deficits and neurodegeneration that was
not seen in the treated wild-type group. These results suggest that while loss-of-function may
not be sufficient to cause C9ALS/FTD alone, it may sensitise motor neurones to other insults

such as excitotoxicity, TDP-43, or DPRs.
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1.3.2.2 Mouse

Mouse models are the most popular animal model for in vivo studies. Since discovery of the
C90RF72 HRE, many mouse models have been developed to model different aspects of
C9ALS/FTD (Table 1.2). Loss-of-function models were among some of the earliest mouse
models to be generated and have demonstrated that C9orf72 knockouts, both global and cell-
specific, were not sufficient to trigger disease (Koppers et al., 2015; O'Rourke et al., 2016;
Atanasio et al., 2016). Instead, they develop widespread immune dysfunction (as mentioned
in section 1.2.3.1) and reduced survival (O'Rourke et al., 2016; Atanasio et al., 2016; Burberry
et al., 2016; Sudria-Lopez et al., 2016). Initially, there was confusion regarding the immune
phenotypes observed and why some studies reported premature death in heterozygous and
homozygous knockouts, while others only observed it in the latter. It was not until one study
investigated environmental effects on C9orf72 knockouts, and very elegantly demonstrated
that the gut microbiome can have a dramatic effect on the phenotype observed, that this
discrepancy was resolved (Burberry et al., 2020). While these studies support the hypothesis
that C9ALS/FTD is primarily a toxic gain-of-function disease, it is still possible that prolonged
loss-of-function of the C9orf72 gene may influence disease pathogenesis by sensitising the
CNS to further insults. For example, recent studies have demonstrated that loss-of-function
of C90RF72 exacerbates toxic gain-of-function disease phenotypes (Shao et al., 2019; Zhu et
al., 2020).
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Table 1.2: Current mouse models of the C9ALS/FTD HRE

Generation of mouse

containing complete human
C90RF72 gene with a mix of
100 to 1000 repeats and 110
kb 5’ upstream and 20 kb 3’

downstream flanking regions

and spinal cord at 6 months; evidence of nucleolar

stress

Study Strain model and G4C2 repeat Pathology Behavioural Phenotype
size
Chew et al. C57BL/6)J AAV2/9 vector with CBA Sense RNA foci cortex, cerebellum, CA1 to CA3 and Increased anxiety-like behaviour
(2015) promoter driving dentate gyrus regions of the hippocampus, thalamus, | in open field test; decreased
transcription of 2 or 66 ventral horns of the spinal cord, and amygdala of 66- social interaction score, indicative
repeats with 119 bp 5’ and repeat mice; sense DPR inclusions in cortex, of social deficits; motor deficits
100 bp 3’ flanking regions of hippocampus, cerebellum, and the ventral horn of the | present in open field and rotarod
the human C90RF72 gene spinal cord of 66-repeat mice; nuclear, and at 6 months.
occasionally cytoplasmic, pTDP-43 inclusions in cortex
and hippocampus of 66-repeat mice;
neurodegeneration in cortex, motor cortex, and
cerebellum; astrogliosis in cortex.
O'Rourke et | C57BL/6J Bacterial artificial Sense and antisense RNA foci throughout CNS at 3 No abnormalities in body weight,
al. (2015) chromosome (BAC) months; poly-GP in cortex, hippocampus, cerebellum, | grip strength, rotarod, open field,

3-chamber test, or Y-maze test
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Petersetal. | SIL/BL6 BAC containing partial human | Sense RNA foci detected throughout CNS at 3 months; | No abnormalities in rotarod, grip
(2015) C90RF72 gene with a mix of antisense RNA foci detected throughout CNS at 10 strength, or sociability

500/300 repeats and 141 kb months; poly-GP throughout brain at 4 months

5’ upstream flanking region;

Transgene expression

equivalent to endogenous

mouse C9orf72 expression
Jiang et al. C57BL6/C3H | BAC containing partial human | Sense and antisense RNA foci throughout CNS by 2 450B and 450C mice exhibited
(2016) C90RF72 gene with 450 months in 450B mice; soluble poly-GP found in spatial learning deficits and

repeats and 140 kb 5’ cerebellum, cortex, and spinal cord of 450B and 450C | increased anxiety

upstream flanking region; mice; sense DPR aggregates found frontal cortex, in

three lines generated and retrosplenial cortex, and hippocampus in 450C mice at

labelled 450A, 450B, and 3 months; increased pTDP-43 in CAl and dentate

450C with expressions levels gyrus hippocampal regions at 12 months in 450C mice;

at 1x, 3x and 4.5x mild neuronal loss in CA1 and dentate gyrus

endogenous mouse C9orf72 hippocampal regions of 450B and 450C mice at 12

expression months
Liu et al. FVB/NJ BAC containing complete Acute-progress mice: sense RNA foci in cortex, Acute-progress mice: 30% of
(2016) human C9ORF72 gene, and 2 | hippocampus, cerebellum, and spinal cord; antisense | female C9-500 and C9-500/32

kb of the nearby Mps one
binder kinase activator 3B

gene, with a mix of 500,

RNA only found in motor cortex, hippocampus, and
cerebellar Purkinje cells at 2 months; C9-36/29 mice

did not develop RNA foci; poly-GA and poly-GP found

mice developed sudden weight
loss, gait abnormalities, reduced

grip strength, hindlimb paralysis,
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500/32, and 36/29 repeats
and 52 kb upstream and 19
kb downstream flanking
regions; four founder lines
generated and labelled C9-
500, C9-500/32, C9-36/29,
and C9-37 with expression
levels at 1x, 2x, 2.5x, and 0.5x

endogenous mouse C9orf72

throughout the brain; nuclear and cytoplasmic TDP-43
inclusions found in degenerating neurones in the
brain, but not in asymptomatic mice of the same line;
neurodegeneration in layer /11l and V of motor
cortex, CA and dentate gyrus hippocampal regions,
cerebellar Purkinje cell layer, and posterior horn on
the spinal cord; extensive neuromuscular denervation
in diaphragm and tibialis anterior

Slow-progress mice: sense and antisense RNA foci;
mild neurodegeneration in neocortex, cerebellum,
and lumber spinal; subtle neuromuscular junction

abnormalities

and early death beginning at 3
months; this was also seen in C9-
36/29 mice, but onset was later
at 6 months

Slow-progress mice: 50% of male
and female C9-500 and C9-
500/32 mice, and 30% of C9-
36/29 mice, developed a slower
phenotype of kyphosis, reduced
activity, clasping, intermittent
seizures, and increased anxiety at

12 months

Herranz- C57BL/6) AAV9 vector with CMV Nuclear and cytoplasmic poly-GA in cerebellum and Gait abnormalities and hindlimb
Martin et al. promoter driving brain stem; enhanced p62 expression in cerebellum; splay defect in the right hindlimb
(2017) transcription of 10 or 102 increased expression of proteins involved in apoptosis | at 12 months; memory deficit in
repeats with intervening in cerebellar Purkinje cells; pathological object recognition test at 12
TCGAG linker sequence to neuromuscular junctions at 12 months months
create mixed dipeptide
proteins
Chew et al. C57BL/6) AAV2/9 vector with CBA Astrogliosis in the cortex at 3 and 6 months with Hyperactivity in open field test at
(2019) promoter driving neurodegeneration present at 6 months; sense and 3 and 6 months; motor deficits in

transcription of 2 or 149

antisense RNA foci in the motor cortex, hippocampus,

hanging wire test and cognitive
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repeats with 119 bp 5’ and
100 bp 3’ flanking regions of
the human C90RF72 gene

cerebellar Purkinje cells, thalamus, and ventral horn of
the spinal cord; sense DPR inclusions in the cortex, CA
regions of the hippocampus, cerebellum, and the
spinal cord from 3 months; poly-PR and poly-PA
inclusions occasionally observed in hippocampus at 12
months; cytoplasmic pTDP-43 inclusions in cortex and
hippocampus by 3 months; aggregation of stress
granule-associated proteins and nucleocytoplasmic

transport defects at 3 months.

dysfunction in contextual fear

conditioning test at 6 months.

(Zhu et al.,
2020)

C57BL/6)

BAC containing partial human
C90RF72 gene with 450
repeats and 140 kb 5’
upstream flanking region with
one or two alleles of
endogenous mouse C9orf72
inactivated; transgene
expression at 4x endogenous

mouse C9orf72 expression;

Loss of C9orf72 in 450 repeat mice did not affect RNA
foci levels; C9orf72 knockdown and knockout
increased accumulation of poly-GP and poly-GA in the
cortex in a dose-dependent manner in 450 repeat
mice; C9orf72 knockout mice developed immune
dysfunction regardless of 450 repeat presence;
neurone loss in CA1 and dentate gyrus hippocampal
regions and activation of microglia and astrocytes in
450 repeat mice were exacerbated by C9orf72
knockout; reduction of CO9ORF72 protein levels

decreased autophagy

Decreased survival in knockout
mice both with and without 450
repeats; 450 repeat mice
developed learning and memory
deficits at 12 months that were
exacerbated by C9orf72
knockdown and knockout;
knockdown and knockout 450
repeat mice developed motor
deficits at 6 months; knockout
450 repeat mice developed
abnormal stride length and

reduced activity
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(Riemslagh
et al., 2021)

C57BL/6)

Inducible Tet-on promoter
system with 36 repeats, 118
bp upstream and 115 bp
downstream human flanking
regions, a TRE promoter and

a GFP gene

No RNA foci detected; sense DPRs in several organs
and extensor digitorum muscle; muscular dystrophy
and neuromuscular junction abnormalities in extensor
digitorum longus muscle 4 weeks after induction of

transgene expression

Reduced survival; decline in body
weight; locomotor deficit on
Erasmus ladder test 2 weeks after

induction of transgene expression
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Four bacterial artificial chromosome (BAC) mouse models have also been generated. Using a
BAC allows the full length of the human C9ORF72 gene to be inserted into the mouse genome,
plus flanking regions that may contain necessary regulatory sequences. However, insertion
location of the BAC in the genome is random and may interrupt coding genes that have
phenotypic consequences (Goodwin et al., 2019). The model created by O'Rourke et al. (2015)
contained the full coding region (exons 1 to 11) of the C9orf72 gene and a range of repeat
lengths from 100-1000, including a 110 kb 5’ upstream and 20 kb 3’ downstream flanking
region on a C57BL/6J genetic background. The two lines chosen for analysis expressed sense
and antisense RNA foci throughout the CNS by 3 months of age. Soluble poly-GP was highest
in the cerebellum and the cortex and lowest in the spinal cord, while poly-GP aggregates were
not detected. However, poly-GP aggregates were found in several brain regions including the
hippocampus, cortex, and cerebellum at 20 months of age. TDP-43 pathology, motor unit
pathology and neuronal loss were investigated, but no abnormalities were found. Behavioural
tests analysing motor function, anxiety, sociability, and memory also found no deficits at any

age.

The Peters et al. (2015) model contained a partial coding region (exons 1 to 6) of the C9ORF72
gene and a mix of 500/300 repeats, including a 141 kb 5’ upstream flanking region on an
SJL/B6 genetic background. Transgene expression was equivalent to endogenous mouse
C9orf72 expression. Sense RNA foci were detected in abundance in the CNS from 3 months,
while antisense RNA foci were detected from 10 months, although at lower levels compared
to sense foci. Distribution of soluble poly-GP was similar to the O'Rourke et al. (2015) model,
with the highest levels in the cerebellum, followed by the cortex, hippocampus and midbrain,
and the lowest levels in the spinal cord. Poly-GP aggregates were also detected in the brain
with an increase in number and size at 24 months of age compared to 10 months. TDP-43
pathology, motor unit pathology and neuronal loss were investigated, but no abnormalities
were found. Dendritic spine density and electrophysiology of cortical neurones were also
examined, but no abnormalities were found. Behavioural tests examining motor function
were performed throughout the study, and sociability was tested from 18 months, however

no deficits were observed.
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The Jiang et al. (2016) model contained a partial coding region (exons 1 to 5) of the C9ORF72
gene and 450 repeats, including a 140 kb 5’ upstream flanking region, on a C57BL6/C3H
genetic background. They generated three lines with 450 repeats that were labelled 450A,
450B and 450C, with expression levels at 1x, 3x and 4.5x that of endogenous C9orf72
expression in the cortex, respectively. They also generated a 110-repeat line with 2.5x
expression, and a homozygous 450C line. Sense and antisense RNA foci were detected
throughout the CNS from 2 months in 450B mice, but not in 110-repeat mice, indicating a
repeat length-dependent effect on RNA foci formation. Distribution of soluble poly-GP at 6
months was similar to the O'Rourke et al. (2015) and Peters et al. (2015) models, with levels
of soluble poly-GP in 450C mice highest in the cortex, followed by the cerebellum and the
spinal cord. Homozygous 450C mice displayed increased levels of soluble poly-GP in the same
regions. Aggregates of all three sense-strand DPRs (poly-GP, poly-GA, and poly-GR) were
detected in the frontal cortex, retrosplenial cortex, and hippocampus in heterozygous 450C
mice at 3 months, with poly-GA increasing in number and size with age. TDP-43 aggregates
were not detected; however, levels of phosphorylated TDP-43 were increased in the cortex
at 22 months in 450C mice. Additionally, mild neuronal loss was observed in the hippocampal
DG and CA1 regions of 450B and 450C mice at 12 months, which correlated with spatial
learning and memory deficits. They also exhibited increased anxiety, but had no deficits in
sociability, fear conditioning or serial reverse learning. No motor unit abnormalities were

found in any of the lines.

The Liu et al. (2016) model contained the full coding region (exons 1 to 11) of the C90RF72
gene, including a 52 kb 5’ upstream and 19 kb 3’ downstream flanking region, and 2 kb of the
nearby Mps one binder kinase activator 3B gene. The FVB/NJ genetic background was used.
They generated four founder lines with varying repeat lengths and copy numbers: C9-500, C9-
500/32, C9-36/29, and C9-37, which displayed expression 1x, 2x, 2.5, and 0.5x that of the
mouse endogenous C9orf72, respectively. Approximately 30% of female C9-500 and C9-
500/32 mice developed phenotypes characterised by sudden weight loss, inactivity, hindlimb
paralysis, and death beginning at 3 months and were subsequently labelled “acute”. This
acute phenotype was also seen in the C9-36/29 mice, although onset was later at
approximately 6 months. Acute mice in the C9-500 and C9-500/32 groups displayed sense

and antisense RNA foci throughout the CNS, although the antisense foci were only found in
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the degenerating regions of the hippocampus, motor cortex, cerebellar Purkinje layer, and
lumbar spinal cord. The acute C9-36/29 mice did not display sense or antisense foci, perhaps
suggesting the presence of foci is not associated with neurotoxicity. Poly-GA aggregates were
observed in several brain regions, increasing in size with age, as well as poly-GP. TDP-43
pathology was found only in degenerating regions of the brain. Interestingly, some mice in
the C9-500 and C9-500/32 groups remained asymptomatic and did not display the pathology
observed in the acute mice. Substantial neurodegeneration was found in the hippocampal DG
and CA regions, layer lI/1ll and V of the motor cortex, the cerebellum, and the ventral horns
of the lumbar spinal cord in acute mice at end-stage. Survival was also reduced, with 35% of
C9-500 and C9-500/32 and 28% of C9-36/29 mice having died by 12 months. Axonal
degeneration and NMJ denervation were observed in the diaphragm and TA of acute mice.
Hindlimb gait abnormalities developed from 4 months of age and progressed to reduced grip
strength, open field abnormalities, and eventually hindlimb paralysis. Approximately half of
male and female C9-500 and C9-500/32 mice, and a third of C9-36/29 mice, developed a
slower phenotype that was termed “slow progressive”. In these mice, sense and antisense
RNA foci, mild neuronal loss in the neocortex, cerebellum, and lumbar spinal cord, as well as
mild NMJ and axonal abnormalities, were all observed. These mice developed a milder
phenotype characterised by kyphosis, reduced activity, hyperactivity when provoked,

clasping, and seizures at 12 months of age and beyond.

While expression of the HRE occurred in all models, only two developed neurodegenerative
and behavioural phenotypes associated with C9ALS/FTD. Taken together, the models make it
unclear exactly which aspects of HRE pathology are required to develop a phenotype.
However, there does appear to be repeat- and expression-dependent effects. In Jiang et al.
(2016), the 110-repeat and 450-repeat mice exhibited similar expression levels yet only the
450-repeat mice developed a phenotype. The same pattern was seen in Liu et al. (2016)’s 37-
and 500-repeat mice. Additionally, low levels of HRE expression did not appear to be sufficient
to trigger disease. In Jiang et al. (2016), the 450A line displayed no phenotype, however the
higher expressing 450B and 450C lines developed cognitive deficits. Since O'Rourke et al.
(2015) and Peters et al. (2015) only expressed the HRE at 1x and 2x endogenous mouse
C9orf72 levels, it is possible that this low level of expression could be responsible for the lack

of phenotype. Although conversely, Liu et al. (2016)’s C9-500 mice displayed HRE expression
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at 1x expression of the mouse endogenous C9orf72 and yet developed acute phenotypes. It
was the only model generated on an FVB/NJ background and was also the only one to display

marked sex differences.

While initially promising, several groups, including an internal study from The Jackson
Laboratory, have since been unable to reproduce the results of Liu et al. (2016). In a recent
study, two independent colonies of C9ALS/FTD BAC mice displayed no motor, behavioural, or
survival deficits in both males and females despite expression of the BAC transgene and
production of poly-GP (Mordes et al., 2020). They also reported no evidence of
neurodegeneration or inflammation in the brain or spinal cord. Chronic inactivity and
occasional seizures were observed; however, these were present in both C9ALS/FTD BAC and
non-transgenic littermates and so are likely to be an artefact of the background strain. These
findings concur with the initial reports of C9ALS/FTD BAC mouse models that failed to develop
motor or survival deficits (Peters et al., 2015; O'Rourke et al., 2015) and brings into question
whether C9ALS/FTD is indeed a primarily gain-of-function disease. In contrast, Liu et al. (2016)
and colleagues repeated their study in collaboration with the University of Rochester Medical
Center and Prof. Smita Saxena’s research group at the University of Bern, with all groups

demonstrating the same “acute” phenotype as previously reported (Nguyen et al., 2020a).

One explanation for these contradictory results is differing environmental conditions
between facilities which may influence phenotype presentation. As mentioned previously, it
has been shown that the gut microbiome can have a striking effect on phenotype severity in
C9orf72 knockout models, which has also been demonstrated in a SOD1 ALS mouse model

(Blacher et al., 2019). Therefore, it is possible a similar effect could be occurring here.

Another reason for the discrepancy could be due to the background strain the model is
generated on. Out of all the BAC models, the Liu et al. (2016) model was the only one to be
generated on the FVB/NJ background strain; the other three were generated on C57BL/6 or
SJL strains. Furthermore, despite Jiang et al. (2016) and Liu et al. (2016) reporting similar
repeat lengths in their C9 BAC mice, the former had increased levels of expression yet
developed a much milder phenotype and no motor deficits. Therefore, it is possible the

background strains used in these studies may have influenced phenotype. The effect of
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background strain on phenotypes is discussed in more detail in section 1.3.3. Further
investigations to identify which factors are responsible for the varying phenotypes across

facilities are needed, of which this thesis is one.

Overall, these findings across the C9ALS/FTD BAC mouse models suggest that purely gain-of-
function mechanisms may not be enough to cause neurodegeneration. While behavioural
deficits and histopathology were present, the models are overexpression models and are not
physiologically accurate. Rather, it is likely that more insults are needed to reach a threshold
to trigger disease, perhaps in combination with C9ORF72 haploinsufficiency and/or

environmental factors (Chio et al., 2018).

1.3.3 Effect of Mouse Background Strain

Since the advent of genetic technology, a wide array of mouse models have been generated
that exhibit a variety of genetic modifications such as gene knockouts, transgene insertions,
and gene or base deletions to replicate human diseases. After the creation of mutant mouse
founders, they must be crossed with an inbred strain for approximately 20 generations of
brother-sister mating to ensure that 98.6% of the genome is homozygous between mice (Beck
et al., 2000). This reduces the effects of genetic and phenotypic variability in subsequent

studies.

Disease models of ALS/FTD are designed to recapitulate the disease to uncover the underlying
pathophysiology and develop therapeutic interventions. As described in previous sections, a
vast number of mouse models have been developed carrying mutations known to be
implicated in ALS/FTD, such as C90ORF72, SOD1, and TARDBP. However, ALS/FTD is a
heterogeneous disease, with age of onset and disease severity varying between patients and
even between those with the same mutation (Regal et al., 2006). Surprisingly, harbouring a
known ALS/FTD mutation does not guarantee that disease will develop. This heterogeneity
suggests the presence of genetic modifiers or epigenetic differences in the genetic
background of patients that can influence phenotype, alongside environmental and lifestyle
effects. Increasing evidence supports the idea that ALS/FTD results via a combination of

disease-associated genetic variants and environmental influences that synergise to cause
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disease (Cirulli et al., 2015; Nguyen et al., 2018). Therefore, the natural genetic variability

between patients may be responsible for the phenotypic variation observed.

Mouse models of ALS/FTD also demonstrate phenotypic heterogeneity due to genetic
background and sex (Heiman-Patterson et al., 2011; Fisher and Bannerman, 2019), as do
different wild-type strains when tested with a number of behavioural tests commonly used
in animal research (Voikar et al., 2001). Therefore, the choice of background strain when
generating a disease model must be carefully considered, as the differing genetics between

strains can influence results and lead to possible misinterpretation of results.

The C9ALS/FTD BAC mouse model generated by Liu et al. (2016) is the focus of this thesis. As
mentioned previously, the phenotype of this model is currently under debate due to
conflicting results. The genetic background used to generate this model was an FVB/N line
from The Jackson Laboratory (FVB/NJ). The FVB/N strain is a Swiss strain and was developed
in the 1970s. It is a popular strain for transgenesis due to their large pronuclei, high breeding
success, and large litter sizes (Taketo et al., 1991). They are functionally blind by 30 days due
to retinal degeneration caused by the Pde6b™! gene, and perform poorly in tests that require
vision, such as the Morris water maze (Pugh et al., 2004). FVB/N mice also exhibit an abnormal
circadian rhythm and activity patterns compared to C57BL6/J mice (Pugh et al., 2004), likely
because of their inability to sense light. They are also susceptible to spontaneous seizures
(Goelz et al., 1998; Silva-Fernandes et al., 2010) and kainic acid-induced seizures (Royle et al.,
1999; McCord et al., 2008). These seizures can develop into chronic, repetitive seizure activity
that leads to a condition termed Space Cadet Syndrome (SCS). The first suggestion of SCS was
from a study reporting 20% of female FVB/N mice between 4 to 12 months of age had been
found dead following prior seizure activity (Mahler et al., 1996). The first description of a
spontaneous seizure disorder in FVB/N mice was reported two years later, wherein 17.6% of
mice over four years exhibited seizures, and over 90% of those mice were female (Goelz et
al., 1998). SCSis a poorly characterised syndrome with very little information in the literature
regarding its behavioural and neuropathological phenotypes and its impact on the use of
FVB/N mice in research. What has been published suggests that SCS leads to withdrawal from
social interaction, sudden death, neurodegeneration in the thalamus, cerebral cortex, and

hippocampus, astrocytosis, reduced fertility, aggression, and infanticide (Hennemann, 2007).
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Mordes et al. (2020) has suggested that SCS may have been responsible for the “acute”
ALS/FTD phenotype reported by Liu et al. (2016) due to their striking phenotypic similarities.
Nguyen et al. (2020a) dismissed the possibility and suggested methodological differences and
a smaller number of non-transgenic animals used by Mordes et al. (2020) could be responsible
for their lack of phenotype. They also suggested that the rederivation of the model at Jackson
Laboratories following model deposition may have caused the loss of phenotype in groups
that obtained the model from that source. While one of Mordes et al. (2020)’s colonies was
indeed obtained from Jackson Laboratories, the other colony was obtained directly from Liu
et al. (2016) at the University of Florida. However, both studies used FVB/N NT mice from The
Jackson Laboratory, whereas the group at the University of Bern in Nguyen et al. (2020a)
obtained their FVB/N non-transgenic mice from Janvier Labs. The Jackson Laboratory and
Janvier Labs imported the FVB/N mice in 1988 and 1996, respectively. Exactly how these two
groups now differ from each other is unknown, and it is possible that sufficient genetic drift
may have occurred between the two to influence the ALS/FTD phenotype in the Liu et al.
(2016) model (Uchimura et al., 2015; Chebib et al., 2021). Environmental influences could be
at play and characterising both groups in the same facility eliminates this. Therefore, the first

direct comparison of the model on the two FVB/N strains is performed in this thesis.

1.4 Aims and Objectives

The aims of the project were:

° To deeply characterise C9orf72 BAC mice obtained from Jackson laboratories.

° To deeply characterise C9orf72 BAC mice obtained from the University of Bern.

° To evaluate the utility of the C90orf72 BAC mouse model as a tool for preclinical
research.

The objectives of the project were:

e To assess the motor, coordination, and cognitive abilities of C9orf72 BAC mice
obtained from Jackson laboratories using a battery of behavioural and
neurophysiological tests to explore the phenotype of the model.

e To assess the motor, coordination, and cognitive abilities of C9orf72 BAC mice
obtained from Janvier laboratories using a battery of behavioural and

neurophysiological tests to explore the phenotype of the model.
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To explore the effects of two FVB/N mouse strains on model phenotype and

behavioural tests.

To investigate neurodegeneration in the hippocampus, motor cortex, and spinal cord

of transgenic C9orf72 BAC mice from Jackson and Janvier laboratories.
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2 Methods

2.1 Ethics Statement

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

Licence by personal licence holders.

2.2 (CY9orf72 Transgenic Mice

The C9orf72 transgenic mice used in this project were originally generated on an FVB/NJ
background by pronuclear injection of a BAC containing the full-length human C90ORF72 gene
with ~500 hexanucleotide repeat expansions in intron 1la (Liu et al., 2016). Mice were

subsequently deposited at The Jackson Laboratory (stock number 029099).

For the first study (chapter 3), transgenic males and non-transgenic females were obtained
from The Jackson Laboratory and used for breeding (stock numbers 029099 and 001800,
respectively). For the second study (chapter 4), four transgenic males were obtained directly
from Prof. Smita Saxena’s laboratory at the University of Bern, Switzerland, after reports of
an acute ALS phenotype (Nguyen et al., 2020a) and were mated with non-transgenic FVB/N
females from Janvier Labs (stock number SC-FVBN-F). Both the Jax and Janvier colonies did
not interbreed and were kept separate. Only female mice were used in both studies as they

exhibited the most severe phenotype in the initial report (Liu et al., 2016).

2.3 Animal Housing

Mice were bred in a specified pathogen free (SPF) facility and then transferred to a
conventional facility for the studies described hereafter. Mice were housed in a 12-hour
light/dark cycle, room temperature at 21°C and 45-55% humidity. All mice were housed in
cages lined with sawdust, changed once or twice weekly, with a plastic house and shredded
paper bedding. Some cages had metal rings attached to the cage lid or clear plastic tubes for

enrichment. Mice were fed 2018 Teklad Global Rodent Diet (Envigo) and water ad libitum.
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All mice were housed with same-sex littermates with 3-5 mice per cage. However, some mice

were singly housed during the studies due to fighting or cagemate death.

2.4 Genotyping

The presence or absence of the BAC human C90RF72 transgene was determined by
touchdown polymerase chain reaction (PCR). DNA was extracted from ear clips used for
identification by incubating in 20 ul QuickExtract™ DNA Extraction Solution (Lucigen) at 60°C
for 30 minutes. 1 pl of DNA was added to 2 pl of 5x Firepol Master Mix (Solis Biodyne), 4.5 pl
of water, 0.25 um of each C9BAC primer (forward: 5-TCG AAA TGC AGA GAG TGG TG-3’;
reverse: 5'-CTT CCT TTC CGG ATT ATA TGT G-3’) and 1 um of mouse beta actin control primer
(forward: 5-CTG TCC CTG TAT GCC TCT GG-3’; reverse: 5-AGA TGG AGA AAG GAC TAG GCT
ACA-3’).

The following PCR protocol was run on a thermocycler (G-Storm, UK): initial denaturation
period of 2 minutes at 94°C, followed by 10 cycles of 94°C for 20 seconds, 65°C for 15 seconds
and 68°C for 10 seconds, with a 0.5°C decrease per cycle. This was followed by 28 cycles of
94°C for 15 seconds, 60°C for 15 seconds and 72°C for 15 seconds. Following this was a 2-
minute elongation period at 72°C. Samples were stored at 10°C before removal from the

machine.

Results were imaged by gel electrophoresis. A 1% w/vol agarose/1x TAE gel solution was
heated until fully dissolved. 1% ethidium bromide was added and the solution poured into a
gel mould. Once set, the gel was placed into a gel tank and submerged in 1X TAE solution. 5
pl of 100bp hyperladder (Bioline, UK) was loaded into the first well and then 10 pl of PCR
product was loaded into each subsequent well. The gel was run at 100 V for 30 minutes and

then imaged under UV light in a G:BOX (Syngene, UK).
Transgenic samples were identified by the presence of the BAC transgene indicated by PCR

product at ~300 bp and the control PCR product at ~450 bp. Non-transgenic (NT) samples

were identified by a single PCR product at ~450 bp.
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2.4.1 Southern Blot

A Digoxigenin (DIG) Southern Blot protocol kindly provided by Ludo Van Den Bosch (KU

Leuven) was optimised to size the C90ORF72 repeat expansion in all transgenic mice.

DNA was extracted from brain tissue using a Qiagen DNeasy Blood & Tissue Kit (Cat. No.:
69504) following manufacturer’s instructions. Following extraction, ~10 ug DNA was digested
with Alul and Ddel restriction enzymes (New England Biolabs) at 37°C for 16 hours in a
thermocycler (G-Storm, UK). A 1% w/vol agarose/1x TAE gel solution was heated until
dissolved and poured into a gel mould until set. Once set, the gel was placed into a gel tank
and submerged in 1X TAE solution. 5 pul of DIG-labelled molecular weight marker Ill (Roche)
was loaded into the first and last wells, and then all digested DNA was loaded into the
remaining wells. The gel was run for 2h at 80V. Following electrophoresis, the gel was
submerged in denaturation solution (1.5M NaCl, 0.5M NaOH) followed by neutralisation
solution (3M NaCl, 0.5M Tris, pH 7.5) for 45 minutes each time with gentle rocking at room

temperature (RT).

DNA was transferred to a positively charged nylon membrane (Amersham Hybond N+) by
capillary blotting overnight. The gel was place on a bridge of 2 layers of 3mm Whatman
Chromatography paper (Cytiva) saturated with 20X SSC transfer buffer (0.3M sodium citrate,
3M NaCl, pH 7). A positively charged nylon membrane was cut to the size of the gel, saturated
in 5X SSC transfer buffer and placed on top, followed by 2 layers of Whatman paper saturated
in 5X SSC transfer buffer, 2 layers of dry Whatman paper, 8 layers of dry Grade GBOO5 blotting
paper (Merck), 4 inches of tissue paper and two 500 g weights. Following transfer, the
membrane was washed with 2X SSC for 5 minutes at RT on a rocker before UV crosslinking at
210,000 pJ on a transilluminator (UVP, TL-2000). The membrane was washed again in 2X SSC

for 5 minutes at RT on a rocker.
For pre-hybridisation, the membrane was transferred into a glass hybridisation tube with 30

ml of pre-warmed DIG Easy Hyb™ solution (Sigma-Aldrich) and rotated in a hybridisation oven

for 4 hours at 48°C. Following this, the membrane was hybridised with 100ng/ml DIG-labelled
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oligonucleotide probe 5’ [DIG]-(GGGGCC)x5-[DIG] 3’) in a hybridisation oven overnight (16
hours) at 48°C.

The membrane was washed with pre-warmed 2X SSC 0.1% SDS for 10 minutes while ramping
the temperature from 48 - 65°C, then washed again with 2X SSC 0.1% SDS for 10 minutes,
0.5X SSC 0.1% SDS for 15 minutes, and 0.2X SSC 0.1% SDS for 15 minutes, all at 65°C. The
membrane was transferred to a plastic tray and washed using the DIG Wash and Block Buffer
Set (Sigma-Aldrich) following manufacturer’s instructions. In summary, the membrane was
washed with 200 ml wash buffer for 5 minutes, blocked with 200 ml blocking solution for 60
minutes, then incubated with Anti-DIG antibody (11093274910, Sigma-Aldrich) at 1:20,000
dilution in blocking solution for 30 minutes. This was followed by three washes in 100 ml of
wash buffer for 10 minutes each, followed by equilibration in 50 ml of detection buffer for 5
minutes. All wash steps were done with vigorous rocking, blocking and antibody incubation

with gentle rocking, and equilibration done on the bench. All steps were done at RT.

The membrane was placed on a plastic sheet and ~50 drops of CSPD ready-to-use
chemiluminescent substrate (Roche) were added. After incubating for 5 minutes at RT the
plastic sheet was sealed and excess CSPD pressed out. The membrane was incubated at 37°C
in the dark for 10 minutes. The membrane was exposed to chemiluminescent film
(Amersham, Cat No. 28906837) for 3 hours in a dark room. Signal was visualised by
submerging the film in developer solution (lIford Multigrade) for 5 minutes, followed by

fixative solution (lIford Multigrade) for 5 minutes, before rinsing in water and leaving to dry.

2.5 Behavioural Tests

All mice underwent behavioural testing from 12 weeks of age to 52 weeks of age. Unless

otherwise specified, all the following behavioural tests were performed at monthly intervals.

2.5.1 Distress Scoring

Mice were distressed scored weekly using a scoring system adapted from previous studies
(Mead et al., 2011)(Table 2.1). Seizures observed were timed at onset or from time of

discovery and scored according to the scale in Table 2.2.
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Table 2.1: Scoring system for animal welfare.

Animals with a cumulative score of 10—16 or a maximum score in three categories were considered to

have reached humane endpoint and were euthanised. Weight loss was calculated by comparison with

weight recorded at 12 weeks of age.

Parameter Description Score
0-10% 0
Weight loss 10-19% 1
>20% 3
Normal 0
Appearance Lack of grooming (dusty coat) 1
Lack of grooming and hunched 2
Normal, bright, inquisitive 0
Stereotypic behaviour (circling) 1
Behaviour
Mostly inactive, responds if provoked 2
Inactive, does not respond if provoked 4
Both hind limbs splay normally 0
One hind limb splays normally 1
Clasping
Both hind limbs close to abdomen 2
Both hind limbs tightly clasped 4
Normal 0
Immobile and staring 1
Seizure (<5 seconds) with recovery or hindlimb 2
Neurologic

paralysis
Seizure (>10 seconds) or any seizure plus hind limb 4

paralysis

34



Table 2.2: Seizure scoring system.
Taken from Van Erum et al. (2019). Severe or repetitive seizures, or failure to recover from seizure,

resulted in euthanasia.

Severity Score Phenotype

1 Whisker trembling
Mild 2 Sudden behavioural arrest
3 Facial jerking
4 Neck jerks
Moderate 5 Clonic seizure (sitting)

6 Clonic, clonic-tonic seizure (lying on belly)
7 Clonic, clonic-tonic seizure (lying on side) & wild jumping

Severe
8 Tonic extension, possibly leading to respiratory arrest and death

2.5.2 Open Field Test

Mice were placed in a 45 cm x 45 cm x 45 cm grey acrylic chamber under white light. Their
behaviour was video-recorded and analysed using Smart Video Tracking Software V3.0
(Panlab, Harvard Apparatus) for 10 minutes. Distance travelled and time spent in the centre
zone (25 cm x 25 cm) and periphery zone of the chamber were examined to measure

locomotion and levels of anxiety, respectively (Elston et al., 2014).

2.5.3 Accelerating Rotarod Test

Mice were placed on an accelerating rotarod (Ugo Basile 47600) which gradually rotated from
4 rpm to 40 rpm over a period of 300 seconds. The test was carried out at a similar time and
on the same day of the week. Mice were initially trained on the rotarod over 3 consecutive
days at 12 weeks of age before the first test, then tested monthly thereafter. During these
tests each animal underwent two trials with at least five minutes between each trial and the

best performance was used for analysis.
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2.5.4 Burrowing Test
Burrowing tubes (7 cm x 7 cm x 20 cm) were made from plastic piping and sealed at one end.
The open end of the burrowing tube was elevated by approximately 1 cm using machine

screws (5 cm) inserted 1 cm from the opening (Figure 2.1) (Deacon, 2012).

Individual mice were placed into a cage (42.5 cm x 26.6 cm x 18.5 cm) lined with sawdust (~1
cm) and access to food and water ad libitum. A burrowing tube was filled with 200 g of food
pellets (2018 teklad global rodent diet, Envigo) and placed into the cage. After two hours, a
baseline measurement was taken. The burrow was emptied and the food pellets weighed
before being replaced into the burrow and returned to the cage. This weighing procedure was
completed even if no pellets had been burrowed out of the tube to provide a consistent
environment. The weight burrowed was calculated by subtracting from 200 g. The final

reading was taken the following morning.

Figure 2.1: Burrowing test cage layout pre-test.
The burrow was filled with 200 g food pellets and left overnight. The following morning, the remaining

food pellets inside the burrow were weighed to calculate the amount burrowed out.
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2.5.5 Marble Burying Test

Individual mice were placed in a cage (42.5 cm x 26.6 cm x 18.5 cm) filled with 5 cm of
sawdust. 10 glass marbles (1 cm diameter) were placed in two columns of 5 marbles at evenly
spaced intervals on the surface of the sawdust (Figure 2.2) (White et al., 2018). Mice were left
undisturbed for 30 minutes under white light before being removed and the number of

marbles buried counted. A marble was classed as buried when 2/3 covered by sawdust.

Figure 2.2: Marble burying pre-test (A) and post-test (B).

(A) Marbles were placed in a 2x5 grid. After the test (B), marbles buried were counted. Marbles were
classed as not buried if <2/3 covered by sawdust (orange arrow) and buried if >2/3 covered by sawdust

(blue arrow).

2.5.6 Nesting Behaviour Test

Individual mice were placed in a cage (42.5 cm x 26.6 cm x 18.5 cm) filled with a thin layer (~1
cm) of sawdust and access to food and water ad libitum. A ‘nestlet’ (2 inches x 2 inches,

Ancare) was weighed and placed in the centre of each cage (Figure 2.3) (Deacon, 2012;
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Warmus et al., 2014). The following morning, the nest was scored using the following 6-point

scale and the amount of untorn nestlet weighed:

The nestlet is almost entirely untouched (>99% intact).
The nestlet is mostly intact (>90% intact).
The nestlet is partially torn up (50-90% intact).

The nestlet is mostly torn up (10-50% intact).

P W N = O

The nestlet is almost entirely torn up (<10% intact) with nest walls higher than the
mouse body on <50% of its circumference.
5. The nestlet is almost entirely torn up (<10% intact) with nest walls higher than the

mouse body on >50% of its circumference.

For scores 1-3, 0.5 was added if there was an identifiable nest site.

Figure 2.3: Nesting cage layout pre-test (A) and post-test (B).
Nestlets were weighed and placed in the centre of the cage (A) and left overnight. The following

morning the nest was scored using a 6-point scale and the amount of untorn nestlet (B).
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2.5.7 Food Intake

During the nesting behaviour test, food pellets were weighed before being placed in the
hopper. The following morning the remaining food pellets were weighed and the weight

eaten was calculated.

2.5.8 Balance Beam Test

Mice were placed on a cage ledge and observed walking along it (Guyenet et al., 2010). Each

mouse was scored using the following criteria:

0. The mouse walks along the ledge without losing balance and easily lowers itself back
into the cage.

1. The mouse loses its footing while walking along the ledge but looks otherwise
coordinated.

2. The mouse does not effectively use its hind legs or lands on its head rather than its
paws when descending into the cage.

3. The mouse falls off the ledge, or nearly so, while walking or attempting to lower itself,

or shakes and refuses to move despite encouragement.

Each mouse underwent three trials and the median score from the trials was taken for

analysis.

2.5.9 Limb Hang Test

A metal grid was placed 35 cm above a cage (42.5 cm x 26.6 cm x 18.5 cm) filled with
approximately 5 cm of sawdust to provide a soft landing (Carlson, 2011). Each mouse was
placed on the grid for 3-5 seconds before the grid was inverted over the cage. The hang
period began with all four paws grasping the grid. The hang time was then measured from

when the grid was inverted to when the mouse fell.

Any mouse that jumped off the grid was immediately re-tested. Each mouse underwent two

trials, with at least 5 minutes between each trial, and the average time and the longest time
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were used for analyses. Each mouse was weighed immediately prior to or following the test

to account for the effect of weight on hang time.

2.5.10 Catwalk Gait Analysis

The catwalk gait analysis system 7.1 (Noldus Information Technology B.V., Netherlands) was

used to capture gait parameters. Mice were placed onto the catwalk and allowed to walk

freely in total darkness. 6 straight, continuous runs were recorded, and the 3 best runs were

chosen for analysis. The Catwalk Software 7.1 was used to manually label each paw print of a

run to analyse the gait of each mouse. Data were collated using Microsoft Excel and

informative parameters chosen for analysis (Table 2.3).

Table 2.3: Descriptions of catwalk gait analysis parameters chosen for analysis.

Parameter Description

Stride Length Distance between successive placements of the same paw.

Base of Support | Average width between either the front or hind paws.

Swing Time Duration of no contact with the glass plate in a step cycle.

Swing Speed Speed of the paw during swing.

Print Length Length of a complete paw print on the glass plate.

Print Width Width of a complete paw print on the glass plate.

Regularity A measure of inter-paw coordination by calculating the number of normal
step sequence patterns relative to the total number of paw placements.
100% is perfectly coordinated.

Intensity A measure of weight supported on the paws. Higher intensity = more
weight on the paws.

Support The percentage of time any number of paws is on the glass plate at any
time during each run. Zero = no paws, single = one paw, diagonal = two
diagonally opposite paws (e.g. left front paw and right hind paw), lateral =
two vertically opposite paws (e.g. left front paw and left hind paw), girdle
= two horizontally opposite paws (e.g. left front paw and right front paw).

Duty Cycle A measure of stance duration expressed as a percentage of the duration
of each stride.
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2.5.11 Social Recognition Test

Adult mice were placed into a 45 cm x 45 cm x 45 cm grey acrylic chamber under white light
with an empty mesh cage in the centre immediately prior to testing and allowed to habituate
to the environment for 10 minutes. The adult mouse was removed from the chamber and a
juvenile NT female mouse was placed into the mesh cage in the centre. The adult mouse was
returned to the chamber for the initial interaction trial of 2 minutes. The trial was repeated
with the same juvenile female mouse 3 days later (recall session), followed by a trial with an

unfamiliar juvenile NT female mouse (novel session) (Kogan et al., 2000; Jacobs et al., 2016).

Each trial was video-recorded and analysed using Smart Video Tracking Software V3.0
(Panlab, Harvard Apparatus). Time spent investigating the juvenile mouse was calculated and
used for analysis. Investigation was defined as any contact exceeding 1 second. Recognition
index was calculated as time spent investigating in recall session relative to time spent

investigating in initial session.

2.5.12 Running Wheel Test

A short running wheel study was added at the end of the 12-month behavioural study of the

Janvier mice (chapter 4) to assess the effect of voluntary exercise on ALS phenotype.

All mice were housed separately in a large cage (42.5 cm x 26.6 cm x 18.5 cm) lined with
sawdust. A 37.8 cm circumference running wheel at a 25 ° angle was attached to a mount and
placed in the corner of the cage. A neodymium magnet was attached to the edge of the
running wheel and a bike computer (Cateye Velo, Japan) with a reed switch was fixed to the
outside of the cage. Food and water were available ad libitum. Time spent running, distance

travelled, max speed, and average speed were taken daily.
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2.5.13 Electrophysiological Tests

Electrophysiology of the hindlimb was carried out at 3, 6, 9 and 12 months of age in all NT
and C9orf72 mice. Mice were anaesthetised (1-2% isoflurane, flow rate 0.5L/min oxygen
through a nose cone). The left hindlimb was shaved and depilatory cream used to remove all

fur.

Recordings were made using a Dantec Keypoint Focus EMG System (Optima, UK). Ring
electrodes (Natus Neurology) were coated with Ten20 nerve conductive paste (Pulse Medical
Ltd, UK) and placed around the distal hindlimb muscles, and a grounding electrode (Ambu
Neuroline, UK) was placed in the tail (Figure 2.4). For compound muscle action potential
(CMAP) and repetitive nerve stimulation readings, stimuli were applied using a twisted pair

of electrodes placed on the skin over the sciatic notch (Ambu Neuroline, UK).

Nose cone for

maintenance anaesthesia

Ring electrodes Stimulating electrodes

were placed here

Grounding electrode

Figure 2.4: Electrophysiology of the hindlimb.
Mice were anaesthetised and maintained through a nose cone. Fur was removed from the hind limb
with depilatory cream and ring electrodes placed around the distal hindlimb. A grounding electrode

was placed in the tail and stimulating electrodes placed at the sciatic notch (not pictured).
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CMAPs were acquired by applying a series of single, square-wave electrical impulses of 0.1ms
to the sciatic notch. Stimulation intensity was then increased incrementally until no further
increase in amplitude was seen (i.e. a supramaximal response was obtained). This amplitude
was taken for analysis. For repetitive nerve stimulation, the stimulating electrodes were held
in the same place and 10 supramaximal stimuli were delivered at 10Hz. The change in CMAP
amplitudes relative to the 1t CMAP were used for analysis. A steady response is indicative of

a healthy NMJ, while a response decrement of >10% is considered abnormal.

At 52 weeks of age, plantar interosseous muscle CMAPs and F wave recordings were also
taken. A twisted pair of subdermal needles (Ambu Neuroine, UK) were inserted subdermally
into the 2" interosseous space and along the tibial nerve above the ankle. Stimuli were
applied using a twisted pair of electrodes (Ambu Neuroline, UK) placed on the skin over the
lateral aspect of the gastrocnemius muscle to stimulate the tibial nerve. A plantar
interosseous CMAP was acquired and taken for analysis. For F wave recordings, 30
consecutive stimulations at 1 Hz were applied and examined for F waves. If present, F wave

latencies and persistence were calculated and taken for analysis.

Lastly, EMG recordings of the gastrocnemius muscle were undertaken by my supervisor, Dr
James Alix, to examine for spontaneous EMG activity (fibrillation potentials, positive sharp
waves, and fasciculation potentials) using a 30-gauge concentric cable electrode (Ambu

Neuroline, UK).

2.5.14 Blood Collection

Blood samples were collected at 6 and 12 months of age for neurofilament analyses.
Approximately 200 pl of blood was taken from the tail vein and collected in a 1.5 ml Eppendorf
containing 4 pl 0.5M EDTA to prevent clotting. The sample was immediately centrifuged at
10,000 xg for 5 minutes and the plasma pipetted into a fresh 1.5 ml Eppendorf and
immediately frozen in liquid nitrogen. At 12 months of age, the blood sample was collected

during tissue collection and was taken via the heart using a 27-gauge needle syringe.
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2.5.15 Faeces Collection
Faeces were collected at 6 and 12 months of age for microbiome analyses. Mice were
individually placed in a sterile chamber and several pellets of faeces were collected in a 1.5

ml Eppendorf and immediately snap frozen in liquid nitrogen.

2.5.16 Tissue Collection

Mice were sacrificed at 12 months of age by an overdose of pentobarbitone delivered
intraperitoneally, followed by transcardial perfusion with sterile 1x phosphate buffered saline
(PBS). Once deeply anaesthetised (assessed by the absence of the pedal reflex) but prior to
cardiac cessation, a thoracotomy was performed to expose the heart. The left ventricle was
cannulated with a syringe containing PBS and the right atrium was cut. The mouse was then

perfused with PBS.

A lobe of the liver and 1 cm of tail were dissected and immediately frozen in liquid nitrogen.
The tibialis anterior (TA), and the gastrocnemius from half of the mice in each group, were
extracted and frozen in OCT embedding matrix (CellPath, UK) by submersion in isopentane
cooled in liquid nitrogen, then stored at -80°C. The remaining gastrocnemius muscles were

immediately frozen in liquid nitrogen following dissection.

Spinal cords were extracted and placed in 4% paraformaldehyde (PFA) in PBS overnight before
being transferred to PBS and stored at 4°C. In half of the mice in each group, the cervical

portion of the spinal cord was dissected prior to fixation and frozen in liquid nitrogen.

Brains were extracted from the skull and separated into two hemispheres. The left

hemisphere was snap frozen in liquid nitrogen, and the right hemisphere was placed in 4%

PFA in PBS overnight before being transferred to PBS and stored at 4°C.
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2.6 Tissue Pathology

2.6.1 Tissue Preparation

For lumbar spinal cord sectioning, the centre of the lumbar enlargement was located and the
cord cut 6 mm either side. After processing, the 12 mm piece was cut in half and embedded
in paraffin wax. Lumbar sections were sectioned at 10 um using a microtome (Leica
Biosystems, RM2245) and mounted on charged slides (Starfrost, Germany). Sections were

mounted serially over series’ of 5 slides, with 4 sections per slide for a total of 20 slides.

For brain sectioning, the fixed tissue was sliced on a mouse brain matrix (Agnthos, Sweden)
to isolate either the motor cortex or the hippocampus. The tissues were processed and
embedded in paraffin wax. The motor cortex and hippocampus were sectioned coronally and
sagittally, respectively, at 5 um on a microtome and mounted onto charged slides. Sections

were mounted continuously, with 3 sections per slide for a total of 16 slides.

2.6.2 H&E Staining

Slides were deparaffinised in two changes of xylene and rehydrated through graded ethanol.
The slides were submerged in Harris’ haematoxylin for 2 minutes and washed in water before
differentiation in acid alcohol. The slides were washed in water again before ‘blueing’ in
Scott’s Tap Water. Next, the slides were submerged in eosin for 5 minutes, briefly washed in
water, dehydrated through graded ethanol, and then cleared in xylene. The sections were
coverslipped using DPX mounting media and left to dry overnight at 37°C. Slides were

visualised using a digital slide scanner (NanoZoomer XR, Hamamatsu).

2.6.3 Nissl Staining

Slides were deparaffinised in two changes of xylene and rehydrated through graded ethanol.
The slides were submerged in 0.25% cresyl violet for 2 minutes and differentiated in 0.25%
acetic acid in alcohol for 10 seconds. Slides were then briefly immersed in 100% ethanol,
cleared in xylene, and coverslipped using DPX mounting media and left to dry overnight at

37°C. Slides were visualised using a digital slide scanner (NanoZoomer XR, Hamamatsu).
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2.6.4 Immunohistochemical Staining

2.6.4.1 GFAPand lbal

Slides were deparaffinised in two changes of xylene and rehydrated through graded ethanol.
Slides were then placed in an antigen access unit and submerged in access revelation buffer
pH 9 (Biocare Medical) for a 30-minute cycle at 125 °C with a pressure of 20 pounds per

square inch (psi).

Slides were washed with 125 mM glycine 0.4% Triton X-100 in PBS for 10 minutes on a shaker
at RT and then washed in 1x PBS on a shaker at RT for 5 minutes. Sections were blocked with
5% bovine serine albumin (BSA) 0.25% Triton X-100 in PBS for 20 minutes at RT, then
incubated with primary GFAP (abcam, Ab4674) and Ibal (GeneTex, GTX100042) antibodies
diluted in 1% BSA 0.25% Triton X-100 in PBS overnight at 4°C.

After 3 x 8-minute washes in PBS on a shaker, sections were blocked with 5% BSA for 10
minutes at RT. Next, they were incubated with secondary antibodies (A11039, A27039)
diluted in 1% BSA for 90 minutes in the dark at RT.

After 4 x 8-minute washes in PBS on a shaker in the dark, the slides were submerged in
distilled water and washed on a shaker for 5 minutes in the dark. Sections were coverslipped
using Hardset Vectashield with 4’,6-diamidino-2-phenylindole (DAPI) mounting medium
(Vectorlabs) and left to dry at RT in the dark overnight. Slides were stored at 4°C and imaged
using an IN-Cell Analyzer 2000 (GE Healthcare).

To assess astrocytosis and microgliosis in the hippocampus and motor cortex, fluorescence
staining using GFAP and lbal antibodies was performed. Images were taken at 20x
magnification and quantitative analysis was performed using Image) software. Parameters
taken for analysis were percentage area staining and integrated density (a measure of staining
intensity) when staining for GFAP. Increases in these parameters are indicative of GFAP
immunoreactivity and astrogliosis (Hausmann, 2003). The same parameters were analysed
for Ibal staining, as well as an additional parameter of circularity. This is a measure of the

shape of microglia, with a more rounded shape indicating hyper-ramified microglia which,
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along with increased area and intensity of staining, is suggestive of microglial activation and

neuroinflammation (Cao et al., 2021).

2.6.4.2 NeuN Staining
NeuN staining was done by DAB staining using a Vectastain Elite ABC-HRP peroxidase (Rabbit
IgG) kit (PK6101) and a DAB substrate kit (Vectorlab SK-4100).

Slides were deparaffinised in two changes of xylene and rehydrated through graded ethanol.
Slides were then placed in an antigen access unit and submerged in access revelation buffer
pH 6 (Biocare Medical) for a 30-minute cycle at 125 °C with a pressure of 20 psi. Endogenous
peroxidase activity was blocked by incubating the slides in 3% H20; in methanol for 20
minutes at RT, followed by a wash in PBS for 5 minutes on a shaker. Sections were blocked
with 5% normal goat serum in 1% BSA/PBS for 30 minutes at RT, then incubated for 1 hour at
RT with primary NeuN antibody (Cell signalling, 12943) diluted to 1 in 500 in 5% normal goat
serum in 1% BSA/PBS.

After 3 x 5-minute washes in PBS on a shaker, sections were incubated with secondary
antibody diluted to 1 in 200 in 5% normal goat serum in 1% BSA/PBS for 30 minutes at RT.
After 3 x 5-minute washes in PBS on a shaker, sections were incubated with ABC-HRP reagent
for 30 minutes at RT. After 3 x 5-minute washes in PBS on a shaker, sections were incubated
with DAB substrate for 1.5 minutes before quenching in dH,0 for 1 minute. Sections were
counterstained in haematoxylin for 2 minutes, rinsed in tap water, immersed in Scott’s Tap
Water for 30 seconds, dehydrated through graded ethanol, and cleared in xylene. Sections
were coverslipped with DPX mounting media and left to dry overnight at 37°C. Slides were

visualised using a digital slide scanner (NanoZoomer XR, Hamamatsu).

2.6.5 Motor Neurone Counting in the Spinal Cord

Motor neurone counting was performed blinded. QuPath open-source software was used to
count motor neurones in the ventral horns of nissl-stained lumbar spinal cord tissue. 4 slides
per mouse, with 8 sections per slide, were counted. Sections on each slide were separated by

50 um to prevent double counting. Motor neurones were identified only if they had a clearly
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visible, nissl-stained nucleolus and a soma size larger than 25 um. Motor neurones per ventral

horn were analysed on Graphpad Prism 9 using a nested t-test.

2.6.6 Neurone Counting in the Brain

Neurone counting was performed blinded. QuPath open-source software was used to count
neurones in the cornu ammonis (CA) and dentate gyrus (DG) regions of the hippocampus and
Layer V of the motor cortex of NeuN-stained tissue using the built-in positive cell detection
algorithm. 4 slides per mouse, with 3 sections per slide, were counted. Slides were separated
by 40 um to prevent double counting. Neurones per mm? were analysed on Graphpad Prism

9 using a nested t-test.

2.6.7 Meso Scale Discovery (MSD) Assay

Quantification of DPR protein in the frontal cortex and gastrocnemius muscle of C9orf72 and
age-matched NT littermates was done using an MSD Elisa assay performed by Ms Ergita Balli
and Dr Adrian Higginbottom. Sample preparation and protein extraction were done by me.
An approximate 3 mm x 3 mm piece of tissue was placed into screw top 1.5 ml tubes with ~20
Zirconium Oxide beads (1.4 mm, Precellys PO00927-LYSK0-A.0). A working solution of 1x
reporter lysis buffer was prepared (5x reporter lysis buffer, 20 pl/ml protease inhibitor
cocktail, and 20 ul/ml PMSF) and 400 pl added to each sample. The samples were
homogenised at 5500 rpm for 2 x 30 seconds, placed on ice for 10 minutes, and homogenised
again at 5500 rpm for 2 x 30 seconds. The samples were then centrifuged at x17,000 g for 10
minutes at 4°C. The supernatant was transferred into a fresh 1.5 ml Eppendorf and protein
concentration determined using a Bradford Assay. Samples were diluted with 1x reporter lysis
buffer to 1 mg/ml or 2 mg/ml for cortex and muscle samples, respectively. Samples were

loaded into a 96-well plate and given to Ms Ergita Balli or Dr Adrian Higginbottom.

2.6.8 Golgi Staining and Sholl Analysis

Mice were sacrificed as described in section 2.5.16 and one brain hemisphere stained using
the FD Rapid GolgiStain™ Kit (FD NeuroTechnologies) following manufacturer’s instructions.
The motor cortex was isolated using a mouse brain matrix (Agnthos, Sweden) and sectioned

coronally at 100 um on a cryostat (Leica CM3050 S) before staining. Mr Daniel Fillingham
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performed the impregnation, sectioning, and staining of brain tissue following

manufacturer’s instructions.

For analysis, Z-stacked images were taken using a Nikon ECLIPSE Ti Series Microscope with
DS-Fi3 Colour Camera at 20x magnification. Five pyramidal neurones in Layer V of the motor
cortex were selected randomly per mouse using the following criteria: 1) visible soma, 2) no
overlap with other cells. Images were analysed using ImagelJ. Images were converted to eight-
bit files and a threshold applied to isolate the cell and corresponding processes. The
Neuroanatomy Simple Neurite Tracer plugin (Arshadi et al., 2021) was used to manually trace
all processes from the soma and the primary paths were merged into a shared root. The
centre of the Sholl analysis was placed at this shared root and concentric circles placed at 1
pm apart to detect the number of intersections. Number of branch points and terminal tips
were also taken for analysis. Data was analysed using a mixed effects model and corrected

for multiple comparisons by controlling the false discovery rate (Wilson et al., 2017).

2.6.9 Statistics

Graphpad Prism 9 and RStudio were used for all statistical analyses. Repeated Measures Two-
Way ANOVA with post-hoc Tukey was used for analysis unless otherwise stated. All data are
presented as mean and standard deviation, unless otherwise stated, to display data

variability.

To identify possible latent subsets within the data, a method was devised to assess the
performance of each mouse in each behavioural test. A scoring system was created to
describe nine different data patterns, detailed in Table 2.4 and Figure 2.5. Some of those
scores represent potential ALS-compatible phenotypic changes, which are defined in Table
2.5, and represent consistent dysfunction or a deterioration in function without
improvement. The remaining scores represent normal function expected in a healthy mouse.
To perform the analysis, the median and interquartile ranges were calculated for each
behavioural test. The performance of each mouse in each test was manually checked at each
timepoint against these values and a score assigned using the criteria detailed in Table 2.4.

The number of times each score was assigned per test was tallied for C9orf72 and NT groups.
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The number of times each ALS-like score and normal score was assigned per test was then
tallied for C9orf72 and NT groups in a contingency table. Graphpad Prism 9 was used to

perform a Fisher’s exact test.

Table 2.4: Subset analysis scoring criteria.

Code | Code description

Stable — in the same quartile throughout

Stable poor — consistently in the bottom quartile

Stable good — consistently in the top quartile

Increase (change quartile) then stable

Increase (change quartile) then increase (change quartile)

Increase (change quartile) then decrease (change quartile)

Decrease (change quartile) then stable

Decrease (change quartile) then increase (change quartile)

O | N| O | | W| N| =

Decrease (change quartile) then decrease (change quartile)
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Figure 2.5: Representative examples of data patterns.

Examples of the data patterns described in the subset analysis.

Table 2.5: ALS-like scores and normal scores assigned from behavioural test performance.

ALS-compatible scores Normal scores

Stable poor — consistently in the Stable good — consistently in the top
2 bottom quartile 3 guartile

Increase (change quartile) then Increase (change quartile) then stable
° decrease (change quartile) ‘

Decrease (change quartile) then Increase (change quartile) then
’ stable > increase (change quartile)

Decrease (change quartile) then Decrease (change quartile) then
? decrease (change quartile) 8 increase (change quartile)
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3 Phenotypic Characterisation of the Jax Mouse

3.1 Results

Due to laboratory and animal facility closures in response to the COVID-19 pandemic, the
beginning of this study was delayed by 3 months. As a result, the first group of mice in this
study began behavioural testing at 20 weeks of age and resulted in reduced n numbers at the
12- and 16-week timepoints. Additionally, because of this delay, the end of this study
overlapped with the beginning of the second behavioural study (chapter 4). As such, several
tests were removed to accommodate this, resulting in some tests having lower n numbers at

the 40-week timepoint onwards in this study.

3.1.1 Confirmation of C9ORF72 Repeat Expansion Size

Due to challenges associated with sizing the expansion in each mouse prior to study
recruitment, southern blots were performed on post-mortem frontal cortex tissue to ensure
all C9orf72 mice recruited to the study carried approximately 500 repeats of the G4C2
expansion. Blots demonstrated C9orf72 mice with repeat sizes ranging from 650-950 (Figure
3.1 and Fig. S 1). Only two of the mice recruited to the study dropped the expansion, these

were removed from data analysis which follows.

C9 BAC +/- N

Figure 3.1: Confirmation of transgene with G4C2 repeat expansion in C90rf72 mice.
Southern blot of female C90rf72 mice showing repeat expansion size. Repeat size varied from 650-
950 repeats. L, DNA ladder; +, transgene present; -, transgene absent; NT, non-transgenic control; +ve

ctrl, pcDNA3.1/G4C2x45-3xV5 plasmid with a size of 5,927 bp when linearised.
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3.1.2 Behavioural Tests

3.1.2.1 Accelerating Rotarod Test

C90rf72 mice showed no significantly decreased latency to fall compared to NT littermates at
all timepoints (Figure 3.2). At 52 weeks of age, C9orf72 mice displayed a significantly
decreased latency to fall compared to 12 weeks (n = 14-28, 270.9 + 36.4 vs 199.3 £ 94.6, p =

0.01) (Figure 3.2). This was not present in NT littermates.
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Figure 3.2: Mean latency to fall (x SD) in C90rf72 and non-transgenic (NT) mice.

Female C9orf72 mice showed no significantly decreased latency to fall compared to NT mice at any
timepoint. At 52 weeks of age C90rf72 mice had significantly decreased latency to fall compared to 12
weeks. ¥*p<0.05, two-way ANOVA with repeated measures and Tukey’s post-hoc test (C9orf72 n = 14-
32, NT n=27-33).

As weight may impact rotarod performance, mean weight and mean rotarod performance
were correlated (Figure 3.3). There was a highly significant correlation between weight and
rotarod performance in C9orf72 mice (r =-0.8727, p<0.001). This correlation was also present
in NT mice, although at a lower significance (r = -0.7364, p<0.05). Following this, rotarod
performance was normalised to weight by division of latency to fall by weight (Figure 3.4). A
two-way ANOVA with Tukey’s post-hoc test revealed no significant differences in rotarod

performance between C9orf72 and NT mice once weight was accounted for. However, there
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was a significant decrease in performance at 52 weeks of age compared to 12 weeks in both

groups.
300- C9orf72 280 Non-transgenic
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Figure 3.3: Spearman correlation of rotarod performance vs weight.

Spearman correlation of mean weight and mean rotarod performance of female C9orf72 and non-

transgenic mice (C9orf72 r =-0.8727, p<0.001, NT r = -0.7364, p<0.05).
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Figure 3.4: Rotarod performance/weight in C90rf72 and non-transgenic (NT) mice.

Mean latency to fall normalised to weight (+ SD) showed no significant decreases between female
C90rf72 and NT mice. At 52 weeks of age, both groups showed a significant decrease in latency to
fall/weight ratio compared to 12 weeks. **** p<0.0001, two-way ANOVA with repeated measures

and Tukey’s post-hoc test (C90rf72 n = 14-32, NT n = 27-33).

3.1.2.2 Catwalk Gait Analysis

Gait analysis was performed at monthly intervals from 12 weeks of age. Descriptions of
parameters are detailed in Table 2.3. There was no significant difference in stride length
between groups over time (Figure 3.5 A). Hindlimb base of support (BOS) tended to increase
with age in both groups, however there was no significant difference between the two groups
at any timepoint (Figure 3.5 B). Hindlimb swing time remained stable with age with no
significant difference between the two groups (Figure 3.5 C). There was no significant

difference in hindlimb swing speed between the two groups at any timepoint (Figure 3.5 D).
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Figure 3.5: Catwalk gait analysis of C90rf72 and non-transgenic (NT) hindlimb stride length (A), base
of support (B), hindlimb swing time (C), and swing speed (D).

Values are presented as the mean (+ SD) of the left and right paws of each mouse. There were no
significant differences between female C90orf72 and non-transgenic mice in any of the parameters

(two-way ANOVA with repeated measures, C9orf72 n = 14-30, NT = 3-28).

Hindlimb print length remained stable with age, with no significant differences between the
two groups. There was a slight increase in print length in NT mice at 52 weeks, however this
is likely due to the small n number and one outlier at that timepoint (Figure 3.6 A). There was
no significant difference in print width between the two groups at any timepoint (Figure 3.6
B). Most mice in both groups were well-coordinated, with no significant differences in

regularity between them at any timepoint (Figure 3.6 C). Hindlimb intensity varied slightly
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with age in both groups, however there were no significant differences between the two

groups at any timepoint (Figure 3.6 D).
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Figure 3.6: Catwalk gait analysis of C90rf72 and non-transgenic (NT) hindlimb print length (A), print

Age (weeks)

width (B), regularity (C), and intensity (D).

Values are presented as the mean (+ SD) of the left and right paws of each mouse. There were no

significant differences between female C90orf72 and non-transgenic mice in any of the parameters

Age (weeks)

(two-way ANOVA with repeated measures, C9orf72 n = 14-30, NT = 3-28).

Both groups spent most of the time on diagonal paws at all ages (Figure 3.7 A). The hindlimb

duty cycle did not change with time and there were no significant differences between the

two groups at any timepoint (Figure 3.7 B).
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Figure 3.7: Catwalk gait analysis of percentage time spent on paws (A) and hindlimb duty cycle (B)
C90rf72 and non-transgenic (NT) mice.

Values are presented as the mean (+ SD) of the left and right paws of each mouse. There were no
significant differences between female C90rf72 and non-transgenic mice in any of the parameters

(two-way ANOVA with repeated measures, C9orf72 n = 14-30, NT = 3-28).

3.1.2.3 Open Field

The open field test is used as a measure of locomotion, anxiety, and willingness to explore a
novel environment. C9orf72 mice did not show a significant decrease in total distance
travelled in the open field chamber at any timepoint (Figure 3.8 A, B), indicating no motor
deficit. Several C90orf72 and NT mice displayed a larger total distance travelled (>10,000 cm)
compared to all other mice, which slightly increased over time. This was attributed to the

development of stereotypic behaviour in this subset of mice (Figure 3.8 C).
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The open field chamber was virtually split into centre and periphery zones to analyse
exploratory behaviour and anxiety. C9orf72 mice did not spend any more or less time in the

centre of the open field chamber compared to NT mice at any timepoint (Figure 3.9).
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Figure 3.8: Mean distance travelled (+ SD) in C90rf72 mice and non-transgenic (NT) mice.

(A) Female C90rf72 mice displayed no significantly decreased mobility compared to NT mice (two-way
ANOVA with repeated measures, C90orf72 n = 14-32, NT n = 27-33). (B) Representative traces showing
movement pattern in open field chamber after 10 minutes (52 weeks of age). (C) Representative

example of stereotypic circling behaviour observed in both C90rf72 and NT mice.
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Figure 3.9: Mean time (+ SD) in centre and periphery zones of open field chamber in C90rf72 mice
and non-transgenic (NT) mice.

Female C90rf72 mice spent equivalent time (+ SD) in the centre and periphery zones of the open field
chamber as NT mice at every timepoint (two-way ANOVA with repeated measures, C9orf72 n = 29-32,

NT n = 27-33).

3.1.2.4 Social Recognition Test

The social recognition test analyses social memory and relies on the fact that mice spend less
time investigating a familiar mouse compared to a novel mouse. C9orf72 mice showed no
significantly reduced investigation time in the recall session compared to the initial session
when compared to NT, indicating no impaired social memory (Figure 3.10). However, both
groups showed no significantly decreased investigation time in the recall session compared
to the initial session and spent a similar amount of time investigating novel and familiar

individuals, indicating both groups may have impaired social memory.

Recognition index (the ratio of recall investigation time relative to initial investigation time)
also showed no differences in ability to recognise a familiar individual between C9orf72 and
NT mice. It revealed that at most timepoints both groups spent equal or more time
investigating the familiar mouse than the novel mouse (Figure 3.11), indicating impaired

social memory.
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Figure 3.10: Mean duration of contact (+ SD) with juvenile female mouse in C90rf72 mice and non-
transgenic (NT) mice.

The same female juvenile mouse was used in the initial and recall sessions. Both female C90rf72 and
non-transgenic mice showed no significantly decreased investigation time in the recall session
compared to the initial session at any timepoint (two-way ANOVA with repeated measures, C9orf72

n=2-31, NT n =2-28).
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Figure 3.11: Recognition index of C9orf72 and non-transgenic (NT) mice.

Recognition index (the ratio of recall investigation time relative to initial investigation time, mean +
SD) showed no differences in ability to recognise a familiar individual between female C9orf72 and NT
mice (two-way ANOVA with repeated measures, C9orf72 n = 2-31, NT n = 2-28). Both groups spent
equal or more time investigating the familiar mouse than the novel mouse (index = 1: equal time spent
investigating familiar and novel mouse, index > 1: more time spent investigating familiar mouse
compared to novel mouse, index < 1: more time spent investigating novel mouse compared to familiar

mouse).

3.1.2.5 Marble Burying

Marble burying is a measure of motor ability, motivation, and the presence of natural digging
behaviour in mice. C9orf72 mice did not bury significantly fewer marbles than NT mice (Figure
3.12), however both groups showed a within-group significant decrease at 52 weeks of age
compared to 12 weeks (C9orf72 n =14-32,9.7 £+ 0.61vs 5.0 + 3.1, p<0.01; NTn=27-33,8.4 +
2.64 vs 4.5 £ 3.01, p<0.001).
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Figure 3.12: Mean number of marbles buried (+ SD) by C90rf72 and non-transgenic (NT) mice.

There was no significant difference in number of marbles buried between female C90rf72 and NT mice
at any timepoint, however both groups showed significantly reduced marble burying at 52 weeks of
age compared to 12 weeks. **<0.01, ***<0.001, two-way ANOVA with repeated measures and

Tukey’s post-hoc test (C9orf72 n = 14-32, NT n = 27-33).

3.1.2.6 Balance Beam

Median scores on the balance beam showed no difference in balance ability between C9orf72
and NT groups (Figure 3.13). However, a longitudinal analysis revealed a general non-
significant increase in ‘unbalanced’ scores in both groups with age that is more pronounced

in C90rf72 mice (Figure 3.14).
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Figure 3.13: Median balance beam score of C90rf72 mice and non-transgenic (NT) mice.

Female C90rf72 mice displayed no significantly impaired coordination compared to NT mice at any

timepoint (C90rf72 n = 14-32, NT n = 27-33).
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Figure 3.14: Longitudinal changes in balance beam scores in C90rf72 and non-transgenic (NT) mice.
Longitudinal changes in the proportion of ‘balanced’ and ‘unbalanced’ scores in female C9orf72 and

NT mice showed a general non-significant increase in ‘unbalanced’ scores with age.
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3.1.2.7 Limb Hang Test

There was no significant difference in latency to fall between C90orf72 and NT mice (Figure
3.15). To eliminate the influence of weight on ability to hang, limb hang performance was
normalised to weight by division of mean hang time by weight (Figure 3.16). A two-way
ANOVA with repeated measures and Tukey’s post-hoc test revealed no significant differences

in the ratio of hang time/weight between C90orf72 and NT mice.
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Figure 3.15: Mean hang time (x SD) of C90rf72 mice and non-transgenic (NT) mice.

Female C9orf72 mice showed no reduced hanging ability compared to NT mice at any timepoint (two-

way ANOVA with repeated measures and Tukey’s post-hoc test, C9orf72 n = 14-32, NT n = 27-33).
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Figure 3.16: Limb hang/weight in C90rf72 and non-transgenic (NT) mice.

Mean latency to fall normalised to weight (+ SD) showed no significant differences between female
C90rf72 and NT mice (two-way ANOVA with repeated measures and Tukey’s post-hoc test, C9orf72 n
=14-32, NT n =27-33).

3.1.2.8 Burrowing
Burrowing is a measure of natural digging and burrowing behaviour. There was no significant
difference in weight burrowed between C90orf72 and NT mice, however there was a general

non-significant decrease in both groups with age (Figure 3.17).
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Figure 3.17: Mean weight burrowed (+ SD) by C90rf72 and non-transgenic (NT) mice.
There was no significant difference in weight burrowed (+ SD) between female C9orf72 and NT mice

at any timepoint (two-way ANOVA with repeated measures, C90rf72 n = 14-32, NT n = 27-33).

3.1.2.9 Nesting
Median nesting scores showed no difference in nest building ability between C9orf72 and NT
groups (Figure 3.18). However, a longitudinal analysis showed a general non-significant

reduction in nest quality in both groups with age (Figure 3.19).
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Figure 3.18: Median nesting score of C90rf72 mice and non-transgenic (NT) mice.
Female C90orf72 mice displayed no significantly impaired nesting behaviour compared to NT mice at

any timepoint (C90rf72 n = 14-32, NT n = 27-33).
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Figure 3.19: Longitudinal changes in nesting scores in C90rf72 and non-transgenic (NT) mice.
Longitudinal changes in the proportion of ‘good nest’ and ‘bad nest’ scores showed a general non-

significant reduction in nest quality with age in female C90rf72 and non-transgenic mice.
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3.1.2.10 Food Intake
The test was performed overnight (16 hours) once a month alongside the nesting test. There
was no significant difference in food intake between C9orf72 and NT mice at any timepoint

on a two-way repeated measures ANOVA (Figure 3.20).
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Figure 3.20: Mean food intake (+ SD) overnight by C90orf72 and non-transgenic (NT) mice.
Test was performed alongside nesting behaviour test over a 16-hour period. There was no significant
difference in food intake between female C90orf72 and non-transgenic mice at any timepoint (two-

way ANOVA with repeated measures, C9orf72 n = 2-29, NT n = 21-28).

3.1.2.11 Weight

Both groups showed an increase in body weight with age (Figure 3.21). There was no
significant difference between C9orf72 and NT mice at any timepoint on a two-way repeated
measures ANOVA. Weight was monitored weekly, and no mouse required euthanasia due to

progressive weight loss.
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Figure 3.21: Mean body weight (+ SD) of C90rf72 and non-transgenic (NT) mice.
Both groups increased body weight from 12-52 weeks of age. There was no significant difference
between female C90rf72 and non-transgenic mice at any timepoint (two-way ANOVA with repeated

measures, C9orf72 n = 14-32, NT n = 27-33).

3.1.2.12 Subset Data Analysis

An analysis method to identify possible subsets hidden within the data was described in the
methods section 2.6.9. Results of this analysis are detailed in Table 3.1. Chi-Square analysis
was performed between C9orf72 and NT groups for each test detailed, with none found to

be significantly different (Table 3.1).
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Table 3.1: Contingency table counts of C90rf72 and non-transgenic (NT) mice.

Each number is the number of times a score was given in each test. Chi-Square analysis was performed
between female C90orf72 and NT groups. None were found to be significantly different. MND-like
phenotype = motor neurone disease-compatible score expected in diseased mice, Normal = normal

score expected in healthy mice.

C9orf72 Non-transgenic
Test MND-like MND-like p-value
Normal Normal
phenotype phenotype
Rotarod 14 18 11 23 0.45
Open field 10 22 9 25 0.79
Marble burying 21 11 18 16 0.33
Balance beam 17 15 18 16 >0.99
Limb hang 14 18 13 21 0.80
Burrowing 16 16 14 20 0.62
Nesting 12 20 15 19 0.62
CMAP 11 21 12 22 >0.99

3.1.2.13 Electrophysiology

CMAP amplitude is a measure of the motor unit pool of a muscle and was measured in the
hindlimb muscle every 3 months from 12 weeks of age. There was no significant change in
CMAP amplitude in or between either group over time, indicating no loss of motor axons

(Figure 3.23 A).

Repetitive nerve stimulation is a measure of neuromuscular junction (NMJ) function. There
was no significant decrement in response between repetition 1 and 10 in C9orf72 mice,
suggesting a healthy NMJ at all timepoints, as well as no significant difference in response

between C9orf72 and NT mice (Figure 3.23 A).

EMG recordings were taken from the gastrocnemius muscle in a small group of mice (C9orf72
n=3, NT n=5) at 52 weeks of age by Dr James Alix to examine for spontaneous EMG activity.
No fibrillation potentials, positive sharp waves, or fasciculation potentials were observed in

either group (data not shown).
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Figure 3.22: CMAP of the hindlimb muscles.
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(A) There was no significant decrease in CMAP amplitude in female C90rf72 mice compared to non-

transgenic (NT) mice at any timepoint, indicating no loss of motor axons. (B) Representative CMAP

traces at 52 weeks of age (C90rf72 n = 14-32, NT n = 28-30).
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Figure 3.23: Repetitive stimulation of the hindlimb muscles.

(A) Repetitive nerve stimulation tests revealed no significant decrement in response (represented as

percentage of the first response) in female C90rf72 mice compared to NT mice at any timepoint (two-

way ANOVA with repeated measures and Sidak’s post-hoc test, C9orf72 n = 14-32, NT n = 28-30). (B)

Representative repetitive stimulation traces at 52 weeks of age.
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At 52 weeks of age prior to end of study, a small group of C9orf72 and NT mice underwent
additional electrophysiological tests. There was no decrease in plantar interossei CMAP
amplitudes in C9orf72 compared to NT mice (Figure 3.24 A, B). There was also no prolonged
F wave latencies and no reduced persistence in C90rf72 mice compared to NT mice (Figure

3.24 C-E).
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Figure 3.24: Plantar interossei CMAP and F wave recordings.

Plantar interossei CMAPs and F wave recordings were taken from a subgroup of female C9orf72 and
non-transgenic (NT) mice at 52 weeks of age prior to end of study (C9orf72 n = 15, NT n = 16). (A)
There was no reduction in plantar interossei CMAP amplitude in C90orf72 mice compared to NT
(unpaired t-test). (B) Representative plantar interossei CMAP traces. (C) F wave latencies were not
significantly prolonged in C9orf72 mice (nested t-test). (D) F wave persistence was unchanged in

C90rf72 mice. (E) Representative F wave traces, arrows indicate individual F waves.
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3.1.2.14 Survival

There was no reduction in survival in C9orf72 mice compared to NT (Figure 3.25). Of the six
C90rf72 mice that died during the study, two were found dead in their home cages, two were
euthanised due to a severe generalised seizure and a series of repetitive mild seizures
respectively, and two were euthanised due to substantial distress, the reason for which was
unknown. Of the six NT mice that died, four were found dead in their home cages, one was
euthanised due to substantial distress of unknown cause, and one was euthanised on advice

of the resident veterinarian due to a prolapse.

When possible, post-mortems were performed on mice found dead to ascertain cause of
death. However, no cause was found. The only characteristic of note was a wet ventral neck

present on all C90rf72 and NT mice found dead.
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Figure 3.25: Survival curve of C90rf72 and non-transgenic (NT) mice.
Kaplan-Meier survival curve of female C9orf72 mice shows no decreased survival compared to NT

mice (Gehan-Breslow-Wilcoxon test, p = 0.8951, C90rf72 n = 35, NT n = 34).

Hindlimb clasping is a common measure of disease progression in mouse models of
neurodegeneration (Guyenet et al., 2010). Representative examples of clasping scores are
shown in Figure 3.26 A and the proportions of each score given at each timepoint for both

groups are shown in Figure 3.26 B.
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Figure 3.26: Clasping phenotypes of C90rf72 and non-transgenic (NT) mice.
(A) Representative images of clasping phenotypes. (B) Graphical depiction of female C90rf72 and NT
mice displaying clasping phenotypes from 12-52 weeks of age (C90rf72 n = 35, NT n = 34).

3.1.2.15 Seizure Observations

Seizure susceptibility is a well-known phenotype in the FVB/N background strain used in this
study (Goelz et al.,, 1998; Hennemann, 2007; Silva-Fernandes et al., 2010; Kohnken and
Schwahn, 2016). Seizures were observed in C90rf72 and non-transgenic mice throughout the
study. Seizures were timed at onset or from time of discovery and scored according to the
scale from Van Erum et al. (2019). Severe or repetitive seizures, or failure to recover from
seizure, resulted in euthanasia. Six mice were observed seizing in this study, two of which

required euthanasia (Table 3.2).
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Table 3.2: Seizures observed in C90rf72 and non-transgenic (NT) mice.

Seizures were scored according to Van Erum et al. (2019). Scores 1 to 3 were classed as mild (1, whisker

trembling; 2, sudden behavioural arrest; 3, facial jerking). Scores 4 to 6 were classed as moderate (4,

neck jerks; 5, clonic seizure (sitting); 6, clonic, clonic-tonic seizure (lying on belly)), 7 and 8 were classed

as severe (7, clonic, clonic-tonic seizure (lying on side) and wild jumping; 8, tonic extension, possibly

leading to respiratory arrest and death).

Genotype Age Score Euthanasia
C9orf72 | 20 weeks 7 Yes
C9orf72 | 24 weeks 2 No
C9orf72 | 52 weeks 5 Yes (repetitive seizures)
C9orf72 | 36 weeks 2 No
NT 28 weeks 5 No
NT 20 weeks 3 No

3.1.2.16 Stereotypic Behaviour

Stereotypic circling behaviour was observed in both C90orf72 and NT groups of mice. Incidence

increased over time but was generally more prevalent in the NT group (Figure 3.27).
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Figure 3.27: Proportion of stereotypic circling behaviour in C90rf72 and non-transgenic (NT) mice.

Stereotypic behaviour was observed in a small proportion of female non-transgenic mice at 12 weeks

of age. Incidence increased over time and by 52 weeks both groups displayed stereotypic behaviour.
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3.1.2.17 Variability of Behavioural Tests

Many of the behavioural tests show substantial variability. To investigate this, the coefficient
of variability was calculated for C9orf72 and NT mice in each test and compared (Figure 3.28).
As expected, the behavioural tests showed the largest variability, with the balance beam, limb
hang, and burrowing tests showing the most. Neither group demonstrated more variability
than the other. The electrophysiological tests showed the least variability as they were not
reliant on mouse behaviour and demonstrate that the technique has a high level of

reproducibility.
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Figure 3.28: Variability of behavioural tests.
Coefficient of variation showed both female C90rf72 and non-transgenic mice were equally variable

within each test. Balance beam, limb hang, and burrowing show the largest amount of variability.

3.1.3 Tissue Pathology

3.1.3.1 Dipeptide Repeat Protein Quantification

Detection of dipeptide repeat proteins (DPRs) was performed by Meso Scale Discovery (MSD)
immunoassay on frontal cortex and gastrocnemius muscle tissue taken at 52 weeks of age.
Poly-GP and poly-GA DPRs were both detected in the frontal cortex tissue at significantly
elevated levels compared to NT controls (Figure 3.29 A), indicating expression of the C9ORF72
transgene. The remaining DPRs, poly-GR, poly-PA, and poly-PR, were not detected (data not

shown). Only poly-GP was detected in the gastrocnemius muscle (Figure 3.29 B).
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Figure 3.29: Dipeptide repeat proteins detected in brain and muscle tissue of C90rf72 mice.

Meso scale discovery (MSD) immunoassay for poly-GP and poly-GA dipeptide repeat proteins in (A)
frontal cortex and (B) gastrocnemius muscle tissue in female C90rf72 mice compared to non-
transgenic controls (unpaired t-test, **** p<0.0001, *** p<0.001, ** p<0.01, cortex: C9orf72 n = 27,
NT n =11, muscle: C9orf72 n =13, NT n = 14, mean + SD).

3.1.3.2 Neurone Counts
Motor neurone counts were performed in the indicated regions of the ventral horns of the

L4-5 region of the spinal cord in 52-week-old mice (Figure 3.30 A). There was no significant

A

Mean motor neurone count

C9orf72 NT
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difference in the number of motor neurones in this region between C9orf72 and NT mice
(Figure 3.30 B).

Figure 3.30: Motor neurone counts in L4 region of the lumbar spinal cord.

(A) Nissl staining of motor neurones in the lumbar spinal cord. (B) No significant motor neurone loss
in the lumbar spinal cord of female C9orf72 mice compared to non-transgenic controls (mean + SD,
nested t-test, n = 5 per group).

Neuronal counts were performed in the CA and DG regions of the hippocampus (Figure 3.31)
and layer V of the motor cortex (Figure 3.32) in 52-week-old mice. There was no significant
difference in the number of neurones between C9orf72 and NT mice in any of the

hippocampal regions or layer V of the motor cortex.
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Figure 3.31: Neuronal counts in the hippocampus of C90rf72 and non-transgenic (NT) mice.
Neuronal counts in the cornu ammonis (CA) and the dentate gyrus (DG) of the hippocampus showed
no significant difference between female C90rf72 and NT mice (mean + SD, nested one-way ANOVA

with Bonferroni’s multiple comparisons, C9orf72 n =5, NT n = 4).
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Figure 3.32: Neuronal count in layer V of the motor cortex of C9orf72 and non-transgenic (NT) mice.
There was no significant difference in neurones counted between female C9orf72 and NT mice (mean

+ SD, nested t-test, n = 4 per group).
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3.1.3.3 Immunohistochemical Analysis of Astrogliosis

Hippocampal sections from 52-week-old mice were stained for GFAP and analysed for
increased area and intensity of staining, both of which are indicative of astrogliosis. No
increased area or intensity of GFAP staining was found in C90orf72 mice compared to NT on a
nested t-test (Figure 3.33). Increased GFAP staining area and intensity was seen in one

C90rf72 mouse, which had previously been observed seizing at 24 weeks of age.
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Figure 3.33: Dentate gyrus GFAP staining.
Quantification of GFAP staining in the dentate gyrus of female C9orf72 and non-transgenic mice (n =

4 per group). No significant difference in staining area or staining index (nested t-test).

Motor cortex sections from 52-week-old mice were stained for GFAP and analysed for

increased area and intensity of staining. No increased area or intensity of GFAP staining was
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found in C9orf72 mice compared to NT on a nested t-test (Figure 3.34). GFAP staining and

intensity was variable in both groups.
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Figure 3.34: GFAP staining of the motor cortex.

Quantification of GFAP staining in the motor cortex of female C90rf72 and non-transgenic mice (n =4

per group). No significant difference in staining area or staining index (nested t-test).

3.1.3.4 Immunohistochemical Analysis of Microgliosis
Hippocampal sections from 52-week-old mice were stained for Ibal and analysed for

increased area, intensity of staining, and circularity, all of which are indicative of
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neuroinflammation. No increased area, intensity of Ibal staining, or increased circularity was

found in C90rf72 mice compared to NT on a nested t-test (Figure 3.35).
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Figure 3.35: Dentate gyrus Ibal staining.

NT

Quantification of Ibal staining in the dentate gyrus of female C90rf72 and non-transgenic mice (n =4

per group). No significant difference on a nested t-test.
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Motor cortex sections from 52-week-old mice were stained for Ibal and analysed for
increased area, intensity of staining, and circularity, all of which are indicative of microgliosis.
No increased area, intensity of Ibal staining, or increased circularity was found in C9orf72

mice compared to NT on a nested t-test (Figure 3.36).
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Figure 3.36: Ibal staining of the motor cortex.
Quantification of Ibal staining in the motor cortex of female C90rf72 and non-transgenic mice (n =4

per group). No significant difference on a nested t-test.
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4 Phenotypic Characterisation of the Janvier Mouse
4.1 Results

4.1.1 Confirmation of the C90RF72 Repeat Expansion Size

As in the JAX study, southern blots were undertaken on post-mortem frontal cortex tissue to
ensure all C9orf72 mice recruited to the study carried approximately 500 repeats of the G4C2
expansion. Blots showed C9orf72 mice with repeat sizes ranging from 650-950 (see Figure 4.1
and Fig. S 2). In the study, one mouse had a contraction of the expansion to ~230 repeats (Fig.

S 2 A) and was subsequently removed from data analysis.
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Figure 4.1: Confirmation of transgene with G4C2 repeat expansion in C90rf72 mice.
Southern blot of female C90rf72 mice showing repeat expansion size. Repeat size varied from 650-

950 repeats. L, DNA ladder; +, transgene present; -, transgene absent; NT, non-transgenic control.
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4.1.2 Behavioural Tests

4.1.2.1 Accelerating Rotarod Test

C90rf72 mice showed no significantly decreased latency to fall compared to NT littermates at
all timepoints (Figure 4.2). At 52 weeks of age, C9orf72 and NT mice displayed a significantly
decreased latency to fall compared to 12 weeks (C90rf72 n = 29-32, 290.7 + 36.8 vs 218.1 +
95.2, p =0.01; NT = 28-35, 287.3 + 33.5 vs 242.3 £ 63.6, p = 0.02).
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Figure 4.2: Mean latency to fall (+ SD) of C90rf72 mice and non-transgenic (NT) mice.

Female C90rf72 mice showed no significantly decreased latency to fall (+ SD) compared to NT mice at
any timepoint. At 52 weeks of age both groups had significantly decreased latency to fall compared to
12 weeks. *p<0.05, two-way ANOVA with repeated measures and Tukey’s post-hoc test (C90rf72 n =
29-32, NT n = 28-35).

As weight may impact rotarod performance, mean weight and mean rotarod performance
were correlated (Figure 4.3). There was a highly significant correlation between weight and
rotarod performance in C90rf72 mice (r =-0.8292, p<0.01) and NT mice (r = -0.8364, p<0.01).
Following this, rotarod performance was normalised to weight by division of latency to fall by
weight (Figure 4.4). A two-way ANOVA with Tukey’s post-hoc test revealed no significant
differences in rotarod performance between C9orf72 and NT mice once weight was
accounted for. However, there was a significant decrease in performance at 52 weeks of age

compared to 12 weeks in both groups.
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Figure 4.3: Spearman correlation of rotarod performance vs weight.

Spearman correlation of mean weight and mean rotarod performance of female C9orf72 and non-

transgenic mice (C9orf72 r =-0.8292, p<0.01, NT r =-0.8364, p<0.01).
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Figure 4.4: Rotarod performance/weight in C90rf72 and non-transgenic (NT) mice.

Mean latency to fall normalised to weight (+ SD)

showed no significant decreases between female

C90rf72 and NT mice. At 52 weeks of age, both groups showed a significant decrease in latency to

fall/weight ratio compared to 12 weeks. **** p<0.0001, two-way ANOVA with repeated measures

and Tukey’s post-hoc test (C90rf72 n = 29-32, NT n = 28-35).
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4.1.2.2 Catwalk Gait Analysis

Gait analysis was performed at monthly intervals from 12 weeks of age. Descriptions of
parameters are detailed in Table 2.3. There was no significant difference in stride length
between groups over time (Figure 4.5A). There was no significant in hindlimb BOS between
the two groups at any timepoint (Figure 4.5B). Hindlimb swing time remained stable with age
with no significant difference between the two groups (Figure 4.5C). There was no significant

difference in swing speed between the two groups at any timepoint (Figure 4.5D).
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Figure 4.5: Catwalk gait analysis of C90rf72 and non-transgenic (NT) hindlimb stride length (A), base
of support (B), hindlimb swing time (C), and swing speed (D).

Values are presented as the mean (+ SD) of the left and right paws of each mouse. There were no
significant differences between female C90rf72 and non-transgenic mice in any of the parameters

(two-way ANOVA with repeated measures, C9orf72 n = 21-28, NT = 12-33).
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Hindlimb print length remained stable with age, with no significant differences between the
two groups (Figure 4.6 A). There was a slight decrease in width with age in both groups, but
there was no significant difference between them at any timepoint (Figure 4.6 B). Most mice
in both groups were well-coordinated, with no significant differences between them at any
timepoint (Figure 4.6 C). Hindlimb intensity remained steady with age in both groups, and

there were no significant differences between them at any timepoint (Figure 4.6 D).
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Figure 4.6: Catwalk gait analysis of C90rf72 and non-transgenic (NT) hindlimb print length (A), print
width (B), regularity (C), and intensity (D).

Values are presented as the mean (+ SD) of the left and right paws of each mouse. There were no
significant differences between female C90orf72 and non-transgenic mice in any of the parameters

(two-way ANOVA with repeated measures, C9orf72 n = 21-28, NT = 12-33).
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Both groups spent most of the time on diagonal paws at all ages (Figure 4.7 A). The hindlimb

duty cycle did not change with time and there we

two groups at any timepoint (Figure 4.7 B).
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Figure 4.7: Catwalk gait analysis of percentage time sp

in C90rf72 and non-transgenic (NT) mice.

ent on paws (B) and hindlimb duty cycle (A)

Values are presented as the mean (+ SD) of the left and right paws of each mouse. There were no

significant differences between female C90orf72 and non-transgenic mice in any of the parameters

(two-way ANOVA with repeated measures, C9orf72 n = 21-28, NT = 12-33).
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4.1.2.3 Open Field

C90rf72 mice did not show a significant decrease in total distance travelled in the open field
chamber at any timepoint (Figure 4.8 A, B), indicating no motor deficit. Quite a large
proportion of mice from both groups displayed a larger total distance travelled (>15,000 cm).
This was attributed to the high level of stereotypic behaviour observed in this study (Figure
4.8 C). When the chamber was virtually split into centre and periphery zones, C9orf72 mice
did not spend any significantly more or less time in the centre of the open field chamber

compared to NT mice at any timepoint (Figure 4.9).
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Figure 4.8: Mean distance travelled (+ SD) of C90rf72 mice and non-transgenic (NT) mice.

(A) Female C90rf72 mice displayed no significantly decreased mobility compared to NT mice (two-way
ANOVA with repeated measures, C9orf72 n = 29-32, NT n = 30-35). (B) Representative traces showing
movement pattern in open field chamber after 10 minutes (52 weeks of age). (C) Representative

example of stereotypic circling behaviour observed in both C90rf72 and NT mice.
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Figure 4.9: Mean time ( SD) in centre and periphery zones of open field chamber of C90rf72 mice
and non-transgenic (NT) mice.

Female C90rf72 mice spent equivalent time (+ SD) in the centre and periphery zones of the open field
chamber as NT mice at every timepoint (two-way ANOVA with repeated measures, C9orf72 n = 29-32,

NT n = 26-35).

4.1.2.4 Social Recognition Test

C90rf72 mice showed no significantly reduced investigation time in the recall session
compared to the initial session when compared to NT, indicating no impaired social memory
(Figure 4.10). However, both groups showed no significantly decreased investigation time in
the recall session compared to the initial session and spent a similar amount of time
investigating novel and familiar individuals, indicating both groups may have impaired social

memory.

Recognition index (the ratio of recall investigation time relative to initial investigation time)
also showed no differences in ability to recognise a familiar individual between C9orf72 and
NT mice. It revealed that at most timepoints both groups spent equal or more time
investigating the familiar mouse than the novel mouse (Figure 4.11), indicating impaired

social memory.
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Figure 4.10: Mean duration of contact (+ SD) with juvenile female mouse in C90rf72 mice and non-

transgenic (NT) mice.

The same female juvenile mouse was used in the initial and recall sessions. Both female C90rf72 and

non-transgenic mice showed no significantly decreased investigation time (+ SD) in the recall session

compared to the initial session at any timepoint (two-way ANOVA with repeated measures, C9orf72

n =19-30, NT n = 14-28).
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Figure 4.11: Recognition index of C9orf72 and non-transgenic (NT) mice.
Recognition index (the ratio of recall investigation time relative to initial investigation time, mean +
SD) showed no differences in ability to recognise a familiar individual between female C90rf72 and NT
mice (two-way ANOVA with repeated measures, C9orf72 n = 19-30, NT = 14-28). Both groups spent
equal or more time investigating the familiar mouse than the novel mouse (index = 1: equal time spent
investigating familiar and novel mouse, index > 1: more time spent investigating familiar mouse
compared to novel mouse, index < 1: more time spent investigating novel mouse compared to familiar

mouse).
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4.1.2.5 Marble Burying

C90rf72 mice did not bury significantly fewer marbles than NT mice, however NT mice showed

a significant decrease in number of marbles buried at 52 weeks of age compared to 12 weeks

(NT n =30-35,7.2 + 2.9 vs 4.0 £ 3.2, p<0.01) (Figure 4.12).
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Figure 4.12: Mean number of marbles buried (+ SD) by C90rf72 and non-transgenic (NT) mice.

C9orf72
NT

There was no significant difference in number of marbles buried between female C90rf72 and NT mice

at any timepoint. NT mice buried significantly fewer marbles at 52 weeks of age compared to 12

weeks. ¥*p<0.01, two-way ANOVA with repeated measures, C90rf72 n = 29-32, NT n = 30-35.

4.1.2.6 Balance Beam

Median scores on the balance beam showed no difference in balance ability between C9orf72

and NT groups (Figure 4.13). A longitudinal analysis showed a slight decrease in balance ability

from 44 weeks of age in both groups (Figure 4.14).
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Figure 4.13: Median balance beam score of C90rf72 mice and non-transgenic (NT) mice.
Female C90rf72 mice displayed no significantly impaired coordination compared to NT mice at any

timepoint (C90rf72 n = 29-32, NT n = 26-35).
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Figure 4.14: Longitudinal changes in balance beam scores in C90rf72 and non-transgenic (NT) mice.
Longitudinal changes in the proportion of ‘balanced’ and ‘unbalanced’ scores in female C9orf72 and
NT mice showed no change in balance ability in either group, with a slight increase in ‘unbalanced’

scores from 44 weeks of age.
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4.1.2.7 Limb Hang Test

There was no significant difference in latency to fall between C90rf72 and NT mice (Figure
4.15). Within both groups, latency to fall was significantly decreased at 52 weeks of age
compared to 12 weeks (C90rf72 n =29-32, 101.4 + 74.6 vs 40.7 + 38.9, p = 0.004; NT n = 23-
35,97.2+86.1vs 40.6 £42.5, p = 0.02).
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Figure 4.15: Mean hang time (x SD) of C90rf72 mice and non-transgenic (NT) mice.

Female C9orf72 mice showed no reduced hanging ability compared to NT mice at any timepoint. At
52 weeks of age, both groups showed significantly reduced hanging ability compared to 12 weeks.
*p<0.05, ** p<0.01, two-way ANOVA with repeated measures and Tukey’s post-hoc test (C9orf72 n =
29-32, NT n = 23-35).

To eliminate the influence of weight on ability to hang, limb hang performance was
normalised to weight by division of mean hang time by weight (Figure 4.16). A two-way
ANOVA with repeated measures and Tukey’s post-hoc test revealed no significant differences
in the ratio of hang time/weight between C9orf72 and NT mice, however there was a
significant decrease in hang time/weight at 52 weeks of age compared to 12 weeks in both

groups.
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Figure 4.16: Limb hang/weight in C90rf72 and non-transgenic (NT) mice.

Mean latency to fall normalised to weight (+ SD) showed no significant differences between female
C90rf72 and NT mice. At 52 weeks of age, both groups showed a significant decrease in hang
time/weight ratio compared to 12 weeks. ** p<0.01, two-way ANOVA with repeated measures and

Tukey’s post-hoc test (C9orf72 n = 29-32, NT n = 23-35).
4.1.2.8 Burrowing

There was no significant difference in weight burrowed between C9orf72 and NT mice,

however there was a general non-significant decrease in both groups with age (Figure 4.17).
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Figure 4.17: Mean weight burrowed (+ SD) by C90rf72 and non-transgenic (NT) mice.
There was no significant difference in weight burrowed (+ SD) between female C9orf72 and NT mice

at any timepoint (two-way ANOVA with repeated measures, C9orf72 n = 29-32, NT n = 22-35).

4.1.2.9 Nesting
Median nesting scores showed no difference in nest building ability between C9orf72 and NT
groups (Figure 4.18). However, a longitudinal analysis showed a general non-significant

reduction in nest quality in both groups with age (Figure 4.19).
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Figure 4.18: Median nesting score of C90rf72 mice and non-transgenic (NT) mice.
Female C90orf72 mice displayed no significantly impaired nesting behaviour compared to NT mice at

any timepoint (C90rf72 n = 29-32, NT n = 26-35).
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Figure 4.19: Longitudinal changes in nesting scores in C90rf72 and non-transgenic (NT) mice.
Longitudinal changes in the proportion of ‘good nest’ and ‘bad nest’ scores showed a general non-

significant reduction in nest quality with age in both female C90rf72 and non-transgenic mice.
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4.1.2.10 Food Intake
The test was performed overnight (16 hours) once a month alongside the nesting test. There
was no significant difference in food intake between C9orf72 and NT mice at any timepoint

on a two-way repeated measures ANOVA (Figure 4.20).
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Figure 4.20: Mean weight (+ SD) of food eaten overnight by C90rf72 and non-transgenic (NT) mice.
Test was performed alongside nesting behaviour test. There was no significant difference in weight (+
SD) of food eaten between female C9orf72 and non-transgenic mice at any timepoint (two-way

ANOVA with repeated measures, C9orf72 n = 28-32, NT n = 26-35).

4.1.2.11 Weight

Both groups showed an increase in body weight with age (Figure 4.21). There was no
significant difference between C9orf72 and NT mice at any timepoint on a two-way repeated
measures ANOVA. Weight was monitored weekly, and no mouse required euthanasia due to

progressive weight loss.
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Figure 4.21: Mean body weight (+ SD) of C90rf72 and non-transgenic (NT) mice.

Both groups increased body weight (+ SD) from 12-52 weeks of age. There was no significant

difference between female C9orf72 and non-transgenic mice at any timepoint (two-way ANOVA with

repeated measures, C9orf72 n = 29-32, NT n = 30-35).

4.1.2.12 Subset Data Analysis

An analysis method to identify possible subsets hidden within the data was described in

section 2.6.9. Results of this analysis are detailed in Table 4.1. Chi-Square analysis was

performed between C9orf72 and NT groups for each test detailed.
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Table 4.1: Contingency table counts of C90rf72 and non-transgenic (NT) mice.

Each number is the number of times a score was given in each test. Chi-Square analysis was performed
between female C90orf72 and NT groups. None were found to be significantly different. MND-like
phenotype = motor neurone disease-compatible score expected in diseased mice, Normal = normal

score expected in healthy mice.

C9orf72 Non-transgenic
Test MND-like MND-like p-value
Normal Normal
phenotype phenotype
Rotarod 8 24 4 24 0.35
Open field 6 26 9 19 0.25
Marble burying 13 19 13 15 0.79
Balance beam 14 18 12 15 >0.99
Limb hang 13 19 16 12 0.30
Burrowing 15 17 15 13 0.80
Nesting 14 18 13 15 >0.99
CMAP 17 15 15 13 >0.99

4.1.2.13 Running Wheel Test

A subset of C90rf72 (n = 14) and NT (n = 11) mice underwent a running wheel study following
conclusion of the 12-month behavioural study to examine the effect of voluntary physical
exercise on phenotype. Distance run, max speed, average speed, and time spent running were
taken daily for analysis. No significant differences between C9orf72 and NT mice were found
in any of the parameters (Figure 4.22 A-D). The study was halted early as it became apparent
that both groups of mice were exhibiting stereotypic (circling) behaviour and not engaging

with the running wheel.
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Figure 4.22: Running wheel activity per 24 hours (x SD) in C90rf72 and non-transgenic (NT) mice.
There was no significant decrease in (A) distance run, (B) max speed, (C) average speed or (D) time
spent running per 24 hours in female C9orf72 mice compared to NT littermates (mean * SD, two-way

ANOVA with repeated measures and Sidak’s post-hoc test, C9orf72 n = 4-14, NT n = 4-11).

4.1.2.14 Electrophysiology

There was no significant change in CMAP amplitude in or between either group over time,
indicating no loss of motor axons (Figure 4.23 A). Repetitive nerve stimulation revealed no
significant decrement in response between repetition 1 and 10 in C90rf72 mice, suggesting a

healthy NMJ at all timepoints, as well as no significant difference in response between

C90rf72 and NT mice (Figure 4.24 B).

EMG recordings were taken from the gastrocnemius muscle in a small group of mice (C9orf72

n=4, NT n =3) at 52 weeks of age by Dr James Alix to examine for spontaneous EMG activity.
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No fibrillation potentials, positive sharp waves, or fasciculation potentials were observed in

either group (data not shown).
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Figure 4.23: Electrophysiology of the hindlimb in C90rf72 and non-transgenic (NT) mice.

(A) There was no significant decrease in CMAP amplitude in female C9orf72 mice compared to NT
mice at any timepoint. (B) Repetitive nerve stimulation tests revealed no significant decrement in
response (represented as percentage of the first response) in C9orf72 mice compared to NT mice at
any timepoint (mean + SD, two-way ANOVA with repeated measures and Sidak’s post-hoc test,

C90rf72 n = 28-32, NT n = 28-36).
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At 52 weeks of age prior to end of study, a small group of C9orf72 and NT mice underwent
additional electrophysiological tests. There was no decrease in plantar interossei CMAP
amplitudes in C90orf72 compared to NT mice (Figure 4.24 A). There was also no prolonged F
wave latencies and no reduced persistence in C9orf72 mice compared to NT mice, indicating

no F wave abnormalities suggestive of peripheral neuropathy (Figure 4.24 B, C).
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Figure 4.24: Plantar interossei CMAPs and F waves in C90rf72 and non-transgenic (NT) mice.

Plantar interossei CMAPs and F wave recordings were taken from a small group of female C9orf72 and
NT mice at 52 weeks of age prior to end of study. (A) There was no reduction in plantar interossei
CMAP amplitude in C9orf72 mice compared to NT (unpaired t-test). (B) F wave latencies were not
significantly prolonged in C90rf72 mice (nested t-test), (C) and F wave persistence was unchanged in

C90rf72 mice (mean + SD, C90rf72 n = 7-8, NT n = 6).
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4.1.2.15 Survival

There was no reduction in survival in C9orf72 mice compared to NT (Figure 4.25). Of the three
C90rf72 mice that died during the study, two were found dead in their home cages and one
was euthanised on advice of the resident veterinarian due to a severe eye infection. Of the
five NT mice that died, three were found dead in their home cages, one was euthanised due

to a seizure, and one was euthanised due to substantial distress of unknown cause.

When possible, post-mortems were performed on mice found dead to ascertain cause of
death. However, no cause was found. The only characteristic of note was a wet ventral neck

present on all C90rf72 and NT mice found dead.
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Figure 4.25: Survival curve of C90rf72 and non-transgenic (NT) mice.
Kaplan-Meier survival curve of female C9orf72 mice shows no decreased survival compared to NT

mice (Gehan-Breslow-Wilcoxon test, p = 0.8202; C9orf72 n =32, NT n = 36).

Representative examples of clasping scores were shown in Figure 3.26 A. The proportions of

each score given at each timepoint for both groups in this study are shown in Figure 4.26.
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Figure 4.26: Clasping phenotypes of C90rf72 and non-transgenic (NT) mice.
Graphical depiction of female C9orf72 and NT mice displaying clasping phenotypes from 12-52 weeks
of age (C9orf72 n =33, NT n = 36).

4.1.2.16 Stereotypic Behaviour
Stereotypic circling behaviour was observed in both C90orf72 and NT groups (Figure 4.27). At
the beginning of the study, over 50% of C9orf72 mice were already exhibiting circling

behaviour. Incidence increased over time in both groups.
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Figure 4.27: Stereotypic circling behaviour in C90rf72 and non-transgenic (NT) mice.
Stereotypic behaviour was observed in both female C90rf72 and non-transgenic mice at 12 weeks of

age and increased in incidence over time.
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4.1.2.17 Variability of Behavioural Tests

Many of the behavioural tests show substantial variability. To investigate this, the coefficient
of variability was calculated for C9orf72 and NT mice in each test and compared (Figure 4.28).
As expected, the behavioural tests showed the largest variability, with the balance beam, limb
hang, and burrowing tests showing the most. Neither group demonstrated more variability
than the other. The electrophysiological tests showed the least variability as they were not
reliant on mouse behaviour and demonstrate that the technique has a high level of

reproducibility.
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Figure 4.28: Variability of behavioural tests.
Coefficient of variation showed both female C90rf72 and non-transgenic mice were equally variable

within each test. Balance beam, limb hang, and burrowing show the largest amount of variability.

4.1.2.18 Seizure Observations

As mentioned in section 3.1.2.15, seizure susceptibility is a well-known phenotype in the
FVB/N background strain. Seizures were observed in C9orf72 and non-transgenic mice
throughout this study. Seizures were timed at onset or from time of discovery and scored
according to the scale from Van Erum et al. (2019). Severe or repetitive seizures, or failure to
recover from seizure, resulted in euthanasia. Seven mice were observed seizing in this study,

one of which required euthanasia (Table 4.2).
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Table 4.2: Seizures observed in C90rf72 and non-transgenic (NT) mice.

Seizures were scored according to Van Erum et al. (2019). Scores 1 to 3 were classed as mild (1, whisker
trembling; 2, sudden behavioural arrest; 3, facial jerking). Scores 4 to 6 were classed as moderate (4,
neck jerks; 5, clonic seizure (sitting); 6, clonic, clonic-tonic seizure (lying on belly)), 7 and 8 were classed
as severe (7, clonic, clonic-tonic seizure (lying on side) and wild jumping; 8, tonic extension, possibly

leading to respiratory arrest and death).

Genotype Age Score | Euthanasia
C9orf72 | 10 weeks 2 No
NT 20 weeks 3 No
NT 30 weeks 3 Yes
NT 44 weeks 5 No
NT 45 weeks 5 Yes
NT 49 weeks 4 No
NT 35 weeks 5 Yes

Two NT mice were culled mid-seizure and the hippocampus of each was histopathologically
analysed to investigate for neurodegeneration, astrogliosis or neuroinflammation
(microgliosis). NeuN staining revealed neurodegeneration in the CA and DG regions of the
hippocampus that was not present in a mouse not observed to have seizures (Figure 4.29).
Astrogliosis and neuroinflammation were also present in the hippocampus compared to
C90rf72 and NT mice not observed to have seizures (Figure 4.30). Quantification showed
increased GFAP staining area and slightly increased staining index (a measure of staining
intensity) in one mouse, while the other showed increased GFAP staining area but no

increased staining index, and increased Ibal staining area and staining index (Figure 4.30).
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Figure 4.29: Hippocampal neuronal counts in C90rf72 and non-transgenic mice not observed to have
seizures compared to non-transgenic mice culled mid-seizure.
NeuN staining shows neurodegeneration in the CA and DG regions of the hippocampus in female non-

transgenic mice culled mid-seizure compared to mice not observed to have seizures.
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C90rf72

Figure 4.30: Histopathology of mice culled mid-seizure shows astrogliosis and neuroinflammation
in the dentate gyrus.
GFAP and Iba1 staining of the dentate gyrus from a NT mouse culled mid-seizure compared to C9orf72

and NT mice with no observed seizures. Inset: x60 magnification.
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Figure 4.31: Quantification of histopathology of mice culled mid-seizure.
Both female non-transgenic mice culled mid-seizure show increased GFAP staining area compared to
mice not observed to have seizures. One of the mice culled mid-seizure also shows increased Ibal

staining area and staining index compared to mice not observed to have seizures.
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4.1.3 Tissue Pathology

4.1.3.1 Dipeptide Repeat Protein Quantification

Detection of dipeptide repeat proteins (DPRs) was performed by Meso Scale Discovery (MSD)
immunoassay on frontal cortex and gastrocnemius muscle tissue taken at 52 weeks of age.
Poly-GP and poly-GA DPRs were both detected in the frontal cortex tissue at significantly
elevated levels compared to NT controls (Figure 4.32 A), indicating expression of the C9ORF72
transgene. The remaining DPRs, poly-GR, poly-PA, and poly-PR, were not detected (data not

shown). Only poly-GP was detected in the gastrocnemius muscle (Figure 4.32 B).
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Figure 4.32: Dipeptide repeat protein detected in brain tissue of C9orf72 mice.

Meso scale discovery (MSD) immunoassay for poly-GP and poly-GA dipeptide repeat proteins in (A)
frontal cortex and (B) gastrocnemius muscle tissue in female C90rf72 mice compared to non-
transgenic controls (unpaired t-test, **** p<0.0001, cortex: C90rf72 n =28, NT n=11, muscle: C9orf72
n =16, NT = 11, mean + SD).
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4.1.3.2 Neurone Counts
Motor neurone counts were performed in ventral horns of the L4-5 region of the spinal cord
in 52-week-old mice. There was no significant difference in the number of motor neurones in

this region between C9orf72 and NT mice (Figure 4.33).

(no. per ventral horn)

Mean motor neurone count

CO9orf72 NT

Figure 4.33: Motor neurone count in the lumbar spinal cord.
(A) Nissl staining of motor neurones in the lumbar spinal cord. (B) No significant motor neurone loss
in the lumbar spinal cord of female C90rf72 mice compared to non-transgenic controls (mean + SD,

nested t-test, n = 7 per group).

Neuronal counts were performed in the CA and DG regions of the hippocampus (Figure 4.34)
and layer V of the motor cortex (Figure 4.33) in 52-week-old mice. There was no significant
difference in the number of neurones between C9orf72 and NT mice in any of the

hippocampal regions or layer V of the motor cortex.
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Figure 4.34: Neuronal counts in the hippocampus of C90rf72 and non-transgenic (NT) mice.
There was no significant difference in neuronal counts in the hippocampus between female C90rf72

and NT mice (mean % SD, nested one-way ANOVA with Bonferroni’s multiple comparisons, n = 4 per

group).
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Figure 4.35: Neuronal count in layer V of the motor cortex in C90rf72 and non-transgenic (NT) mice.
There was no significant difference in neurones counted between female C9orf72 and NT mice (mean

+ SD, nested t-test, n = 4 per group).
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4.1.3.3 Sholl Analysis

Sholl analysis is a method of quantifying the complexity of neuronal dendritic arbours.
C90rf72 mice exhibited an increased number of intersections at distances 8-13 um from the
soma, however there were no significant differences at distances further from the soma
(Figure 4.36 A). The number of branch points and tips were also analysed, with no significant

differences observed (Figure 4.36 B).
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Figure 4.36: Sholl analysis of layer V pyramidal neurones in the motor cortex.

Sholl analysis revealed no significant reduction in pyramidal neurone complexity in layer V of the
motor cortex in female C90orf72 mice compared to non-transgenic controls. C9orf72 mice displayed
an increase in number of intersections at distances 8-13 pum from cell soma (mean + SD, mixed model
analysis with FDR correction for multiple comparisons, five neurones were analysed per mouse,

C90rf72n=3,NTn=2).
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4.1.3.4 Immunohistochemical Analysis of Astrogliosis

Hippocampal sections from 52-week-old mice were stained for GFAP and analysed for
increased area and intensity of staining, both of which are indicative of astrogliosis. No
increased area or intensity of GFAP staining was found in C90orf72 mice compared to NT on a

nested t-test (Figure 4.37).
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Figure 4.37: Dentate gyrus GFAP staining.
Quantification of GFAP staining in the dentate gyrus of female C9orf72 and non-transgenic mice (n =

4 per group). No significant difference in staining area or staining index (nested t-test).

Motor cortex sections from 52-week-old mice were stained for GFAP and analysed for

increased area and intensity of staining. No increased area or intensity of GFAP staining was
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found in C9orf72 mice compared to NT on a nested t-test (Figure 4.38). GFAP staining and
intensity was variable in both groups. Increased GFAP staining area was seen in one NT

mouse, which had previously been observed seizing at 20 weeks of age.
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Figure 4.38: GFAP staining of the motor cortex.

Quantification of GFAP staining in the motor cortex of female C90rf72 and non-transgenic mice (n =4

per group). No significant difference in staining area or staining index (nested t-test).
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4.1.3.5 Immunohistochemical Analysis of Microgliosis
Hippocampal sections from 52-week-old mice were stained for Ibal and analysed for
increased area, intensity of staining, and circularity, all of which are indicative of

neuroinflammation. No increased area, intensity of Ibal staining, or increased circularity was

found in C90rf72 mice compared to NT on a nested t-test (Figure 4.5).
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Figure 4.39: Dentate gyrus Ibal staining.
Quantification of Ibal staining in the dentate gyrus of female C90rf72 and non-transgenic mice (n =4

per group). No significant difference on a nested t-test.
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Motor cortex sections from 52-week-old mice were stained for Ibal and analysed for
increased area, intensity of staining, and circularity, all of which are indicative of microgliosis.
No increased area, intensity of Ibal staining, or increased circularity was found in C9orf72

mice compared to NT on a nested t-test (Figure 4.40).
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Figure 4.40: Ibal staining of the motor cortex.
Quantification of Ibal staining in the motor cortex of female C90rf72 and non-transgenic mice (n =4

per group). No significant difference on a nested t-test.
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5 Discussion

Developing robust and reproducible animal models of ALS is an important aspect of
expanding knowledge of the underlying disease mechanisms and, ultimately, to identify
potential therapeutics that translate to the clinic. Many therapeutics that have shown
promise in an animal model have failed in human clinical trials (Mead et al., 2022), partly
attributed to an over-reliance on the SOD1%°*# mouse model which represents only a small
percentage of ALS cases. ALS is a remarkably heterogeneous disease with a range of
genotypes and phenotypic presentations, therefore utilising several disease models to test
therapeutics and stratifying patients in clinical trials based on genotype may improve
therapeutic translatability. Therefore, there is a need for a range of well-characterised and

reproducible models of ALS that consistently develop progressive disease.

To date, there is a distinct lack of C9ALS/FTD BAC mouse models that fully and consistently
reproduce the human disease. The most promising model (Liu et al., 2016) has come under
scrutiny in recent years after reports of an inconsistent and unreproducible phenotype
(Mordes et al., 2020). Therefore, investigation and extensive characterisation of this model is
needed to assess its validity and reliability as a preclinical model of C9ALS/FTD. In general, the
results of the two studies presented in this thesis demonstrate that this model is unreliable
and does not develop the phenotypes reported in the initial publication. These results are

discussed in the following sections.

5.1 Behavioural Tests

5.1.1 Accelerating Rotarod Test

The accelerating rotarod test is a commonly used motor test to define disease onset and
progression (Mead et al., 2011). There was no significant difference in performance between
the C9orf72 and NT groups in both studies, which was consistent with the other BAC models
(O'Rourke et al., 2015; Peters et al., 2015; Jiang et al., 2016). However, there was a general
decreasing trend in performance in C9orf72 and NT mice which was significant in all groups
excluding JAX NT mice. Potential reasons for this decline include weight and age. There was a
strong correlation between rotarod performance and weight in all groups. However, when

weight was accounted for, the significant decrease in performance remained and was now
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present in all groups, suggesting the decline was due to age rather than a disease-related
motor dysfunction. There is little information in the literature examining age-related
behavioural changes in background strains, but one study on wildtype C57BL/6J mice found

a significant decline in rotarod performance with age (Shoji et al., 2016).

A larger proportion of JAX C9orf72 mice performed poorly on the rotarod (<100 seconds)
compared to NT mice (Figure 3.2). This could potentially indicate a subset of mice performing
poorly over time, however upon closer inspection of the data the poorly performing mice
were identified as different mice at each time point. The FVB/N background strain has been
identified as one of the more behaviourally variable background strains (Loos et al., 2015),
which was highlighted here as there was a large degree of variability in rotarod performance
across both studies. Performing the test requires a degree of cooperation from the mouse,
and on occasion some mice would refuse to perform the test or would jump off the rotarod

mid-test. These incidences were noted and the mice re-tested where possible.

5.1.2 Catwalk Gait Analysis

Gait analysis has been used to evaluate motor deficits in several neurodegenerative diseases
(Wooley et al., 2005; Mead et al., 2011; Abada et al., 2013). Decreased hindlimb stride length,
increased hindlimb BOS, and reduced time on diagonal paws are the most common reported
changes in the SOD1%%3* model (Mead et al., 2011). Intensity is a measure of neuropathic pain
but can also be used as a measure of limb weakness (e.g., as hindlimb muscles weaken, the
mouse may put more weight on their forelimbs, thus reducing the intensity measure of the
hindlimbs). Reduced hindlimb swing speed was also reported in a model of Parkinson’s

disease (Westin et al., 2012).

All gait parameters measured showed no significant differences between C9orf72 and NT
groups in both studies, and there were no significant changes over time. This is in line with
equivalent parameters reported by Liu et al. (2016), who found no significant differences in
stride length and BOS between their C90rf72 and NT mice. Jiang et al. (2016) also found no
difference in stride length between their transgenic and control mice at 12 and 18 months of

age. Liu et al. (2016) did find a significantly increased swing time in their C90orf72 mice
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however this was not observed in either of the cohorts assessed herein. The later timepoints
of most parameters in the JAX study showed more variability than the earlier timepoints, but
this may be attributed to the reduced n numbers at these timepoints due to the effect of

Covid-19 on study organisation.

A number of mice exhibited circling behaviour and were challenging to assess using the
catwalk system as several uninterrupted straight runs are required for accurate gait capture.
Therefore, a proportion of C9orf72 and NT mice could not be assessed due to this excessive
circling. The proportion of circling mice was higher in the Janvier cohort than the JAX cohort
(Figure 3.27 and Figure 4.27). This behaviour was also observed in other behavioural tests
such as open field and running wheel and highlights a continual issue with the FVB/N strain
when used for behavioural studies. The circling behaviour introduces a source of variation in
the data and makes FVB/N mice especially challenging to collect behavioural data from.
Stereotypic behaviour has not been reported in previous studies with this model (Liu et al.,
2016; Mordes et al., 2020; Nguyen et al.,, 2020a). Stereotypic behaviour can encompass
several different behaviours such as circling, backflipping, and bar-mouthing, and may be an
indication of stress (Novak et al., 2016). This behaviour has been observed in other strains
and correlated with the level of enrichment provided in home-cages (Bailoo et al., 2018). It is
possible that facility differences, different handling methods, or enrichment in cages between
facilities may lead to different levels of stress and account for the differences in stereotypic
behaviour observed between studies. However, there was no difference in handling method
between the JAX and Janvier studies and both colonies were kept in the same holding room
following recruitment into the study, yet the Janvier study had a significantly higher
proportion of stereotypic circling behaviour than the JAX study. It is also possible that the
circling behaviour may be attributed to vestibular defects in the inner ear rather than stress
(Leduc et al., 2017), however tests such as the swim test or contact-righting test would need

to be conducted to assess vestibular function (Hamilton et al., 2011).

5.1.3 Open Field

The open field test is used as a measure of locomotion, anxiety, and willingness to explore a

novel environment. The first description of the open field test was in rats in 1932 (Hall and
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Ballachey, 1932), but the technique has commonly been used in mice. Several measurements
can be made including distance travelled, rearing, time spent at the periphery compared to
the centre (thigmotaxis), speed of movement and so on. Distance travelled and time spent in
the periphery and centre of the chamber were analysed in both studies as a measure of motor
ability and exploratory behaviour. There is debate over whether the open field test can
identify anxiety, as anxiety measures are often based on an animal’s activity and locomotion,
and it is challenging to separate an emotional response from general motor activity (Ramos,
2008). Counting the number of faeces produced during the open field test has been suggested
to infer anxiety, with more anxious animals defecating more and moving less, however some
studies have suggested the two measures are unrelated (Takahashi et al., 2006; Ramos, 2008).
The use of this test along with other measures of motor function, such as rotarod, CMAPs,
and catwalk gait analysis, may have enabled us to differentiate between motor dysfunction
and anxiety in the open field chamber. For example, changes in open field behaviour may

indicate anxiety if motor function remained normal on other tests.

Distance travelled in C90orf72 and NT mice in both studies remained stable over time with no
difference between them. However, the Janvier study showed considerably more variability
in both groups, and several Janvier NT mice consistently displayed reduced locomotion from

12 weeks of age (Figure 4.8 A).

The JAX and Janvier mice in my studies travelled between 5000-10000 cm, which is slightly
increased compared to Liu et al. (2016) and Mordes et al. (2020) who reported similar open
field distances of approximately 4000-6000 cm. Interestingly, Liu et al. (2016) and Mordes et
al. (2020)’s trials were 30 minutes, while my trials were only 10 minutes. It is unknown why
mice in my studies had increased movement in a shorter trial time. It could indicate a more
hyperactive phenotype, especially as the FVB/N strain is a hyperactive strain and has been
shown to exhibit increased locomotion when compared to other strains (Kim et al., 2002), or
increased exploratory behaviour. Chamber sizes were identical between Liu et al. (2016) and

my studies. Mordes et al. (2020) did not report their chamber size.

Intriguingly, Liu et al. (2016) split their C9orf72 mice into symptomatic and asymptomatic

groups and reported that a subset of their symptomatic mice displayed motor deficits, as

134



evidenced by their reduced mobility in the open field test. Their data were quite variable,
which was also seen in my data as well as Mordes et al. (2020), and the same pattern of
reduced mobility in a subset of C90rf72 mice was also seen in my data and Mordes et al.
(2020). However, this reduced mobility was also seen in Janvier NT mice and NT mice in
Mordes et al. (2020), suggesting it was unrelated to the presence of the C90RF72 transgene.
Furthermore, Liu et al. (2016) assessed only a small group of C90orf72 and NT mice (NT = 7,
asymptomatic C9orf72 = 8, symptomatic C9orf72 = 14) compared to my cohorts (JAX C9orf72
= 14-32, NT = 27-33, Janvier C9orf72 = 29-32, NT = 30-35), and so it is possible that their

numbers are too small to detect meaningful differences.

Traditionally, the open field test is performed for 2-10 minutes, however this is more likely to
assess exploratory behaviour rather than general activity levels (Blizard et al., 2007). The trials
in my studies were 10 minutes, therefore it is possible these trials only assessed exploratory
behaviour and did not provide an accurate assessment of baseline activity. Extending the trial
to 30 minutes or longer would allow for the novelty factor of the chamber to pass and the

general activity levels to be assessed afterwards (Blizard et al., 2007).

The open field chamber was split into centre and periphery zones to measure exploratory
behaviour. Ordinarily, mice dislike open and brightly lit areas and will spend most of their
time near the walls (thigmotaxis). Unsurprisingly, this behaviour was observed in the JAX and
Janvier studies. Both C90rf72 and NT mice spent most of the time in the peripheral part of
the open field chamber, with no difference in time spent in the centre between C9orf72 and
NT mice. This was also seen in other studies (O'Rourke et al., 2015; Mordes et al., 2020). Liu
et al. (2016) reported reduced time in the centre in their symptomatic mice, but not in their
asymptomatic mice, which was interpreted as anxiety-like behaviour. Interestingly, these
symptomatic mice and the mice in the JAX and Janvier studies spent an equal proportion of
time in the centre (~16%), while Mordes et al. (2020) spent 3x less time in the centre. This
could be explained by methodological differences, as Mordes et al. (2020) performed their
open field test under light conditions while Liu et al. (2016) performed theirs in the dark, and
high light conditions have been shown to decrease the time rodents spend in the centre
(Bouwknecht et al., 2007). However, in my cohorts the tests were also performed under light

conditions. In addition, the FVB/N mice are functionally blind by 30 days due to retinal
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degeneration caused by the Pde6b™! mutation and should, in theory, be unaffected by the
presence or absence of light (Pugh et al.,, 2004). Either the FVB/N mice can still detect
light/dark, or there are other variables impacting performance such as ambient noise levels,
time of test, handling, behavioural test history, and size and shape of the chamber (Gould et
al., 2009). This highlights an important issue of standardisation in behavioural tests across
facilities to allow accurate comparison of results and evaluate the reproducibility and

robustness of not just this model, but others as well.

5.1.4 Social Recognition Test

The social recognition test analyses social memory and relies on the fact that mice spend less
time investigating a familiar mouse compared to a novel mouse. Both C90orf72 and NT mice
in both studies spent a similar amount of time investigating a familiar mouse as an unfamiliar
one and scored >1 on the recognition index. When compared to data from other strains
(Kogan et al., 2000; Farley et al., 2011; Chiang et al., 2018), these results indicate an
impairment of social memory. As this occurred in all groups, it is highly likely this was due to
the FVB/N background strain. The FVB/N strain has traditionally been considered a poor strain
for behavioural testing, and in particular learning and memory. They demonstrate poor
performance on hippocampal-dependent tests such as the Morris water maze and the radial
arm maze (Voikar et al., 2001; Mineur and Crusio, 2002; Pugh et al., 2004). However, the
Morris water maze test relies heavily on visual acuity, and the poor vision of FVB/N mice could
impact performance. Additionally, the FVB/N strain performs well on other tests that do not
rely on visual input, such as conditioned odour preference and fear conditioning (Owen et al.,

1997; Brown and Wong, 2007).

Interestingly, studies have found FVB/N mice to have normal learning and memory abilities
that are comparable to other strains such as C57BL/6 (Farley et al., 2011; Girard et al., 2016).
The only notable difference between the social recognition test in Farley et al. (2011) and this
study is the length of time of the initial trial and the interval between the initial and recall
trials. Farley et al. (2011) had a 5-minute initial trial and an interval of 3 hours between the
initial and recall trials, compared to the 2-minute trial and 72-hour interval in this study. It is

possible that the investigation time was too short and the intertrial interval too large to allow
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for accurate assessment of social memory in this study. However, previous studies have
demonstrated that an initial trial of 2-minutes and an intertrial interval of 7 days still resulted
in significantly reduced investigation time of a familiar mouse in the recall trial (Kogan et al.,
2000), indicating that a 72-hour interval is not too long to assess social memory. C57BL/6 mice
were used in Kogan et al. (2000), so it is possible that FVB/N mice have impaired long-term
social memory, and that the 3-hour trial interval in Farley et al. (2011) was not long enough

to assess impairments in long-term memory in this strain.

Overall, JAX and Janvier mice in this study exhibited social memory impairment that was not
related to the presence of the C9ORF72 transgene. Further work is needed to assess short-

and long-term social memory in the FVB/N strain and identify any impairments therein.

5.1.5 Marble Burying

Behaviour changes such as apathy, reduced motivation, and stereotypies are clinical features
of FTD in humans (Piguet et al., 2011). In mice, these types of behavioural changes may be
assessed using tests that measure the natural behaviours of mice, such as digging and nesting.
Marble burying is one such test that measures motor ability, motivation, and the presence of
natural digging behaviour in mice (Deacon, 2006). It was traditionally considered a test of
anxiety, with mice burying the marbles due to an aversion to them. However, this
interpretation is debated as mice will dig when placed in a new environment whether marbles
are present or not, and digging behaviour did not correlate with other anxiety measures

(Thomas et al., 2009).

There was no difference in the number of marbles buried between C9orf72 and NT mice in
both studies. There was a significant reduction in the number of marbles buried in all groups
over time, except in Janvier C9orf72 mice. While this could suggest an increase in FTD-related
apathy or lack of motivation, the effect would appear to be independent of the C90RF72
transgene, as this decrease was also observed in the NT groups. Additionally, mice that
displayed stereotypic behaviour did not actively dig around the cage and thus buried no
marbles — although some marbles were inadvertently buried through the action of the mice

running around the cage. The Janvier study had a much higher proportion of mice with
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stereotypic behaviour than the JAX study, which could explain why the Janvier cohort

performed worse on average throughout the study compared to the JAX cohort.

Interestingly, one of the COALS/FTD BAC models also assessed marble burying and found a
significant increase in burying behaviour of male transgenic mice compared to controls at 18
months old, which they interpreted as increased anxiety (Jiang et al., 2016). This was not
present in their female mice; however, interpretation must be taken with caution as a very
small number of NT mice were used at this timepoint (n = 4). The mice in my studies were
only aged to 12 months, so it is possible that had they been aged further a difference may
have become apparent. However, considering the obvious trend of decreasing performance

in both cohorts presented here, that is unlikely.

5.1.6 Balance Beam

The balance beam test measures balance and equilibrium, and the ability to perform the test
has been shown to decrease in transgenic mice in other ALS models (Wang et al., 2018;
Milanese et al., 2021). The cerebellum is heavily involved in balance and cerebellar atrophy
has been reported in human C9ALS/FTD patients (Mahoney et al., 2012; Whitwell et al., 2012;
Kabiljo et al., 2022). Liu et al. (2016) reported loss of cerebellar Purkinje cells and a decrease
in cerebellar molecular layer thickness in their acute C9orf72 mice. However, they did not
explicitly test the balance ability of their mice with this test, or another test such as rotarod.
In my studies, C90rf72 and NT mice showed no significant differences in balance beam scores.
This agrees with the rotarod and catwalk regularity data that show most mice were well

coordinated and that carrying the C90RF72 transgene had no effect on motor coordination.

5.1.7 Limb Hang Test

The limb hang test has been used as a reliable measure of muscle function and coordination
in mice. For example, in a mouse model of muscular dystrophy, dystrophic mice showed a
significantly decreased ability to hang compared to controls (Klein et al., 2012). In both studies
herein, there was no reduction in limb hang ability in C9orf72 mice compared to NT mice,
however the Janvier C9orf72 and NT groups showed significant decreases in hanging ability

over time. When the data was normalised to account for the effect of weight on hang time,
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the decrease in performance remained significant (Figure 4.16). While this suggests age or
strain may be responsible for the decrease, the effect of motivation must also be considered.
For the test, the mice were held a certain distance above a cage that was high enough to deter
voluntary jumping off the grid but low enough that when they fell, they were uninjured.
However, in both studies it was observed at later timepoints that mice in all groups would
voluntarily jump from the grid regardless of grid height above the cage. It is possible the mice
remembered previous tests and that jumping from the grid would not result in injury.
Additionally, this unwillingness to perform the test could also be a measure of apathy, a
feature of FTD, however in this case it is unlikely to be a result of the C90RF72 transgene as
this unwillingness and decrease in performance was also observed in the Janvier NT group.
As such, the test proved an unreliable measure of motor ability in this model, and the

decrease in performance was most likely due to age or background strain effects.

5.1.8 Burrowing

The burrowing test was first developed on a mouse model of prion disease and was shown to
be an exceedingly sensitive measure, detecting differences between diseased and control
mice 10 weeks prior to clinical symptoms (Deacon et al., 2001). Since then, the test has been
used as a motor function test, as the burrowing material is primarily dug out with the
forelimbs, and a cognitive test, as it is a natural mouse behaviour and the mouse must be
motivated to voluntarily participate in the test (Pond et al., 2021). Furthermore, the
hippocampus has been shown to be heavily involved in burrowing behaviour after
hippocampal-lesioned mice showed significantly decreased burrowing compared to controls
(Deacon and Rawlins, 2005). Considering the dramatic hippocampal degeneration observed
in the initial study with this C9ALS/FTD model (Liu et al., 2016), it could be hypothesised that

poor burrowing performance may correlate with this degeneration.

There was no significant difference in burrowing behaviour between C9orf72 and NT mice in
both studies, indicating no motor or cognitive impairment. However, the data was remarkably
variable in C90orf72 and NT mice, which has been observed previously in female mice when
performing the test (Pond et al., 2021). The Janvier mice generally performed more poorly

than the JAX mice, regardless of genotype. The reason for this is unknown, however the
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Janvier study had a markedly increased number of mice exhibiting stereotypic behaviour
compared to the JAX study. These mice were observed to circle the cage and not interact with

the burrow, potentially resulting in the reduced weight burrowed in the Janvier study.

5.1.9 Nesting

Like marble burying and burrowing, nesting is an example of a natural mouse behaviour and
has previously been shown to be impaired in a model of FTD (Warmus et al., 2014). While
primarily considered a cognitive measure of apathy, there is also a motor element to the test.
Nest-building ability was comparable between C9orf72 and NT mice in both studies.
Interestingly, the longitudinal analysis showed a clear decrease in nesting ability in the JAX
study which was likely due to age or strain effects as it was present in both C9orf72 and NT
groups. Furthermore, the Janvier study showed decreased nesting ability compared to the
JAX study. The reason for this is unknown, however as mentioned previously, the Janvier
study had an increased number of mice exhibiting stereotypic behaviour when compared to
the JAX study. These mice were observed to circle the cage and not interact with the nestlet,

potentially resulting in the overall lower nesting scores across the Janvier study.

5.1.10 Food Intake

Increased appetite and hyperphagia is a clinical feature of FTD (lkeda et al., 2002; Rascovsky
et al.,, 2011; Snowden et al., 2012). During the JAX study, the increased weight of some
C90rf72 mice was noted and food intake was measured from approximately halfway through
the study. Due to this, the n numbers for each time point in the JAX study are variable. Food
intake was comparable between C90orf72 and NT mice in both studies. A larger proportion of
C90rf72 mice in both studies showed higher food intake, however this did not translate into
significant weight gain as has been found in previous studies with TDP-43®33 mice (White et

al., 2018).

5.1.11 Weight

Weight increased between 12 and 20 weeks in C9orf72 and NT groups in both studies before
plateauing and remaining steady. A small number C90orf72 and NT mice in both studies

became overweight with age, exceeding 40 g, but were otherwise healthy. The reason for this
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weight gain was unknown, and upon dissection at end of study, it was confirmed the weight
gain was due to increased abdominal white fat. This has not been reported previously in this
model (Mordes et al., 2020; Nguyen et al., 2020a) or in other C9ALS/FTD BAC models
(O'Rourke et al., 2015; Peters et al., 2015; Jiang et al., 2016). Liu et al. (2016) did not report
the average weight of the cohorts in their study. Overall, no disease-related weight loss was

observed in either study and no mouse required euthanasia due to continued weight loss.

5.1.12 Subset Data Analysis

The data in both studies presented here are extremely variable. As the initial study of this
model reported that only a small subset of C9orf72 mice developed an “acute” phenotype
(Liu et al., 2016), it is possible that any poorly performing C9orf72 mice may have been
obscured within the data. To identify hidden subsets, a simple data analysis method was
devised to identify latent patterns within the data (detailed in section 2.6.9). This analysis
identified no subsets within the data and showed that approximately equal numbers of
C90rf72 and NT mice in both studies demonstrated MND-like phenotype scores in every
behavioural test (Table 3.1 and Table 4.1). This is further supported by the survival data of
both studies, showing no significantly reduced survival between 20 and 40 weeks of age in

the C9orf72 groups as reported in the “acute” mice in Liu et al. (2016).

5.1.13 Running Wheel Test

Evidence is beginning to support the idea that exercise may increase the risk of developing
ALS in those with a genetic predisposition to the disease (Zheng et al., 2023). It has been
previously shown in mdx mice that exercise exacerbates muscle pathology and deterioration
in muscle strength (Manning and O'Malley, 2015). Therefore, it was decided to test whether
voluntary running wheel exercise in the Janvier mice would trigger a phenotype after none

was observed during the 12-month behavioural study.

Initially, the test was to be run for between 3 and 6 months, however it was terminated early
as both C9orf72 and NT mice exhibited stereotypic behaviour and were not fully engaging
with the running wheel. As such, interpretation of the data from the month-long test is

limited. Distance, max speed, average speed, and time spent running were measured every
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24 hours, and there was no difference between C9orf72 and NT mice in any of these
parameters. Average speed was comparable to previous studies of FVB/N mice on running
wheels (Lerman et al., 2002), while running distance and duration were reduced. This is
unsurprising considering the observed lack of engagement with the running wheel, however
there were a small number of mice in this study that did fully engage with the running wheel
and ran comparable distances and durations to the previous study. There were also several
mice that did not engage at all, either through lack of interest and motivation, or due to

circling the cage rather than running on the running wheel.

There was distinct variation in time spent running that was not present in any of the other
parameters. It showed a regular pattern of increasing and decreasing approximately every 5-
6 days (Figure 4.22 D). The average length of the oestrus cycle of female mice is 4-5 days
(Byers et al., 2012) and it has been suggested to affect the variability of this parameter (De

Bono et al., 2006). Therefore, it was most likely the cause of the variation seen.

5.1.14 Electrophysiology

5.1.14.1 CMAP

CMAP amplitude is a measure of the electrophysiological integrity of the distal axon,
neuromuscular junction, and muscle. Reduction in this measure is seen as indicative of motor
axon degeneration. The CMAP response was measured in the hindlimb, which was shown to
be one of the earlier muscles to degenerate in a SOD1 mouse model (Azzouz et al., 1997,

Mancuso et al., 2011).

There was no significant difference in CMAP amplitudes between C9orf72 and NT mice in
either study at any timepoint, and there was no change over time, indicating no loss of motor
axons. It is possible for CMAP amplitude to be maintained via reinnervation despite loss of
50-80% of motor axons (Ilbrahem et al., 2021). However, there was no evidence on EMG to
suggest active denervation. Similarly, there was no loss of motor neurones in the ventral
horns of the lumbar spinal cord in the JAX and Janvier mice. More sensitive techniques, such
as motor unit number estimation, could be considered, although these are more technically

challenging to perform.
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5.1.14.2 Repetitive Nerve Stimulation

Repetitive nerve stimulation is a measure of NMJ function. When a nerve is stimulated,
acetylcholine (ACh) is released from the pre-synaptic terminal. This activates post-synaptic
ACh receptors and causes an influx of sodium which depolarises the muscle cell and triggers
an endplate potential (EPP) if the threshold is reached. When a nerve is repeatedly
stimulated, the ACh store is rapidly depleted and a smaller EPP is produced. In a normal NMJ,
the EPP will remain above the threshold despite this, and the CMAP amplitude is unaffected.
However, in diseases such as ALS, the initial stimuli will result in an EPP that meets the
threshold and results in an action potential, but as the stimulus continues the threshold is no
longer metin some NMUJs, resulting in fewer muscle fibres contracting and a decrease in CMAP
amplitude. A steady CMAP response is therefore indicative of a healthy NMJ, while a
decrement of >10% is considered abnormal. This decrement can be seen in ALS patients
(lwanamietal., 2011; Sun et al., 2018), and is generally attributed to progressive denervation
and reinnervation following motor neurone loss (Sun et al., 2018). Considering no significant
decrement was observed in C9orf72 mice of both groups, and all responses were comparable
to NT mice, this indicates a healthy NMJ in all mice with no evidence of denervation or motor
neurone loss. This is supported by the CMAP data and lumbar spinal cord motor neurone

counts.

5.1.14.3 F Waves

F waves are produced by antidromic activation of anterior horn motor neurones following
peripheral nerve stimulation (Fisher, 2007). Following this activation, some motor neurones
will rebound, sending an orthodromic impulse back towards the muscle fibres innervated by
the stimulated nerve and resulting in a small CMAP. F waves can be challenging to interpret
and are inherently variable (Fisher, 2007). In ALS, there are reports of increased F wave
latencies and amplitudes and decreased F wave frequency due to LMN loss (Argyriou et al.,

2006; Wijesekera and Leigh, 2009).

There was no significant difference in F wave latencies or persistence in C9orf72 mice
compared to NT. JAX C90orf72 mice had a non-significant decrease in F wave persistence which
could indicate LMN loss (Figure 3.24 D), however this is not supported by the JAX lumbar

spinal cord motor neurone counts (Figure 3.30 B).
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Plantar interossei CMAPs were measured at 52 weeks of age alongside F wave assessment.
There was no significant difference detected between C9orf72 and NT mice in both studies.
This was unsurprising as more distal muscles, such as the plantar interossei, have been shown
to degenerate later than more proximal muscles in the hindlimb (Azzouz et al., 1997; Mancuso
et al.,, 2011), and no reduction in hindlimb CMAPs had been previously observed in the
C90rf72 mice.

5.1.15 Survival

There was no reduction in survival in C9orf72 mice in both studies when compared to NT
controls, indicating no effect of the C90RF72 transgene on mortality. This was also seen in a
previous study with this model (Mordes et al., 2020) and in a different BAC model of
C9ALS/FTD (Peters et al., 2015). As mentioned in results sections 3.1.2.14 and 4.1.2.15, most
mouse deaths observed were due to seizures requiring euthanasia or the mice were found
dead in their cages with no prior signs of weight loss or abnormal behaviour or distress scores.
This conflicts with previous studies by Liu et al. (2016) and Nguyen et al. (2020a) that reported
a mortality rate of 36% and 94% respectively in their C9orf72 mice at 52 weeks. Since
differences in repeat lengths and gene expression across studies have been ruled out, it has
been suggested that environmental differences could account for this discrepancy. C9orf72
knockout models show variable mortality rates that are dependent on facility (Burberry et al.,
2016; Atanasio et al., 2016; Jiang et al., 2016), which has recently been shown to be a result
of different commensal micro-organisms (Burberry et al., 2020). Therefore, it is feasible that
a similar effect could be occurring here, thus accounting for the striking increase in mortality
in the Saxena laboratory at the University of Bern, and the lack of mortality in this and the
Mordes et al. (2020) study. Faeces were collected at 6 and 12 months of age in both the JAX
and Janvier study for microbiome analyses, however there was not enough time to obtain

appropriate samples from other research sites for comparison and perform the analysis.

Another possible explanation for the mortality differences could be due to the FVB/N
background strain. Out of all the C9ALS/FTD BAC mouse models, this model was the only one
generated on the FVB/N strain and the only one to report ALS-associated behavioural,

pathological, and survival phenotypes. As previously discussed in section 1.3.3, the choice of
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background strain when generating a disease model must be carefully considered as it can
influence results. In short, FVB/N mice are susceptible to seizures and previous studies have
found that approximately 15-20% of FVB/N mice develop chronic seizure activity, known as
SCS, that results in gait abnormalities and sudden death, among other neurological
pathologies (Hennemann, 2007; Silva-Fernandes et al., 2010). This proportion of 15-20%
matches the level of mortality seen in C90rf72 and NT mice in the JAX and Janvier studies,
and in Mordes et al. (2020). Due to the phenotypic similarities between SCS, the seizure mice
examined in the Janvier study (results section 4.1.2.18), and the acute ALS/FTD phenotype
reported by Liu et al. (2016), it is feasible that their phenotype may have been due to seizures

and not the C90ORF72 transgene.

This still raises the question of how the results were later repeated in Nguyen et al. (2020a),
as it is unlikely for a chance occurrence such as this to occur twice in succession. Interestingly,
a previous study in a transgenic mouse model of Alzheimer’s disease that overexpressed the
human or mouse amyloid precursor protein also used the FVB/N background. They reported
a naturally occurring age-related CNS disorder in the FVB/N mice that was exacerbated by the
transgene (Hsiao et al., 1995). It is possible that the presence of the C90RF72 transgene may
be doing something similar, accelerating onset of this CNS disorder in C9orf72 mice, and thus
resulting in the acute phenotypes reported in Liu et al. (2016) and Nguyen et al. (2020a).
However, this did not occur in my studies; possibly due to some as yet unidentified
environmental factor such as stress. Another potential explanation could be due to transgene
expression, as suggested by a recent conditional transgenic mouse model (LaClair et al.,
2020). The model expresses high levels of poly-PR on a C57BL/6N background, and the
authors found that 40% of their poly-PR expressing mice suffered seizures and ataxia in the
absence of neuronal loss. Further investigation revealed that transgene expression was
directly responsible for the seizures, with those suffering seizures expressing high levels of
the transgene while their unaffected littermates had significantly reduced transgene
expression. Seizures have also been observed in DPR-expressing Drosophila (West et al.,
2020). Therefore, it is possible that in a seizure-prone background such as FVB/N, the level of
transgene expression could be impacting seizures or the naturally occurring age-related CNS
disorder suggested to occur in the FVB/N mice. Transgene expression was not examined in

my studies or in all C9orf72 mice in Liu et al. (2016) or Nguyen et al. (2020a), but it would be
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interesting to discover whether the reported asymptomatic and symptomatic C9orf72 mice

had differing levels of transgene expression, and thus differing incidences of seizures.

5.2 Tissue Pathology

5.2.1 Dipeptide Repeat Proteins

To check that expression of the C9ORF72 HRE was occurring, an MSD ELISA immunoassay was
performed to evaluate the production of all five DPRs in the frontal cortex and gastrocnemius
muscle. All C9orf72 mice in both studies demonstrated significantly increased levels of DPR
compared to NT mice, indicating expression of the HRE. Only two of the five DPRs were
detected in the cortex, poly-GP and poly-GA, while only poly-GP was detected in the
gastrocnemius. DPRs in muscle tissue have been detected in zebrafish (Shaw et al., 2018),
Drosophila (Freibaum et al., 2015), and, more recently, in ALS patient tissue (Cykowski et al.,
2019). The cortex displayed increased levels of DPRs compared to the gastrocnemius,
indicating higher expression in the CNS, which is in line with what is seen in humans (Schipper
et al., 2016). Poly-GA concentrations were higher than poly-GP in the cortex (approximately
2-fold), which is in line with what is seen in human cortex and one other C9ALS/FTD BAC

model (Jiang et al., 2016; Lee et al., 2017).

Poly-GR, one of the more toxic DPRs, was not detected. While not reported in the initial
publication for this model, a subsequent publication by the same authors suggested they
detected poly-GR in the frontal cortex and hindbrain (Nguyen et al., 2020b). However, the
amount detected was very small and at the limit of detection for the MSD ELISA used in my
studies. It is possible that while poly-GR was not detected, the mice in these studies may have
still expressed it. Attempts were made to improve detection of poly-GR, through testing
alternate protein extraction methods and increasing the concentration of protein lysate 2-
and 5-fold (data not shown), however no improvement in signal was seen. The possibility that
the JAX and Janvier mice do not express poly-GR must not be discounted, however. Mouse
poly-GR overexpression models display behavioural abnormalities, neurodegeneration, and
microgliosis (Choi et al., 2019), suggesting that poly-GR has a toxic effect in vivo. Furthermore,
poly-GR has been found to interact with TDP-43 and evidence suggests that it is exclusively

responsible for recruiting TDP-43 into inclusions (Cook et al., 2020). As TDP-43 is thought to
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be responsible for neurodegeneration, poly-GR could play a vital role in disease pathogenesis.
Therefore, the absence of poly-GR in our mice may represent the missing insult required to
trigger disease. On the other hand, poly-GR was not detected in mice from the Saxena lab at
the University of Bern either (Nguyen et al., 2020a), and yet they reported the same “acute”

phenotype as Liu et al. (2016).

There was quite a large degree of variability within C9orf72 mice, with some displaying 4-fold
higher levels of DPRs than others. A previous study on the Peters et al. (2015) C9ALS/FTD BAC
model investigated epigenetic expression of the HRE in different age groups (Esanov et al.,
2017). They found that hypermethylation of the promoter occurred in a subset of COALS/FTD
mice, which has also been observed in a subset of human C9ALS/FTD patients, which led to
decreased poly-GP levels. It is possible something similar occurred in the two studies herein

and could provide an explanation for the varying levels of DPRs.

While this model does not appear to develop behavioural or neuromuscular phenotypes akin
to ALS/FTD, it may still have value. The expression of DPRs provides a molecular fingerprint
that may be useful to test DPR-related therapeutic strategies (Castelli et al., 2023), although
amelioration of this pathology is unlikely to be reflected in behavioural or neurodegenerative

changes.

5.2.2 Neurone Counts

5.2.2.1 Lumbar Motor Neurone Counts

Both UMNSs and LMNs are affected in ALS. To investigate pathological changes in LMNs in the
spinal cord of C9orf72 mice, motor neurone counts in the ventral horns of the L4-5 region
were performed. Liu et al. (2016) reported significant loss of motor neurones in their “acute”
C90rf72 mice in this region. There was no lumbar motor neurone loss in either group in this
study, which was also reflected in the behavioural and electrophysiology tests that displayed
no deficits. This concurs with the results reported by Mordes et al. (2020) that the C9orf72

mice did not develop motor neurone disease.
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5.2.2.2 Brain Neurone Counts

To investigate pathological changes in UMN regions, neurone counts in the CA and DG regions
of the hippocampus and layer V of the motor cortex were performed. Liu et al. (2016)
reported significant neurodegeneration in the CA and DG hippocampal regions, which was
not found by Mordes et al. (2020), and in layers II/1ll and V of the motor cortex. Both JAX and
Janvier C90orf72 mice showed no neurodegeneration in the CA or DG regions or in layer V of
the motor cortex compared to NT mice. One of the other BAC models reported mild
neurodegeneration in the CA1 and DG regions as well as significant deficits in some tests that
rely on working memory, and therefore hippocampal function, such as the Barnes maze and
the radial maze (Jiang et al., 2016). The remaining BAC models found no neurodegeneration

(Peters et al., 2015; O'Rourke et al., 2015).

The two Janvier NT mice that were culled mid-seizure were also examined for
neurodegeneration. While there was no significant decrease compared to C9orf72 and NT
neurone counts, there was an obvious decreasing trend of neuronal loss in the CA and DG
regions. This is unsurprising as seizures are associated with hippocampal neurodegeneration
in humans (Hattiangady and Shetty, 2008), and recurrent seizures due to SCS or kainic-acid
treatment in FVB/N mice have been shown to result in hippocampal neurodegeneration also
(Goelz et al., 1998; Hennemann, 2007; McCord et al., 2008; Silva-Fernandes et al., 2010). The
areas of the CA that display neurodegeneration in these two NT mice, primarily the CA1 and
CA3 regions, are also identical to the areas that showed degeneration in C90rf72 mice in Liu
et al. (2016) and Nguyen et al. (2020a). This makes it challenging to determine whether the
pathology seen was indeed caused by the C90ORF72 transgene, especially when the
background strain itself is susceptible to developing the same pathology, and highlights how

the FVB/N strain may be unsuitable for use in modelling neurodegenerative diseases.

5.2.3 Sholl Analysis

In ALS, post-mortem tissue from patients has shown reduced dendritic complexity in both
UMNSs and LMNs (Hammer et al., 1979; Udaka et al., 1986). This has been suggested to be
associated with cortical hyperexcitability (Eisen et al., 1993; Fogarty et al., 2016). These

dendritic abnormalities have also been observed in the SOD1%°3A mouse model in the motor
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cortex, brainstem, and spinal cord (van Zundert et al., 2008; Jara et al., 2012; Martin et al.,
2013; Fogarty et al., 2015). Sholl analysis, branch point, and tip point analyses were
performed to give a broad picture of the dendritic complexity of layer V pyramidal neurones
in the motor cortex of the Janvier model. Sholl analysis revealed that C9orf72 mice had a
significantly increased number of intersections closer to the soma, which could be a structural
correlate of hyperexcitability. A previous study has shown that hyperexcitability leads to
changes such as increased length and ramification of basal dendrites of layer V motor
neurones as they receive increased excitatory input (Saba et al., 2016). The authors suggested
that this indicated enhanced cortical connectivity in early disease. Hyperexcitability of the
motor cortex has been demonstrated in patients (Vucic et al., 2013) and so it is tempting to
speculate that this observation provides some preliminary evidence for this in the mice.
However, other indices did not demonstrate changes in keeping with this, such as increased
tip number and branch points, and these are typically taken together as more robust
structural markers of excitability changes. Similarly, there was no evidence of degeneration
within the dendritic tree. However, basal dendrites were not analysed separately in this study,
so analysis of basal dendrites and other measures of hyperexcitability such as evaluating
glutamatergic activity could be investigated in future studies to determine whether
hyperexcitability was present and could have been responsible for the subtle changes seen
here. It should be noted, however, that caution must be taken in this interpretation of the

data due to the relatively few n numbers in this analysis.

5.2.4 Analysis of Astrogliosis

In response to injury and neurodegeneration, astrocytes become reactive and hypertrophic
and display increased immunoreactivity for GFAP (Vargas and Johnson, 2010). Abnormal and
reactive astrocytes have been documented in ALS since the 1970s (Smith et al., 1975;
Stoklund Dittau and Van Den Bosch, 2023) and astrogliosis has been observed in many fALS
mouse models (Hall et al., 1998; Stallings et al., 2010; Sunyach et al., 2012). Astrogliosis and
hypertrophic astrocytes were reported in the hippocampus and motor cortex of “acute”
C90rf72 mice in the initial publication of this C9ALS/FTD model (Liu et al.,, 2016). No
astrogliosis was reported in other C9ALS/FTD BAC models that assessed for it (Peters et al.,

2015; Jiang et al., 2016). GFAP staining area and intensity were assessed in the hippocampus
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and motor cortex in both the JAX and Janvier cohorts. No differences were found in these
parameters in either brain region between C90orf72 and NT mice of both cohorts, indicating

no injury or degeneration was present.

One JAX C90rf72 mouse and one Janvier NT mouse had increased GFAP staining area in the
hippocampus and motor cortex, respectively, and both had previously been observed seizing
at 24 and 20 weeks of age, respectively. As astrogliosis is a common pathological feature of
seizures (Sano et al., 2021), it is possible these mice suffered additional seizures to the ones
observed that resulted in this increased astrocyte reactivity. Additionally, the two Janvier NT
mice that were culled mid-seizure show stark increases in astrocyte reactivity compared to
C90rf72 and NT mice. Alongside the overt neurodegeneration and microgliosis also seen in
both CA and DG regions of these mice, these phenotypes are directly comparable to the
histopathology reported by Liu et al. (2016) and Nguyen et al. (2020a) in these brain regions
and to the reported SCS in the FVB/N strain (Mahler et al., 1996; Goelz et al., 1998;
Hennemann, 2007). This once again highlights how the FVB/N strain may be unsuitable for

use in modelling neurodegenerative diseases.

5.2.5 Analysis of Microgliosis

Like astrocytes, microglia become activated in response to injury or neurodegeneration,
leading to morphological changes and altered gene expression (Mathys et al., 2017; Ajami et
al., 2018; Clarke and Patani, 2020). Microgliosis has been observed in several mouse models
(Chiu et al., 2008; Mitchell et al., 2013; O'Rourke et al., 2016), and was reported in the
hippocampus of acute C9orf72 mice in the initial publication of this C9ALS/FTD model (Liu et
al.,, 2016). Ibal staining area, intensity of staining, and circularity was assessed in the
hippocampus and motor cortex in both the JAX and Janvier cohorts. No differences were
found in these parameters in either brain region between C9orf72 and NT mice of both

cohorts, indicating no microgliosis or neuroinflammation was present.
The two Janvier NT mice that were culled mid-seizure show stark increases in Ibal staining

area and intensity compared to C9orf72 and NT mice, indicating microgliosis and

neuroinflammation. Alongside the overt neurodegeneration and astrogliosis also seen in
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these mice, it further highlights the issue with using the FVB/N strain to model

neurodegenerative diseases.

5.3 Conclusion

To conclude, the two behavioural studies presented here have provided an in-depth
characterisation using a battery of tests to thoroughly interrogate the disease phenotype of
this C9ALS/FTD BAC model on two FVB/N genetic backgrounds. The data presented appears
to show no behavioural phenotypes, neurodegeneration, or neuromuscular impairments
associated with the C90RF72 transgene like those originally reported by Liu et al. (2016).
These results concur with a previous study using this model (Mordes et al., 2020). As such,
the model is unreliable and lacks a robust phenotype, and its utility for preclinical research is
greatly reduced. However, the model does express DPRs, and may be useful to test DPR-
related therapeutic strategies, although amelioration of this pathology is unlikely to be
reflected in behavioural or neurodegenerative changes. It also raises questions over the role
of toxic gain-of-function mechanisms in the development of C9ALS/FTD, further
compounding uncertainties already present in the field. Additionally, these two studies have
highlighted issues with the choice of the FVB/N background strain for modelling ALS/FTD, and
neurodegenerative diseases in general, and suggest a more suitable and less behaviourally

variable strain such as C57BL/6 could be considered instead.
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6 Comparison of the Jax and Janvier FVB/N Mouse Background

6.1 Introduction

The two FVB/N background strains used in this study were imported by The Jackson
Laboratory and Janvier Labs in 1988 and 1996, respectively, from the National Institutes of
Health (NIH), US. How these two groups differ from each other is unknown, and it is possible
that sufficient changes may have occurred between the two to influence phenotypes of
transgenic models of disease. There are documented differences in behavioural test
performance between background strains (Heiman-Patterson et al., 2011; Eltokhi et al., 2020)
and even between substrains (Matsuo et al., 2010; Zurita et al., 2011; Simon et al., 2013;
Temme et al., 2014). To my knowledge, below is the first direct behavioural comparison of
the FVB/N strain from The Jackson Laboratory and Janvier Labs. The data herein are from the

non-transgenic mice in the experimental studies in chapters 3 and 4.
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6.2 Behavioural Tests

6.2.1 Accelerating Rotarod Test

There was no significantly decreased latency to fall between the two groups at any timpoint
(Figure 6.1), however Janvier mice showed a significantly decreased latency to fall at 52 weeks

of age compared to 12 weeks (Janvier n = 28-35, 287.3 + 33.5vs 242.3 + 63.6, p = 0.02).
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Figure 6.1: Mean latency to fall (£ SD) in JAX and Janvier FVB/N mice.

There was no significant difference in latency to fall (+ SD) between female JAX and Janvier mice at
any timepoint. Janvier mice showed a significantly decreased latency to fall at 52 weeks of age
compared to 12 weeks. *p<0.05, two-way ANOVA with repeated measures and Tukey’s post-hoc test

(JAX n = 27-33, Janvier n = 28-35).

153



After rotarod performance was normalised to weight, a two-way ANOVA revealed no
significant differences between JAX and Janvier FVB/N mice (Figure 6.2). However, there was
a significant decrease in performance at 52 weeks of age compared to 12 weeks in both

groups.
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Figure 6.2: Rotarod performance/weight in JAX and Janvier FVB/N mice.
Mean latency to fall normalised to weight (+ SD) showed no significant decreased between female JAX
and Janvier mice. At 52 weeks of age both groups showed a significant decrease in latency to
fall/weight ratio compared to 12 weeks. ****p<0.0001, two-way ANOVA with repeated measures and

Tukey’s post-hoc test (JAX n = 27-33, Janvier n = 28-35).

6.2.2 Catwalk Gait Analysis

Gait analysis was performed at monthly intervals from 12 weeks of age. Descriptions of
parameters are detailed in Table 2.3. There were no significant differences in hindlimb stride
length of base of support between the two groups at any timepoint (Figure 6.3 A, B). Hindlimb
swing time was significantly reduced in JAX mice compared to Janvier at 12 weeks of age (0.07
+0.02 vs 0.09 + 0.02, p = 0.006), however this difference was no longer present at 52 weeks
(Figure 6.3 C). Janvier mice had significantly reduced hindlimb swing speed compared to JAX
mice at 12 weeks (0.71£0.13 vs 0.91 £ 0.23, p = 0.004), however this difference was no longer

present at 52 weeks of age (Figure 6.3 D).
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Figure 6.3: Catwalk gait analysis of JAX and Janvier FVB/N hindlimb stride length (A), base of support

(B), hindlimb swing time (C), and hindlimb swing speed (D).

Values are presented as the mean (+ SD) of left and right paws of each mouse. There were no

significant differences between female JAX and Janvier mice in hindlimb stride length or base of

support at any timepoint. JAX mice had a significantly decreased hindlimb swing time compared to

Janvier mice at 12 weeks of age, however this difference was not present at 52 weeks. Janvier mice

had a significantly decreased hindlimb swing speed compared to JAX mice at 12 weeks of age, however

this difference was not present at 52 weeks. ns = non-significant, **p<0.01, two-way ANOVA with

repeated measures and Bonferroni’s post-hoc test (JAX n = 3-28, Janvier n = 12-33).

Hindlimb print length remained stable with age, with no significant differences between the

two groups. There was a slight increase in print length in JAX mice at 52 weeks, however this

was likely due to the small n number and one outlier at that timepoint (Figure 6.4 A). JAX mice

had a significantly larger print width compared to Janvier mice at 12 weeks of age (5.1 £ SD
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vs 4.4 + SD, p = 0.03), however this difference was not present at 52 weeks (Figure 6.4 B).
Both groups were well-coordinated, with no significant differences in regularity between
them at any timepoint (Figure 6.4 C). JAX mice had significantly increased intensity compared
to Janvier mice at 12 weeks of age that was still present at 52 weeks (12 weeks, 117 + SD vs
101 + SD, p<0.0001; 52 weeks, 127.1 £+ SD vs 95.7 + SD, p<0.0001), indicating that JAX mice

supported more weight on the paws than Janvier mice (Figure 6.4 D).
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Figure 6.4: Catwalk gait analysis of JAX and Janvier FVB/N hindlimb print length (A), hindlimb print

width (B), regularity (C), and intensity (D).

Values are presented as the mean (+ SD) of the left and right paws of each mouse. There was no

significant difference in print length or regularity between female JAX and Janvier mice at any

timepoint. JAX mice had a significantly increased print width compared to Janvier at 12 weeks of age,

however this difference was not present at 52 weeks. JAX mice had significantly increased intensity

compared to Janvier mice at 12 weeks of age that was still present at 52 weeks. *p<0.05,

***%*p<0.0001, two-way ANOVA with repeated measures and Bonferroni’s post-hoc test (JAX n = 3-

28, Janvier n = 12-33).

Both groups spent most of the time on diagonal paws at all ages (Figure 6.5 A). The hindlimb

duty cycle was significantly increased in JAX FVB/N mice compared to Janvier at 12 weeks of
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age (Figure 6.5 B; JAX 61.1 + 7.3 vs Janvier 55.1 + 8.8, p = 0.011), however this difference was

not present at 52 weeks.
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Figure 6.5: Catwalk gait analysis of percentage time spent on paws (A) and hindlimb duty cycle (B)
in JAX and Janvier FVB/N mice.

Values are presented as the mean (+ SD) of the left and right paws of each mouse. There were no
significant differences in support between female JAX and Janvier mice. Mice predominantly displayed
the diagonal step pattern. There was a significant difference in hindlimb duty cycle between the two
groups at 12 weeks of age that was not present at 52 weeks (*p<0.05, two-way ANOVA with repeated

measures and Bonferroni’s post-hoc test, JAX n = 3-28, Janvier n = 12-33).
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6.2.3 Open Field

Both groups of mice showed a very similar level of movement, with a general trend of
increasing distance travelled with age (Figure 6.6). Several mice in both groups showed a large
total distance travelled (>15000 cm) compared to all other mice. This was attributed to the
development of stereotypic behaviour in these mice, with a higher proportion of Janvier mice

developing this behaviour than JAX mice.

The open field chamber was virtually split into centre and periphery zones to analyse
exploratory behaviour and anxiety. Neither group spent any more or less time in the centre

of the open field chamber than the other (Figure 6.7).

35000 - IAX - NT
E 30000 o )
o ° .  Janvier - NT
3 25000 T . A
— e o° ° . . o L]
d>)20000_ e '® o e o3 ° ® :.. °
E . ! s $ ° s o . o ° ' oo
= 150004.° 4 b e 71: T4 zs |¢ $
8 o 9 ° °
5 10000—% z
n
2 5000- !
b o

12 16 20 24 28 32 36 40 44 48 52
Age (weeks)

Figure 6.6: Mean distance travelled (z SD) in JAX and Janvier FVB/N mice.
Both female JAX and Janvier mice displayed a similar level of mobility (two-way ANOVA with repeated

measures, JAX n = 27-33, Janvier n = 30-35).
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Figure 6.7: Mean time (£ SD) in centre and periphery zones of open field chamber in JAX and Janvier
FVB/N mice.

Both female JAX and Janvier mice spent equivalent time (+ SD) in the centre and periphery zones of
the open field chamber at every timepoint (two-way ANOVA with repeated measures, JAX n = 27-33,

Janvier n = 30-35).

6.2.4 Social Recognition Test

Janvier FVB/N mice investigated the juvenile mice for a longer duration than the JAX FVB/N
mice at later timepoints. Both groups showed no significantly reduced investigation time in
the recall session compared to the initial session and spent a similar amount of time
investigating novel and familiar individuals, indicating both groups may have impaired social

memory (Figure 6.8).

Recognition index (the ratio of recall investigation time relative to initial investigation time)
also showed no differences in ability to recognise a familiar individual between JAX and
Janvier mice. It revealed that at most timepoints both groups spent equal or more time
investigating the familiar mouse than the novel mouse (Figure 6.9), indicating impaired social

memory.
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Figure 6.8: Mean duration of contact (+ SD) with juvenile female mouse in JAX and Janvier FVB/N
mice.

The same female juvenile mouse was used in the initial and recall sessions. Both female JAX and
Janvier mice showed no significantly decreased investigation time in the recall session compared to
the initial session at any timepoint (two-way ANOVA with repeated measures, JAX n = 2-28, Janvier n

= 14-28).
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Figure 6.9: Recognition index of JAX and Janvier FVB/N mice.

Recognition index (the ratio of recall investigation time relative to initial investigation time, mean +
SD) showed no differences in ability to recognise a familiar individual between female JAX and Janvier
mice (two-way ANOVA with repeated measures, JAX n = 2-28, Janvier n = 14-28). Both groups spent
equal or more time investigating the familiar mouse than the novel mouse (index = 1: equal time spent
investigating familiar and novel mouse, index > 1: more time spent investigating familiar mouse
compared to novel mouse, index < 1: more time spent investigating novel mouse compared to familiar

mouse).

6.2.5 Marble Burying

There was no significant difference in the number of marbles buried between JAX and Janvier
mice (Figure 6.10). Both groups buried significantly fewer marbles at 52 weeks of age
compared to 12 weeks (JAX 8.4 £ 2.6 vs 4.5 + 2.9, p = 0.0005; Janvier 7.2 +2.9vs4+3.2,p =
0.001).
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Figure 6.10: Mean number of marbles buried (£ SD) in JAX and Janvier FVB/N mice.
Female JAX and Janvier mice buried similar numbers of marbles at all timepoints. Both groups buried
significantly fewer marbles at 52 weeks of age compared to 12 weeks. **p<0.01, ***p<0.001, two-

way ANOVA with repeated measures and Tukey’s post-hoc test (JAX n = 27-33, Janvier n = 30-35).
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6.2.6 Balance Beam

Median scores on the balance beam showed no differences in ability between JAX and Janvier

FVB/N mice (Figure 6.11).
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Figure 6.11: Median balance beam score of JAX and Janvier FVB/N mice.

Female JAX and Janvier mice displayed no significantly impaired coordination at any timepoint (JAX n

= 27-33, Janvier n = 26-35).

6.2.7 Limb Hang Test

There was no significant difference in latency to fall between JAX and Janvier FVB/N mice
(Figure 6.12), however Janvier mice showed a significant decrease in latency to fall at 52
weeks of age compared to 12 weeks (40.6 + 42.5 vs 97.2 + 86.1, p = 0.02, Figure 6.12). After
eliminating the influence of weight on ability to hang, limb hang performance remained the
same, with Janvier mice showing a significant decrease in latency to fall at 52 weeks of age

compared to 12 weeks.
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Figure 6.12: Mean hang time (z SD) in JAX and Janvier FVB/N mice.

Female JAX and Janvier mice showed no reduced hanging ability when compared to each other,
however Janvier mice showed significantly reduced hanging ability at 52 weeks of age compared to
12 weeks. *p<0.05, two-way ANOVA with repeated measures and Tukey’s post-hoc test (JAX n = 27-
33, Janvier n = 23-35).

% %k

10 ns

« JAX-NT
8- « Janvier - NT

Limb hang/weight (s/g)

O r—T—T1T—T7T T T T T T T
12 16 20 24 28 32 36 40 44 48 52

Age (weeks)

Figure 6.13: Limb hang/weight in JAX and Janvier FVB/N mice.

Mean latency to fall normalised to weight (+ SD) showed no significant differences between female
JAX and Janvier FVB/N mice. At 52 weeks of age, Janvier mice showed a significantly reduced hanging
ability compared to 12 weeks (two-way ANOVA with repeated measures and Tukey’s post **p<0.01,

ns = non-significant, JAX n = 27-33, Janvier n = 23-35).
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6.2.8 Burrowing

There was no significant difference in weight burrowed between JAX and Janvier FVB/N mice

|

(Figure 6.14).
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Figure 6.14: Mean weight burrowed (+ SD) in JAX and Janvier FVB/N mice.
There was no significant difference in weight burrowed (* SD) between female JAX and Janvier mice

at any timepoint (JAX n = 27-33, Janvier n = 22-35).

6.2.9 Nesting

Median nesting scores showed no differences in nest building ability between JAX and Janvier
FVB/N mice (Figure 6.15). However, there was a general non-significant decrease in nest

building ability in Janvier mice with age.
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Figure 6.15: Median nesting score in JAX and Janvier FVB/N mice.

Female JAX and Janvier mice displayed no significantly impaired nest building behaviour at any

timepoint (JAX n = 27-33, Janvier n = 26-35).

6.2.10 Food Intake

The test was performed overnight (16 hours) once a month alongside the nesting test. There
was no significant difference in food intake between the two groups at any timepoint (Figure

6.16).

« JAX-NT
« Janvier - NT

(o2}
|

Weight (g)
T
o ro-afopmode

N
1

Goeo— MNP Po0 0 o o

o apocheans ¢ oo
o—eoo—§——
0 coro— Ol § o

®» onesfjane o o

[ 2 o4 1 (TN

® o ej@-imeonnme
)

WS-+ o N

oo —oe o

12 20 28 36 44 52
Age (weeks)
Figure 6.16: Mean food intake (+ SD) overnight in JAX and Janvier FVB/N mice.
Test was performed alongside nesting behaviour over a 16-hour period. There was no significant
difference in food intake (x SD) between female JAX and Janvier mice at any timepoint (two-way

ANOVA with repeated measures, JAX n = 21-28, Janvier n = 26-35).
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6.2.11 Weight

Both grouped showed an increase in body weight with age (Figure 6.17). There was no
significant difference between JAX and Janvier FVB/N mice at any timepoint. Weight was

monitored weekly.
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Figure 6.17: Mean weight (£ SD) of JAX and Janvier FVB/N mice.
Both groups increased body weight (+ SD) from 12-52 weeks of age. There was no significant

difference between female JAX and Janvier mice at any timepoint (two-way ANOVA with repeated

measures, JAX n = 27-33, Janvier n = 30-35).

6.2.12 Subset Data Analysis

An analysis method to identify subsets hidden within the data was described in methods
section 2.6.9. Results of this analysis are detailed in Table 6.1. Chi-Square analysis was
performed between JAX and Janvier FVB/N mice for each test detailed, with neither group

performing significantly worse than the other.
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Table 6.1: Contingency table counts of JAX and Janvier FVB/N mice.

Each number is the number of times a score was given in each test. Chi-square analysis was performed
between female JAX and Janvier mice. None were found to be significantly different. MND-like
phenotype = motor neurone disease-compatible score expected in diseased mice, Normal = normal

score expected in healthy mice.

JAX FVB/N Janvier FVB/N
Test MND-like MND-like p-value
Normal Normal
phenotype phenotype
Rotarod 11 23 4 24 0.14
Open field 9 25 9 19 0.78
Marble burying 18 16 13 15 0.80
Balance beam 18 16 12 15 0.61
Limb hang 13 21 16 12 0.20
Burrowing 14 20 15 13 0.44
Nesting 15 19 13 15 >0.99
CMAP 12 22 15 13 0.20
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6.2.13 Electrophysiology
There was no significant change in CMAP amplitude in or between either group over time
(Figure 6.18). Repetitive nerve stimulation revealed no significant decrement in response

between repetition 1 and 10 in both groups, as expected in healthy mice (Figure 6.19).
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Figure 6.18: CMAP of the hindlimb muscles in JAX and Janvier FVB/N mice.
CMAP amplitudes were equal between female JAX and Janvier mice at all timepoints (mean + SD, JAX

n = 28-30, Janvier n = 28-36).
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Figure 6.19: Repetitive stimulation of the hindlimb muscles in JAX and Janvier FVB/N mice.

There was no significant decrement in response (represented as percentage of the first response) in

female JAX and Janvier mice (mean + SD, two-way ANOVA with repeated measures and Sidak’s post-

hoc test, JAX n = 28-30, Janvier n = 28-36).

6.2.14 Survival

There was no difference in survival between JAX and Janvier FVB/N groups. Of the six JAX

FVB/N mice that died, four were found dead in their home cages, one was euthanised due to

substantial distress of unknown cause, and one was euthanised on advice of the resident

veterinarian due to a prolapse. Of the five Janvier FVB/N mice that died, three were found

dead in their home cages, one was euthanised due to a seizure, and one was euthanised due

to substantial distress of unknown cause.
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Figure 6.20: Survival curve of JAX and Janvier FVB/N mice.
Kaplan-Meier survival curse of female JAX and Janvier FVB/N mice shows no difference in survival

(Gehan-Breslow-Wilcoxon test, p = 0.8252, JAX n = 34, Janvier n = 36).

6.2.15 Clasping

Representative examples of clasping scores were show in Figure 3.26 A. The proportions of

each score given at each timepoint for JAX and Janvier FVB/N mice are shown in Figure 6.21.
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Figure 6.21: Clasping phenotypes of JAX and Janvier FVB/N mice.
Graphical depiction of female JAX and Janvier FVB/N mice displaying clasping phenotypes from 12-52
weeks of age (JAX n = 34, Janvier n = 36).
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6.2.16 Stereotypic Behaviour

Stereotypic circling behaviour was observed in both JAX and Janvier FVB/N mice. Incidence
increased over time in both groups but was significantly increased in the Janvier FVB/N group

compared to JAX at both 12 weeks of age and 52 weeks (Figure 6.22).
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Figure 6.22: Proportion of stereotypic circling behaviour in JAX and Janvier FVB/N mice.

Stereotypic circling behaviour was observed at 12 weeks of age in female JAX and Janvier mice and

increased in incidence over time.
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6.2.17 Variability of Behavioural Tests

As expected, the behavioural tests showed the largest variability, with the balance beam, limb
hang, burrowing and open field showing the most. Neither group demonstrated more

variability than the other (Figure 6.23).
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Figure 6.23: Variability of behavioural tests.
Coefficient of variation showed both female JAX and Janvier mice were equally variable within each

test. Balance beam, limb hang, and burrowing show the largest amount of variability.

6.2.18 Seizure Observations

Seizures were observed in NT mice in both studies. Seizures were timed at onset or from time
of discovery and scored according to the scale from Van Erum et al. (2019). Severe or
repetitive seizures, or failure to recover from seizure, resulted in euthanasia. Janvier mice

were observed to have more seizures than JAX mice (Table 6.2).
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Table 6.2: Seizures observed in JAX and Janvier FVB/N mice.

Seizures were scored according to Van Erum et al. (2019). Scores 1 to 3 were classed as mild (1, whisker

trembling; 2, sudden behavioural arrest; 3, facial jerking). Scores 4 to 6 were classed as moderate (4,

neck jerks; 5, clonic seizure (sitting); 6, clonic, clonic-tonic seizure (lying on belly)), 7 and 8 were classed

as severe (7, clonic, clonic-tonic seizure (lying on side) and wild jumping; 8, tonic extension, possibly

leading to respiratory arrest and death).

Strain Age Score | Euthanasia
JAX 28 weeks | 5 No
JAX 20 weeks | 3 No
Janvier | 20 weeks | 3 No
Janvier | 30 weeks | 3 Yes
Janvier | 44 weeks | 5 No
Janvier | 45 weeks | 5 Yes
Janvier | 49 weeks | 4 No
Janvier | 35 weeks | 5 Yes
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6.3 Tissue Pathology

6.3.1 Neurone Counts
There was no significant difference in the number of lumbar motor neurones in the spinal
cord between JAX and Janvier FVB/N mice at 52 weeks of age (Figure 6.24), but there was a

trend in the Janvier mice towards having fewer motor neurones than the JAX mice.
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Figure 6.24: Motor neurone count in the lumbar spinal cord.
No significant difference between motor neurone counts in the lumbar spinal cord of female JAX and

Janvier FVB/N mice (mean + SD, nested t-test, JAX n = 5, Janvier n = 7).

Neuronal counts were performed in the CA and DG regions of the hippocampus and layer V
of the motor cortex in 52-week-old mice. There were significant differences in the number of
neurones between JAX and Janvier FVB/N mice in both hippocampal brain regions (Error! R

eference source not found.). This was not present in the motor cortex (Figure 6.25).
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Figure 6.25: Neuronal counts in the hippocampus of JAX and Janvier FVB/N mice.
Neuronal counts in the cornu ammonis (CA) and the dentate gyrus (DG) of the hippocampus showed
significant differences between female JAX and Janvier FVB/N mice (mean + SD, nested one-way

ANOVA with Bonferroni’s multiple comparisons, JAX n =5, Janvier n = 4).
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Figure 6.26: Neuronal count in layer V of the motor cortex.
There was no significant difference in neurone counts between female JAX and Janvier FVB/N mice

(mean £ SD, nested t-test).
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7 Discussion

Different strains, and even substrains, can differ significantly in their performance of
behavioural tests (Voikar et al., 2001). These differences are important to identify as they may
influence the phenotypes of transgenic mice and affect the results of preclinical studies. The
above comparison of the JAX and Janvier FVB/N background strains revealed very few
behavioural differences between them despite breeding separation for nearly 30 years.
Overall, the most striking aspect of the FVB/N data herein was the variability of both strains
in their performance of almost all the behavioural tests. Historically, the FVB/N strain has
been considered a poor strain for behavioural studies (Voikar et al., 2001; Mineur and Crusio,
2002; Bothe et al., 2004), and the variability and stereotypic circling behaviour observed in

both studies concurs with that assessment.

There were a small number of differences in gait analysis parameters, primarily in hindlimb
intensity, which was significantly increased in JAX FVB/N mice at 12 weeks of age and was still
present at 52 weeks. Intensity is a measure of weight on the paws, but as the JAX mice were
no heavier than the Janvier mice, that was unlikely to be the driving influence behind the
difference. The JAX mice also had a significantly quicker hindlimb swing time and swing speed
at 12 weeks of age. Both parameters had lost significance by 52 weeks, however this may be

due to the reduced n numbers in the JAX group at that timepoint due to Covid-19.

Interestingly, although there were no significant differences in distance travelled in the open
field test, several Janvier mice displayed distinctly reduced levels of activity at every timepoint
that was not exhibited by the JAX mice. The mice had normal motor function, as assessed by
rotarod, gait analysis, and electrophysiology measurements, and so this reduced activity may
instead be a feature of the anxiety reported in this strain (Mineur and Crusio, 2002). The social
recognition test revealed impaired social memory in both groups and has been previously
discussed in section 5, as have the significant reductions in performance that were seen in

the marble burying, rotarod, and limb hang tests.

The Janvier mice appeared to exhibit more seizures than the JAX mice, although this could

partly be due to chance observations as the mice were not monitored 24/7. However, as both

179



groups were housed in the same environmental conditions, there is the possibility that the
Janvier mice may have developed an increased genetic susceptibility to seizures. A similar
occurrence was reported by Nguyen et al. (2020a) in which the original authors of Liu et al.
(2016) at the University of Florida observed a sudden increase in seizure activity and
aggression in their colony following introduction of fresh female FVB/N breeders. However,
these breeders were FVB/N mice from Jackson Laboratories, while the Janvier FVB/N mice in
Nguyen et al. (2020a) at the University of Bern did not display this increased seizure activity.

This is in opposition to my observations.

Histology analyses revealed that both groups had similar numbers of motor neurones in the
lumbar spinal cord. Neuronal counts in layer V of the motor cortex were also similar, however
the JAX FVB/N mice had significantly fewer neurones in the CA and DG regions of the
hippocampus. Determining baseline neurone counts in background strains may prove

informative for cross-strain comparisons.

This study did not compare the two strains on a genome-wide scale, and so genetic
differences may still have occurred that have not been identified here. Additionally, while
mice within an inbred strain are intended to be genetically identical, it is possible that they
may differ in minisatellite regions and short repetitive DNA sequences that could affect gene
expression and behaviour (Lathe, 2004; Eltokhi et al., 2020). As such, future studies comparing

individuals within and between strains may prove informative.

7.1 Utility of the Mouse Model for Preclinical Research

The two behavioural studies presented here have provided an in-depth characterisation using
a battery of tests to thoroughly interrogate the disease phenotype of this CO9ALS/FTD BAC
model. The data presented appears to show no behavioural phenotypes, neurodegeneration,
or neuromuscular impairments associated with the C9ORF72 transgene. This clearly contrasts
with the reports of Liu et al. (2016) and Nguyen et al. (2020a). Rather, the data are in
agreement with the two-centre report of Mordes et al. (2020). As such, the lack of a robust
and reproducible phenotype and the highly variable behavioural data makes this model

unsuitable for preclinical research. However, the model does express DPRs, and so may be
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useful to test DPR-related therapeutic strategies (Castelli et al., 2023), although amelioration

of this pathology is unlikely to be reflected in behavioural or neurodegenerative changes.

Potential reasons for the disparate findings between the two studies presented in this thesis
and the initial publication of this C9ALS/FTD model have been discussed in previous sections.
Such discrepancies are an example of the concerns that have been raised in recent years
surrounding the reproducibility of mouse model findings both within and between
laboratories (Fisher and Bannerman, 2019). Transgenic mouse models allow us to investigate
the effect of a gene on a phenotype in a controlled environment, and it has long been
considered that using inbred strains in preclinical research reduces variability to allow the
identification of differences between transgenic mice and controls (Festing, 1999). However,
even within a controlled environment there are several factors that can affect reproducibility.
These include experimental design, differences in behavioural protocols, animal husbandry,
handling techniques, environmental conditions, choice of genetic background, and sex (Sare
et al., 2021). To minimise this variation, it has been suggested to use several background
strains within each study, especially as the choice of genetic background can influence the

phenotype of the same mutation (Heiman-Patterson et al., 2011).

Using several background strains could also benefit our understanding of disease
pathogenesis through the identification of modifier genes. For example, in a mouse model of
Huntington’s disease, phenotypic variation across three different background strains allowed
the identification of genetic modifiers that influenced disease severity (Van Raamsdonk et al.,
2007). Therefore, using several genetic backgrounds to study a mutation could help mimic
the genetic diversity seen in humans. However, even when genetic backgrounds are identical,
an important source of variation across facilities is in behavioural test protocols. Slight
changes such as time of day the test is performed, the order of behavioural tests, level of
pretraining, or type of equipment used can have a significant effect on results. For example,
one study found that the order of behavioural tests significantly influenced the behaviour in
certain tests (Mcllwain et al., 2001). This highlights the importance of standardising
behavioural tests across facilities and including detailed experimental protocols in

publications to aid replicability.
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Onthe other hand, there is the argument to keep variability within preclinical studies to mimic
the wide genetic diversity of the human population and the potentially informative
behavioural artefacts that may occur in a heterogeneous environment (Wurbel, 2000). Mice
have been crossbred over many generations to become homogeneous in as many genetic loci
as possible, and while this may decrease variability and improve reproducibility of preclinical
studies, there still remains the challenge of translating preclinical results into the clinic.
Historically, this translation has failed (Mead et al., 2022). Additionally, human clinical trials
are multicentre, while preclinical animal studies are often performed in just one. Therefore,
it has been suggested to perform mouse studies across several facilities to mimic clinical trials
(Fisher and Bannerman, 2019). Thoroughly understanding the variability in preclinical studies
and how, why, and where it occurs may prove beneficial in improving the translatability of

preclinical studies into human trials.

7.2 Why is there no Phenotype in the C9orf72 ALS/FTD BAC Models?

Three other C9ALS/FTD BAC models were generated around the same time as Liu et al. (2016).
All develop DPR and RNA foci pathology, yet the Peters et al. (2015) and O'Rourke et al. (2015)
models exhibited no behavioural deficits, neurodegeneration, or TDP-43 pathology, while the
Jiang et al. (2016) model displayed mild hippocampal neurodegeneration and spatial and
working memory deficits. Why these models developed different phenotypes, or no

phenotype at all, remains unclear, but there are several possibilities.

The first possibility is the lack of haploinsufficiency. The C90ORF72 HRE results in
haploinsufficiency of the C90RF72 gene and a reduced level of the C90ORF72 protein in
humans (Gijselinck et al., 2016; Jackson et al., 2020). While mice have their own endogenous
C9orf72 gene, knockdown or knockouts of this gene do not cause disease (Burberry et al.,
2016; Atanasio et al., 2016; Sudria-Lopez et al., 2016). Instead, it has been suggested that
haploinsufficiency may sensitise neurons to additional insults and cause disease in
combination with toxic gain-of-function mechanisms. The C9ALS/FTD BAC models express
DPRs and RNA foci yet do not develop behavioural or neurodegenerative features (Peters et
al., 2015; O'Rourke et al., 2015), except the mild neurodegeneration and increased anxiety

seen in the Jiang et al. (2016) model. As the mouse C9orf72 gene is still intact in these models,
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haploinsufficiency is not present, and so may be required in combination with DPRs for a
phenotype to develop. To investigate this, the authors of the Jiang et al. (2016) model
inactivated one or both alleles of the endogenous mouse C9orf72 gene in their 66- and 450-
repeat containing mice (Zhu et al., 2020). They found that reduction or loss of C9orf72 in 450-
repeat mice exacerbated cognitive and motor deficits, although interestingly there was no
reduction in grip strength or lumbar motor neurone loss. They also observed increased
hippocampal degeneration and glial activation. The mice also displayed premature death;
however, this was indistinguishable from purely C9orf72 knockout mice, indicating that the
presence of 450 repeats did not impact survival. Additionally, autophagy was impaired in their
C9orf72 knockout mice, and increased accumulation of poly-GA and poly-GP was observed in
the cortex of their 450-repeat C9orf72 knockout mice. Reduced C90ORF72 levels have been
found to increase DPR accumulation (Boivin et al., 2020), therefore it is possible that reduced
C90RF72 leads to interrupted autophagy which impairs the ability of neurons to clear DPRs,

leading to neurotoxicity and ultimately neurodegeneration.

In addition to this study, a rat model of C9ALS was generated around the same time to also
investigate the effect of reducing endogenous rat C9orf72 expression on disease (Dong et al.,
2020). The authors did this by inserting an 80-repeat human C90ORF72 HRE into the
endogenous C9orf72 rat locus, reducing expression of the rat COORF72 protein by 40%. The
rats went on to develop immune system dysregulation, as previously observed in C9orf72
knockout mouse models (Burberry et al., 2016; Atanasio et al., 2016; Sudria-Lopez et al.,
2016), lumbar motor neurone loss, and progressive motor deficits that resulted in hindlimb
paralysis. The results of these two studies provide evidence that loss-of-function and toxic
gain-of-function mechanisms may synergise to drive disease and is an important step forward

in developing a murine model of C9ALS/FTD.

The second possibility as to why the C9ALS/FTD BAC models do not develop a phenotype may
be due to the differing lifespans between mice and humans. ALS is a late onset disease,
typically developing in middle- or old-age. The average lifespan of a research mouse is
approximately 2 years (Yuan et al., 2009), compared to humans who, in the UK for example,
have an average life expectancy of 80 years. It may be that the mouse simply does not live

long enough to develop a late onset disease for which ageing is a component. Therefore,
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integrating ageing into current ALS mouse models may be beneficial. This has already been
shown in a SOD1%%* mouse model that was crossed onto a telomerase knockout model
(Linkus et al., 2016). The results showed an earlier disease onset and an exacerbated
phenotype, implicating telomerase dysfunction as an ALS risk factor. Telomeres have been
observed to be shorter in ALS patients (De Felice et al., 2014). Furthermore, an overlap
between the pathology of ageing and ALS was identified when TDP-43 aggregates were
discovered in the cytoplasm of aged mice and SOD1%%3A mice (Valdez et al., 2012). A model of
DNA-repair deficient mice also resulted in age-dependent motor neurone degeneration and
neuromuscular deficits (de Waard et al., 2010). DNA damage has been previously implicated
in ALS (Martin, 2008) and this model further suggests it may be an age-related risk factor. In
combination, these results highlight a link between ageing and ALS and suggests that

combining models of ageing and models of ALS may aid recapitulation of the human disease.

In a similar vein, there is the possibility that from an evolutionary perspective, humans and
mice are too different to allow faithful recapitulation of ALS. The corticospinal tract is the
primary pathway for controlling voluntary movement (Eisen, 2009). In ALS, the ‘dying
forward’ hypothesis supposes that disease originates in the corticomotoneurones, which
make direct monosynaptic connections with the anterior horn cells (Baker, 2014). These
direct connections are only present in humans and higher primates to allow movement of the
digits (Maeda et al., 2016). Mice do not have these direct monosynaptic connections (Bray,
2017), and as ALS is a monosynaptic disease, it could explain why there is no known case of
naturally occurring ALS in mice, and non-primate animals in general. This fundamental
anatomical difference may make it especially challenging to accurately model ALS in mice and
could mean that only non-human primate models would be able to fully recapitulate the

human disease.

Lastly, different flanking regions and lengths of the human C90ORF72 transgene were used in
each model. Jiang et al. (2016) and Liu et al. (2016) used a truncated and full-length version,
respectively, and both developed a phenotype, suggesting that the full-length gene may not
be required for disease. This has been demonstrated in an AAV-mediated C9ALS/FTD model
lacking C90ORF72 gene flanking regions and under the control of an actin promoter that

developed DPR, RNA foci, and TDP-43 pathology alongside neurodegeneration and motor and
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cognitive deficits (Chew et al., 2015). However, the Peters et al. (2015) and O'Rourke et al.
(2015) models also used a truncated and full-length version of the C9ORF72 transgene,
respectively, yet neither developed a phenotype. Therefore, other factors may be at play to
account for these differences, and a comparison of these models may aid the identification
of the necessary flanking regions and appropriate length of the C90ORF72 gene required for
disease. Additionally, creating genomically humanised mouse models of disease by replacing
the mouse ortholog with the human sequence and keeping expression under the control of
the mouse promoter may prove beneficial. While technically challenging, this has been done
in SOD1, TARDBP, and FUS mouse models, and may represent a novel and more accurate

method of human disease modelling in mice (Devoy et al., 2021).

7.3 Future Work

This study has several limitations which could be remedied by future work. These include
pathological investigations into the presence of RNA foci and TDP-43 aggregates in neurones.
Coupled with investigations comparing expression levels of the HRE to endogenous mouse
C90RF72 expression, this could help build a broader picture of the molecular profile of this
model for comparison with other studies and determine the relevant pathologies required
for disease. Moreover, investigating the methylation status of the HRE could help elucidate
the reason behind the variable DPR levels observed. Ageing the mice beyond 12 months may

also reveal further insights.

Future studies backcrossing this model onto a less variable and less seizure prone genetic
background such as C57BL/6 could prove informative and could aid identification of strain
and gender effects or the presence of modifier genes and flanking regions of the human gene
required for disease. Similarly, crossing the model onto a model of mouse ageing could
expand our knowledge of the influence of age and its effect on COALS/FTD onset and

progression.
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7.4 Final Conclusions

Overall, this work has highlighted the difficulties surrounding reproducibility within preclinical
studies and demonstrated that the generation of a robust C9ALS/FTD BAC model with a
reliable phenotype has yet to be achieved. Both studies presented here do not recapitulate
the acute phenotype previously reported in this model by Liu et al. (2016) and Nguyen et al.
(2020a). However, the possible neuronal abnormalities observed in the motor cortex of the
Janvier model may hint at a slower C90RF72 HRE-associated disease progression that may be
modulated by background strain. Further work is needed to determine whether presence of
the C90ORF72 HRE is sufficient to cause disease in mice and whether other confounding factors
such as genetics or environment may be influencing the development of the more severe

phenotype initially reported.
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8 Appendix
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Fig. S 1: Confirmation of transgene with G4C2 repeat expansion in JAX C90rf72 mice.
Southern blots of JAX C9orf72 mice showing repeat expansion size. Repeat size varied from 650-950
repeats. L, DNA ladder; +, transgene present; -, transgene absent; NT, non-transgenic control; +ve ctrl,

pcDNA3.1/G4C2x45-3xV5 plasmid with a size of 5,927 bp when linearised.
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Fig. S 2: Confirmation of transgene with G4C2 repeat expansion in Janvier C90rf72 mice.

Southern blots of Janvier C9orf72 mice showing repeat expansion size. Repeat size varied from 650-
950 repeats. L, DNA ladder; +, transgene present; -, transgene absent; *, truncation; NT, non-
transgenic control; +ve ctrl, pcDNA3.1/G4C2x45-3xV5 plasmid with a size of 5,927 bp when linearised.

(A) Lanes 9 and 10 are re-runs of two C9orf72 mice from the JAX colony.
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