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Abstract

Frontotemporal dementia and related amyotrophic lateral sclerosis (FTD/ALS) are
fatal neurodegenerative diseases that sit on opposite ends of a clinical disease
spectrum typically characterised by progressive degeneration of cortical and motor
neurons. However, it is becoming increasingly evident that FTD/ALS pathologically
impacts other brain regions. Recently, the striatum, a crucial integrative hub within the
brain, has been shown to have a major role in cognitive functions impacted in
FTD/ALS, displays classical TDP-43 pathology and neuronal atrophy. Altered neuronal
excitability is a hallmark feature of neurodegenerative disease and contributes to
disease onset and progression. Here, | have investigated whether electrophysiological
function relating to intrinsic excitability and responsiveness to major ionotropic
receptors are pathologically relevant in FTD/ALS. To this end, enriched cultures of
induced pluripotent stem cell-derived striatal medium spiny neurons (MSNs) and lower
motor neurons (LMNs) harbouring C9ORF72 repeat expansion mutations, the most
common genetic impairment within the FTD/ALS spectrum, were generated. Using
whole-cell patch-clamp electrophysiology my data provides novel evidence of reduced
excitability in C9 MSNs, driven by deficits in AP waveform components and delayed
outwardly-rectifying K* (lk) channel dysfunction. Pharmacological targeting of big
conductance Ca?*-activated potassium (BK) channels and voltage-gated K* channels
(Kv3) restored Ik channel function and rescued AP waveform deficits, but not intrinsic
hypoexcitability, suggesting an interplay between ion channel dysfunction and
structural AIS abnormalities. In contrast, C9 LMNs displayed stable excitability under
basal and acute KClI stress conditions but exhibited increased excitability upon chronic
KCI depolarising stress, implicating homeostatic plasticity mechanisms. Furthermore,
C9 LMNs showed potentiated excitatory and inhibitory neurotransmission, with a shift
toward NMDAr-mediated signalling, highlighting potential excitotoxic vulnerability.
These data implicate complex, regionally specific pathophysiological impairments in
COFTD/ALS that varies between neuronal populations, which has significant

implications for future therapeutic strategies.
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Chapter 1: Introduction

Motor neuron disease (MND) is an umbrella term used to describe a collection of
progressive neurological disorders characterised by the degeneration of motor
neurons. The dysfunction and death of these neurons causes the loss of voluntary
muscle control. MNDs can affect both children (spinal muscular atrophy) and adults
with the different diseases classified according to the disease being inherited or
sporadic; and the site of degeneration, either at the upper motor neurons (UMN), lower
motor neurons (LMNSs) or both. The clinical variants that make up MND consists of
progressive muscular atrophy that affects the LMNs only, progressive bulbar palsy
cause by injury to either the LMNs or UMNSs, primary lateral sclerosis that primarily
affects the UMNs and amyotrophic lateral sclerosis (ALS) caused by death of both
UMNs and LMNs (Taylor et al., 2016). A large majority of MND patients suffer from
ALS (~70%) and patients that do present with the other forms of MND typically develop
features of ALS with disease progression, including forms that genetically overlap with
Frontotemporal dementia (FTD) (Shaw, 2005, van Es et al., 2017).

1.1 Amyotrophic Lateral Sclerosis

ALS, also referred to as MND in the UK, is a fatal neurodegenerative disease
characterised by the progressive degeneration of both UMN in the motor cortex and
LMNSs located in the brainstem and spinal cord. Motor neuron dysfunction and death
results in patients suffering from muscular atrophy, progressive paralysis and
invariably death, usually from respiratory failure 3-5 years after diagnosis (Brown and
Al-Chalabi, 2017). These neurons that control voluntary muscular movement are all
affected by the disease but interestingly, motor neurons innervating the eye or
sphincter muscles are usually spared until disease end stage, if at all (Gordon, 2013).
The term ALS was coined by the neurologist, Jean-Martin Charcot, who first described
the disease in in 1869. In the post-mortem examination of patients with motor
impairments he observed muscle wasting (amyotrophy) and damage to the lateral
corticospinal tracts of the spinal cord which involves the death of motor neurons
(lateral sclerosis) (Gordon, 2013). Today, ALS is the third most common



neurodegenerative disorder with a global prevalence of 6-9 per 100,000 persons
(Longinetti and Fang, 2019, Brown et al., 2021). Geographical variations of ALS cases
do exist, in the UK alone, this figure stands at 5.69 per 100,000 persons (Burchardt et
al., 2022). The lifetime risk of developing ALS is approximately 1 in 350 with an
estimate incidence of 2.1-4.4 new cases per 100,000 population per year (Chio et al.,
2013, Ryan et al., 2019, Xu et al., 2020). These numbers are likely to increase in the
future with an aging population demographic and improved clinical diagnosis. Although
cases of early onset have been reported, ALS is primarily an age-related disorder that
most commonly occurs between the ages of 50 to 70. In cases of sporadic ALS (SALS)
the average age of symptomatic onset is 58-63 whereas familial ALS (fALS) tends to
occur at an earlier age between 47-52 (Logroscino et al., 2010, Chio et al., 2013). The
disease is more prevalent in males than females by a factor of 1.6 times (Shaw, 2005).
All races and ethnic backgrounds are affected by disease, with a slight predisposition
in the Caucasian population (Arthur et al., 2016).

1.11 Diagnosis and Clinical Management of ALS

There is no definitive singular clinical test that can provide a diagnosis of ALS. Instead,
in the clinic ALS is diagnosed by the exclusion of ALS mimic disorders. The diagnostic
toolkit used by clinicians involves blood tests, magnetic resonance imaging (MRI) of
the brain and spinal cord to exclude other disorders and neurophysiological
assessment (van Es et al.,, 2017). This involves electromyography (EMG) and
electrophysiological nerve conduction studies to exclude similar ALS mimics but also
to support ALS diagnosis that are based primarily on clinical assessment made using
the Gold Coast criteria (Shefner et al., 2020).

Despite an ever-growing number of pharmacological compounds entering clinical trial
(Petrov et al., 2017), there is currently no cure for ALS. At present, therapeutic
strategies focus on providing symptomatic management or modest disease-modifying
treatments. The provision of supportive care and pharmacological treatment of
symptoms from multi-disciplinary health teams can improve quality of life and survival
time of patients (Mead et al., 2023). Alternatively, there are three currently approved

disease-modifying treatments available to patients. Riluzole, first approved back in



1995 has shown to improve life expectancy by approximately 3 months (Rowland and
Shneider, 2001). The mechanism of action by which this drug works is complex and
has only recently been deduced. Riluzole therapy functions, at least in part, by
reducing glutamate release into the synaptic cleft by inhibiting voltage-gated sodium
channel (Nay) currents and thereby targeting glutamate-mediated excitotoxicity (Wang
et al., 2004, Hollingworth et al., 2024) (reviewed in section 1.67). Edaravone, an
antioxidant agent approved in the US and a select number of countries, has been
shown to somewhat slow disease progression in selective patients (Hardiman and van
den Berg, 2017). Tofersen, an antisense oligonucleotide therapy targeting the Cu/Zn
superoxide dismutase 1 (SOD1) gene in fALS cases was recently approved in the US
(Miller et al., 2022, Ludolph and Wiesenfarth, 2025). The therapy works by binding to
SOD1 mRNA and facilitates its degradation therefore reducing synthesis of the SOD1
protein, though its clinical efficacy remains debated (Miller et al., 2022).

1.12 Clinical Features of Amyotrophic Lateral Sclerosis

Heterogeneity in the clinical manifestations of ALS exist based upon the regions of the
body at which symptoms first appear, which appear to be localised at initial
presentation before becoming widespread. The most common form, limb-onset ALS
which accounts for ~66% of cases begins with weakness in the upper or lower limbs.
Bulbar-onset ALS (~33%) is characterised by dysfunction of LMNs in the brainstem
that ultimately lead to symptoms related to the bulbar musculature (dysarthria,
dysphagia) (van Es et al., 2017).

Previously ALS has been regarded as a disease primarily of the motor system,
however, since the early 2000s there has been a growing appreciation for cognitive
and behavioural impairments as cardinal ALS features. In fact, 51% of ALS patients
experience cognitive decline, with 15% meeting the diagnostic criteria for FTD.
Similarly, up to 36% of FTD patients present with motor symptoms (Lomen-Hoerth et
al., 2003, Ringholz et al., 2005). Today it is now widely accepted that both FTD and
ALS (FTD/ALS) sit on opposite ends of a continuous disease spectrum with
overlapping features at the clinical level but also at the genetic and pathological level
(Van Langenhove et al., 2012) (see section 1.3- 1.4).



1.2 Frontotemporal Dementia

FTD describes a heterogeneous group of neurogenerative diseases that are
characterised by progressive neuronal atrophy, primarily in the cerebral cortex of the
frontal and temporal lobes, which manifests as impairments in executive function,
behaviour and language (Deleon and Miller, 2018). First described by Arnold Pick in
1892, FTD is the second most common dementia after Alzheimer’s Disease (AD),
though the most common form of dementia in individuals under the age of 65 and is
more common in men (Ratnavalli et al., 2002). The estimated incidence of disease is
approximately 1.6-4.1 cases per 100,000 population per year (Onyike and Diehl-
Schmid, 2013, Coyle-Gilchrist et al., 2016).

1.21 Clinical Features of Frontotemporal Dementia

FTD can be divided into three main clinical syndromes based upon the clinical
presentation of patients. These include the behavioural variant (bvFTD), semantic
dementia (SD) and progressive non-fluent aphasia (nfvPPA). The latter syndromes
can be classified as language impairments specifically relating to a loss of object and
word comprehension (SD), and impaired speech with agrammatism (nfvPPA). BvFTD
is the most common of all subtypes, comprising ~70% of all FTD cases (Sosa-Ortiz et
al., 2012) and most frequently associated with ALS, with about 40% of bvFTD patients
developing neuromuscular dysfunction (Lomen-Hoerth et al., 2002, Lipton et al.,
2004). Patients often present with progressive behavioural abnormalities relating to
disinhibition, loss of empathy, apathy, dietary changes and stereotyped or compulsive
behaviours. These manifestations are also complemented by a loss of social decorum
with a lack of insight into their condition (Rascovsky et al., 2011, Deleon and Miller,
2018). Neuronal loss within the frontotemporal cortex as well as other brain regions
including the striatum underlie the symptoms listed above (Seeley et al., 2008, Olney
et al., 2017).



1.22 Diagnosis and Clinical Management of FTD

Diagnosis of FTD can be difficult owing to the complex nature of the disease and
associated symptoms tending to overlap between clinical syndromes including ALS
(see section 1.12). An extra layer of complexity is added due to the clinical and
pathological presentation of patients overlapping with AD (Mendez et al., 2007). At
present, diagnosis relies upon a combination of different clinical assessments
(Antonioni et al., 2023). Firstly, histopathological evidence via biopsy or post-mortem
and genetic testing to confirm the presence or absence of pathogenic mutations
especially for familial FTD (fFTD) cases that are predominantly inherited in an
autosomal dominant manner. Secondly, neuroimaging which entails MRI and 18F-
fluoro-2-deoxyglucose positron emission tomography ([18F] FDG-PET) scans to
determine regions of neuropathology and hypometabolism. Importantly, the loci of
neuronal atrophy specifically corresponds to certain FTD syndromes. BvFTD is
characterised by the bilateral atrophy of the frontotemporal lobes amongst other brain
regions including basal ganglia networks (Filippi et al., 2017) relating also to the
striatum (Seeley et al., 2008, Olney et al., 2017). Lastly, neuropsychological tests are
paramount for the clinical diagnosis of FTD (Antonioni et al., 2023). BvFTD patients
are evaluated using criteria developed by the International Behavioural Variant FTD
Criteria Consortium in 2011 (Rascovsky et al., 2011) which recognises cardinal
disease features relating to cognitive impairment and executive dysfunction. According
to these criteria a combination of all these diagnostic factors is required for definitive
FTD diagnosis.

From the time of symptomatic onset, the mean survival time is between 3 to 17 years
(Olney et al., 2017, Devenney et al., 2019). Currently, there is no disease-modifying
therapy for FTD. Disease management focuses on the provision of supportive care
which entails occupational or speech and language therapy. Symptomatic treatments
can also be provided in the form of antidepressants and antipsychotics. Together, both
aim to improve cognitive and behavioural symptoms that impair patient quality of life
(Antonioni et al., 2023).



1.3 Genetic causes of ALS and FTD

ALS and FTD are predominantly sporadic disorders, and for the most part due to
unknown causes, but genetic mutations do arise spontaneously or appear hereditary
in nature. Despite this, sporadic and familial cases share common pathological
hallmarks of disease that would indicate a convergence in pathological mechanisms.
Study into the genetic foundations of disease has provided invaluable insight into the
molecular mechanisms that underlie neuronal dysfunction and death in ALS/FTD. The
genetic landscape of both diseases mirrors the clinically diverse elements of ALS/FTD

and gives rise to a variety of pathophysiological disease features.

1.31 Sporadic and familial ALS

ALS, like many other neurodegenerative disorders, is a multifaceted disease with a
defined monogenic cause in up to 20% of patients, but in the main the disease is
determined by a complex interaction between genetic and environmental risk factors
(Mead et al., 2023). Patients tend to be categorised into two groups with respect to
disease aetiology. The majority of ALS cases (90-95%) are sporadic (sALS), defined
as patients with no prior family history of disease. The remaining 5-10% are classified
as familial cases (fALS) usually with a highly penetrant autosomal dominant mode of
inheritance from a related family member. |dentified genetic mutations are believed to
associated with around 70% of fALS and 11% of sporadic cases. Both sALS and fALS
are phenotypically indistinguishable from each other (Renton et al., 2014).

Based upon twin studies (Al-Chalabi et al., 2010) and population-based pedigree
studies (Ryan et al., 2019, Trabjerg et al., 2020) there is an ever-growing appreciation
of a genetic component in sALS cases. Hereditability in SALS has been estimated to
be in the region of 40-50% (Ryan et al., 2019, Trabjerg et al., 2020). Also, an increased
risk of disease in the first-degree relatives of SALS patients has been shown (Hanby
et al., 2011). A recent ALS patient cohort study determined 21% of patients had a
pathogenic mutation, of which 93% were classified as sALS cases (Shepheard et al.,
2021), emphasising the value of routine genetic screens for all ALS patients. Indeed,
a combination of genetic and cumulative lifetime exposures to environmental factors

are perhaps key in disease aetiology. Besides age and male sex being associated with



increased risk of ALS (Alonso et al., 2009), military service (Kasarskis et al., 2009),
cigarette smoking (Armon, 2009), exposure to heavy metals and industrial chemicals
have been identified as potential risk factors (Al-Chalabi and Hardiman, 2013).
Furthermore, strong evidence for an association between ALS development and
physical activity including high impact sports, such as football, has been shown in
recent times (Wicks et al., 2007, Harwood et al., 2009).

1.32 Sporadic and familial FTD

FTD describes a group of highly heritable neurodegenerative disorders, with
approximately 40% of cases associated with a family history of disease (fFTD)
(Fenoglio et al., 2018). Like fALS, this occurs primarily via an autosomal dominant
mode of transmission. Within the variants, transmission is principally familial in the
behavioural variant whilst a greater number of individuals diagnosed with SD and
nfvPPA are sporadic (sFTD) (Greaves and Rohrer, 2019). Considerable genetic
heterogeneity exists with over 50 FTD-associated genes described (Sirkis et al.,
2019), including mutations in microtubule-associated protein tau (MAPT) and
progranulin (GRN). The former accounting for 30% of fFTD and about 4% of sFTD
cases (Stanford et al., 2004, van Swieten and Spillantini, 2007), the latter making up
between 5-20% of fFTD and sFTD (Cruts et al., 2006).

On the other hand, the remaining cases are regarded as sFTD. Apart from age and a
male predisposition for bvFTD, other lifestyle and environmental factors have been
postulated as contributing factors towards sFTD. These include autoimmune disorders
and traumatic brain injury and the subsequent neuroinflammation that ensues (McKee
et al., 2013, Antonioni et al., 2023).

More than 50 pathogenic mutations have been identified for ALS and FTD (Boylan,
2015, Sirkis et al., 2019). Extensive characterisation of a select number of these
mutations have been critical for the progression of the field from disease modelling to
understanding of disease pathogenesis. SOD1 was the first ALS-causative mutation
to be discovered in 1993 (Rosen et al., 1993), mutations in transactive response DNA
binding protein 43kDa (TARDBP) and fused in sarcoma (FUS) and the proteins they



encode represent a pathological hallmark in a significant proportion of ALS/FTD
patients (Sreedharan et al., 2008, Kwiatkowski et al., 2009, Vance et al., 2009) and
lastly, the chromosome 9 open reading frame 72 (C9ORF72) repeat expansion
mutation. The most common genetic cause of both ALS and FTD (DeJesus-
Hernandez et al., 2011, Renton et al., 2011) and the mutation upon which my thesis is
based on. Collectively, neuropathology associated with mutations in these four genes
account for a large proportion of FTD/ALS cases, in the European population alone
mutations in these genes are responsible for up to 70% of fALS cases (Chio et al.,
2014).

1.33 SOD1

SOD1 is an abundant and ubiquitously expressed cytoplasmic antioxidant enzyme,
that functions to catalyse the conversion of superoxide radicals into oxygen and
hydrogen peroxide. This function protects the cell from oxidative damage. More than
200 ALS-causing mutations have been discovered in the SOD1 gene which occur
across the entire length of the protein, the majority of which are missense mutations
(Saini and Chawla, 2024). Despite extensive study over the last 30 years, the
pathomechanisms by which SOD1 mutations leads to disease is not completely
understood. Mutants tend to retain partial or full enzymatic activity, with no correlation
between disease intensity and reduced SOD1 function (Cleveland et al., 1995,
Reaume et al., 1996). Initial suggestions of a loss-of-function mechanism leading to
reduced protection against oxidative stress (Rosen et al., 1993) have now propagated
towards a gain of toxic function in many of the SOD1 mutants. Furthermore, this
mechanism of action is supported by the FDA-approval of tofersen for use in the US
which works to reduce SOD1 concentration (Miller et al., 2020). Mutations in the SOD1
gene interfere with correct protein folding of the enzyme, inducing protein misfolding
and in turn, formation of SOD1-containing proteinaceous intracellular aggregates.
These aggregates confer neurotoxicity via several means, including excitotoxicity
(Howland et al., 2002, Joyce et al., 2011), mitochondrial dysfunction (Liu et al., 2004,
Pickles et al., 2016) and oxidative stress (Joyce et al., 2011). SOD1-ALS accounts for
up to 2% of all ALS cases, 20% of fALS cases and approximately 2% of all SALS (Saini
and Chawla, 2024). Patients characterised by SOD1 mutations tend to present with



distinct clinicopathological features that differ from the wider subset of ALS cases.
SOD1-ALS patients are less likely to suffer from decline in cognitive function and
feature SOD1 inclusions not observed in the vast majority of SALS, and even more so
in other fALS cases (Turner et al., 2008, Wicks et al., 2009). Also, these patients lack
typical transactive response DNA binding protein 43kDa (TDP-43) pathological
inclusions that characterise almost all ALS cases (Ling et al., 2013). The transgenic
SOD1693A ALS mouse model was the first animal model of ALS (Gurney et al., 1994),
and the most studied. The transgenic overexpression of SOD1 recaptures many ALS
disease features including neurodegeneration and motor phenotypes that eventually
leads to death. Yet, whilst it has aided our understanding of disease
pathomechanisms, there have been several failures in the translation of findings into
successful clinical therapies in non-SOD1 ALS cases. This supports the clinical and
pathology-related differences of the SOD1 mutation. Nevertheless, these models have
shown limited responses to approved riluzole (Gurney et al., 1998) and edaravone
therapies (lto et al., 2008), and the pre-clinical SOD1%%A overexpression model was

significant for the progression of tofersen towards clinical trials (Smith et al., 2006).

1.34 TDP-43

Encoded by the TARDBP gene, TDP-43 is a ubiquitously expressed DNA-RNA binding
protein (Figure 1.1A). Predominantly localised in the nucleus, the protein can shuttle
between the nucleus and cytoplasm where it can exert its multifunctional role in stress
granule dynamics and RNA metabolism especially splicing regulation, stability,
trafficking and biogenesis (Buratti and Baralle, 2001, Tziortzouda et al., 2021). The
nuclear loss and cytoplasmic mislocalisation of TDP-43 leads to the aberrant
accumulation and aggregation of TDP-43 into intracellular inclusions (Arai et al., 2006,
Neumann et al., 2006). Cytoplasmic inclusions are a pathological hallmark in 97% of
ALS and 45% of FTD cases (Ling et al.,, 2013). This common feature further
emphasises the link between the two diseases. More than 50 TARDBP patient
mutations have been discovered that account for 5% of fALS cases and 1% of sALS
cases, and together with the presence of TDP-43 pathology in most sporadic and
CI90RF72 related cases, highlights the importance of TDP-43 pathology in the
convergence of disease onset and progression across the FTD/ALS spectrum



(Lattante et al., 2013, Chio et al., 2020). The concurrent pathological accumulation of
cytoplasmic TDP-43 with its depletion from the nucleus would suggest a dual gain-of-
function and loss-of-function disease mechanism. TDP-43 loss-of-function leads to the
cryptic splicing of many genes that culminates in the downregulated expression of
many proteins including Stathmin-2 (Klim et al., 2019). Indeed, multiple experimental
evidence from patient models (Highley et al., 2014), drosophila (Diaper et al., 2013,
Solomon et al., 2018) and mice models (Walker et al., 2015a, White et al., 2018) have
independently confirmed the importance of enhanced cytoplasmic and reduced
nuclear levels of TDP-43 in disease pathogenesis. This stresses the importance in the
tight regulation of TDP-43 expression and localisation in TDP-43 proteinopathies.

1.35 FUS

A year after mutations in TARDBP were discovered to cause ALS, FTD/ALS-causing
mutations were discovered in the gene of another DNA/RNA-binding protein, FUS, in
2009 (Kwiatkowski et al., 2009, Vance et al., 2009) (Figure 1.1B). Analogous to TDP-
43, FUS is a nucleocytoplasmic protein with multiple roles in RNA processing ranging
from transcription and RNA splicing to microRNA biogenesis amongst stress granule
formation (Butti and Patten, 2018). To date, over 50 FUS mutations have been
identified and accountable for up to 10% of fALS and <1% of sALS cases and 3% of
all FTD cases (Seelaar et al., 2010, Gelon et al., 2022). Neuropathologically FUS
cases display abnormal cytoplasmic inclusions positive for FUS. Similar to SOD1-ALS
and SOD1 inclusions, proteinaceous aggregates composed of FUS are negative for
TDP-43 (Gelon et al., 2022). Mutations in the FUS gene whilst pathologically distinct
from TDP-43 proteinopathies do provide further evidence of a shared spectrum of
genetics and pathology between FTD/ALS. Although, the pathomechanism by which
FUS can trigger disease onset is unknown, the discovery of the genetic mutation does

implicate a role of RNA biology in disease pathogenesis.
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Figure 1.1. Protein domain structure of TDP-43 and FUS. Both proteins contain
similar structural domains that corresponds to their similar functions in stress granule
dynamics, RNA processing and metabolism. Notably, there are some structural
differences. (A) The TDP-43 protein contains a nuclear localisation signal (NLS), RNA-
recognition motifs (RRM1 and RRM2) important for RNA-binding and a low complexity
prion-like domain (PrLD) where most FTD/ALS-linked mutations in TDP-43 can be
found. (B) The FUS protein contains a PrLD that overlaps with a glycine-rich and
arginine-glycine-rich region of which there are three (RGG), a RRM, zinc-finger motif
(ZnF) and a NLS where the majority of FTD/ALS-linked mutations in FUS are
described. Figure created in BioRender.



1.36 C9ORF72

A groundbreaking discovery was made back in 2011 in the field of FTD/ALS, where a
GGGGCC (G4C2) hexanucleotide repeat expansion mutation was identified in intron 1
of the C9ORF72 gene (C9) (DeJesus-Hernandez et al., 2011, Renton et al., 2011).
The mutation is the most common genetic cause of FTD/ALS (COFTD/ALS)
accounting for 40% of fALS and 7% of sALS cases, 25% fFTD and 6% sFTD (Majounie
et al.,, 2012). Of all FTD syndromes, the C9 mutation is most prominent amongst
bvFTD patients accounting for up to 90% of cases (Majounie et al., 2012). Typically,
30 of these G4C> repeats are considered to represent a pathogenic threshold for
disease. Meanwhile, COFTD/ALS patients tend to present with a repeat length in the
hundreds if not thousands (Taylor et al., 2016). The C9ORF72 mutation epitomises
the idea that pure forms of ALS and FTD not only overlap but sit on opposite ends of
a clinical disease spectrum. Clinically, C9 individuals have a higher prevalence of both
cognitive and motor impairments. The mutation accounts for a sizeable proportion of
sporadic and familial FTD/ALS cases with almost all cases of C9 characterised by
hallmark TDP-43 pathology (Hardiman et al., 2017). Three mutually inclusive
mechanisms have been proposed to mediate C9 neurodegeneration: loss of
CO90RF72 protein function (haploinsufficiency) resulting from reduced protein
expression; toxic gain-of-function of RNA repeats, leading to formation of RNA foci
and/or generation of dipeptide-repeat proteins (DPR) species via repeat-associated
non-ATG (RAN) translation (Donnelly et al., 2013, Mori et al., 2013b, Mizielinska et al.,
2014, Waite et al., 2014) (Figure 1.2). The relative contribution of each mechanism is
still debated today and whilst evidence points towards gain-of-toxicity mechanisms at
the heart of this mutation (Haeusler et al., 2016), its likely pathogenicity arises due to
a culmination of all three mechanisms. These pathomechanisms are explored further
in section 1.4.

1.4 C90RF72-related Pathomechanisms

The pathological signature of C9-related ALS cases is shared with that of the vast
majority of ALS patients, including the degeneration of UMN and LMNs of the motor
cortex and spinal cord, Bunina bodies and, ubiquitinated cytoplasmic TDP-43 deposits
within neurons and glia. However, specific to C9ALS is the addition of p62-positive
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inclusions caused by toxic DPR species (Cooper-Knock et al., 2012). Nonetheless,
manifestation of these TDP-43 deposits in both C9-FTD/ALS indicates both ailments
converge on a shared disease pathway that give rise to ALS-specific and/or FTD-
specific symptoms, and this is indeed the case (Hsiung et al., 2012). Evidence of
pathology extends beyond the frontotemporal and motor cortices typically associated
with FTD/ALS and is apparent in regions of the basal ganglia including the striatum,
hippocampus and amygdala (Murray et al., 2011, Hsiung et al., 2012, Mackenzie et
al., 2013), with atrophy also observed in the thalamus and cerebellum (Mahoney et
al., 2012, Irwin et al., 2013).

Specific to the C9 mutation is the formation of RNA foci from sense or antisense RNA
transcripts mainly in neurons and to a lesser extent glial cells (Lagier-Tourenne et al.,
2013, Mizielinska et al., 2013). Foci are spread across the central nervous system
(CNS) from motor neurons in the spinal cord to neurons in the motor and frontal cortex,
cerebellum and hippocampus (Lagier-Tourenne et al., 2013, Mizielinska et al., 2013,
Dedesus-Hernandez et al., 2017). Sense foci are more prevalent across the CNS in
comparison to antisense transcripts (Balendra and Isaacs, 2018).
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Figure 1.2. Three proposed pathomechanisms of the C90RF72 G4C:
hexanucleotide repeat expansion mutation. C9ORF72 haploinsufficiency whereby
there is reduced expression and ultimately a loss-of-function of the C9ORF72 protein.
Two gain-of-function mechanisms have also been proposed relating to bidirectional
transcription of the repeat expansion leading to the formation of various secondary
RNA structures that can form RNA foci that can sequester RNA-binding proteins
(RBPs). Alternatively, a second gain-of-function mechanism relates to the RAN
translation of the repeat expansion to produce 5 toxically distinct dipeptide repeat
proteins (DPRs) (GR, GP, PR, GA, PA). Figure created in BioRender.
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Non-canonical translation of these sense (GsC: repeats) and antisense RNA
transcripts (C4G2 repeats) leads to the production of star-shaped p62-positive, TDP-
43 negative DPR inclusions. These are conventionally localised within the cytoplasm
or neuronal neurites and to a lesser degree in the nucleus (Al-Sarraj et al., 2011,
Mackenzie et al., 2013). RAN translation of the repeat expansion in all reading frames
leads to the production of five DPR species. Non-canonical translation of sense RNA
transcripts that occurs in the absence of the ATG start codon (RAN translation)
produces two DPR species: glycine-arginine (GR) and glycine-alanine (GA). RAN
translation of antisense transcripts produces proline-arginine (PR) and alanine-proline
(AP) with glycine-proline (GP) produced from sense and antisense transcripts (Ash et
al., 2013, Mori et al., 2013a) (Figure 1.2). The toxic effects of DPR expression have
been widely reported in various animal and cell models (discussed in section 1.43) but
clinicopathological studies have raised questions regarding the significance of DPR
pathology in disease. DPR accumulation does not differ in regional distribution
between FTD/ALS cases (Davidson et al., 2014). Also, inclusions are detected in non-
typically associated ALS brain regions like the hippocampus and cerebellum in
conjunction with typical ALS brain regions such as the frontal and motor cortices
(Cooper-Knock et al., 2012, Troakes et al., 2012, Mann et al., 2013). Although,
detection within spinal motor neurons remains ambiguous, cytoplasmic TDP-43
aggregation is a prominent feature here (Gomez-Deza et al., 2015, Davidson et al.,
2016). The sites of neurodegeneration within the CNS and clinicals symptoms
converge with TDP-43 pathology in FTD/ALS independent of DPR pathology (Mann,
2015, Davidson et al., 2016). However, notable exceptions have been reported in C9-
patients with neuroanatomical correlation between poly-GR, degenerative brain
regions and TDP-43 pathology (Saberi et al., 2018, Sakae et al., 2018). Quaegebeur
et al observed association between poly-GR concentration and clinical parameters of
severity highlighting a neurotoxic role of these species in C9FTD patients
(Quaegebeur et al., 2020). Importantly, post-mortem studies represent pathology at
disease end stage and with DPR pathology likely to be an initiating stressor that
precedes TDP-43 pathology and disease onset (Baborie et al., 2015, Vatsavayai et
al., 2016, Solomon et al., 2018), this perhaps explains the close correlation with
neuronal atrophy. Regardless, further work is required to elucidate the cryptic role of
DPR in disease aetiology.
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1.41 C90ORF72 Haploinsufficiency

The CO9ORF72 protein represents a ubiquitously expressed protein with physiological
function implicated in autophagy, inflammation, stress granule dynamics, homeostatic
mitochondrial function and even synapse physiology (Smeyers et al., 2021, Bauer et
al., 2022, Sellier et al., 2024). The repeat expansion mutation has been shown to
reduce C9ORF72 expression at both the mRNA and protein level in COFTD/ALS
patient-derived motor neurons (Shi et al., 2018) and C9 post-mortem patients (Fratta
et al., 2013, Waite et al., 2014, Rizzu et al., 2016) (Figure 1.2). Collectively, these
studies are indicative of C9ORF72 haploinsufficiency playing a prominent role in
neurodegeneration. Loss of CO9ORF72 was sufficient to induce defects in the
autophagy-related protein clearance pathways, relating specifically to lysosomal
accumulation and morphology, reduced endocytosis and dysregulated
autophagosome formation (Farg et al., 2014, Webster et al., 2016, Sellier et al., 2024).
CO90RF72 expression is highest in myeloid cells, including microglia (Masrori et al.,
2025), consistent with this, all COORF72 knockout mouse develop pro-inflammatory
and autoimmune-like disease phenotypes, suggesting COORF72 has a vital role in
immune regulation (Atanasio et al., 2016, Burberry et al., 2016, Sudria-Lopez et al.,
2016). Furthermore, C90RF72 haploinsufficiency has been associated with enhanced
synaptic pruning by overactive microglia (Lall et al., 2021). The neuron specific
functions of COORF72 are however, less obvious. In this regard, recent studies have
shown protein interaction with synapsin that aids in the regulation of
neurotransmission at excitatory synapses via modulation of synaptic vesicle pools
(Bauer et al., 2022). COORF72 deficiency has also been associated with synaptic level
dysfunction by way of reduced number of excitatory synapses, depletion of synapsin
levels and impaired excitatory transmission (Bauer et al.,, 2022). Also,
haploinsufficiency has been associated with changes in synaptic plasticity and
glutamate receptor dyshomeostasis in mice and iPSC-derived motor neurons (Sattler
et al, 2023). Loss of C90ORF72 protein function and the downstream
neurophysiological consequences are explored in greater detail throughout section
1.6. Crucially, unlike CO9ORF72 loss-of-function Caenorhabditis elegans and zebrafish
models that display motor neuron degeneration and motor deficits (Ciura et al., 2013,
Therrien et al., 2013), murine models generally lack neuronal loss, and the motor or
behavioural phenotypes associated with FTD/ALS (Koppers et al., 2015, Burberry et
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al., 2016, Sudria-Lopez et al., 2016), in contrast to toxic gain-of-function models. Thus,
haploinsufficiency alone is perhaps insufficient to trigger neurodegeneration in
FTD/ALS but instead contributes synergistically to disease alongside toxic formation
of RNA foci and DPRs (Zhu et al., 2020). Indeed, recent evidence points towards a
synergistic mechanism between haploinsufficiency and gain-of-function mechanisms
that exacerbates pathophysiological phenotypes and can enhance vulnerability to
glutamate-mediated excitotoxicity (Sattler et al., 2023).

1.42 Toxic Gain-of-function of RNA Foci

Transcription of the G4C2 repeat expansion in the sense and antisense direction leads
to the formation of abnormal RNA secondary structures such as G-quadruplexes,
hairpins and i-motifs (Figure 1.2) (Haeusler et al., 2014, Su et al., 2014). Such
structures give rise to the formation of RNA foci that can sequester and thus lead to
the depletion of specific RNA-binding proteins involved in splicing, transcription and
translational regulation (Balendra and Isaacs, 2018) (Figure 1.2). RNA foci have been
identified to interact and co-localise with serine/arginine-rich splicing factor 1 (SRSF1)
(Hautbergue et al., 2017) and most frequently with heterogeneous nuclear
ribonucleoproteins (hnRNPs) but not TDP-43 or FUS (Sareen et al., 2013, Cooper-
Knock et al., 2014). Accumulation of RNA foci are a hallmark feature of C9-related

biology that is routinely used to verify and validate C9 disease models.

Evidence of RNA repeat mediated toxicity has been shown in primary neurons (Wen
et al 2014), Drosophila (Xu et al., 2013, Zhang et al., 2015) and zebrafish models
(Swinnen et al., 2018). However, the relative contributions of RNA and DPR-mediated
toxicity towards downstream pathology in these models and beyond is unclear. To
address this, Mizielinska and colleagues using Drosophila models expressed stop
codons in each reading frame of the G4Cz repeat to prevent expression of the DPRs
from the repeat sequence (Mizielinska et al., 2014). Thus, enabling them to study the
potential toxic effects of each gain-of-function mechanism independently.
Neurotoxicity observed from DPR expression was crucially not observed from sole
expression of RNA foci (Mizielinska et al., 2014). Similar to reports from another group

using a different Drosophila model of disease (Tran et al., 2015). Solomon and
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colleagues reported it was the toxicity of DPR species and not G4C> related RNA-
accumulation that triggered TDP-43 pathology and resulting disease onset and
progression (Solomon et al., 2018). Consequently, the formation of RNA foci is likely
to be a toxic mechanism that does contribute to disease but is not the main driver of
C9 disease pathogenesis.

1.43 DPR-mediated Toxicity

Arginine-rich DPRs have been widely reported to be the most toxic of all DPR species
in zebrafish (Swaminathan et al., 2018) and in several in vitro cell models including
primary neuronal cultures and induced pluripotent stem cell (iPSC)-derived neurons
(Wen et al., 2014, Yamakawa et al., 2015, Mizielinska et al., 2017). The neurotoxic
potential of arginine-rich DPRs has been shown extensively to lead to retinal
degeneration, reduced survival and locomotor phenotype in Drosophila models
(Mizielinska et al., 2014, Wen et al., 2014, Baldwin et al., 2016, Freibaum and Taylor,
2017). Poly-GA has also been shown to be moderately toxic in yeast (Jovicic et al.,
2015), primary neurons (Zhang et al., 2014) and in the fruitfly (Mizielinska et al., 2014).
The remaining DPRs, poly-PA and poly-GP do not appear to exert any toxic effects
(Freibaum et al., 2015, Lee et al., 2017b). Cell-cell transmission of all DPR species
has been reported and suggested to underlie expression patterns in post-mortem CNS
(Westergard et al., 2016). Murine models of disease have provided vital insight into
the study of FTD/ALS biology. However, their use in the study of the repeat expansion
mutation has been somewhat limited. Various COORF72 gain-of-function mouse
models have been characterised and whilst molecular phenotypes are generally well
replicated these models fail to consistently recapitulate all aspects of disease relating
to neuronal loss and motor or cognitive disease phenotypes (Balendra and Isaacs,
2018). FTD/ALS model systems are discussed further in section 1.8.

The exact contribution of DPRs to pathogenicity is still unclear, but several
downstream mechanisms including nucleocytoplasmic transport (NCT) (Freibaum et
al., 2015, Zhang et al., 2015, Solomon et al., 2018), impaired protein homeostasis
(Smeele et al., 2024), DNA damage (Farg et al., 2017), stress granule dynamics
(Dafinca et al., 2016, Chew et al., 2019) and mitochondrial dysfunction (Lopez-
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Gonzalez et al., 2016) have been implicated whose dysfunction could lead to
neurodegeneration. In particular, the arginine-rich DPR species have been shown to
impair liquid-liquid phase separation and consequently interfere with nucleoli and
stress granule dynamics via their interactions with low-complexity domain (LCD)
containing proteins (Lee et al., 2016, Lin et al., 2016). Impairment in the dynamics of
these membraneless organelles can lead to deficits in RNA metabolism, processing
and NCT (Kwon et al., 2014, Tao et al., 2015, Lee et al., 2016, Boeynaems et al., 2017,
Zhang et al., 2018). Interestingly, numerous mutations have been identified in the LCD
of many RNA-binding proteins including TDP-43 and FUS and this alone is sufficient
to alter phase separation dynamics (Lagier-Tourenne et al., 2010, Molliex et al., 2015).
GR and PR DPRs have also been shown to share interactions with TDP-43 positive
stress granules or RNA granules which could drive the fibrillisation and aggregation of
TDP-43 (Molliex et al., 2015). Furthermore, high concentrations of these DPR species
and their derivative G4C2 repeat expansion can undergo LLPS that is adequate to
induce phase transition of other RNA-binding proteins (Boeynaems et al., 2017, Fay
et al.,, 2017, Jain and Vale, 2017). However, DPR research has largely been
investigated in in vivo models that express a shortened repeat expansion length. This
may not accurately recapture molecular disease mechanisms in a large proportion of
patients with longer repeat lengths in the range of over 1000 repeats (West et al.,
2020, Sharpe et al., 2021). Nevertheless, cumulative evidence from these model
systems would suggest DPRs are key triggers of disease progression via several
pathological mechanisms.

1.5 Pathological Mechanisms of FTD/ALS

FTD/ALS represent multifaceted diseases with several cellular functions hypothesised
to become dysregulated in disease onset and progression. Significant progress has
been made in understanding the molecular and genetic basis of disease, yet how
specific mutations drive neuronal dysfunction via downstream pathomechanisms and
the precise interactions between these secondary pathways to drive disease
progression is unclear. Associated pathological mechanisms include mitochondrial
dysfunction, deficits in NCT, impaired protein homeostasis and non-cell autonomous

mechanisms.
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1.51 Oxidative Stress

Oxidative stress arises from an imbalance between the production of reactive oxygen
species (ROS) and the ability of antioxidant defence systems to detoxify the reactive
species (Pizzino et al.,, 2017). ROS can lead to oxidative damage of biological
molecules such as proteins, lipids and nucleic acids that can directly or indirectly via
interaction with other pathological mechanisms contribute towards motor neuron injury
in ALS pathophysiology (Barber and Shaw, 2010, Pollari et al., 2014). Aberrant levels
of ROS and oxidative damage have previously been reported in ALS patient spinal
cord and motor cortex (Shaw et al., 1995, Ferrante et al., 1997). These have also been
reported in patient cerebrospinal fluid (CSF) and serum samples of ALS patients (Zarei
et al., 2015). In fact, mutations in the SOD1 gene lead to oxidative stress related
cytotoxicity (Bonafede and Mariotti, 2017). Moreover, oxidative stress has been shown
to induce hallmark accumulation and aggregation of phosphorylated TDP-43 deposits
that can lead to downstream mitochondrial dysfunction (Cohen et al., 2015, Goh et al.,
2018, Zuo et al., 2021). Westergard et al demonstrated oxidative stress was sufficient
to induce upregulation of DPR translation in C90ORF72 cell culture models
(Westergard et al., 2019). Crosstalk between motor neurons and surrounding glial
cells like astrocytes is a well-known phenomenon. With this, astrocytic glutamate
release was evident in response to oxidative stress that could amplify excitotoxic injury
in motor neurons (Kazama et al., 2020).

1.62 Mitochondrial Dysfunction

The mitochondrion is a membrane-bound organelle that functions as the energy
powerhouse of the cell vital for a number of cellular processes. Deficits in
mitochondrial function have been implicated in multiple studies and therefore
impairments are well-established disease phenotypes. Studies in patient spinal motor
neurons and in vitro and in vivo model systems have identified altered ATP production
and mitochondria-dependent apoptosis, ROS imbalances, disrupted axonal transport
of mitochondria and perturbed calcium buffering (Cozzolino and Carri, 2012, Debska-
Vielhaber et al., 2021, Jhanji et al., 2021, Mehta et al., 2021). Motor neurons are
associated with a high metabolic demand and are vulnerable to calcium overloading
due to their involvement in Ca?*-dependent process and low buffering capacity
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(Menzies et al., 2002). This was shown in COFTD/ALS patient-derived motor neurons
which displayed decreased mitochondrial buffering capacity of Ca?* (Dafinca et al.,
2020).

1.63 Deficits in Nucleocytoplasmic Transport

The transport of proteins across the nuclear membrane is crucial in ensuring their
correct localisation to retain proper protein function and maintain cellular homeostasis.
The importance of correct NCT is best illustrated by experiments studying
nucleocytoplasmic shuttling of TDP-43 (Atwal et al., 2025). Expression of TDP-43 with
a dysfunctional nuclear localisation signal (NLS) in transgenic mice models and
primary neuronal cultures resulted in hallmark nuclear depletion and cytoplasmic
mislocalisation and aggregation of TDP-43 (Winton et al., 2008, Igaz et al., 2011,
Walker et al., 2015a). This was adequate in causing motor neuron degeneration and
locomotor phenotypes in transgenic mouse models, with inhibited expression of the
mutated TDP-43 gene sufficient in preventing further exacerbation of disease
phenotypes (Walker et al., 2015a). Deficits in NCT and the nuclear pore complex have
been identified in several ALS model systems relevant to TDP-43 proteinopathy
(Nishimura et al., 2010, Atwal et al., 2025) and CO9FTD/ALS (Zhang et al., 2015,
Boeynaems et al., 2016, Jovicic et al., 2015, Freibaum et al., 2015, Lee et al., 2016).
Indeed, components of the transport machinery and pore complex were positive
modifiers of C9-related neurodegeneration from genetic modifier screens in yeast
and Drosophila models of C9ORF72 (Zhang et al., 2015, Jovicic et al.,, 2015,
Boeynaems et al.,, 2016). Moreover, DPR-induced stress granule formation was
shown to perturb NCT via abnormal recruitment of NCT factors which led to
neurodegeneration (Boeynaems et al., 2017). Aberrant sequestration of NCT factors
was also observed in stress granule independent, cytoplasmic TDP-43 liquid droplets
(Gasset-Rosa et al., 2019). Comparable NCT perturbations were also observed in
models of TDP-43 proteinopathy, with cytoplasmic TDP-43 capable of inducing
cytoplasmic mislocalisation of NCT-related karyopherin proteins in C9FTD/ALS
Drosophila models, a phenotype recaptured in post-mortem frontal cortex of C9FTD
and FTD-TDP cases (Chou et al., 2018, Solomon et al., 2018, Atwal et al., 2025).
Solomon et al reported a vicious feedback cycle between DPR-mediated TDP-43 and
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karyopherin abnormalities that trigger C9-related neurodegeneration (Solomon et al.,
2018). A source of potential therapeutic intervention lies with inhibition of SRSF1-
dependent nuclear export of pathological RNA repeat transcripts and subsequent DPR
translation (Hautbergue et al., 2017, Castelli et al., 2021).

1.54 Astrocyte Mediated Toxicity and Neuroinflammation

Neurodegenerative disorders like FTD/ALS were previously believed to be a disease
of the neuronal system but various studies have now established a non-cell
autonomous contribution in disease toxicity. Several groups have reported ALS
astrocytes are selectively toxic to wild-type (WT) motor neurons in in vitro co-cultures
including astrocytes derived from C9 patients (Di Giorgio et al., 2007, Nagai et al.,
2007, Meyer et al., 2014, Gatto et al., 2021). In alignment with this, co-cultured
astrocytes have been shown to release a range of toxic factors (Di Giorgio et al., 2007,
Nagai et al., 2007, Varcianna et al., 2019), pro-inflammatory molecules (Haidet-Phillips
et al., 2011) and DPR species (Marchi et al., 2022) that are neurotoxic and induce
motor neuron death in vitro. This corresponds with histological and imaging studies of
neuroinflammation in the CNS of ALS patients (Appel et al., 2021).

1.6 Neurophysiological Impairments in FTD/ALS

Physiological neuronal function is governed by the general excitability of the neuron
which refers to its ability to generate voltage output in the form of action potentials
(APs). This neuronal activity is underpinned by a myriad of complex factors like
synaptic physiology and intrinsic excitability, which is reliant upon the functional
expression of ion channels connected to AP generation. Today, perturbations in
neurophysiology are regarded as pathogenic hallmarks of FTD/ALS (Pasniceanu et
al., 2021) that can present at various loci within the neuronal circuitry of the CNS
(Figure 1.3). These perturbations are core contributors to disease that are prominent
throughout disease prior to symptomatic onset, during the prodromal phase through
to the end stage of disease. At this final stage, a systematic loss-of-function arises

from neuronal dysfunction and in turn, a combination of loss at the single cell and
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network level. Throughout disease pathogenesis perturbations tend to transition from
gain-of-function excitotoxic mechanisms towards loss-of-function impairments in
neurotransmission. Understanding the primary sources of electrophysiological
dysfunction and the mechanistic link between these and downstream pathways in
COFTD/ALS is important in our understanding of disease pathophysiology. These
primary origins could extend at least 15 years prior to symptomatic onset as observed
in non-symptomatic COFTD/ALS patients prior to neurodegeneration (Benussi et al.,
2016, Geevasinga et al., 2016). Thus, the efficacious window for therapeutic
intervention could be as early as this in the disease course. The literature to date has
primarily focused on cortical and motor neurons, characteristic sites of disease in C9
and other FTD/ALS genetic backgrounds, using human patients and a variety of

physiological models and techniques.

1.61 Cortical Neuron Dysfunction in C9FTD/ALS

A defining feature of FTD/ALS occurs in the form of neuronal atrophy within specific
regions of the cortex. Preceding the degeneration of cortical neurons is
neurophysiological dysfunction within the cortex and this has been well documented
in sporadic and familial disease cases including those with the C9ORF72 repeat
expansion (Williams et al., 2013, Benussi et al., 2016, Geevasinga et al., 2016, Schanz

et al., 2016, Nasseroleslami et al., 2019).
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Figure 1.3. Mechanisms of neurophysiological dysfunction in cortical and lower
motor neurons that contribute towards C9ORF72 disease progression. Upper
motor neurons (blue) originate in the motor cortex and extend projections via the
corticospinal tract onto the brainstem and spinal cord. In humans, these corticospinal
neurons form a monosynaptic connection with lower motor neurons (orange), that in
turn, innervate and relay motor inputs to the effector muscles. This constitutes the
motor circuitry in humans. Electrophysiological impairments arise at multiple levels of
the CNS circuitry. Cortical abnormalities include hyperexcitability resulting from
excessive excitatory signalling or reduced inhibition, disrupted synaptic vesicle
dynamics and impairments in synaptic plasticity that also affects cortico-hippocampal
circuits. Loss of dendritic architecture and synaptic loss are also observed in upper
motor neurons. In a feedforward model of lower motor neuron degeneration, cortical
dysfunction precedes and exacerbates motor neuron injury that is driven, at least in
part, by glutamate-mediated excitotoxicity. Figure taken, with permission, from
(Pasniceanu et al., 2021).
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Cortical network dysfunction has been shown to occur early in FTD (Lindau et al.,
2003, Nishida et al., 2011) and ALS following examination of patients in resting state
magnetoencephalography (MEG) (Proudfoot et al., 2017, Govaarts et al., 2022,
Trubshaw et al., 2024) and transcranial magnetic stimulation (TMS) studies (Vucic et
al., 2013, Eisen et al., 2017, van den Bos et al., 2019) with longitudinal decline in
function observed (Metzger et al., 2024). Indeed, thinning in the motor cortex
correlated with disease progression in temporal areas in addition to behavioural and
cognitive impairments from MRI studies in FTD/ALS (Verstraete et al., 2012,
Mezzapesa et al., 2013, Agosta et al., 2016, Consonni et al., 2018). Analogous to other
neurological diseases (Bae and Kim, 2017), early synaptic perturbations are likely to
underlie loss of cortical synapses that is proportional to the level of cognitive decline
observed in FTD/ALS patients including those characterised by the C90ORF72
mutation (Genc et al., 2017, Henstridge et al., 2018). Eisen and colleagues proposed
a staged progression in disease pathology with their feed-forward model for
neurodegeneration whereby early cortical dysfunction is proceeded by LMN
dysfunction and death (Eisen et al., 1992). Summarised in Figure 1.3. These studies
provide evidence for the importance of cortical dysfunction in the early initiating events
of FTD/ALS pathophysiology.

1.62 Synaptic Dysregulation in COFTD/ALS

Synaptic dysfunction has been reported to occur in FTD/ALS patients pre- and post-
symptomatic onset including those characterised by the repeat expansion mutation
which aligns with a role of the COORF72 protein at the synapse (section 1.41).
Synaptic dysfunction is an all-encompassing term that relates to alterations in synapse
morphology, electrophysiological activity and dysregulated expression of synaptic
proteins. Cortical post-mortem tissue of C9 patients revealed distinct transcriptomic
profiles relevant to key components of synaptic signalling pathway (Prudencio et al.,
2015). Modulation in the expression of a key number of synaptic proteins has been
shown extensively in studies within the cortex of C9 post-mortem patients and from a
variety of animal and cellular models including C9 patient-derived cortical neurons
(Choi et al., 2019, Xiao et al., 2019, Barschke et al., 2020, Jensen et al., 2020, Barbier
et al., 2021, Bauer et al., 2022, Laszlo et al., 2022). Reduced levels of synaptic
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proteins were also observed in FTD patients prior to symptomatic onset (Goetzl et al.,
2016). Deficits in calcium homeostasis and vesicle release were revealed in primary
cortical and C9 patient-derived cortical neuronal cultures that showed mechanistic
overlap with motor neurons (Jensen et al., 2020). Meanwhile, a study utilising patch-
clamp and multi-electrode array (MEA) techniques in cortical neurons derived from C9
iPSC patient lines demonstrated an increase in neuronal network activity attributable
to an increase in synaptic density (Perkins et al., 2021). The same study also showed
reductions in the ready-releasable pool of synaptic vesicles and impaired synaptic
transmission (Perkins et al., 2021). A decreased frequency in the miniature excitatory
postsynaptic currents (MEPSCs) of DPR-expressing transgenic mice was shown to
coincide with synaptic loss in the prefrontal cortex (Choi et al., 2019). A similar
reduction in synaptic function was observed in the thalamus of pre-symptomatic repeat
expansion carriers and in the post-mortem cortical regions of bvFTD and C9 patients
that was associated with their cognitive decline (Henstridge et al., 2018, Malpetti et
al., 2021, Salmon et al., 2021). In addition, primary hippocampal neurons modelling
either CO9ORF72 haploinsufficiency (Ho et al., 2019) or toxic gain-of-function
mechanisms (Huber et al., 2022a) demonstrated decreased spine density and in both
models, reduced dendritic branching. In parallel, Lall and colleagues demonstrated a
non-cell autonomous component to these phenotypes in addition to cognitive deficits
in a CO90ORF72 knockout mouse model (Lall et al., 2021). Recently, C9ORF72
haploinsufficiency was associated with a decline in excitatory synapses within primary
rat hippocampal cultures (Bauer et al., 2022). Dysregulated synaptic structure,
function and protein levels is now a well-documented phenotype that contributes

towards neurophysiological impairments in FTD/ALS.

1.63 Neuronal and Network Level Plasticity

The ability of neurons within the nervous system to moderate responses to internal or
external stimuli is crucial in the maintenance of correct neuronal and network function.
Modulation of neuronal signalling and their ability to remain ‘plastic’ occurs via
structural or functional changes at the level of the synapse. A common feature in the
early stages of neurodegenerative diseases are functional impairments in neuronal

plasticity which represents a state of dysregulated cellular homeostasis that could
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drive subsequent neuronal dysfunction and loss (Milnerwood and Raymond, 2010,
Starr and Sattler, 2018, Styr and Slutsky, 2018). A TMS study revealed functional
impairments in LTP-like network plasticity in pre-symptomatic patients characterised
by the C9 mutation and the study proposed such changes could occur at least 15
years before symptomatic onset (Benussi et al., 2016). This is not only suggestive of
early cortical dysfunction that may occur at the synapse but could be one of the earliest
disease phenotypes observed in FTD/ALS. Similarly, a decrease in the spontaneous
neuronal activity of TDP-43 mutant MNs differentiated from knock-in iPSCs was
accompanied by synaptic abnormalities prior to any observable TDP-43 pathology or
viability (Lepine et al., 2024). Thus, neuronal dysfunction may not only precede TDP-
43 pathology but may also occur downstream of TDP-43 pathology as shown by
reduced excitatory synaptic transmission and subsequent asynchronous network
activity in a mature iPSC-derived neuronal model (Keuss et al., 2024). These deficits
were shown to be induced via TDP-43 mediated loss of the UNC13a protein that could
be rescued via antisense oligonucleotide therapy targeting the UNC13a cryptic exon
(Keuss et al., 2024). Moreover, impaired synaptic potentiation of mMEPSCs was
established in C9 iPSC-derived cortical neurons that could be rescued in gene-edited
isogenic lines corrected for the repeat expansion mutation (Perkins et al., 2021).
Impairments in synaptic plasticity are observed in Drosophila disease models
overexpressing the C9 repeat expansion or FUS mutants (Perry et al., 2017,
Sahadevan et al., 2021). Related phenotypes have been extensively shown in various
SOD1, FUS and TDP-43 transgenic mice or TDP-43, MAPT and GRN knockout mice
(Spalloni et al., 2011, Petkau et al., 2012, Biundo et al., 2018, Koza et al., 2019, Wu
et al.,, 2019, Ho et al., 2021, Handley et al., 2022). In addition, dysregulated gene
expression within molecular pathways essential in synaptic plasticity have been shown
in C9 patient-derived cortical neurons and C9 patient post-mortem cortex (Prudencio
et al., 2015, Dafinca et al., 2016, Perkins et al., 2021). Murine models of COORF72
haploinsufficiency suggest a role of the CO9ORF72 protein in synaptic function (Ho et
al., 2019, Ho et al., 2020). Complete ablation of the C9ORF72 protein was sufficient
in reducing long-term potentiation (LTP) and long-term depression (LTD) in cortico-
hippocampal circuits (Ho et al., 2020).

Dysregulation in plastic mechanisms that underpin neuronal homeostasis potentially

reflects an internal state whereby neuronal function is incorrectly or ineffectively
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modulated in response to stressful stimuli. The subsequent failure to adapt to these
stimuli could ultimately be the start of a catastrophic pathogenic cascade in FTD/ALS

that inevitability leads to neuronal atrophy and death.

1.64 Cortical Hyperexcitability

Hyperexcitability of the cortex refers to the propensity of cortical neurons to fire
increased APs in response to stimuli and is believed to be pathologically implicated in
motor neuron dysfunction in FTD/ALS, with cortical circuits key regulators of UMN
(layer V cortical projection neuron) function within the corticospinal tract. With this,
increased cortical excitability is sufficient to drive excitotoxic damage in FTD/ALS
patient motor neurons (Khademullah et al., 2020). Such pathology is becoming an
increasingly recognised and relevant neurophysiological phenotype observed in both
fALS and sALS clinical cases (Geevasinga et al., 2021, Timmins et al., 2023, Xie et
al., 2023). The level of cortical hyperexcitability has been shown to correlate with the
intensity of cognitive dysfunction and disease prognosis (Shibuya et al., 2016, Agarwal
et al., 2021, Higashihara et al., 2021). The maintenance of physiological cortical
activity is governed by the delicate balance between excitatory and inhibitory
transmission. TMS studies have been crucial in developing a neurophysiological
profile of FTD/ALS patients, often characterised by increased intracortical facilitation
(excitatory function) and reduced short-interval intercortical inhibition (SICI) (inhibitory
function), hence hallmark cortical hyperexcitability (Rossini et al., 2015).

Consistent amongst TMS ALS patient studies is a loss-of-function in the inhibitory
function of cortical GABA-ergic interneurons (potentially related to reduced SICI)
(Vucic et al., 2008, Geevasinga et al., 2016, Agarwal et al., 2021) including C9 patients
(Wainger and Cudkowicz, 2015, Schanz et al., 2016, Nasseroleslami et al., 2019), that
proceeds with insidious onset (Menon et al., 2020) prior to symptom onset and LMN
degeneration (Menon et al., 2015, Geevasinga et al., 2016). Reductions in SICI
suggests possible dysfunction or neurodegeneration of the inhibitory network function
of cortical GABAergic interneurons that is sufficient to induce or augment cortical
hyperexcitability. Histological studies in animal models of ALS (Nieto-Gonzalez et al.,
2011, Khademullah et al., 2020) and in post-mortem cortices of FTD/ALS patients
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(Nihei et al., 1993, Ferrer, 1999, Petri et al., 2003) including COFTD/ALS patients (Lin
et al., 2021) revealed a reduction in cortical GABA-ergic interneurons that correlates
with a study by Foerster and colleagues whereby decreased GABA levels were

detected in ALS patient motor cortex (Foerster et al., 2012).

Currently, the extent of interneuron dysfunction within COFTD/ALS models remains
understudied with our knowledge of such dysfunction derived predominantly from
SOD1 or TDP-43 murine models of disease. Embryonic cortical interneuron cultures
from SOD1¢%A mice (Clark et al., 2018) and pre-symptomatic SOD1¢%A parvalbumin-
positive GABAergic interneurons (Khademullah et al., 2020), showed attenuations in
excitability that later evolved into a hyperexcitable phenotype following symptomatic
progression in the same SOD1%%*Amodel (Kim et al., 2017). Of note, the translational
value of cortico-motor phenotypes from ALS rodent models should be carefully
considered as the mono-synaptic corticospinal tract circuitry is an anatomical
exclusive feature of primates, and not rodents (Lemon, 2008). Nonetheless,
Khademullah et al were able to pharmacologically rescue disinhibition-induced
hyperexcitability in the SOD1%%3 model by increasing parvalbumin interneuron activity
that was effective in delaying motor deficits and prolonging survival (Khademullah et
al., 2020). This along with data from a mutant SOD1 zebrafish study which revealed
interneuron dysfunction occurs before motor neuron degeneration (McGown et al.,
2013), would imply enhanced interneuron function could reduce hyperexcitability and
be neuroprotective to motor neurons. Loss of parvalbumin-positive GABAergic
interneurons was suggested to contribute to cortical hyperexcitability-induced
cognitive impairments in a TDP-43 331K FTD/ALS knock-in model (White et al., 2018).
Interestingly, in a TDP-43/3'5T mouse model, intricate interaction between different
interneuron populations was shown with hyperexcitability of somatostatin interneurons
sufficient to induce hypoexcitability in parvalbumin interneurons (Zhang et al., 2016).
It was this, and not any changes in excitatory transmission that resulted in
hyperexcitability within this model. Also, defects in inhibitory synapses were noted in
a tau and FUS mouse model (Shimojo et al., 2020, Sahadevan et al., 2021, Scekic-
Zahirovic et al., 2021) and reduced inhibitory signalling within the cortex of a C9 female

mouse model that resulted in increased motor cortex output (Amalyan et al., 2022).
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Alternatively, amplified activity of excitatory cortical neurons could also contribute
towards abnormalities in the cortical excitability of FTD/ALS patients. Date from C9
iPSC cortical neurons indicated an increased in excitatory function that was
associated with an increase in synaptic density (Perkins et al., 2021). Both pre-
symptomatic TDP-43 933K and SOD1¢%A mice displayed amplified excitatory synaptic
transmission within the cortical neurons of the motor cortex (Fogarty et al., 2015,
Fogarty et al., 2016). Together these studies suggest increased excitatory function
could underlie hyperexcitable phenotypes observed early within FTD/ALS patient
cortex. Towards the latter disease stages these gain-of-function mechanisms are likely
to be transient and shift towards loss-of-function with reduced synaptic function and
synapse loss as observed in symptomatic TDP-43/3'T mice (Handley et al., 2017). Of
note, these pathophysiological changes are likely to mirror the progression from onset
of symptomatic disease to symptomatic onset and disease end stage. Even so,
transcriptional dysregulation of synapse associated protein could explain these early
increases in synaptic density (Prudencio et al., 2015, Perkins et al., 2021). In contrast,
C9-related pathomechanisms have been directly linked with synapse loss in various
C9 models of disease. Synaptic loss within the prefrontal cortex of DPR-expressing
transgenic mice was detected (Choi et al., 2019) whilst arginine-rich DPR knock-in
mouse models recapture cortical hyperexcitability, loss of synaptic proteins and age-
dependent spinal motor neuron loss (Milioto et al., 2024). Also, a reduction in synaptic
density has been shown in models of C9ORF72 haploinsufficiency (Ho et al., 2019,
Xiao et al., 2019). Plus, in a microglial specific C9ORF72 knockout mouse model,
enhanced cortical synaptic pruning and decreased dendritic branching and cortical
synaptic protein levels were pathogenic drivers of cognitive dysfunction (Lall et al.,
2021). Altogether, these studies demonstrate the underlying pathophysiology that may
underpin synaptic loss observed in bvFTD patients (Malpetti et al., 2023) and C9
patients (Henstridge et al., 2018) and associated cognitive dysfunction.

1.65 Increased excitability and Morphological Defects of Upper Motor Neurons

UMNSs of the motor cortex synapse onto LMNs populations of the spinal cord via the
corticospinal tract. Hyperexcitable phenotypes within these neurons has been shown
and therefore consistent with the feed-forward model of motor neuron degeneration in
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ALS, whereby UMN loss is proceeded by LMN death (Marques et al., 2021). In line
with this, hyperexcitability of UMNs was observed in TDP-43 mice models of disease
that appeared to be driven by reduced inhibitory inputs or intrinsic hyperexcitability,
even in the presence of reduced excitatory inputs, that was driven by cytoplasmic
TDP-43 mislocalisation (Zhang et al., 2016, Dyer et al., 2021). In rat primary cortical
neurons excitatory optogenetic stimulation was shown to induce increased levels of
DPR species (Westergard et al., 2019, Catanese et al., 2021). Patch-clamp analysis
revealed incubation of acute motor cortex slices with PR DPRs increased the intrinsic
excitability of cortical motor neurons (Jo et al., 2022). Cortical hyperexcitability was
able to diffuse in an anterograde manner down the mouse corticomotor system to
ultimately cause feed-forward LMN degeneration (Reale et al., 2023). In a rodent ALS
model, hyperexcitability was shown to replicate typical ALS features such as locomotor
phenotypes, motor neuron degeneration and TDP-43 pathology (Haidar, 2021). The
ensuing disease phenotypes observed from this rodent model following increased
UMN activity are similar to those observed in post-mortem ALS patient tissue (Genc
et al., 2017) and other ALS mouse models of disease (Sephton et al., 2014, Fogarty
etal., 2017, Handley et al., 2017). Further work is required to study these perturbations
in the context of the C9 mutation.

1.66 Lower Motor Neuron Dysfunction

In the human motor circuitry UMNs descend from the motor cortex and form a
monosynaptic pathway that innervates the LMNs of the brainstem and spinal cord via
the corticospinal tract. These LMNs represent the final components of the circuitry that
transmit signals to the skeletal muscle fibres via the neuromuscular junction (NMJ)
(Figure 1.3). LMN dysfunction, detected by EMG and nerve conduction studies is a
key diagnostic indicator for ALS (Salzinger et al., 2024). Cortical dysfunction precedes
that of the lower motor system. Muscle symptoms tend to progress from initial
muscular fasciculations and cramps early on in disease towards muscle weakness
and atrophy in the latter stages. These symptoms correlate with LMN hyperexcitability
early in disease that transitions towards a loss-of-function (hypoexcitability) that

culminates in LMN degeneration (Wannop et al., 2021, Salzinger et al., 2024).
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1.67 Loss of Synaptic Innervation in the Motor Circuitry

The UMNs and LMNSs within the motor circuitry are linked by excitatory glutamatergic
synapses. Excessive stimulation at this synapse is thought to lead to the phenomenon
of glutamate-mediated excitotoxicity a critical pathogenic driver of motor neuron
degeneration in FTD/ALS (Cleveland and Rothstein, 2001). In proportion with
upstream cortical hyperexcitability (Geevasinga et al., 2016), downstream synaptic
loss in LMNs is observed towards disease end stage. This was observed in extended
cultures of C9 iPSC-derived motor neurons that were also accompanied by CREB
(cAMP response element-binding protein)-dependent changes in gene expression
(Catanese et al., 2021). The presence of excess glutamate within the synaptic cleft
likely occurs due to elevated UMN activity although, exactly how this increased
excitability within these neurons influences potentially impaired pre-synaptic glutamate
release is currently unclear. Further, astrocyte-mediated clearance of synaptic
glutamate has been shown to be dysregulated in various ALS models (Rosenblum and
Trotti, 2017), thus contributing to elevated synaptic glutamate, but importantly not in
C9 iPSC-derived models (Allen et al., 2019, Zhao et al., 2020). During excitatory
transmission, glutamate release activates glutamatergic AMPA (a~-amino-3-hydroxy-
5-methyl-4 isoxazole propionic acid), and NMDA (N-methyl-D-aspartate) receptors
(AMPAr and NMDAr) located on post-synaptic LMNs. The overactivation of these
receptors can trigger an overload in the influx of cations like Ca?* thereby resulting in
altered excitability and a multitude of Ca?*-induced excitotoxic mechanisms (Van Den
Bosch et al., 2006, Pradhan and Bellingham, 2021).

Dysregulated glutamate homeostasis has been reported in several C9 iPSC-derived
patient motor neurons studies (Donnelly et al., 2013, Selvaraj et al., 2018, Shi et al.,
2018, Bursch et al., 2019), with early work directed towards LMN vulnerability to
AMPAr-mediated excitotoxicity (Rothstein et al., 1990, Rothstein et al., 1992,
Rothstein, 1995, Cleveland and Rothstein, 2001). Ensuing work in the field has shown
upregulated expression of Ca?*-permeable AMPAr through amplified expression of the
GIuA1 subunit in LMNs derived from C9 patients (Selvaraj et al., 2018, Shi et al.,
2018). Using post-mortem samples from patients with the C9 mutation, dysregulated
GluA1 expression was selective to LMNs and not patient cortex (Selvaraj et al., 2018,

Gregory et al., 2020). These studies highlight regionally specific disease mechanisms
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at play in C9-related pathology. COORF72 haploinsufficiency has been linked with
upregulated GluA1 expression in C9 specific in vitro and in vivo models (Shi et al.,
2018, Xiao et al., 2019). The synergistic interaction between C9ORF72 protein
ablation in combination with artificially induced excitotoxicity induced ALS in a rat
model (Dong et al., 2021). In knockout murine models of known COORF72 protein
interactor, Rab39b, evidence for increased GluA1 trafficking and reduced expression
of calcium impermeable GluA2-containing AMPAr was shown (Mignogna et al., 2021).
Furthermore, deregulated GIuA1 expression is apparent in the cortex of SALS patients
in addition to neuronal cultures characterised by TDP-43 and FUS mutants (Udagawa
et al., 2015, Bursch et al., 2019, Gregory et al., 2020). Also, expression of the calcium
impermeable GIuA2 subunit was found to be downregulated in a SOD1%%*A mouse
model and from SOD1 patients (Tortarolo et al., 2006, Gregory et al., 2020). Moreover,
GIuA2 post-transcriptional defects are reported in sALS patients that have
consequently resulted in increased expression of Ca%*-permeable AMPAr (Kawahara
et al., 2004, Kawahara and Kwak, 2005, Hideyama et al., 2010).

Multiple lines of evidence have demonstrated elevated CSF levels of glutamate in
FTD/ALS patients (Rothstein et al., 1990, Palese et al., 2020) and whilst motor neuron
vulnerability to AMPAr-mediated excitotoxicity has been shown in several FTD/ALS
models limited data exists for the involvement of NMDAr. However, a recent study has
shown upregulation of the NMDAr subunit, GluN1, in a C9 model of iPSC-derived
motor neurons (Shi et al., 2018). Dafinca et al reported upregulated expression of
Ca?* permeable AMPAr and NMDAr subunits that were common between TDP-43 and
C9 patient-derived motor neurons (Dafinca et al., 2020). Most recently in primary C9
hippocampal cultures, dendritic morphological changes were accompanied by a
hyperexcitable, glutamate-induced excitotoxicity underlain by enhanced activity of
extrasynaptic GIuN2B-containing NMDAr (Huber et al., 2022a). The expression of
arginine-rich DPRs was interlinked with an NMDAr-dependent excitotoxic mechanism
that induced the selective degeneration of Drosophila glutamatergic neurons (Xu and
Xu, 2018). These data reveal a possible role of NMDAr dysregulation in LMN
dysfunction and degeneration.
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1.68 Alterations in Lower Motor Neuron Activity

Changes in the neuronal excitability of LMNs from C9 patients is associated with
alterations in the intrinsic function of ion channel activity that governs AP generation
(Geevasinga et al., 2015). Multiple in vitro studies have investigated the physiological
mechanisms responsible for neuronal excitability changes that occur throughout the
duration of C9 iPSC-derived LMNs cell culture. Electrophysiological investigations of
LMN cultures revealed excitability shifts from an initial hyperexcitable state (Wainger
et al., 2014, Devlin et al., 2015, Burley et al., 2022, Harley et al., 2023a) to a state of
hypoexcitability (Sareen et al., 2013, Zhang et al., 2013, Devlin et al., 2015, Naujock
etal., 2016, Guo et al., 2017, Sommer et al., 2022, Harley et al., 2023a). No significant
changes in cell viability were reported and prior to dysfunction at the NMJ (Martinez-
Silva et al., 2018). Thus, supporting the idea that these excitability changes are an
early neurophysiological feature of disease that precedes motor neuron degeneration
(lwai et al., 2016). A similar pattern of excitability changes was also observed in mice
models of mutant SOD1 motor neurons (Leroy and Zytnicki, 2015).

The generation of highly enriched neuronal cultures is crucial in the study of the
intrinsic excitability of iPSC-derived motor neurons due to the possibility of extrinsic
factors impacting motor neuron excitability. With time, iPSC cultures have improved in
their enrichment for motor neurons and consistent with this, recent studies have shown
no differences in the intrinsic excitability of C9 patient-derived motor neurons (Selvaraj
etal., 2018, Zhao et al., 2020). Zhao and colleagues implicated a non-cell autonomous
role of C9ORF72 mutant astrocytes that upon co-culture lead to reduced AP output of
motor neurons (Zhao et al., 2020). These findings would indicate the presence of
astrocytes in the previous studies of enriched motor neuron mixed cultures to be the

principal mediators of motor neuron hypoexcitability.

Emerging work in the field is beginning to focus on the potential mechanisms giving
rise to these excitability changes. To this end, in SOD1%%3* mice Khademullah and
colleagues demonstrated selective enhancement of cortical inhibition was adequate
to not only reduce cortical hyperexcitability but had a protective impact on spinal motor
neurons (Khademullah et al., 2020). This would suggest LMN dysfunction may be
driven, at least to some degree, by upstream dysfunction within the (motor) cortex
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which feeds into the feed-forward model of degeneration. In the same mouse model,
loss-of-function either via degeneration or reduced excitability of inhibitory glycinergic
spinal interneurons that was proceeded by locomotor phenotypes and motor neuron

degeneration (Allodi et al., 2021, Cavarsan et al., 2023).

LMN hyperexcitability, including through glutamate stimulation, has been shown to
drive hallmark TDP-43 pathology (Weskamp et al., 2020) and production of DPR
species (Westergard et al., 2019). Together these studies present a potential
neuropathophysiological mechanism by which hyperexcitability can induce hallmark
pathology that in turn drives further hyperexcitability and degeneration in a toxic
positive feedback cycle in COFTD/ALS.

1.69 The Neuromuscular Junction in ALS

Degeneration of the NMJ and thus the motor unit occurs very early in disease prior to
motor neuron loss and symptom onset. This pathology is observed universally across
the ALS disease spectrum and supports a pre-synaptic dysfunction of LMNs (Gelon et
al., 2022). Dysfunction at the NMJ has been shown in human in vitro, Drosophila,
murine and zebrafish ALS models with a range of genotypes (Walker et al., 2015a,
Cappello and Francolini, 2017, Chand et al., 2018, Butti et al., 2021, Pereira et al.,
2021, Massih et al., 2023) including the fast-twitch motor units of SOD1 mice (Cappello
and Francolini, 2017). Deficits in function have also been shown in C9 Drosophila
models overexpressing the repeat expansion in the form of reduced active zone size
and neurotransmitter release from pre-synaptic LMNs (Freibaum et al., 2015, Zhang
et al., 2015). In agreement, a reduction in the spontaneous post-synaptic activity of
C9 iPSC-derived MNs was detected and corresponded with hypoexcitability rather
than MN loss (Devlin et al., 2015). Reduced post-synaptic function in LMNs could
relate to their diminished ability to generate APs sufficient for acetylcholine release at
the NMJ. Tu and colleagues revealed expression of poly-GA, the most abundant DPR,
at the NMJ results in deregulated synaptic function (Tu et al., 2023). Furthermore,
abnormal vesicular dynamics have been associated with pathophysiological
mechanisms in ALS. Such disturbances were shown to precede MN loss in poly-GA

transgenic mice and in vitro C9 human models which involved loss of synaptic vesicle-
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associated protein 2 (SV2) that were also observed in C9 patient-derived cortical
neurons (Jensen et al., 2020). In C9 and TDP-43 fly models, Coyne and colleagues
reported decreased expression of the molecular chaperone Hsc70-4/HSPA8 at the

NMJ that ultimately leads to aberrant synaptic vesicle cycling (Coyne et al., 2017).

1.7 Role of the Striatum in FTD/ALS

An ever-growing amount of evidence has led to FTD/ALS being increasingly
recognised as a multifaceted disease with pathology that extends beyond neurons of
the cortico-motor and frontotemporal cortical circuits as described in section 1.1 and
1.2. An emerging theme within the field suggests the pathological relevance of extra
cortical/motor regions in disease, with a body of research implicating striatal
dysfunction in FTD/ALS.

The striatum functions as a central processing centre receiving inputs to and from the
cerebral cortices and other basal ganglia structures. The striatum represents a group
of subcortical nuclei that can be subdivided into the dorsal and ventral striatum in
which the former is composed of the putamen and caudate nucleus and in the latter,
the nucleus accumbens. Interestingly, degeneration of the dorsal striatum represents
a neuropathological hallmark of Huntington’s Disease (HD) patients. This area of the
striatum is predominantly involved in motor function (Prager and Plotkin, 2019).
However, striatal pathology within FTD/ALS patients is predominantly localised to the
ventral striatum that has specific functions in behavioural cognitive functions relating

to reward-related behaviour and language (Vatsavayai et al., 2016).

This subcortical brain region performs an integral role in motor control, coordination
and execution in conjunction to its key role in higher executive functions relating to
decision-making, language processing and behavioural regulation including in a social
context (Bede et al., 2016, Ahmed et al., 2021, Kabiljo et al., 2022). The cognitive roles
of the striatum overlap with the aberrant cognitive and behavioural phenotypes
commonly observed in FTD/ALS patients, implying striatal perturbations may be a
contributor factor to such phenotypes (Pauli et al., 2016). Striatal medium spiny
neurons (MSNs) form the principal cell type of the striatum, accounting for up to 95%
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of the total neuronal population (Prager and Plotkin, 2019). These neurons receive
excitatory glutamatergic input from the prefrontal cortex (highly vulnerable in disease)
with these neuronal circuitries playing important roles in executive function, motivation,
behavioural impulses and inhibition and processing of emotional responses
(Alexander et al., 1986, Haber, 2016, Cox and Witten, 2019, Bocchetta et al., 2021).
Indeed, glutamate receptor dysfunction within cortical layers of murine models has
been coupled with disinhibition and impaired sociability (Gascon et al., 2014, Warmus
et al., 2014). In FTD patients, glutamatergic function has been shown to be reduced
within the cortex (Ferrer, 1999, Sarac et al., 2008) that would suggest reduced network
excitability within cortical circuits. Though, network hyperexcitability in FTD patients
has previously been reported (Beagle et al., 2017). Dopaminergic innervation from the
substantia nigra to MSNs in the dorsal striatum serves in motor and cognitive control
(Murley and Rowe, 2018). Whereas the purpose of dopamine inputs from the
prefrontal cortex and ventral tegmental area to the ventral regions via the mesolimbic
pathway contributes towards reward reinforcement, learning and motivation-related
behaviour (Wise, 2004, Patton et al., 2013, Han et al.,, 2017). Deficits in these
pathways have been associated with a parkinsonism aspect to C9FTD/ALS and could
contribute to observed behavioural symptoms (Boeve et al., 2012, Murley and Rowe,
2018, Liu et al., 2022). MSNs also receive GABA-ergic transmission from the axon
collaterals of other MSNs or from GABA-ergic interneurons that can modulate MSN
activity and may be important for rational and goal-directed behaviours (Wang et al.,
2012, Cox and Witten, 2019). MSNs project inhibition to other parts to basal ganglia,
which can in turn form a reinforcing feedback loop to the cortex via the thalamus
(Haber, 2016, Cox and Witten, 2019, Bocchetta et al., 2021). All of which is consistent
with a loss of inhibition observed in FTD/ALS. The afferent and efferent projections to
and from the striatum are schematically represented in Figure 1.4.

Neuronal atrophy within the striatum of FTD/ALS patients has been identified in post-
mortem patient cases (Kato et al., 1994) and in several neuroimaging studies
(Garibotto et al., 2011, Masuda et al., 2016, Radakovic et al., 2018) including C9
patient cases (Bede et al., 2013, Bede et al., 2018, Ahmed et al., 2021). Furthermore,
a close association between striatal dysfunction and deficits in frontostriatal networks
of FTD/ALS patients was observed that could contribute towards cognitive and
behavioural phenotypes in these patients (Bertoux et al., 2015, Bede et al., 2018,
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Radakovic et al., 2018, Ahmed et al., 2021). The presence of accumulated TDP-43
deposits within MSNs, the major cell type of the striatum (Prager and Plotkin, 2019),
has been identified in FTD/ALS patients (Zhang et al., 2008, Brettschneider et al.,
2013) and is markedly pronounced in those harbouring the C9 mutation (Cykowski et
al., 2017). Consistent with this, a loss of axon terminals and TDP-43 pathology was
evident in the neurites and axon terminals of both FTD/ALS patient cortico-striatal and
striatal efferent neurons (Riku et al., 2016, Riku et al., 2017).

Although neuronal atrophy, TDP-43 pathology and network-related dysfunction in
cognitive circuits have been identified within the striatum, striatal involvement in
FTD/ALS has been potentially overlooked. Even so, functional evidence supporting a
role for striatal dysfunction in FTD/ALS remains scarce.

This project will aim to elucidate the involvement of the striatum in FTD/ALS

patients.
GABA
GLU
Prefrontal
cortex
— Thalamus
Nucleus —
accumbens

D Hippocampus

Ventral Véntral
Pallidum Amygdala tegmental area

Figure 1.4. Circuit level diagram of striatal input and output projections across
different brain regions. Schematic representation of dopaminergic (DA), GABA-ergic
(GABA) and glutamatergic (GLU) projections that involve the striatum within larger
neural networks. Figure created in BioRender.
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1.8 Human Stem Cell Technology

Progress within neurological study and in particular research into neurodegenerative
disease pathophysiology and therapeutics have historically been hampered due to an
inability to access physiologically relevant human tissue. Consequently,
neurodegenerative research has primarily utilised peripheral samples (CSF, urine and
blood), human post-mortem material and animal models. However, post-mortem
samples are often scarce and predominantly derived from individuals at the end stages
of life. Thus, limiting pathological findings specifically to the final phases of disease
(Turner et al., 2013). Animal models of disease especially murine and Drosophila
models have provided invaluable insights into critical aspects of FTD/ALS biology that
have been key to progress within the field. Although, these models are generally
limited by species differences and their inability to fully recapitulate the full spectrum
of disease and therefore recapturing an endogenous cellular disease state (Ferraiuolo
and Maragakis, 2021). With the dawn of human stem cell technology, we now have an
accessible and renewable source of regionally distinct human-derived neuronal
populations. The field of neurodegeneration including FTD/ALS has widely benefited
from the ability to study the disease at the cellular level and target therapeutics in a
human-specific platforms (Zhao and Moore, 2018). This study involves the use of
induced pluripotent stem cells (iPSC) technology to generate two independent region-
specific neuronal populations; iPSC-derived striatal medium spiny neurons (Section
2.16) and iPSC-dervied lower motor neurons (Section 2.17).

1.81 Historical Context of Induced Pluripotent Stem Cells

The development of iPSC technology has been built upon the foundation of a series
of landmark discoveries within the field of stem cell research. The first scientific
breakthrough emerged over half a century ago when the first stem cells were
described in mice bone marrow (Till and Mc, 1961). In 1981, mice embryonic stem
cells were isolated for the first time that was subsequently followed by the isolation of
human embryonic stem cells (hESC) in 1998 (Evans and Kaufman, 1981, Thomson
et al., 1998). Discovery of hESC was revolutionary, considering their pluripotency and
as an unlimited source of human cells with the potential for therapeutic applications.
However, due to technical difficulties and strong ethical concerns related to their
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reliance on human embryos the search for alternative approaches to pluripotent stem

cell generation was required.

The concept of induced pluripotency whereby differentiated cells could be reverted
back into a stem cell fate, offered a potential solution to the challenges posed by
embryonic-derived cells. A landmark study by John Gurdon in 1962 provided direct
evidence for nuclear reprogramming in somatic cell nuclear transfer (SCNT)
experiments using a model of the Xenopus laevis frog (Gurdon, 1962). Here, cloned
germline-competent organisms were generated from the isolation and transfer of
nuclei from terminally differentiated somatic cells into enucleated egg cells. Therefore,
demonstrating somatic cell nuclei retained the genetic information required to
generate a new organism which was preserved during the differentiation process. This
gave rise to the idea of reversible epigenetic mechanisms responsible for the
phenotypic diversity of somatic cells. SCNT was further refined in the following
decades, which led to the first successful reproductive clone of a mammal in Dolly the
sheep (Wilmut et al., 1997).

1.82 The Breakthrough: Induced Pluripotent Stem Cell Technology

The culmination of all these historical advances led to the development of iPSCs, first
pioneered by Yamanaka and colleagues in 2006 from adult mice fibroblasts
(Takahashi and Yamanaka, 2006) and replicated in adult human fibroblasts in 2007
(Takahashi et al., 2007). The introduction of four transcription factors; Kif4, Sox2,
Oct3/4 and c-Myc termed ‘Yamanaka factors’ successfully induced reprogramming of
these mature fibroblasts into pluripotent stem cells. For their contributions towards this
discovery of iPSCs Yamanaka and Gurdon were co-recipients of the 2012 Nobel Prize
in Physiology or Medicine.

The introduction of this non-invasive technology enables researchers to take
advantage of iPSC properties of self-renew and potency i.e. the cell’s ability to
continuously proliferate and in the latter, differentiate into specialised cell types. iPSCs
are reprogrammed from the somatic cells of patients such as skin and blood cells into
a pluripotent state, from which they can differentiate into a specific cell lineage via one
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of three primary germ layers (Figure 1.5). The power of this in vitro human model in
disease modelling and therapeutic translation stems from the ability to generate a
readily available supply of cell specific populations from any patients including
sFTD/sALS cases or those characterised by rare genetic variants. Thus, offering an
alternative to animal models of disease. Of note, iPSC reprogramming has been
shown to reset the epigenetic signature of derived cells which can lead to a loss of
aging-associated phenotypes that are crucial to accurately model age-related
FTD/ALS (Cornacchia and Studer, 2017, Cerneckis et al., 2024). Nevertheless, since
the first iPSC-derived motor neurons were derived from SOD1 ALS patients (Dimos et
al., 2008), iPSC-derived neurons from different regions of the CNS have become
routinely used to study FTD/ALS pathophysiology (Ferraiuolo and Maragakis, 2021).
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Figure 1.5. Induced pluripotent stem cell technology from human patient to cell-
specific in vitro disease models. Somatic cells e.g. fibroblasts are isolated from
patients via skin biopsy and are reprogrammed into pluripotent stem cells through viral
transduction with the four Yamanaka factors (Oct4, Sox2, kif4 and c-Myc). To drive
differentiation of iPSCs towards the desired cell fate, stem cells must be incubated
with specific neurotrophic factors in accordance with cellular differentiation protocols.

Figure created in BioRender.
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1.9 Introduction to patch-clamp electrophysiology

Electrophysiological studies provide critical insight into the function and dysfunction of
non-excitable cells in conjunction to electrically active neurons and their networks. The
early origins of the study of electrophysiology can be traced back to the 18" century
with the pioneering work of Luigi Galvani’'s who discovered nerve conduction to be
governed by electrical excitation (Piccolino, 1998). Since then, the first recording of an
action potential (AP) was made by Julius Bernstein. This was followed up in pivotal
experiments by Alan Hodgkin and Andrew Huxley in 1952 who described the role of
ion channel events that underlie the AP using the voltage-clamp technique, earning
them the Nobel Prize in 1963. This technique along with other electrophysiological
methods at the time such as sharp microelectrode intracellular recordings suffered
from technical limitations that needed to be overcome (Hill and Stephens, 2021). At
the time, only macroscopic currents or the membrane potential of the cell could be
measured, recordings lacked single ion-channel resolution. This was partly due to the
need for low background noise recordings but also leakage currents commonly
associated with the techniques at the time. Additionally, precise control of the
membrane voltage amongst the internal and external environment was required for

the study of ion channel function (Verkhratsky et al., 2006).

These technical challenges were overcome by the development of the patch-clamp
technique pioneered by Bert Sakmann and Erwin Neher in 1976, who resolved single
channel currents from an electrically isolated frog skeletal muscle (Neher and
Sakmann, 1976). A monumental moment for the field of electrophysiology. The
foundation for this seminal discovery was built upon earlier work by several groups of
electrophysiologists including Neher and Lux (Neher and Lux, 1969), with Neher and
Sakmann able to electrically isolate a patch of membrane enabling recordings at the
microscopic level (Neher and Sakmann, 1976, Neher et al.,, 1978). In 1980, the
technique was refined by Sigworth and Neher by the discovery of a high resistance
seal between the electrode tip and cell membrane, referred to as the gigaohm seal
(Sigworth and Neher, 1980). This greatly improved the signal-to-noise ratio not only
improving the quality of recordings but also enabling the detection of smaller currents.
Further improvements were made to include different recording configurations (Hamill

et al.,, 1981), including the whole-cell configuration which was used in this study.
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Briefly, these configurations enable the user to study either single ion channels or the
entire ion channel population of a cell, as discussed in detail in Methods section 2.21
Neher and Sakmann were honoured with the Nobel Prize in Physiology and Medicine
in 1991 for providing the first measurements of single ion channel currents using the
patch-clamp technique, which has since gone on to revolutionise electrophysiological

research.

Today, the patch-clamp method has become the gold standard technique in modern
electrophysiology that enables researchers to study precise changes in ionic currents
through individual ion channels and across whole cell membranes or voltage changes
in the cell. The high spatial and temporal resolution of this biophysical technique in
conjunction with the various recording configurations has improved our understanding
of fundamental cell process ranging from APs to neuronal function and
communication. From large giant axons and muscle fibres to human neurons patch-
clamp has moved with the times and is routinely used to study the biophysical
behaviour of these neurons today. Accordingly, this thesis utilises the patch-clamp
technique to study the electrical properties of MSNs and LMNs derived from healthy
and disease patients.

1.10 Aims and Hypothesis

Hypothesis 1: In the context of COORF72, striatal medium spiny neurons exhibit

neurophysiological deficits.

To investigate this, | will generate highly enriched neuronal cultures of human striatal
neurons (described in section 2.16) using iPSCs obtained from C9ORF72 patients in
alignment with a previously established protocol (Lin et al., 2015). These patients were
specifically chosen due to the C9 mutation representing the most common genetic
cause of both FTD and ALS. The electrophysiological function of these MSNs will be
assessed using patch-clamp electrophysiology (section 2.2), in particular the
excitability and excitatory/inhibitory neurotransmission occurring within these cultures
at the single cell level will be characterised. This will be used as barometer of
neurophysiological function within these neurons in a C9-relevant disease context. As
mentioned previously, FTD/ALS is becoming increasingly recognised as a
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multifaceted disease with pathology that extends beyond cortical and motor neurons
(Nigri et al., 2023). The work here will determine whether neurophysiological
impairments as previously reported in FTD/ALS, extends towards medium spiny
neurons of the striatum and indeed contribute to disease downstream of the
pathogenic mechanisms implicated in C9 disease biology (loss of function, RNA
toxicity, dipeptide repeat proteins). Electrophysiological studies can help identify
therapeutic disease targets (Wainger et al., 2014, Wainger et al., 2021) and with this,
could help distinguish possible therapeutic targets within C9-patient derived striatal

neurons.

Hypothesis 2: Different neuronal cell populations display regional differences in

electrophysiological dysfunction.

To assess this hypothesis, | will be generating highly enriched lower motor neuron
cultures following a protocol previously established by (Du et al., 2015), as described
in Methods section 2.17. Motor neurons were derived from the same iPSC-patient
lines used to generate striatal MSNs. Importantly, LMN dysfunction is typically
associated with ALS pathology and represents a pathological hallmark of disease.
Through patch-clamp electrophysiology a physiological profile of iPSC-derived LMNs
will be built and the reasons for this are two-fold. Firstly, | wanted to determine whether
the neurophysiological profile of iPSC-derived motor neurons generated in this study
using the Du et al protocol displayed phenotypic differences to those reported in other
iPSC-derived motor neurons studies generated via similar (Burley et al., 2022, Harley
et al., 2023a) or alternative protocols (Bilican et al., 2012, Amoroso et al., 2013).
Secondly, this will enable me to compare electrophysiological disturbances between
iPSC-derived MSNs and iPSC-derived LMNs from the same lines. Thus, allowing me
to determine any mutual or regionally specific neurophysiological disturbances in
these neurons that belong to different regions of the CNS.

Hypothesis 3: C9 patient-derived LMNs display an impaired homeostatic ability to

adapt to neurophysiological challenges that are otherwise managed physiologically in
healthy cells.

Importantly, in the third chapter | have considered an important disease modelling
question. Typically, in vitro neurons, particularly iPSC-derived MNs, are functionally

acting in a basal state, i.e. they receive little input from external sources. However,
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MNs in vivo are integrated into networks and receive persistent input that i) drives
excitability levels; and ii) drives plasticity in the neurons. Building upon emerging data
that plasticity in ALS neurons and circuits is severely impaired, even at an early stage
in disease (Benussi et al., 2016), | have investigated the properties of LMNs under
specific conditions that cause the emergence of impaired plasticity in the context of
Co.
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Chapter 2: Material and Methods

This project investigates the electrophysiological perturbations associated with striatal
medium spiny neurons and compares these to lower motor neurons derived from the
same, healthy or C9 patient induced pluripotent stem cells (iPSCs). The first half of
this section will detail how these in vitro human stem cell models were generated.
Following this, the use of patch-clamp electrophysiology to study neurophysiological

function in in vitro neurons will be introduced.

2.1 Cell Culture

2.11iPSC Cell Lines

In alignment with ethical guidelines, human iPSC lines were either generated internally
from the University of Sheffield or purchased from the Cedai-Sinai and Coriell Institute
biorepository. Both isogenic lines used in this study have been corrected for the
CI90RF72 repeat expansion as indicated on the Cedars-Sinai website (links presented
in Table 2.1) and have been utilised in previous publications (Castelli et al., 2021,
Saez-Atienzar et al., 2024). The control cell line MIFF1 (Desmarais et al., 2016) was
kindly provided by Professor Peter Andrews and Dr Ivana Barbaric (Centre for Stem
Cell Biology, The University of Sheffield) and is registered online
(https://hpscreg.eu/cell-line/UOSI001-A). All publicly available details of iPSCs,
including age and site of disease onset, duration of disease, tissue source, genetic

mutation in each patient line, patient sex, ethnic group, patients’ age at the time of
sample collection and respective repository from which the iPSC cell lines were
supplied, are presented in Table 2.1.

2.12 Cell Culture Materials

A list of all cell culture materials including key mediums, neurotrophic factors and
cultureware required for the generation of mature iPSC-derived neurons in this study

are documented below (Table 2.2).
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Table 2.1. iPSC cell line information. The table provides general information on the
iPSC cell lines used in this study from which striatal medium spiny neurons and lower
motor neurons were derived from. All iPSC lines were produced from skin fibroblasts,
except MIFF1 iPSCs that were generated from foetal foreskin fibroblasts.

Cell Clinical Tissue ALS Sex Race Age at Supplier
Line Information Source Genotype Sampling
(years)
GM Healthy Fibroblast - Male Caucasian 55 Cori
oriell
ZETEE Institute
(Con-1)
MIFF1 AIEELIY fFoetlf.' - Bl - Foetal/ | University
(Con-2) f oresKin neonatal | of Sheffield
ibroblasts
CS14 Healthy Fibroblast - Female | Caucasian 30-35 Cedars-
(Con-3) Sinai
Age of onset: | Fibroblast | C90ORF72 Male Caucasian 47 Cedars-
46 expansion Sinai
/?ég’_f? Site of onset: (6-8Kb)
left upper (1000-1333
extremity repeats)
Age of onset: | Fibroblast | CO9ORF72 Male Caucasian 47 Cedars-
46 expansion Sinai
’?ég’_g? Site of onset: (6-8Kb)
left upper (1000-1333
extremity repeats)
Age of onset: | Fibroblast | C9ORF72 Male Unknown 49 Cedars-
57 expansion Sinai
Disease (6-8kb)
ALS 52 | duration: 48 (1000-1333
(C9-3) months repeats)
Site of onset:
Left upper
extremity
Age of onset: | Fibroblast | CO9ORF72 Male Caucasian 47 Cedars-
46 Corrected Sinai
Isogenic | Site of onset: (Isogenic N
29 left upper control line —p—ufacmrmg_ced
(C9-2A) extremity of ALS 29) . ars
sinai.org/produ
ct/cs29ials-
c9n1-isoxx/
Age of onset: | Fibroblast | CO9ORF72 Male Caucasian 49 Cedars-
57 Corrected Sinai
: Disease (Isogenic https://bioman
Isoggnlc duration: 48 control line B
months of ALS 52) sinai.org/produ
(C9-3A) | site of onset: ctics52ials-
Left upper cOn6-isoxd
extremity
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Table 2.2. Cell culture reagents with associated catalogue numbers used for the
generation of iPSC-derived MSNs and LMNs. Listed below is the full set of reagents
required for this study with information regarding reagent purpose, manufacturer and
unique identifier code for each product. Note, 13mm coverslips were used in

conjunction with 24-well plates to plate neurons for patch-clamp recordings.

Reagent Role Supplier Catalogue
number
DMSO Freezing cells Sigma D2650-100mL
B-27 supplement Medium Gibco 11530536
CHIR 99021 Medium Merck Millipore SML1046-25MG
Cll}zré:re(tg&tﬁ:p)hlc Medium Peprotech 450-13
Compound-E Medium Tocris 6476
Dickkopf related Medium
orotein 1 (DKK1) Peprotech 120-30
DMH-1 Medium Merck Millipore D8946-25MG
Glutamax™ Medium Gibco 35050061
Human Recombinant Medium
Brain derived Peprotech AF-450-02
neurotrophic factor
(BDNF)
”}:‘éi'é‘r';kz ngO‘Q";h Medium Peprotech 100-11
KnockOut DMEM/F12 Medium Gibco 12660012
N-2 supplement Medium Gibco 15410294
Neurobasal media Medium Gibco 11570556
Penicillin/Streptomycin Medium Lonza DE17-603E
P“”“(‘;,rﬁgm'”e Medium Merck Millipore | SML0868-25MG
o : Medium StemCell
Retinoic acid (RA) Technologies 72264
SB431542 Medium Peprotech 3014193
So”"zgﬁng)ehog Medium Peprotech 100-45
Valproic acid (VPA) Medium Merck Millipore PHR1061-1G
Accutase Passage Sigma-Aldrich A6964-100ML
Passage Thermo Fisher
HBSS Scientific 14170112
Y27632 Rock inhibitor Passage Peprotech 1293823
Knockout DMEM Plate coating Gibco 10829018
Matrigel Plate coating Corning 356230
Poly-L-ornithine Plate coating Sigma-Aldrich P3655-100MG
Corning 6-well plate | iPSC/NPC/MSN/MN Corning 3506
plating
24-well plate MSN/MN plating Greiner 662 160
Scientific
13mm coverslips MSN /MN plating Laboratory MIC3336
Supplies
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2.13 iPSC Maintenance

All cell culture products and reagents used in the maintenance and differentiation of
iPSC-derived neurons in this study are catalogued in section 2.12. For the
maintenance of iPSCs in culture, Matrigel was diluted to 0.1 pg/ml in cold knockout
DMEM media and left to coat a 6-well culture plate for one hour at room temperature.
The use of Matrigel is vital in supporting cell adhesion to the culture plates in addition
to providing a natural extracellular matrix by which cell growth and differentiation are
facilitated. iPSCs were plated on 6-well plates and incubated with serum-free
mTeSR™-Plus™ medium that was replaced every 48 hours. In accordance with
manufacturer instructions, cells were passaged every 4-6 days as clumps using
ReLeSR™, a non-enzymatic solution that selectively detaches undifferentiated iPSCs.
All iPSCs and iPSC-derived neurons were cultured at 37°C and 5% COs..

2.14 iPSC to NPC Differentiation

Differentiation of iPSCs to NPCs was performed from protocols previously established
in Du et al., 2015, with adaptations. Once iPSCs lines reached 100% confluency, cells
were washed once with PBS to remove any cellular debris or detached cells. A dual-
SMAD inhibition protocol, summarised in Table 2.4, was employed to initiate the
process of neuralisation by incubating cells with iPSC-NPC day 1-6 differentiation
media, which contains CHIR, SB and DMH1. Media was replaced daily. At day 7 of
differentiation, cells were cultured in day 7-12 iPSC to NPC differentiation media (Table
2.5) to enhance neuronal differentiation. Media was replaced every 24 hours. Between
day 7 to 9 cells were passaged. Passages were performed as followed; cells were first
washed with warm HBSS (modified without calcium or magnesium) and then
incubated with Accutase at 37°C for 7 minutes to detach adherent cells. Equal volume
of cell medium was then added to neutralise Accutase activity before the cell
suspension was centrifuged at 200g for 4 minutes. The resulting supernatant was
discarded, and the cell pellet resuspended in medium plus Y27632 Rho-associated
protein kinase (ROCK) inhibitor (10 yM). Inhibition of these kinases is important in
increasing cell proliferation and viability of cell cultures by suppression of cell death
pathways. Cells were then replated onto 6-well plates freshly coated with Matrigel and
differentiation ensued. The rounded iPSC morphology previously exhibited during the
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iPSC stage is no longer observed by 12 days post-differentiation instead, cells display

neural rosettes, typically seen at the NPC stage (Appendix 1). Immunostaining done

previously by Drs Cleide de Souzal/lris Pasniceanu confirmed the expression of

hallmark NPC markers (Pax6 and Nestin) and the absence of key iPSC markers such

as Sox2 and Noggin.

Table 2.3. Basal media composition. The basal media serves as an essential
nutrient base that helps support cell growth and viability. Supplementation with specific
factors enables this base media to be added at different stages of cell maintenance

and differentiation.

Component

Concentration

Function

KnockOut DMEM/F12

48% (viv)

Serum-free media with a formulation
optimised for the growth and maintenance
of stem cell cultures.

Neurobasal media

48% (viv)

Serum-free media with a formulation
optimised for the growth, maintenance
and differentiation of neuronal cell
populations.

Serum-free supplement containing a
complex mixture of fatty acids, vitamins,
proteins and antioxidant enzymes which

- 0
B-27 supplement 1% (Viv) helps promote neuronal survival,
maturation and differentiation. Aids in
neurite growth and neuronal function.
L-glutamine alternative that is a critical for
GlutaMax™ 1% (vIV) protein synthesis, energy metabolism

whilst improving cell viability and growth
for cells in culture.

N-2 supplement

0.5% (viv)

Serum-free supplement that contains
nutrients and hormones to support the
growth and survival of neural cell
populations.

Penicillin/Streptomycin

1% (viv)

Antibiotic mixture used to prevent bacterial
contamination, vital for ensuring sterile
conditions and prolonging viability of

neural cell cultures.

51



Table 2.4. iPSC to NPC media composition (day 1-6). This media consists of basal
media supplemented with key factors to stimulate neurogenesis of stem cells.

Component

Concentration

Mechanism/Function

Basal media

Base media

Media base providing essential nutrients

and support for cell growth and survival.

Supplemented by reagents that promote
neural differentiation in stem cells.

CHIR99021

GSKS3-f inhibitor helps maintain self-
renewal and pluripotency of stem cells.

DMH-1

Inhibitor of the TGF- pathway (inhibits
neural differentiation) via inhibition of BMP
receptors, specifically ALK2. Promotes
neurogenesis of stem cells.

SB431542

TGF-B pathway inhibitor through inhibition
of ALK5/ALK4/ALKY. Inhibits self-renewal
and stimulates differentiation of stem cells

towards neural lineages.

Table 2.5. iPSC to NPC media composition (day 7-12). The composition of day 7-
12 media is identical to the media previously described but with the addition of all-
trans retinoic acid (RA) and purmorphamine (PUR). Together, both these factors
further stimulate commitment to neural lineages.

Component Concentration Mechanism/Function
Basal media Base media
CHIR99021 1 uM AS ABOVE.
DMH-1 2 uM
SB431542 2 uM
Vitamin A derivative that functions as a
All-Trans Retinoic acid 0.1 uM ligand for the retinoic acid receptor.
(RA) ' Induces neuronal differentiation in stem
cells and progenitors
Agonist of the Smo receptor that in turn
Purmorphamine (PUR) 0.5 uM activates the Hedgehog signalling

pathway to enhance commitment to

neural lineages.
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2.15 NPC Maintenance

NPCs were maintained and expanded in NPC expansion media (Table 2.6). Media
was changed every 48 hours. Once cells reached 80-100% confluency, cells were
passaged with 10 yM Y27632 ROCK inhibitor and re-plated onto newly coated
Matrigel 6-well plates using a 1:2-1:4 ratio. Media changes were always done 24 hours
after passage as prolonged incubation with ROCK inhibitor can be toxic to cells. For
long-term storage, NPCs were supplemented with 10% DMSO and frozen at —80°C or
in liquid nitrogen until required. New plate downs of NPCs were constantly generated
by thawing previously frozen NPCs vials rapidly in a 37°C water bath for approximately
30 seconds. Cells were then plated onto newly coated Matrigel 6-well plates containing
NPC expansion media containing 10 yM Y27632 ROCK inhibitor. As described
previously, NPCs were incubated for 24 hours at 37°C with 5% CO2 before media was

replaced with fresh NPC expansion media without ROCK inhibitor.

Table 2.6. NPC expansion media composition. At this cell stage the principal
components of the media are maintained with the addition of valproic acid (VPA). NPC
expansion media is key in the maintenance and proliferation of NPCs.

Component Concentration Mechanism/Function
Basal media
Base media
CHIR99021 3 uM AS ABOVE.
DMH-1 2 uM
SB431542 2 uM
All-Trans Retinoic acid
(RA) 0.1 uM
Purmorphamine (PUR) 0.5 uM

Cell-permeable small molecule inhibitor
of histone deacetylases that leads to
increased histone acetylation. Alters

chromatin structure and gene
expression including upregulation of
neural-specific genes that enhances
commitment to neuronal lineage.
Maintains NPC populations in a
proliferative state during the NPC
expansion phase.

Valproic acid (VPA) 0.5 uM
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2.16 NPC to Striatal Medium Spiny Neuron (MSN) Differentiation

NPCs were differentiated into striatal medium spiny neurons that are GABA-ergic in
nature, (Figure 2.1) following protocols previously established by (Lin et al., 2015).
NPCs were maintained in NPC expansion media (Table 2.6) until 100% confluency
had been reached. At this point, NPC expansion media was aspirated and replaced
with GABA1 differentiation media (Table 2.7), for cells aged day 13-24. Media was
continually changed every 48 hours. At day 20-21 cells were passaged, cells
underwent Accutase treatment to ensure detachment from the plate surface before
being counted using the Neubauer Improved haemocytometer (0.1 mm depth,
Marienfield). Counts were performed to ensure cells were plated at specific densities.
The following equation was used to calculate the exact volume of cells need to achieve
a desired cell density:

Quantity of cells needed per well

Required cell suspension volume (ul/well) = ol count x 10000 x1000

For patch-clamp recordings, cells were seeded onto 13mm coverslips that had been

placed into 24-well plates with the use of sterilised forceps. These coverslips were
sterilised in 70% Industrial Methylated Spirit (IMS) for at least an hour and then
washed with PBS before transfer into plates. All plates were prepared for culture by
coating with poly-ornithine at 1:100 (for glass coverslips) in distilled water overnight at
room temperature, to improve cell adhesion. On the day of plating, poly-ornithine was
aspirated, and plates were washed three times with PBS followed by Matrigel
incubation for an hour. Cells were re-plated onto these freshly coated Matrigel plates
in the presence of 10 uM Y27632 ROCK inhibitor. Cells were replated at a density of
120,000 cells per well for patch-clamp analysis. The following day, media
supplemented with ROCK inhibitor was removed and replaced with fresh medium to
ensure differentiation continued. Media was changed every 48 hours. At day 25 post-
iPSC differentiation, medium was switched to GABA2 media (Table 2.8) up until cells
reached functional neuronal maturity at day 72. GABA2 media was replaced every 48
hours until day 72. Cells were stained at days 32, 52 and 72 for the expression of key
neuronal markers (MAP2 and B3-tubulin) and then labelled with mature markers of
GABAergic MSNs (DARPP32 and GABA) to detect for enriched cultures in the later
stages of differentiation. Cells were previously characterised by Drs Cleide de

Souzallris Pasniceanu.
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Figure 2.1. In vitro differentiation protocol of human iPSC-derived Striatal MSNs
and LMNs. The schematic illustrates the multi-step process by which these patient-
derived cells are generated, from the iPSC cell stage to full neuronal maturation. Stem
cells undergo the process of neuronal induction through dual-SMAD inhibition from
days 1-6 with the cocktail of factors highlighted in bold that develop into NPCs. The
NPCs are then patterned into either an MSN or LMN cell fate via a precursor stage
following treatment with specific morphogens and neurotrophins. Figure created in
BioRender.

55



Table 2.7. GABA1 day 13-24 media composition. Basal media complemented with
the factors below were used to steer differentiation of NPCs towards a GABA-ergic
neuron cell fate. Listed below are the media constituents along with their respective
concentrations and purpose.
Component Concentration Mechanism/Function
Media base providing essential nutrients
and support for cell growth and survival.
Basal media Base media Supplemented by reagents to promote
differentiation towards GABA-ergic
neuronal progenitors.
Signalling occurs via TrkB receptors with
activation of downstream pathways that
promote neuronal survival and maturation.
. . Promotes GABAergic neuronal identity via
Brain-derived ,
: upregulation of key markers (GAD67 and
”e“ngogﬂ'g)facw 30ng/mL | 5 ARPP-32) (Stroppolo et al., 2001, Wilis
et al., 2021).
Facilitates neurite outgrowth and
branching critical for development of
GABAergic neurons.
Antagonist of Wnt signalling pathway. This
pathway functions to promote NPC
proliferation. Inhibition of Wnt signalling
helps facilitate differentiation of
DKK-1 100 ng/mL GABAergic neurons.
In combination with SHH this increases
the success rate of a GABAergic
phenotype (Li et al., 2009).
Signalling protein that acts on cells to
specify neural cell fates. Upregulates
expression of key transcription factors
such as Pax6 and Nkx2.1 vital for
SHH 200 ng/mL enhancing specification of NPCs into
GABAergic neurons.
Integral for the induction of the ventral
neural tube, a major source of GABAergic
neurons.




Table 2.8. GABA2 day 25-72 media composition. The table below summarises the
media components used to provide a nurturing environment for the maturation of
striatal medium spiny neurons. Alongside each media component is the respective
concentration and purpose of each reagent.

Component

Concentration

Mechanism/Function

Neurobasal media

Base media

Specialised cell culture medium designed
to support the long-term growth,
maintenance and maturation of neuronal
cell cultures. Provides an environment for
the growth of enriched neuronal cultures
by limiting glial proliferation and provision
of essential nutrients such as amino acids
and vitamins.

B-27 supplement

2% (viv)

Serum-free supplement containing
antioxidants like vitamin E protecting
neurons from oxidative stress thus
supporting neuronal survival.
Facilitates neuronal maturation through
provision of vitamins and hormones to
support neuronal metabolism.
Promotes development of neurites and
synaptic formation.

Penicillin/Streptomycin

1% (viv)

AS ABOVE.

Brain-derived
neurotrophic factor
(BDNF)

50 ng/mL

Signalling occurs via TrkB receptors with
activation of downstream pathways that
promote neuronal survival and maturation.
Augments specification of GABAergic
neurons via upregulation of key
GABAergic markers such as GAD65 and
VGAT, that aid in GABA synthesis and
transmission essential for mature neuronal

function.
Facilitates neurite outgrowth and
synaptogenesis critical for development of

mature GABAergic neurons.

2.17 NPC to Lower Motor Neuron (LMN) Differentiation

NPCs were differentiated into LMNs (Figure 2.1) using protocols adapted from (Du et
al., 2015). Once NPCs reached 90-100% confluency, NPC expansion media (Table
2.6) was substituted for motor neuron day 13-18 media (Table 2.9) that was replaced

every 48 hours. At day 19 post-iPSC differentiation, motor neuron progenitors were

transitioned to motor neuron day 19-28 differentiation media (Table 2.10), also

replenished every 48 hours. The progenitors underwent passage at day 20 of the
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differentiation protocol. As previously described, this involved soft detachment of cells
with Accutase, cells counts using a haemocytometer and re-plated onto plates coated
with Matrigel in the presence of 10 yM Y27632 ROCK inhibitor. Cells were replated at
a density of 120,000 cells per well for patch-clamp analysis. The next day fresh
medium was added, and differentiation resumed. Cells were maintained as per
protocol before medium was changed to day 29-40 media (Table 2.11) and replaced
every 48 hours until cells reached full maturation at day 40. The same iPSC lines have
previously been used to generate motor neurons (Castelli et al., 2021, Zhang et al.,
2022). To ensure generation of enriched motor neuron cultures, cells were labelled for
expression of mature motor neuron markers (MAP2, NeuN, ChAT, Islet1/2) by Dr.

Cleide de Souza.

Table 2.9. Motor neuron day 13-18 media composition. To ensure the necessary
conditions to promote motor neuron differentiation, basal media was formulated with
the reagents at the concentrations listed below.

Component Concentration Mechanism/Function

Basal media Base media AS ABOVE.

Vitamin A derivative that functions as a
morphogen that binds to the retinoic acid
receptor. These receptors promote
specification of motor neuron progenitors
via upregulation of key transcription
factors like Pax6 and Nkx6.1 that are
0.5 uM important for mature motor neuron

development.

Essential for neural patterning and works
in conjunction with the Hedgehog
signalling pathway to specifically enhance
a motor neuron identity within the cellular
population.

All-trans retinoic acid
(RA)

Smo receptor agonist that activates the
Hedgehog signalling pathway, crucial for
the ventralisation of neural progenitors
and subsequent drive towards motor
neuron lineage.

Promotes expression of key motor
neuron-specific genes, such as Islet1/2
and Olig2, key transcription factors
essential for a motor neuron cell fate.
Used in combination with RA to increase
the efficiency of motor neuron
specification.

Puromorphamine (PUR) 0.1 uM
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Table 2.10. Motor neuron day 19-28 media composition. Basal media mixed with
the combination of factors below was used to drive differentiation of motor neuron

progenitors into young motor neurons. Detailed below is the concentrations and
urpose of each factor.

Component Concentration Mechanism/Function
Basal media Base media
All-trans retinoic acid
(RA) 0.5 uM AS ABOVE.

Puromorphamine (PUR) 0.1 uM

Inhibitor of the Notch signalling pathway
which is essential for the maintenance of
neural progenitors in an undifferentiated
and proliferative state. Thus, inhibition of
this pathway enables differentiation of
neural progenitors.
In combination with factors that promote a
motor neuron cell fate e.g. agonists of the
Hedgehog signalling pathway (RA and
PUR), motor neuron specification is
enhanced.
Signalling occurs via TrkB receptors with
activation of downstream pathways that
Brain-derived promote _neuron_allsurvival and maturation
neurotrophic factor 10 ng/m . of_dlfferentlatlng motor neurons.
(BDNF) Activation of TrkB prevents apopt03|s_and
facilitates neurite outgrowth, promoting
motor neurons survival and functional
maturation.
Neurotrophic factor that functions via the
CNTF receptor complex and is essential
for survival and maintenance of
Ciliary neurotrophic

10 na/ml differentiating motor neurons.
factor (CNTF) g Prevents motor neuron apoptosis and

facilitates neurite outgrowth, promoting
motor neurons survival and functional
maturation.
Neurotrophic factor that activates various
signalling pathways including PI3K/AKT
and MAPK/ERK pathways via the IFG-1
receptor. These signalling cascades are
important for the long-term health of the
Insulin-like growth factor- 10 ng/ml neuronal population as they support
1 (IGF-1) survival, growth and maturation of
differentiating motor neurons.
Prevents motor neuron apoptosis and
facilitates neurite outgrowth, promoting
motor neurons survival and functional
maturation.

Compound-E 0.1 uM
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Table 2.11. Motor neuron day 29-40 media composition. The table details the
media composition used in the final stages of motor neuron differentiation. The
combination of reagents and concentrations listed below provide the necessary
environment to support neuronal maturation of motor neurons.

Component Concentration Mechanism/Function
Neurobasal media Base media
B-27 supplement 2% (viv) AS ABOVE.
Penicillin/Streptomycin 1% (viv)
Signalling occurs via TrkB receptors
with activation of downstream
pathways that support neuronal
survival and maturation of motor
Brain-derived neurons.
neurotrophic factor 10 ng/ml Activation of TrkB increases the
(BDNF) expression of motor neuron specific
markers such as ChAT, prevents
apoptosis and facilitates neurite
outgrowth to ensure functional
maturation of motor neurons.
Ciliary neurotrophic factor
Y CNTR) 10 ng/mi AS ABOVE.
Insulin-like growth factor-
1 (|?3F-1) 10 ng/ml

2.18 Motor Neuron D29-40 Media Supplementation

To study homeostatic responses to acute and chronic stressors, day 40 LMNs were

cultured in motor neuron D29-40 media (Table 2.11) supplemented with either 15mM

NaCl or 15mM KCI. Cells were incubated for either 3 hours (acute) or 7 days (chronic)

in culture medium to study their responses to stressors in both the short- and long-

term. Full details are specified in Chapter 5 below where the reagents were used.
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2.2 Whole-cell Patch-clamp Electrophysiology

To investigate the electrophysiological phenotypes displayed by iPSC-derived neurons
generated, patch-clamp technology was employed in the whole-cell configuration as
described in detailed below.

2.21 Patch-clamp Configurations

Since the initial design (Neher and Sakmann, 1976), several groups of dedicated
electrophysiologists have helped refine the patch-clamp technique. These refinements
involved the application of gentle suction to fire-polished, glass micropipettes filled with
electrically conducive solution to form high-resistance seals in the gigaohm range
(gigaohm seal) between the micropipette tip and cell membrane. The technique was
further improved to include different modes of operation (Hamill et al., 1981), including
the cell-attached mode (Figure 2.2). Here, the pipette remains sealed to the membrane
as described above, without disturbing the integrity of the cell membrane, which
remains intact. This configuration allows for the study of single channel currents or
summated current from a group of ion channels located within the membrane patch.
Also, spontaneous firing activity of the cell can be measured whilst maintaining the
intracellular contents of the cell.

Upon application of a short but strong suction (negative pressure) whilst in cell-
attached mode, the operator can rupture the membrane patch under the pipette tip
and enter the whole-cell patch-clamp configuration (Figure 2.2), as per this study. This
creates electrical continuity between the internal pipette solution and intracellular
milleu of the cell thus, providing direct electrical access to record from the entire ion
channel population of the cell. An example image of a recording taking place in the
whole-cell configuration is shown in Figure 2.3. Simultaneously, this electrical
connection can be utilised to study the intracellular efficacy of pharmacological
compounds on channel function when included in the composition of the internal

pipette solution.
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My research utilised the whole-cell patch clamp technique in either; the current-clamp
configuration to investigate changes in the membrane potential of cells or in voltage-
clamp mode to record whole-cell membrane currents. By applying set current pulses
to the cell via the pipette, experimenters can record the corresponding voltage
responses, usually in the form of action potentials, to current stimulus in current-clamp
mode. This is useful for measuring neuronal excitability at either the single cell or
network level. Alternatively, in the voltage-clamp configuration, set voltages can be
applied through the pipette to fix the membrane potential at a constant value. This, in
conjunction with bath-applied pharmacology, enables researchers to influence the
driving force for ionic movement across the membrane, with resulting membrane
currents from voltage-gated or ligand-gated ion channels recorded. Crucially, the
approach allows for detailed examination of neurotransmission and ion channel

behaviour.

Other modes of patch-clamp operation include the excised patch techniques of which
there are two types. The inside-out patch technique works by retraction of the pipette
whilst in the cell-attached configuration to break off a patch of membrane from the cell
(Figure 2.2). Doing so, exposes the cytosolic surface of the membrane to the bath
solution which is beneficial for studying regulation of channel activity by intracellular
ligands. The outside-out patch technique is created by gentle withdrawal of the pipette
away from the cell whilst in whole-cell mode. This leads to the formation of a small
vesicular structure that remains attached to the pipette tip, with the extracellular side
of the membrane remaining exposed to the bath solution (Figure 2.2). Investigators
use this configuration to study ion channel properties when sequestered from the cell
and subjected to various bath solutions. As highlighted several variations of the patch-
clamp technique exist, with each serving a defined purpose. The choice of
configuration is dependent on the research hypothesis and conditions of the

(intracellular and/or extracellular) experimental environment required to achieve this.
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Figure 2.2. Patch-clamp configurations. This schematic represents the different
modes of operations patch-clamp users can apply to study the electrophysiological
properties of biological material. The ‘cell-attached’ configuration (top left) is
established by the movement of the pipette towards the cell membrane and exertion
of negative pressure (mild suction) to obtain a high resistance gigaohm seal between
the pipette tip and membrane. Inside-out recordings (bottom left) are generated by the
gentle withdrawal of the patch electrode whilst in cell-attached mode; whereas
application of an acute, strong suction opens the membrane, so the K*-gluconate
based internal pipette solution is continuous with the cell cytoplasm, the whole-cell
configuration (fop right). Retraction of the pipette once the membrane has been
ruptured results in the outside-out configuration (bottom right). All configurations allow
the study of either single or small groups of ion channels, except the whole-cell mode,
where the entire channel population of the cell is studied. Figure created in BioRender.
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Figure 2.3. iPSC-derived neuron patched in the whole-cell configuration with a
glass electrode. The image above is taken from a camera under the microscope in
the patch-clamp rig. The neuron was plated onto a glass coverslip that has been
placed into the recording chamber constantly perfused with extracellular solution.
Successful entry into the whole-cell configuration has been achieved and an image
taken live during a patch-clamp recording.
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2.22 Electrical Properties of the Cell Membrane

The cell membrane consists of a dense mosaic of phospholipids and proteins that
together act as a thin insulating barrier between the electrically conductive interior of
the cell and its extracellular environment. The selectively permeable nature of the cell
membrane enables it to control the movement of ions and thereby regulate the
osmolarity between these environments. Furthermore, this leads to a differential
expression of charged particles that in turn establishes significant concentration
gradients of key ions such as calcium (Ca?*), chloride (CI), sodium (Na*) and
potassium (K*) across the membrane. This unequal distribution of charge gives rise to
a membrane potential, a difference in the electrical potential between the intracellular
and extracellular compartments, typically measured in millivolts (mV) (Figure 2.4). The
equilibrium potential of individual ion species can be predicted using the Nernst

equation.

Moreover, the phospholipid bilayer is an electrical insulator that separates and stores
electrical charge either side of the membrane. This ability enables the membrane to
not only have a resistance but also to function as a capacitor, that requires time to
charge and discharge, and therefore influences the kinetics and amplitude of any

membrane potential changes.

The lipid bilayer of the cell membrane is mostly impermeable to the passage of
charged species. However, housed within these lipids are specialised transmembrane
proteins consisting of ion channels and transporters, that allows charged ions to
traverse the membrane. Each transmembrane protein displays distinct selectivity for
specific ions with protein function governed by factors like ligand binding and voltage
changes. Essentially, it is this movement of ions between the extracellular space and
cytoplasm that underlies the electrical activity measured in neurons and is recorded
as current. The flow of current via membrane proteins is determined by the
electrochemical driving force (voltage) and the resistance of the membrane to the
passage of ionic movement. Ohm's law, a key concept in electrophysiology, describes
the relationship between these factors:
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where V is the voltage (in volts, V), I is current (in Amperes, A), and R is the resistance
(in Ohms, Q) to current flow. As per the equation, voltage is directly proportional to
current flow and inversely proportional to the resistance. Comprehension of the key
biophysical properties of the membrane and principles that underlie ion transport,
supports scientific understanding of changes in voltage and current that affect, cellular
process and signalling pathways involved in homeostatic cell function.

Nat
\\d

o ‘o < o
+++© ® i+
@ HJ Cell membrane
A > A K’ O ‘ ATP

Figure 2.4. Electrical properties of the cell membrane. Schematic representation
of the plasma membrane with transmembrane proteins embedded within it. The
plasma membrane acts as a diffusion barrier to the passage of ions but does contain
specialised transmembrane proteins in the form of ion channels and ion pumps that
allow for the transport of specific ions across the membrane. Ultimately, these proteins
establish concentration gradients of ions at the membrane creating a voltage
difference between the intracellular and extracellular environment. Potassium channel
and ions represented in green, sodium channel and ions represented in purple and
sodium/potassium pump in orange. Figure created in BioRender.
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2.23 Recording Setup

The whole-cell patch clamp configuration was used to record from iPSC-derived
neurons using borosilicate glass pipettes of 1.5 mm outer diameter, 0.86 mm inner
diameter and 75 mm length (Harvard Apparatus). Patch electrodes were pulled using
a Sutter P-97 Horizontal Pipette Puller (Sutter Instruments, Sarasota, FL, USA) and
once filled with potassium-gluconate based intracellular solution (Table 2.13) had a
final resistance of 4-7 MQ. An Olympus upright microscope with a x40 immersion lens
was used in conjunction with a micromanipulator (Scientifica) to view and position the
patch pipette towards the cell (Figure 2.5). iPSC-derived neurons plated onto
coverslips were placed in the recording chamber and perfused with a standard
extracellular solution (unless stated otherwise), commonly referred to as artificial
cerebrospinal fluid (aCSF) solution (Table 2.14), using a gravity-fed perfusion system
at room temperature (20-23°C). The use of both internal and external recording
solutions was associated with a liquid junction potential (LJP) calculated at +14mV
(LJPcalc; Clampex). Holding membrane potential and all reported voltage data were
modified accordingly. This phenomenon occurs at the point where two solutions of
different ionic concentrations and compositions meet and is caused by unequal rates

of diffusion of the different ions across this junction.

Whole-cell patch-clamp recordings were low-pass filtered online at 2 kHz, digitised at
10 kHz via a BNC-2090A (National Instruments, Texas, USA) interface, and acquired
using either WinWCP V5.8.2 or WinEDR V4.1.5 Electrophysiology Data Recorder (J.
Dempster, University of Strathclyde, UK). Patch-clamp recordings were attained at a
range of different holding potentials, as per the experimental requirement, using an
Axon Multiclamp 700B amplifier (Molecular Devices, Union City, CA, USA). The key
hardware components of the patch-clamp rig are shown in (Figure 2.5). For the study
of membrane excitability neurons were held at a holding potential of -74mV (including
LJP correction) in the current-clamp configuration with bridge balance and pipette
capacitance neutralisation. To investigate neurotransmission and membrane currents
neurons were held in the voltage-clamp configuration at a holding potential between

-54 to -84mV (including LJP correction) dependent on experimental requirement.
Voltage ramp protocols and holding potentials for all experiments are specified fully
within their respective chapters and figure legends along with pharmacological
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supplementation of aCSF that is also described briefly below. Series resistance (Rs)
remained below 25 MQ during whole-cell recordings, Rs was compensated to 70% for
all voltage-clamp experiments. Any recordings greater than 30 MQ or whereby a

change in Rs exceeded 20% were discarded.

2.24 Application of Pharmacological Compounds

Pharmacological agents were applied using a bath-exchange system that employed a
‘barrel system’ in which aCSF solutions containing differing experimental reagents
could be stored independently and systematically applied. As per the experimental
requirements, the barrels could be substituted to deliver the appropriate treatment,
with the time for complete bath exchange of aCSF being approximately 10 seconds.
Onset time of experimental reagents was generally minimised to no longer than 10
seconds except for non-stationary fluctuation analysis and potassium channel
modulation experiments involving Tetraethylammonium- chloride (TEA-CI), NS11021
and AUT1.

For current-clamp recordings the standard extracellular solution was supplemented
with cyanquixaline (CNQX, 5 uM), (2R)-amino-5-phosphonovaleric acid (D-APV, 50
MM), picrotoxin (PTX, 50 uM) and strychnine (20 uM) to block AMPA, NMDA, GABAA
and Glycinergic mediated synaptic transmission, respectively. TEA-sensitive current
was recorded in the presence of external recording solution complemented with
Tetrodotoxin (TTX, 300nM), the Nay channel blocker (Table 2.15). To measure agonist-
induced membrane currents, the standard aCSF was supplemented with a cocktail of
different pharmacological agents. GABA-evoked currents were measured in the
presence of TTX (300nM). Glutamatergic currents were evoked in the presence of
PTX (50 uM), strychnine (20 uM) and TTX (300nM). For NMDA current recordings
specifically, magnesium free aCSF was additionally supplemented with (50uM)
Glycine.

68



Amplifier
Faraday cage

Digitiser
Patch-clamp
computer
Micromanipulator
Air table

Valve Commander

Perfusion system

Upright microscope
Recording electrode

Lens objective

Recording chamber

Figure 2.5. Patch-clamp rig setup. The images above are taken from the laboratory
and showcase the hardware required for the setup of the patch-clamp rig. The rig
setup is enclosed within a Faraday cage shielding the contents of the rig from external
electromagnetic interference, doing so minimises noise in any recordings. The anti-
vibration air table minimises any vibrations from the surrounding environment that
could disturb recordings. The perfusion system, controlled by the valve commander,
provides a stable environment for cellular recordings with the supply of extracellular
solution to the recording chamber and extraction of solution in a way to maintain
laminar flow of solution in the recording chamber where the coverslip is positioned.
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The actual patch-clamping is performed with a patch pipette attached to a headstage,
the micromanipulator allows for fine movements in three-dimensional space of the
recording patch pipette onto the cell, as viewed under the upright microscope. The
main amplifier detects miniscule currents flowing across the membrane and amplifies
this signal that is then filtered for any unwanted interference, to ensure a strong and
clear signal is to be processed and analysed. The digitiser converts the recorded
analogue signal into digital, that can then be processed by the computer software and
fed back to the operator.

2.25 Patch-clamp Electrophysiology Materials

Alist of all electrophysiological materials including key components of the intracellular
and extracellular solutions and pharmacological activators or inhibitors of ion channel
activity utilised for whole-cell patch-clamp recordings in this work are documented
below (Table 2.12).

Table 2.12. Electrophysiology reagents with associated catalogue numbers. The
table includes a list of all reagents used for the acquisition of patch-clamp recordings.
Included in the information below is the purpose of each reagent, the suppliers from

which the reagents were purchased from and their respective catalogue numbers.

. Catalogue
Reagent Role Supplier Numbger
Calcium Chloride Extracellular solution Thermo Scientific 63122
(CaCly) Solutions
D-(+)-Glucose Extracellular solution Sigma-Aldrich G5767
HEPES Extracellular solution Sigma-Aldrich H337
Potassium Chloride Extracellular solu_tion/ .
(KCI) neuronal media TCI Chemicals 7447-40-7
supplement
, , Extracellular solution/
Sodium Chloride neuronal media Sigma-Aldrich | 793566
(NaCl)
supplement
Magnesium Chloride ExtracelIuIar/I_ntraceIIuIar SERVA 39772.02
(MgCly) solution
Magnesium- Intracellular solution
t ?gfg‘g;gfe Sigma-Aldrich | A9187
(Mg-ATP)
Potassium-Gluconate Intracellular solution Sigma-Aldrich P1847
Sodium creatine Intracellular solution
phosphate dibasic Sigma-Aldrich 27920
tetrahydrate
Sodlgm— Guanosine Intracellular solution Sigma-Aldrich G8877
triphosphate




(Na-GTP)

Sodium-HEPES Intracellular solution Sigma-Aldrich H3375
a-amino-3-hydroxy-5- | Select pharmacology in
. methyl-4—_ _ Extracellular Solution APEXBIO B6238
isoxazolepropionic
acid (AMPA)
(2R)-amino-5- Select pharmacology in
phosphonovaleric Extracellular Solution Biogems 7908985
acid (APV)
Select pharmacology in
AUT Extracellular Solution Cayman Chemical 13{131?136-
Bicuculline Select pharmacology in : ,
Methiodide Extracellular Solution | >'9ma-Aldrich 14343
Cyanquixaline Select pharmacology in .
(CNQX) Extracellular Solution Tocris 0190
Gamma-aminobutyric | Select pharmacology in : AlAr
acid (GABA) Extracellular Solution | S'9ma-Aldrich A5835
. Select pharmacology in
Glycine Extracellular Solution Merck 3570
, Select pharmacology in .
lfenprodil Extracellular Solution Tocris 0545
N-methyl-D-aspartate | Select pharmacology in
(NMDA) Extracellular Solution Selleckchem S7072
NS 11021 Select pharmacology in Tocris 4788
Extracellular Solution
Picrotoxin (PTX) | Seiectpharmacologyin | gionn Ajgrich P1675
Extracellular Solution
Strychnine Select pharmacology in . Al
Hyrdochloride Extracellular Solution Sigma-Aldrich S8753
Tetraethylammonium- | Select pharmacology in
chloride Extracellular Solution Merck T2265
(TEA-CI)
Tetrodotoxin Citrate | —° €Ct Pharmacology in LKT Labs 18660-81-
Extracellular Solution 6
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Table 2.13. Composition of the K-gluconate based intracellular solution. Detailed
in the table below is the contents of the intracellular solution used for patch-clamp
recordings that have been combined to mimic the ionic contents of the cells. During
electrophysiological recordings the intracellular solution is kept continuous with the
cell cytoplasm. Before use, the solution was filtered through a 0.3mm syringe filter,
snap frozen at -80°C. before being placed at -20°C for long-term storage.

Component

Concentration (mM)

Purpose

K-gluconate

155

Provides a high K* concentration that
mimics the high physiological [K*]
within the intracellular milleu, vital for
sustaining a stable resting membrane
potential and in turn cell function.
Maintains the osmolarity of the
intracellular environment to ensure
cell stability during recordings.

Limits chloride content within the
intracellular environment by acting as
a large anion with low membrane
permeability. Thus, maintains
physiological chloride concentration
gradient across the membrane.

MgCl2

Vital support for protein function by
acting as enzyme co-factors for
ATPase enzymes.

Aids in the maintenance of solution
osmolarity.

Na-HEPES

10

Buffering agent  effective  at
maintaining physiological pH (7.2-
7.4) of the intracellular environment
that is critical for preserving function
of pH sensitive- enzymes and ion
channels.

Na-PiCreatine

10

Supports energy metabolism of the
cell. Source of ATP for cell by acting
as a phosphate donor for ADP. This
is crucial for energy dependent
cellular processes such as
maintaining membrane pumps e.g.
Na'/K*/ATPases that help regulate
ionic gradients.

Mg2-ATP

Direct energy supply for the cell that
can be used in energy dependent
processes such as  synaptic
transmission,  maintaining  ionic
gradients and in turn the resting
membrane potential.

Nas-GTP

0.3

Crucial regulator of G-protein activity.
GTP is essential for ensuring G-

protein signalling pathways are
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conserved including those that
involve neurotransmitter receptors.

pH 7.3, 320-330mOsm
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Table 2.14. Standard extracellular solution composition. The components of the
extracellular solution with their respective concentrations ensure the recording
environment of the neurons studied, closely resembles the physiological extracellular
environment. The solution allows for the accurate study of membrane excitability and

ionic currents.

Component

Concentration (mM)

Purpose

NaCl

152

Replicates the ionic conditions of the
extracellular environment by
maintaining high physiological [Na*]
and [CI]. Thus, ensuring a strong
driving force for the influx of these
ions.

Enhances the electrical conductivity
of the extracellular milieu, necessary,
for the measurements of membrane
current and potentials.

KCI

2.8

Low K* concentrations simulate
physiological conditions of the
extracellular fluid. Maintains K*
equilibrium potential which is key for
setting a stable resting membrane
potential.

HEPES

10

Buffering agent that upholds pH
within the physiological range (7.2-
7.4).

Limited interference in biological
reactions due to the compound being
a zwitterionic chemically stable,
highly soluble and membrane
impermeable buffer.

CaCl

Helps support the cell in Ca?
dependent signalling processes e.g.
neurotransmitter release.

Maintains ionic gradients across the
cell membrane.

MgCl2

1.5

Recreates physiological extracellulan
conditions with respect to Mg?*. Helps
to stabilise the cellular environment
via regulation of cell metabolism and
energy.

Glucose

10

Primary energy source for cells that
helps to power essential energy-
dependent cell processes.

Preserves cell health as cells have
access to constant energy source for
the duration of  patch-clamp

experiments.

pH 7.3, 320-330mOsm
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Table 2.15. Tetraethylammonium chloride extracellular solution composition. An
amended version of the standard extracellular solution with equimolar replacement of
NaCl with 30mM TEA-CI. This modified extracellular solution is paramount for the
isolation and study of Ik channel currents. Constituents of the solution listed below with
their respective concentrations and roles.

Component

Concentration (mM)

Purpose

NaCl

122

Maintaining high physiological [Na®]
and [CI] that provides a strong
driving force for the influx of these
ions especially in initiation of action
potentials.

Enhances the electrical conductivity
of the extracellular milieu, necessary
for the measurements of membrane
current and potentials.

TEA-CI

30

Non-selective potassium channel
blocker that supresses outward
potassium currents.

TEA displays distinct selectivity for
different potassium channel
subfamilies and is effective at
targeting K* channels that contribute
to Ik currents e.g. Kv3 family.

KCI

2.8

Low K" concentrations simulate
physiological conditions of the
extracellular fluid. Maintains K
equilibrium potential which is key for
setting a stable resting membrane
potential.

HEPES

10

Buffering agent that upholds pH
within the physiological range (7.2-
7.4).

Limited interference in biological
reactions due to the compound
being a zwitterionic chemically,
stable, highly  soluble and
membrane impermeable buffer.

CaCl

Helps support the cell in Ca?
dependent signalling processes e.g.
neurotransmitter release.

Maintains ionic gradients across the
cell membrane.

MgCl2

1.5

Recreates physiological
extracellular conditions with respect
to Mg?". Helps to stabilise the
cellular environment via regulation
of cell metabolism and energy.

Glucose

10

Primary energy source for cells that
helps to power essential energy-

dependent cell processes.
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Preserves cell health as cells have
access to constant energy source
for the duration of patch-clamp
experiments.

pH 7.3, 320-330mOsm

2.26 Electrophysiological Data Analysis

Electrophysiological analysis of AP frequency was stopped at the point of neuronal
accommodation that was observed at unphysiological levels of current stimulation. All
physiological datapoints to the point of accommodation were included in analysis.
Unless stated otherwise, information collected on AP parameters was done on the first
AP fired by the cell, with APs defined as any spikes with a peak equal to or above 0
mV. Current amplitudes were analysed following ample onset time of experimental

reagents at the point where membrane currents were in steady state.

2.3 Statistical Analysis

Statistical analysis of data was conducted, and graphs generated using GraphPad
Prism 10 (GraphPad Software, Inc., La Jolla, CA). All data reported in this thesis is
presented as the mean * standard error of the mean (SEM). In this study, ‘n’ refers to
the number of experimental replicates (individual cells), and ‘N’ denotes the number
of de novo preparations of batches used to generate these replicates. This level of
distinction was to ensure any phenotypic variations observed in iPSC-derived material
was not attributable to any potential variations between batches. Data distributions
were tested for normality using the Shapiro-Wilks normality test. Both paired and
unpaired Student’s t-test were used to compare datasets between two conditions or
cell lines. For statistical comparisons of datasets from three or more groups, a one-
way or two-way analysis of variance (ANOVA) with the appropriate post-hoc test was
chosen. Where data distributions were not normally distributed, a Kruskal-Wallis test
with Dunn’s pairwise multiple comparisons was used instead to assess for statistical
significance. For all statistical tests done, only a p-value <0.05 was considered
significant. Instead, this approach allows for such batch-to-batch variability to be
accounted for, thereby enhancing the accuracy of data interpretations after

experimental intervention.
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Chapter 3: C9-patient Derived Medium Spiny

Neurons are Hypoexcitable

3.1. Introduction

Conventionally, ALS is considered to be a disease of the motor system. However, in
recent decades there is a growing recognition that ALS sits on a clinical disease
spectrum with FTD, with patients characterised by the degeneration of both the
cortico-motor system but also within the pre-frontal and anterior-temporal lobes of the
cortex. Consequently, the cognitive and behavioural impairments typically associated
with FTD overlap with those observed in ALS patients, especially in cases
characterised by the CO9ORF72 repeat expansion mutation, the most common genetic
cause of both FTD/ALS (Mead et al., 2023). Impairments In personality and behaviour
range from executive dysfunction, loss of motivation to language complications and
apathy (Rascovsky et al., 2011). These functions are not exclusively governed by the
frontotemporal regions of the cortex and is known to include a contribution from other

extra cortical regions like the striatum (Bocchetta et al., 2021).

The striatum is comprised of a cluster of subcortical nuclei that forms the primary input
into the basal ganglia and can be classified into the dorsal (caudate and putamen) and
ventral (nucleus accumbens) striatum. The former is involved in sensorimotor function
whilst the latter is vital cog in the limbic circuitry that has a significant role in the
cognitive processing of emotion and behaviour (Bocchetta et al., 2021). This region is
predominantly, 90-95%, composed of inhibitory medium spiny neurons that are GABA-
ergic in nature with the remaining cellular population made up of inhibitory
interneurons (Cox and Witten, 2019). The striatum is an essential integrative signalling
centre, where the execution, inhibition and selection of appropriate behaviours and
motor movements are gathered from different brain regions such as the cortex,
thalamus and midbrain regions before appropriate regulation and integration by the
striatum (Haber, 2016) (Figure 1.4). The dorsal striatum receives dopaminergic inputs
from the substantia nigra pars compacta that enables it to mediate cognitive related
behaviours including motor control and coordination (Haber, 2016, Bamford and
Bamford, 2019, Cox and Witten, 2019). The ventral striatum receives dopaminergic
projections from the ventral tegmental area as part of the mesocorticolimbic pathway
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that functions in reward processing (Han et al., 2017), decision-making and program
behaviours (Patton et al., 2013, Bamford and Bamford, 2019). Excitatory
glutamatergic transmission from the cortical regions and thalamus also provides a key
input to the striatum (Wilson and Groves, 1981, Paraskevopoulou et al., 2019).
Specifically, the glutamatergic corticostriatal projection neurons, a key
neurodegenerative substrate in FTD (Bertoux et al., 2015, Bede et al., 2018, Ahmed
et al., 2021), originate from different cortical regions such as the motor and premotor
cortex onto the dorsal striatum (motor planning, learning and execution), and
prefrontal cortex onto the dorsal and ventral striatum (executive function, emotional
processing, motivation and decision making) (Kringelbach, 2005, Haber, 2016). The
amygdala also innervates the ventral striatum, crucial for emotion-based behaviours
(Phelps and LeDoux, 2005). The neuroanatomy of these circuits links the striatum to
a broad range of cognitive functions, functions that overlap with the cognitive
impairments in FTD/ALS patients. Indeed, striatal dysfunction in FTD patients has
been associated with a range of cognitive deficits in apathy and impulsivity (Lansdall
et al., 2017, Liu et al., 2023), binge eating (Perry et al., 2014) and long-term memory
(Bertoux et al., 2018). Furthermore, there is growing evidence of atrophy within the
ventral striatum of bvFTD patients (Garibotto et al., 2011, Halabi et al., 2013, Moller et
al., 2015, Landin-Romero et al., 2017, Jakabek et al., 2018, Upadhyay et al., 2024).
Thus, implicating a role for striatal dysfunction in cognitive functions impacted in
FTD/ALS.

As previously mentioned in Introduction section 1.7, atrophy within FTD/ALS patient
striatum including in the ventral regions has been observed in multiple studies (Kato
et al.,, 1994, Riku et al., 2016, Radakovic et al., 2018) including patients harbouring
the C9 repeat expansion mutation (Bede et al., 2013, Ahmed et al., 2021). These
structural changes within patient striatum correlates with observed deficits in
frontostriatal networks that characterise the presymptomatic stages of COFTD/ALS
(Lee et al., 2017a) and are likely contributors to motor and neuropsychological
phenotypes observed during symptomatic disease stages (Bertoux et al., 2015,
Machts et al., 2015, Ahmed et al., 2021). Of note, these pathophysiological
phenotypes along with hallmark TDP-43 pathology have been shown explicitly in
FTD/ALS ventral striatum (Bede et al., 2013, Brettschneider et al., 2013, Machts et al.,
2015, Bede et al., 2018, Tae et al., 2020, Ahmed et al., 2021). The internal capsule
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physically separates the dorsal and ventral striatum. These areas of the striatum are
differentially impacted in disease, with dorsal regions afflicted in HD (Prager and
Plotkin, 2019) compared with ventral striatum in FTD/ALS (Bertoux et al., 2015). Even
so, HD patients are also defined by cognitive impairments during disease, which
closely resembles FTD, suggesting spreading to the ventral striatum (Paulsen, 2011).

Neurophysiological disturbances in the cortical and motor neurons are an established
feature of FTD/ALS that is prominent throughout the course of disease (reviewed in
Introduction section 1.6). Strikingly, neurophysiological excitability represents an
attractive therapeutic target in ALS, with Riluzole the only currently licensed ALS
treatment in the UK targeting such function. Whilst extra cortical/motor involvement in
FTD/ALS is now beginning to emerge, to date, the functional relevance of this
involvement with respect to neurophysiology is unknown. To this end, | focus on
characterising the electrophysiological features of striatal medium spiny neurons in
the context of C9ORF72 repeat expansion.

3.2. Aims and Objectives

Based on the growing evidence within the literature of functional deficits within the
striatum playing a key role in FTD/ALS, | hypothesise this dysfunction extends to
impairments in the excitability of striatal MSNs. This hypothesis is supported by
several key findings: the ventral striatum plays a key role in cognitive processes
impacted in FTD/ALS (Ahmed et al., 2021), extensive TDP-43 pathology is observed
in human post-mortem MSNs (Brettschneider et al., 2013), the principal cell type in
the striatum, MRI brain imaging shows substantial atrophy of the ventral striatum and
lastly (Bertoux et al., 2015), altered neuronal excitability is pathological hallmark of
FTD/ALS (Vucic et al., 2013).

The aim of this chapter was to challenge this hypothesis, done so by investigating the
neurophysiological function of iPSC-derived MSNs from patients harbouring the most
common genetic cause of both FTD/ALS, the COORF72 repeat expansion mutation.
To achieve this, highly enriched MSN cultures were generated from healthy and C9-
afflicted individuals plus gene-edited isogenic lines whereby the C9ORF72 repeat
expansion had been specifically excised (full description of iPSC lines presented in
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Methods section 2.1). The human in vitro iPSC model has previously been used to
generate and study enriched striatal populations in other diseases of the striatum
(Nekrasov et al., 2016, Henkel et al., 2023). The electrophysiological behaviour of
these enriched MSN populations was then characterised in high resolution at the
single cell level using whole-cell patch-clamp electrophysiology.

3.3. Results

3.31 Generation of iPSC-derived C9-Medium Spiny Neurons

In this study, medium spiny neurons (MSNs) were derived in vitro from iPSCs using a
previously established protocol (Lin et al., 2015).The iPSC lines were obtained from
two unrelated healthy individuals (Con-1, Con-2), three unrelated individuals carrying
the C9ORF72 repeat expansion mutation (C9-1, C9-2, C9-3), and two gene-edited
lines (C9-2A and C9-3A), created from C9-2 and C9-3 respectively, using CRISPR-
Cas9 technology to specifically remove the GGGGCC repeat expansion mutation. The
iPSC lines were characterised and described in previous studies (Castelli et al., 2021,
Palminha et al., 2022) and background information of these lines is also available in
Table 2.1.

MSNs were converted from iPSCs using an established and previously reported in
vitro protocol (Lin et al., 2015; summarised Figure 3.1A). Full details of the
differentiation of MSNs are described in sections 2.1.4-2.1.6. In summary, a dual
SMAD inhibition protocol was utilised to efficiently induce neurogenesis to generate
Pax6+ and nestin+ neural progenitor cells (NPCs) (Appendix 1). Both Pax6 and Nestin
are NPC markers. NPCs were then patterned and differentiated towards GABA-ergic
MSNs using BDNF, SHH and DKK-1. Subsequent maturation of MSNs was achieved
through BDNF supplementation. Immunocytochemical characterisation was
conducted longitudinally at 20, 40, and 60 days in vitro (DIV) post NPC generation to
assess the efficiency of MSN differentiation. By DIV20, 80-90% of cells across all lines
displayed neuronal morphology and were B-llI-tubulin (TUJ1) positive, a post-mitotic
neuronal marker that remained consistent through to DIV60 (Lee et al., 2005) (Figure
3.1B-C).
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Figure 3.1. In vitro differentiation of highly enriched GABA-ergic MSNs from
human iPSCs. (A) Fibroblasts were acquired from healthy and C9 patients (Table 2.1)
and reprogrammed into iPSCs that underwent a 3-step differentiation process of
neural induction, specification and maturation as detailed in the Methods chapter
(Sections 2.1.4- 2.1.6). The dual-SMAD inhibition method was used to induce the
neuralisation of stem cells. Patterning of NPCs into GABA-ergic MSN progenitors was
stimulated by BDNF, DKK-1 and SHH treatment. BDNF application promotes the
maturation of progenitors into functionally mature MSNs. Timepoints cited in this thesis
represent the time between neural formation of NPCs (Day 0) to mature MSNs (Day
60). Figure created in BioRender. (B) Representative images of day 60 control, C9
and C9-isogenic MSNs stained for B-llI-tubulin (TUJ1) (green) and either DARRP32
or GABA (red). Nuclei were counterstained with DAPI (blue). Scale bar: 50 ym. (C-E)
Bar graphs showing the total number of (C) TUJ1+, (D) DARPP-32+ and (E) GABA+
cells expressed as percentage of total number cells counted; Values expressed as
mean + SEM. Highly enriched TUJ1+, DARPP-32+, GABA+ MSN cultures were
generated at day 60. Note, images and quantification data were previously generated
and taken with permission from Dr. Iris Pasniceanu and Dr Cleide De Souza. Data, f3-
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[ll-tubulin: Control MSN: N=3; C9-MSN: N=3; Isogenic MSN: N=3; DARPP-32: Control
MSN: N=3; C9-MSN: N=3; Isogenic MSN: N=3; GABA: Control MSN: N=3; C9-MSN:
N=3; Isogenic MSN: N=3. No significant differences between each parameter were
determined by one-way ANOVA followed by Tukey’s multiple comparison test.

Expression of DARPP-32, a mature striatal neuron marker (Blom et al., 2013), became
prominent at DIV40 in all lines and was present in approximately 75% of all cells by
DIV60 (Figure 3.1B-D), comparable to previously reported efficiencies (Lin et al.,
2015). MSNs are inhibitory GABA-ergic neurons, thus positive detection of the
neurotransmitter GABA was found in 75-85% of DIV60 TUJ1+ neurons across all lines
(Figure 3.1B-E). The high efficiency of neuronal differentiation across all iPSC lines
employed was further confirmed by the low expression (<5%) of the progenitor marker
Nestin at DIV20 and the negligible presence (<5%) of the astrocytic marker GFAP
throughout the culture period (data not shown). Thus, the differentiated cultures from
each iPSC line employed were enriched for viable DARPP-32+, GABA+ MSNSs.

3.32 Electrophysiological Characterisation of iPSC-derived MSNs

The excitability of neurons determines how effectively they can generate and transmit
action potentials, which is the fundamental biophysical correlate that underpins all
brain functions, including cognition, behaviour and movement. This neuronal activity
is governed by the external influences of excitatory and inhibitory transmission in
conjunction to the intrinsic excitability of the neuron, which relates to the internal ability
of a neuron to fire APs (Pradhan and Bellingham, 2021). Since striatal performance in
FTD/ALS is consistent with a loss-of-function (Bede et al., 2018, Ahmed et al., 2021),
| examined whether C9 patient-derived MSNs exhibited any neurophysiological
perturbations by performing highly sensitive, whole-cell patch-clamp
electrophysiology, allowing for detailed evaluation of MSN excitability at the single cell

level.

To assess action potential generation, MSNs at days 20, 40 and 60 post NPC-
differentiation were examined in the current-clamp configuration and subjected to a
sequential current injection protocol ranging from —20 to +50 pA from a holding
potential of —74 mV (LJP corrected). Recordings were conducted in standard
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extracellular solution (Table 2.14) containing; AMPAr antagonist, CNQX (5uM), NMDAr
antagonist, APV (50uM), GABAAR antagonist, PTX (50uM) and glycine receptor
antagonist, strychnine (20uM) to block synaptic transmission during recordings. This
ensured excitability was governed by factors relating to the intrinsic properties of the
cell, relating to factors such as the threshold potential, ion channel makeup and
distribution.

The voltage response of individual MSNs to depolarization was assessed, initially
categorising their evoked activity into three distinct behaviours: multiple action
potentials (=2), single action potential, or no response, with action potentials defined
as rapid potential deflections exceeding 0 mV (Figure 3.2A). At day 20, 47% and 42%
of Con-1 and Con-2 MSNs respectively, displayed either no response or fired a single
AP. From day 40 onwards, MSNs from healthy iPSC lines uniformly generated multiple
action potentials (Figure 3.2B), validating the protocol's efficacy in producing functional
MSNs that mature over time. Meanwhile, MSNs derived from C9-patient lines failed to
display progressive increases in their firing frequency from DIV20 to 60, multiple AP
activity was ~50% at day 20 and relatively unchanged at day 60. Instead, C9-MSNs
consistently underperformed relative to control lines, with 40-60% firing only a single
AP or showing no response (Figure 3.2B). The isogenic C9-3A line, however, mirrored
the healthy controls and not the C9-3 line, robustly generating multiple APs (Figure
3.2B). The data imply the C9ORF72 mutation interferes with the intrinsic excitability of
MSNs. Representative responses evoked by the protocol highlight a weaker level of
action potential generation in DIV40 and 60 C9-MSNs compared to Control and
isogenic C9-3A MSNs (Figure 3.2C-D). All Con-1 and Con-2 MSNs displayed multiple
AP firing at day 40 and 60. These statistics were closely resembled by the isogenic
C9-3A where 88% at DIV40 and 100% of cells at DIV60 displayed maximal firing
activity. This contrasted with C9-3 MSNSs, or in fact any of the C9-MSNs, whereby
multiple firing activity barely surpassed 50% across these timepoints (Figure 3.2C-D).
To illustrate this, sample recordings were obtained for each iPSC line, at each time
point and at each level of current-induced depolarization and presented in Figure 3.3.
The traces particularly at DIV40 and DIV6G0 highlight the lack of robust firing elicited
by depolarisation in all C9 (C9,1, C9-2, C9-3) versus control (Con-1, Con-2) and
isogenic lines (C9-3A). These data suggest that the C9 repeat expansion is driving an
excitability problem in MSNs.
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Figure 3.2. Decreased firing capacity in C9 Striatal MSNs. (A) Voltage response of
cells following current injections were classified into three separate categories; no
response: where voltage responses failed to surpass 0 mV, firing of single APs or
multiple APs. (B) Percentage of cells displaying each firing category at days 20, 40
and 60 during differentiation of Con-1, Con-2, C9-2, C9-3 and C9-3A MSNs. Activity in
isogenic C9-3A and both control lines, Con-1 and Con-2, increases with time
compared to all C9 lines, which show a reduced firing capability throughout the
differentiation process. (C-D) This reduced level of activity in all C9-MSNs versus
healthy control lines and paired isogenic line (C9-3 and C9-3A), extends to the firing
patterns observed at day 40 (C) and 60 (D), but not Day 20 (data not shown). Data:
Con-1: day 20, n=22, N=7; day 40, n=18, N=3; day 60, n=14, N=6; Con-2: day 20,
n=12, N=2; day 40, n=8, N=2; day 60, n=10, N=3; C9-1: day 60, n=14, N=5; C9-2: day
20, n=14, N=3; day 40, n=16, N=3; day 60, n=15, N=7; C9-3: day 20, n=11, N=6; day
40, n=21, N=5; day 60, n=22, N=6;C9-3A: day 20, n=4, N=3; day 40, n=8, N=4; day
60, n=18, N=4.
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Figure 3.3. C9-MSNs

display a loss-of-function phenotype. Matrix schematic of

illustrative AP traces recorded in the whole-cell current-clamp configuration from
individual cells reveal C9-MSNs exhibit impairments in excitability. Voltage responses
are shown from healthy control lines (blue), C9 patients (grey) and a paired isogenic
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line C9-3A (red) in response to a train of incremental current injections (-20pA to 50pA
in 10pA steps) from a LJP corrected resting membrane potential held at -74mV. AP
traces were attained from MSNs throughout the differentiation process at day 20, 40
and 60 timepoints.

3.33 C9 Patient-derived MSNs are Hypoexcitable

To further explore whether C9-MSNs do indeed have deficits in AP generation, |
recorded the number of APs evoked, if at all, in response to a train of incremental,
depolarising current injections (0 to +50pA, 5pA steps, 500ms duration). This allowed
for the construction of current stimulus input- action potential output graphs to be
plotted for Con-1, Con-2, C9-2, C9-3 and C9-3A across days 20,40 and 60 to inspect
changes in excitability throughout the differentiation process (Figure 3.4A-E). As
control lines matured from DIV20 to 60, data from Con-1 and Con-2 lines revealed a
statistically significant increase in the number of APs elicited in response to current
stimulation (two-way ANOVA: Con-1: F (20, 510) = 5.164, p<0.0001; Con-2: F (30,
375) = 8.315, p<0.0001) (Figure 3.4A-B). In contrast, both C9-2 and C9-3 MSNs
displayed abnormal development of their excitability profile illustrated by consistent
low levels of AP firing activity throughout these maturation timepoints (two-way
ANOVA: C9-2: F (30, 630) = 1.208, p>0.05; C9-3: F (30, 765) = 0.732, p>0.05) (Figure
3.4C-D). Once again, the C9-3A align closely with the behaviours of control lines and
not its C9-3 counterpart in that the firing activity of these isogenic cells in response to
current stimulation, significantly increased with time (two-way ANOVA: C9-3A: F (20,
240) = 3.707, p<0.0001 (Figure 3.4E). Full details of statistical tests including the
results of Tukey’s multiple comparison test are detailed in Appendix 2.

To confirm these findings, | next wanted to analyse and compare the AP activity
profiles of all iPSC-lines studied once they reached functional maturity at day 60.
Voltage responses of both Con-1 and Con-2 indicate these cell lines are extremely
responsive to current stimulation and are almost superimposable in nature, as are the
low-level voltage responses of C9-2, C9-3 and the additional C9-1 MSNs (Figure
3.4F).
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Figure 3.4. C9-MSNs are hypoexcitable. (A-E) The number of APs evoked following
current stimulation stratified by timepoint (day 20, 40 and 60) for (A) Con-1, (B) Con-
2,(C) C9-2, (D) C9-3 and (E) C9-3A MSNs demonstrate C9-MSNs become
increasingly hypoexcitable as they mature from day 20 to day 60. Both healthy control
lines and C9-3A MSNs exhibit increased AP discharge with time as opposed to C9-
MSNs that show persistent hypoexcitability. (F-G) All three C9-MSNs (C9-1, C9-2, C9-
3) lines show a reduced capacity to fire APs compared to healthy controls (F) and C9-
3 vs C9-3A MSNs at day 60 (G). All data presented as Mean (xSEM). * p<0.05, ****
p<0.0001 from repeated measures two-way ANOVA followed by Tukey’s multiple
comparisons test. Data: Con-1: day 20, n=22, N=7; day 40, n=18, N=3; day 60, n=14,
N=6; Con-2: day 20, n=12, N=2; day 40, n=8, N=2; day 60, n=10, N=3; C9-1: day 60,
n=14, N=5; C9-2: day 20, n=14, N=3; day 40, n=16, N=3; day 60, n=15, N=7; C9-3:
day 20, n=11, N=6; day 40, n=21, N=5; day 60, n=22, N=6; C9-3A: day 20, n=4, N=3;
day 40, n=8, N=4; day 60, n=18, N=4.

Statistical comparison of each individual C9-MSN line with control lines showed
significant decreases in AP activity (two-way ANOVA: F (60, 1050) = 9.489, p<0.0001;
Tukey’s multiple comparison test results listed in Appendix 3) following exposure to
the current stimulus protocol. In addition, differences in the voltage response of day
60 C9-3 versus C9-3A were evaluated (Figure 3.4G). The CRISPR-Cas9 gene-edited,
C9-3A MSN, in which the C9ORF72 repeat expansion has been specifically excised,
demonstrated significantly enhanced excitability compared to its corresponding C9-3
MSN line across almost all current stimuli (two-way ANOVA: F (15, 5625) = 17.12,
p<0.0001; Sidak’s multiple comparison test results described in Appendix 4). Removal
of the repeat expansion in C9-3A MSNs is sufficient for rescue of voltage activity in
response to current depolarisations. Together, these data provide evidence of a
hypoexcitable phenotype in C9 iPSC-derived MSNSs.

3.34 Hypoexcitability of C9 MSNs is not Driven by Impairments in Maturation

To ensure the intrinsic hypoexcitability of C9 patient-derived MSNs did not arise from
abnormalities in the development of any of the iPSC lines, a maturation profile of
patch-clamp recorded neurons was built. This consisted of measuring the intrinsic
membrane properties of the neuron. Specifically, the whole-cell capacitance (WCC),
resting membrane potential (RMP) and input resistance (Rin) were measured to
capture a snapshot into a cell’'s development, health and excitability.
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The phospholipid bilayer functions as an electrical insulator that stores electrical
charge either side of the membrane. Thus, it functions in the same way as a capacitor.
The WCC positively correlates with the surface area of the cell, which helps provide a
functional readout for cell size and in turn, membrane integrity. WCC across all lines
progressively increased throughout the maturation timepoints in alignment with
previous reports by (Gertler et al., 2008, Bicanic et al., 2017) (Figure 3.5A). Although,
WCC did not always show statistically significant increases between each successive
timepoint, for each iPSC line there was a positive increase overtime. This was seen
for Con-1 (Kruskal-Wallis test: p<0.05; Dunn’s multiple comparison test: day 20 vs day
40: p=0.0161), Con-2 (one-way ANOVA: p<0.05; Tukey’s multiple comparison test:
day 20 vs day 60: p=0.00115; day 40 vs day 60: p=0.0358), C9-2 (one-way ANOVA:
p<0.05; Tukey’s multiple comparison test: day 20 vs day 60: p=0.0377; day 40 vs day
60: p=0.0239), C9-3 (one-way ANOVA: p<0.05; Tukey’s multiple comparison test: day
20 vs day 60: p=0.0045; day 40 vs day 60: p=0.0249) and C9-3A (one-way ANOVA:
p<0.05; Tukey’s multiple comparison test: day 20 vs day 40: p=0.0033; day 20 vs day
60: p<0.0001). The WCC at day 60 was comparable across all iPSC lines including in
C9-3 versus C9-3A MSNs (unpaired t-test: p=0.356) (Figure 3.5B). One significant
difference was established between Con-1 and Con-2 (Kruskal-Wallis test: p<0.05;
Dunn’s multiple comparison test: p=0.0254). The data signify WCC is not afflicted in
the development of these iPSC-derived MSNs.

Regulation of the RMP is essential for proper neuronal cell function as deviations from
this can influence ionic gradients of key ions such as Na*, K* and CI~ across the
membrane and influence neuronal excitability. RMP was measured in the absence of
any current stimulation prior to each recording. Longitudinal analysis of RMP led to the
discovery of an enhanced RMP with time for Con-1 (one-way ANOVA: p<0.05; Tukey’s
multiple comparison test: day 20 vs day 60: p=0.0154), Con-2 (one-way ANOVA:
p<0.05; Tukey’s multiple comparison test: day 20 vs day 60: p=0.0002), C9-3 (one-
way ANOVA: p<0.05; Tukey’s multiple comparison test: day 20 vs day 60: p=0.0045;
day 40 vs day 60: p=0.0249) and C9-3A (one-way ANOVA: p<0.05; Tukey’s multiple
comparison test: day 20 vs day 40: p=0.0033; day 20 vs day 60: p<0.0001) but not
C9-2 where this increase was deemed insignificant (one-way ANOVA: p>0.05) (Figure
3.5C).
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Figure 3.5. Hypoexcitability in C9-MSNs is not due to impairments in maturation.
(A-F) Intrinsic membrane properties for Con-1, Con-2, C9-2, C9-3 and C9-3A at days
20, 40 and 60. Data from day 60 is from Con-1, Con-2, C9-1, C9-2, C9-3 and C9-3A.
Quantification of the mean (A-B) whole cell capacitance (WCC) at days 20,40 and 60
(A) and for day 60 specifically (B). Individual cells are represented by individual circles
superimposed onto the bar graphs. A trend towards increased WCC with maturation
is observed and a similar WCC is seen across all lines at day 60. Quantification of the
mean (C-D) resting membrane potential (RMP) at days 20,40 and 60 (C) and across
all lines at day 60 (D). The RMP becomes increasingly hyperpolarised with maturity
and is similar across all lines at day 60. Quantification of the average (E-F) membrane
input resistance (Rin) at all three timepoints (E) and specifically at day 60 (F) is similar
across all stages of maturation. All data presented as Mean (xSEM). * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001 from one-way ANOVA followed by Tukey’s multiple
comparisons test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
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Data: Con-1: day 20, n=22, N=7; day 40, n=18, N=3; day 60, n=14, N=6; Con-2: day
20, n=12, N=2; day 40, n=8, N=2; day 60, n=10, N=3; C9-1: day 60, n=14, N=5; C9-2:
day 20, n=14, N=3; day 40, n=16, N=3; day 60, n=15, N=7; C9-3: day 20, n=11, N=6;
day 40, n=21, N=5; day 60, n=22, N=6; C9-3A: day 20, n=4, N=3; day 40, n=8, N=4;
day 60, n=18, N=4.

No statistical significance was reported for the neuronal RMP at DIV60 in any of the
iPSC lines (one-way ANOVA: p>0.05; C9-3 vs C9-3A; unpaired t-test: p=0.668) (Figure
3.5D). The RMP values reported here are in range with previously reported iPSC-
derived MSN RMPs (Arber et al., 2015, Stanslowsky et al., 2016). My findings here
demonstrate the RMP across all MSNs followed a similar hyperpolarising trend with
time and is not related to neuropathological phenotype observed in C9-MSNSs. Instead,
this provides further evidence of functional maturation throughout the differentiation

period.

The resistance encountered by current because of membrane channels and
transporters is commonly referred to as the Rin. This measurement provides an insight
into ion channel expression, membrane integrity and ultimately neuronal excitability. A
high Rin suggests low ion channel expression or a small membrane surface area (small
WCC), indicative of a more excitable cell as small amount of current can cause
amplified voltage changes. Contrastingly, a low Ri, reflects a less excitable neuron
with a high density of membrane proteins or a large WCC. The Ri, was captured prior
to any patch-clamp recordings via WinWCP or WIinEDR software. For all control, case
and isogenic lines the Rin was assessed and was relatively consistent from DIV20 to
DIV60 (Figure 3.5E) and at DIV60 (Figure 3.5F). The only exception to this was a
significant decrease in Con-2 at day 20 to day 40 (Kruskal-Wallis test: p<0.05; Dunn’s
multiple comparison test: p=0.009). A low Ri» is an established feature of mature
neurons (Schmidt-Hieber et al., 2004), a feature of the iPSC-derived MSNs | have

generated and a feature that is not altered in any MSN cell lines.

Altogether, these results signify alterations in the intrinsic excitability of C9-MSNs are
not driven by changes to the sub-threshold, passive membrane properties, which were

largely comparable between control, isogenic and case lines. Nor do they indicate this
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hypoexcitable, loss-of-function phenotype arises due to impairments in maturity of C9-
MSNSs.

3.35 Excitatory Glutamatergic and Inhibitory GABA-ergic Transmission are not
Impacted in C9 MSNs

The general excitability of neurons within the central nervous system whilst regulated
by the intrinsic factors of the neuron previously mentioned, is also governed by the
delicate balance between excitatory glutamatergic and inhibitory GABA-ergic
transmission. Furthermore, tight regulation of GABAAR and glutamatergic receptor
expression have previously been shown to be vital for mature development of MSNs
(Beutler et al., 2011, Wang et al., 2024). Thus, | next wanted to determine whether
neurotransmission is altered or whether there are receptor-related deficits in the
maturity of patient-derived MSNs.

A functional readout of GABAAR expression was recorded from DIV40 MSNs in the
voltage-clamp configuration, whole-cell membrane currents were induced from bath
application of GABA (100uM) from a holding potential of -54mV (LJP corrected). The
resting potential was changed to ensure a sufficient driving force for the influx of CI.
The response of all MSNs to GABA application was first grouped into two categories:
GABA responsive MSNs (Figure 3.6A) or GABA non-responsive, responses were
defined as positive deflections above baseline membrane current. GABA-evoked
current responses in control and C9-MSNs were blocked by washing on GABAAR
antagonist, bicuculine (Figure 3.6B). Thus, confirming evoked responses resulted from
GABAAR activation. At DIV40, a sizeable proportion of MSNs (13-29%) from Con-1
(13%) and Con-2 (29%) patients failed to respond to GABA stimulation (Figure 3.6C).
Conversely, a greater proportion of C9-MSNs did respond to bath-applied GABA with
only 7-11% of cells not responding across all patient lines (Figure 3.6C). All C9-1 and
C9-2A produced GABA-evoked membrane currents (Figure 3.6C). Although
differences in percentage response were observed, this did not translate to any
differences in the GABAAR current density calculated for each iPSC line (one-way
ANOVA: p>0.05), including C9-2 versus its paired isogenic line C9-2A (unpaired t-test:
p=0.987) (Figure 3.6D).
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Figure 3.6. GABA-ergic transmission is not impaired in day 40 striatal MSNs. (A-
B) Membrane currents were evoked by bath-applied GABA (100uM) (A) and blocked
by GABAaAR antagonist bicuculine (30uM) (B) in the whole-cell voltage-clamp
configuration from a LJP corrected holding membrane potential of -54mV. (C) Voltage-
clamp recordings from individual MSNs were grouped into either GABA-responsive or
GABA non-responsive categories, with no significant differences observed between
control, isogenic and C9-patient MSNs. (D) The mean whole-cell GABAAR current
density was similar across all lineages. Individual cells are represented by individual
data points overlaid onto the bar graph. All data presented as Mean (+SEM). Data:
Con-1: n=15, N=4; Con-2: n=7, N=2; C9-1: n=10, N=2; C9-3: n=14, N=3; C9-2: n=17,
N=5; C9-2A: n=5, N=1. No significant differences between GABAAR current density

93



was assessed by one-way ANOVA followed by Sidak’s multiple comparisons test and
unpaired t-test (C9-2 vs C9-2A).

Current density was documented by measuring current amplitude to GABA application
in relation to membrane capacitance, an electrophysiological indicator of cell size. My
findings establish GABA-ergic transmission is not impaired in striatal MSNs.

Next, functional expression of ionotropic glutamatergic receptors, namely AMPAr and
NMDAr, was studied in striatal MSNs. Glutamatergic transmission is paramount for
homeostatic function of MSNs with the striatum receiving glutamatergic innervation
from several brain regions including the frontal cortex and thalamus (Ding et al., 2008,
Paraskevopoulou et al., 2019). Thus, whole-cell voltage-clamp recordings were
conducted in MSNs from a resting membrane potential held at -74mV (LJP corrected)
and membrane currents were induced from bath applied AMPA (50uM) and/or NMDA
(100uM, in the presence of glycine, 50uM) (Figure 3.7A). Confirmation of AMPA and
NMDA receptor activation was achieved by application of CNQX and APV antagonists
respectively, which led to block of receptor mediated currents in control and case lines
(Figure 3.7B-C). Voltage-clamp recordings from individual MSNs were grouped into
either AMPA-responsive or NMDA-responsive categories with responses defined as
negative deflections below baseline membrane current. No meaningful differences
were detected between control and C9-patient MSNs, though Con-1 had a large
percentage of cells that lacked glutamatergic transmission (Figure 3.7D-E). Mean
whole-cell AMPA and NMDA current densities revealed consistent values across all
lineages (Kruskal-Wallis test: p>0.05) (Figure 3.7F-G). In addition, the AMPA/NMDA
ratio was calculated from the same cells where simultaneous application and response
to AMPA and NMDA was recorded. The AMPA/NMDA ratio was less than 1 for all
lineages which implies a greater proportion of glutamatergic transmission is driven by
NMDAr activated currents in DIV40 MSNs. Overall, my results first establish no
GABAAR nor any glutamatergic receptor related dysfunction in striatal MSNs. This
would imply dysregulation of these ionotropic receptors does not contribute directly to
the hypoexcitable phenotype observed or influences maturation of MSNs. The

disturbance in excitability appears to be physiologically selective to altered excitability.
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Figure 3.7. Glutamatergic transmission is not impaired in day 40 MSNs. (A-C)
Membrane currents were evoked by bath-applied AMPA (50uM) and NMDA (100uM,
in the presence of glycine, 50uM) (A) and blocked by either AMPAr antagonist CNQX
(15uM) (B) or NMDAr specific antagonist APV (50uM) (C) in the whole-cell voltage-
clamp configuration from a LJP corrected holding membrane potential of -74mV. (D-
E) Voltage-clamp recordings from individual MSNs were grouped into either AMPA-
responsive (D) or NMDA-responsive (E) categories, generally no meaningful
differences were observed between control and C9-patient MSNs. Although, Con-1
had a large percentage of cells that lacked glutamatergic transmission. (F-G) The
mean whole-cell AMPAr (F) and NMDAr (G) current density was similar across all
lineages. (H) All day 40 MSNs have an AMPA/NMDA ratio less than 1 indicative of a
larger proportion of glutamatergic transmission being driven by NMDAr-mediated
currents. Individual cells are represented by individual data points overlaid onto the
bar graph. All data presented as Mean (+SEM). Data: Con-1: n=5, N= 3; Con-2: n=7,
N=3; C9-1: n=9-12, N=3; C9-2: n=12, N=4; C9-3: n=12, N=2. Statistical insignificance
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of AMPAr and NMDAr current densities were determined by Kruskal-Wallis test
followed by Dunn’s multiple comparisons test.

3.36 The AP Waveform is Disturbed in C9 MSNs

Following the lack of deficits in MSN maturation and sub-threshold properties,
subsequent analysis involved studying the evoked APs in greater detail to determine
whether phases of the AP, which are a function of ion channel activity, are altered in
C9-MSNSs. Initially, the minimum current amplitude required to trigger an AP was
measured, the rheobase. The exact amount of current required to evoke the first AP
provides a useful readout of cell excitability. For analyses of AP parameters, MSNs
that did not fire any APs were excluded from the analyses. Longitudinal analysis of the
rheobase overtime for each line revealed any changes in the rheobasic current were
statistically insignificant (Kruskal-Wallis test: p>0.05) (Figure 3.8A). Rheobase values
also remained consistent across all lineages at day 40 (Figure 3.9A). At day 60 an
increased rheobase value was associated with C9-MSNs (Figure 3.9B), in particular
between Con-1 and C9-1 MSNs (Kruskal-Wallis test: p<0.05; Dunn’s multiple
comparison test: p=0.012) plus C9-3 and C9-3A striatal neurons (unpaired t-test:
p=0.0356). These significant differences, however, were not unanimous across all
comparisons between control and C9-derived neurons. Therefore, reduced excitability

of C9-MSNs is unlikely to be explained by modifications in rheobase.

The threshold potential of the first evoked AP was then examined various lines across
all timepoints. The threshold potential provides critical information on the level of
stimulation required to initiate AP responses and is associated with rheobasic data.
The AP threshold remained relatively constant with development for all lines (one-way
ANOVA: p>0.05) but not for Con-2 where AP threshold became hyperpolarised with
age (one-way ANOVA: p<0.05; Tukey’s multiple comparison test: day 20 vs day 40:
p=0.0001; day 20 vs day 60: p=0.0001) (Figure 3.8B). Yet, comparison between lines
at day 40 revealed a modest, but significant, depolarisation of the AP threshold in C9-
MSNs when assessed against healthy (one-way ANOVA: p<0.05; Sidak’s multiple
comparison test: Con-1 vs C9-3: p=0.005; Con-2 vs C9-2: p=0.01; Con-2 vs C9-3:
p=0.0006) or the paired isogenic control (unpaired t-fest. C9-3 vs C9-3A: p=0.0047)
(Figure 3.9C).
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Figure 3.8. Specific AP parameters are modified in C9-MSNs. (A) The minimum
current stimulus required to illicit an AP (rheobase) and threshold potential (B) showed
no significant changes across days 20, 40 and 60 for Con-1, Con-2, C9-2, C9-3 and
C9-3A. Individual cells are represented by individual circles overlaid onto the bar
graphs. (C) The AP amplitude increased longitudinally from day 20 to 60 in both control
lines (blue) and C9-3A but not for any of the patient lines (grey). (D) Notably the AP
half-width decreased substantially from day 20 to 60 in both control lines and C9-3A
but not for any of the patient lines. (E) Significant hyperpolarisation of the AHP was
observed from day 20 to 60 in both control lines and C9-3A but not for any of the C9-
patient lines. All data presented as Mean (£tSEM). * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001 from one-way ANOVA followed by Tukey’s multiple comparisons test or
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. Data: Con-1: day
20, n=21, N=7; day 40, n=18, N=3; day 60, n=14, N=6; Con-2: day 20, n=12, N=2; day
40, n=8, N=2; day 60, n=10, N=3; C9-2: day 20, n=12, N=3; day 40, n=13, N=3; day
60, n=13, N=7; C9-3: day 20, n=11, N=6; day 40, n=17, N=5; day 60, n=18, N=5; C9-
3A: day 20, n=3, N=2; day 40, n=8, N=4; day 60, n=18, N=4.
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Figure 3.9. Key features that shape the structure of the AP are distorted in C9-
patient lines. AP Parameters were measured and compared between lines Con-1,
Con-2, C9-1, C9-2, C9-3 and C9-3A at days 40 and 60. Individual cells are represented
by individual circles overlaid onto the bar graphs. (A-B) The recruitment current
required to evoke the first AP (rheobase) at days 40 and 60. Measurements of the
threshold potential (C-D), AP amplitude (E-F), AP duration (G-H) and AHP (I-J) were
recorded for the first AP evoked by current stimulation at days 40 and 60. Note, any
trends between healthy control and isogenic lines versus C9-patient lines at day 40
are further pronounced at the day 60 timepoint. All data presented as Mean (+SEM).
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 from one-way ANOVA followed by
Tukey’s multiple comparisons test or Kruskal-Wallis test followed by Dunn’s multiple
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comparisons test and unpaired t-test (C9-3 vs C9-3A). Data: Con-1: day 40, n=18,
N=3; day 60, n=14, N=6; Con-2: day 40, n=8, N=2; day 60, n=10, N=3; C9-1: day 60,
n=8, N=5; C9-2: day 40, n=13, N=3; day 60, n=13, N=7; C9-3: day 40, n=17, N=5; day
60, n=18, N=5; C9-3A: day 40, n=8, N=4; day 60, n=18, N=4.

A phenotype further pronounced at day 60 (one-way ANOVA: p<0.05; Sidak’s multiple
comparison test: Con-1 vs C9-1: p=0.023; Con-1 vs C9-2: p=0.029; Con-2 vs C9-1:
p=0.0003; Con-2 vs C9-2: p=0.0003; Con-2 vs C9-3: p=0.005) (unpaired t-test: C9-3
vs C9-3A: p=0.0036) (Figure 3.9D). Depolarisation of the AP threshold aligns with
hypoexcitability measured in in C9-MSNs (Figure 3.4) as these cells would therefore
require a larger current stimulus to reach threshold and fire APs. Though rheobase
data was overall non-significant between control and case lines, there is a clear trend
towards a raised rheobasic current in C9-MSNs that aligns closely with the AP
threshold data here.

The next phase of the AP to be investigated was the AP amplitude, the voltage
difference between the peak of the AP upstroke subtracted by the threshold potential
to provide a readout of the membrane excitability. The amplitude of the first evoked
AP progressively increased from day 20 to day 60 in both Con-1 (one-way ANOVA:
p<0.05; Tukey’s multiple comparison test: day 20 vs day 40: p=0.0043; day 20 vs day
60: p=0.0002) and Con-2 (one-way ANOVA: p<0.05; Tukey’s multiple comparison test:
day 20 vs day 40: p=0.0005; day 20 vs day 60: p<0.0001) (Figure 3.8C), in line with
the functional maturation of iPSC-derived neurons (Bullmann et al., 2024). This
increase was also observed in the C9-3A at day 20 to 60 (one-way ANOVA: p<0.05;
Tukey’s multiple comparison test: p= 0.044) but not in the corresponding C9-paired
MSN or in C9-2 (one-way ANOVA: p<0.05) (Figure 3.8C). Examination of the AP
amplitude across all lines at days 40 and 60 showed a reduction in the C9-MSNs
compared to both controls and between the paired C9 and isogenic lines (Figure 3.9E-
F). At day 40 statistical comparisons between all lines were significantly different (one-
way ANOVA: p<0.05; Sidak’s multiple comparison test: Con-1 vs C9-2: p=0.0018;
Con-1 vs C9-3: p=0.0006; Con-2 vs C9-2: p=0.0003; Con-2 vs C9-3: p=0.0001)
(unpaired t-test: C9-3 vs C9-3A: p=0.0183) (Figure 3.9E). At day 60 these reductions
in amplitude were augmented between C9-MSNs and control and isogenic lines (one-
way ANOVA: p<0.05; Sidak’s multiple comparison test: Con-1 vs C9-1: p=0.0011; Con-
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1 vs C9-2: p<0.0001; Con-1 vs C9-3: p<0.0001; Con-2 vs C9-1: p=0.0001;Con-2 vs
C9-2: p<0.0001; Con-2 vs C9-3: p<0.0001) (unpaired t-test: C9-3 vs C9-3A: p<0.0001)
(Figure 3.9F). Reductions in AP amplitude of C9-MSNs indicate their diminished ability
to respond to membrane depolarisations and are thus coherent with a loss of
excitability in these neurons.

To next determine whether the duration of APs was affected in these striatal neurons,
the AP half-width was quantified. This is defined as the duration of the AP at half its
peak amplitude, i.e. the time between the AP upstroke and downstroke. Previous
studies have shown the AP duration decreases with maturity (Arama et al., 2015,
Bullmann et al., 2024) and longitudinal data from day 20 to 60 in control and isogenic
lines correlates with these findings (Figure 3.8D), but interestingly, not in C9-derived
MSNs (Kruskal-Wallis test: p<0.05; Dunn’s multiple comparison test: Con-1: day 20 vs
day 60: p=0.0016; Con-2: day 20 vs day 60: p<0.0001) (one-way ANOVA: p<0.05;
Tukey’s multiple comparison test: C9-3A: day 20 vs day 60: p=0.0007). Furthermore,
the half-width does appear prolonged in C9-derived striatal neurons at day 40
especially between Con-1 and C9-3 lines (Sidak’s multiple comparison test: p=0.09)
(Figure 3.9G). However, statistical comparisons only revealed lengthening of the half-
width in C9-3 MSNs against Con-1 (one-way ANOVA: p<0.05; Sidak’s multiple
comparison test: p=0.04) (Figure 3.9G). Further analysis at day 60 revealed a
substantial increase in the AP duration, approximately 200%, in all C9-MSNs when
compared with both Con-1 and Con-2 (one-way ANOVA: p<0.05; Sidak’s multiple
comparison test: Con-1 vs C9-1: p=0.0044; Con-1 vs C9-2: p=0.0008; Con-1 vs C9-3:
p=0.0006; Con-2 vs C9-1: p=0.0012; Con-2 vs C9-2: p=0.0002; Con-2 vs C9-3:
p=0.0002) (Figure 3.9H). Added comparisons between C9-3 and its corresponding
gene-edited isogenic line displayed similar increase in the time interval of C9-3 APs
(unpaired t-fest: C9-3 vs C9-3A: p<0.0001) (Figure 3.9H). Collectively, this shows the
multiple phases of the AP occur over a longer time in C9-MSNs compared to healthy

neurons.

The inactivation phase of the AP where the neuronal membrane potential decreases
below the normal RMP is referred to as the afterhyperpolarisation (AHP). To gain

insights into the AHP values were recorded from day 20 to 60 striatal neurons. The
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AHP became progressively hyperpolarised from day 20 through to day 60 in both Con-
1 and Con-2 and a similar trend was apparent in C9-3A MSNs (one-way ANOVA:
p<0.05; Tukey’s multiple comparison test: Con-1: day 20 vs day 60: p<0.0001; day 40
vs day 60: p=0.01; Con-2: day 20 vs day 40: p=0.0001; day 20 vs day 60: p<0.0001;
C9-3A: day 20 vs day 60: p=0.011) (Figure 3.8E), similar to reports in iPSC-derived
MSNs (Arama et al., 2015). For C9-MSNs the AHP stayed relatively consistent over
this same time course (one-way ANOVA: p>0.05). At day 40 only modest changes in
the AHP were recorded between iPSC-derived striatal neurons that under statistical
comparisons did not achieve significance (Figure 3.91). Nonetheless, large variations
in the AHP at day 60 (Figure 3.9J) was noted with considerable depolarisation of the
AHP in all C9-MSNs when compared to both healthy controls (one-way ANOVA:
p<0.05; Sidak’s multiple comparison test: Con-1 vs C9-1: p=0.0182; Con-1 vs C9-2:
p<0.0001; Con-1 vs C9-3: p<0.0001; Con-2 vs C9-1: p= 0.0074; Con-2 vs C9-2:
p<0.0001; Con-2 vs C9-3: p<0.0001). The same enlarged differences were true
between the C9-3 and C9-3A pair (unpaired t-test: p<0.0001). Similar to phenotypic
amplitude and half-width data from C9-MSNs, the AHP phenotype appears at day 40
before coming progressively stronger at day 60. Moreover, these data suggest AP
repolarisation could be hindered in C9-MSNs.

3.37 Potassium Ik Channel Function is Reduced in C9 MSNs

Here, | report clear dysfunction in various AP parameters such as threshold, amplitude,
duration and AHP of evoked APs in C9-MSNs. Parameters of which are predominantly
governed by the ion channel activity of voltage-gated Na* (Nav) and K* (Kv) channels.
Now, previous data generated in the lab show a lack of deficits in the Nav channels
that underpin the depolarisation phase of the AP (Appendix 5). Consequently,
biological correlates that regulate the AP repolarisation phase were studied in greater
detail. Thus, work initially focused on the functional expression of delayed outwardly-
rectifying K* channels (lx). These relatively slow activating K* channels play important
roles in regulating membrane excitability. Specifically, these channels contribute to
membrane repolarisation and thus, can influence AP duration in conjunction to the
AHP phase of the AP (Boettger et al., 2002, Furness et al., 2004, Kshatri et al., 2018).
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I« channel activity was isolated and measured using protocols previously established
by (Livesey et al., 2016). In the whole-cell voltage-clamp configuration MSNs were
subjected to a 250ms, 100mV depolarising pulse from the holding potential of -70mV
(without LJP correction) to +30mV to activate Ik channels (Figure 3.10A). This was
initially conducted in the presence of standard extracellular solution (Table 2.14). The
protocol was then repeated in the presence of 30mM tetraethylammonium (TEA)
(Table 2.15) to block Ik channel activity. TEA-sensitive current was isolated by
subtraction of TEA-blocked current from the previous activation current (Figure 3.10B-
D). Both extracellular solutions were supplemented with the maximal efficacious
concentration of tetrodotoxin (TTX, 300nM) to block Nay (activation). The average
peak amplitude for each MSN was calculated from a triplicate of recordings, with peak
current amplitude measured at 300ms post-protocol induction. The ensuing average
TEA-sensitive current was normalised to the recorded WCC value for each MSN
(current density) as a readout of Ik channel expression (Figure 3.10E). Comparative
analysis at DIV40 indicates C9-3 MSNs exhibit significant reduction of Ik current
density versus its corresponding gene-edited isogenic line C9-3A (unpaired t-test:
p=0.0026) (Fig 3.10E). A clear reduction in current densities was also observed
between Con-1 and C9-3. Nonetheless, the differences from this preliminary dataset
were deemed insignificant (Dunn’s multiple comparison test: p=0.07) and further work
is required to increase the statistical power of these data. The preliminary data here
would indicate dysregulated Ix channel expression observed here could, at least in
part, contribute to the loss-of-function phenotype in C9-MSNs.
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Figure 3.10. Reduced function of delayed outwardly-rectifying K* channel (lk) in
C9 MSNSs. (A) To isolate Ik channel activity, a 100mV depolarising pulse was applied
to activate Ik channels (activation). This was then repeated in the presence of TEA
(30mM). TEA-sensitive current was determined by subtracting current data of the
former by the latter to provide a readout of Ik channel activity (leak subtraction). (B-D)
Exemplar current traces in the absence and presence of TEA along with subtracted
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current data for day 40 Con-1 (B), C9-3 (C) and C9-3A (D) MSNSs. Ik current amplitudes
were measured 300milliseconds after activation. (E) Increased Ik channel expression
from C9-3 to C9-3A MSNSs. All data presented as Mean (+SEM). ** p<0.01 from
unpaired t-fest (C9-3 vs C9-3A). Data: Con-1: n=8, N= 2; C9-3: n=8, N=2; C9-3A: n=7,
N=1.

3.38 Pharmacological Gain of K* Channel Function Rescues AP Waveform in C9
iPSC-derived MSNs

To determine the precise source(s) of these electrophysiological perturbations in C9-
MSNs in particular, excitability and AP parameters, and to what extent these
phenotypes could be rescued various pharmacological compounds were washed onto
C9-MSNs.

Previously, big conductance calcium-activated potassium (BK) channels have been
shown to influence intrinsic membrane excitability, AP duration and AHP all of which
are impacted in C9-MSNs (Edwards and Weston, 1995, Wang et al., 2014, Contet et
al., 2016). Therefore, it is likely that post-AP threshold activated K+ channels such as
these BK channels are impacted rather than sub-threshold channels that govern sub-
threshold properties not afflicted in these C9-MSNs. Furthermore, BK channels have
been shown to be expressed ubiquitously throughout the CNS (Wanner et al., 1999,
Grunnet and Kaufmann, 2004) including in striatal MSNs (Contet et al., 2016).
Therefore, making them a promising target to rescue C9-related disease phenotypes.
To this end, voltage responses from the same C9-3 MSNs were evoked using the
same whole-cell current clamp protocols as previous, first in the presence of standard
extracellular solution (Table 2.14) and then subsequently in the presence of BK
channel activator, NS11021 (10uM) (Bentzen et al., 2007) (Figure 3.11A-B). The BK
activator was washed onto the cells for at least 60 seconds prior to recording. Voltage
responses were recorded from the first AP induced from a +30pA current stimulus.
Unlike (Layne et al., 2010), NS11021 application had no influence on the AP number
evoked from depolarising current inputs, with superimposable voltage output observed
in C9-3 MSNs before and after treatment (Figure 3.11C). Also, the rheobasic current
(paired t-test: p=0.668) and AP duration (paired t-test: p=0.375) were unaffected
following pharmacological treatment (Figure 3.11D-E).
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Figure 3.11. BK channel activator NS11021 rescues threshold, AHP and AP
amplitude of day 40 C9-MSNs. To rescue hypoexcitability and disease phenotypes
associated with the AP parameters 10uM NS11021 was washed onto the C9-3 patient
line. (A-B) Representative voltage response in full (A) or from the first AP evoked (B)
following 30pA current stimulation in the absence or presence of NS11021. Voltage
responses were recorded from the same cell (C-F). NS11021 treatment had no effect
on AP numbers evoked from current stimulation (C), rheobase (D), or AP duration (E).
(F) The AP threshold was significantly hyperpolarised following treatment with the BK
channel activator as was the AHP of C9-3 NS11021-treated MSNs (G). The size of the
AP was also marginally larger following NS11021 treatment (H). All data presented as
Mean (xSEM). * p<0.05, *** p<0.001, **** p<0.0001 from paired t-test (EXC vs
NS11021 from the same C9-3 MSN). Data: C9-3: n=8, N=4.
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Surprisingly, NS11021 application was able to recover the threshold potential of C9-3
treated MSNs towards values previously observed in day 40 control MSNs and above
values in C9-3A (Figure 3.9C), with hyperpolarisation of the average threshold value
from -44mV to -54mV (paired t-test: p<0.0001) (Figure 3.11F). Interestingly, BK
channel activity is not typically associated with the AP threshold (Contet et al., 2016).
Hyperpolarisation of the threshold potential thus coincides with amplification of AP
amplitude in response to NS11021 exposure when compared to baseline responses
(paired t-test: p=0.014) (Figure 3.11H), with peak membrane potential values similar
in evoked APs (data not shown). AP size was shown to be downregulated in C9-MSNs
prior (Figure 3.9E), but the data here following BK channels activation show amplitude
size is increased in line with control and isogenic D40 MSNs. The AHP in the absence
and presence of NS11021, recorded from the same C9-3 cell was found to be
markedly altered (Figure 3.11G). In fact, the AHP was found on average, to be 15%
more hyperpolarised following treatment with NS11021 (paired t-test: p=0.0005).
Whilst no large alterations in AHP were witnessed in day 40 MSNs (Figure 3.91), there
is a clear depolarisation of AHP at this timepoint of which becomes further pronounced
at day 60 (Figure 3.9J). So, this phase of the AP is afflicted in C9-MSNs. These data
not only suggest BK channels contribute to the neurophysiological phenotypes in C9-
MSNs but that they could be useful targets to correct the deficits in AP waveform in
C9-MSNSs.

Concurrent with these NS11021 experiments, data from cortical preparations from an
ex-vivo SOD1 ALS mouse model demonstrated treatment with the Kv3 (Kv3.1- 3.2)
positive modulator, AUT1 was sufficient for a gain-of-function rescue of network
excitability (data not shown). Furthermore, a sister compound, AUT00206 that targets
the striatum is current in clinical trials for Schizophrenia (Angelescu et al., 2022, Kaar
et al., 2022). Therefore, | washed on the AUT1 compound to rescue
electrophysiological dysfunction in C9-MSNs. Like NS11021 experiments, current-
clamp recordings were conducted in the absence and then presence of AUT1 (30uM)
with the pharmacological agent washed onto the cells for at least 60 seconds prior to
the second recording of voltage response (Figure 3.12). Across the train of current
injections and especially at 30pA stimulation no differences in the output activity were
recorded from either day 40 C9-1 or C9-3 MSNs (Figure 3.12A, C-D).
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Figure 3.12. K* channel modulator AUT1 rescues AHP of day 40 C9-MSNs. To
rescue hypoexcitability and disease phenotypes associated with the AP parameters
30uM AUT1 was washed onto C9-patient lines. (A-B) Representative voltage
response in full (A) or from the first AP evoked (B) following 30pA current stimulation
in the absence or presence of AUT1. Voltage responses were recorded from the same
cell (C-N). AUT1 treatment had no effect on AP numbers evoked from current
stimulation (C-D), rheobase (E-F) or AP amplitude of both C9 lines (G-H). Threshold
potential was moderately hyperpolarised in C9-1 but not C9-3 MSNs (I-J). (K-L) AUT1
treatment was able to partially rescue AP duration of C9-3 MSNs and significantly
hyperpolarised the AHP of both C9-patient lines (M-N). All data presented as Mean
(£¥SEM). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 from paired t-test (EXC vs
AUT1 from the same C9-1 or C9-3 MSN). Data: C9-1: n=8, N=3; C9-3: n=8, N=4.
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Nevertheless, closer examination of the first evoked AP at the stimulation revealed
disturbances in AP waveform following AUT1 application (Figure 3.12B). Hence, closer
scrutiny of the various AP parameters for both lines (Figure 3.12E-N). AUT1 has been
shown to increase AP frequency in mouse cortical slices (Rosato-Siri et al., 2015).
Nonetheless, no alterations in the recruitment current (C9-1 and C9-3: paired t-test:
p>0.05) (Figure 3.12 E-F) or amplitude of the AP (C9-1 and C9-3: paired t-test: p>0.05)
was detected in either lineage (Figure 3.12 G-H). This is in disagreement with
previous reports from in-vitro murine cortical slices that show augmented AP amplitude
in response to AUT1 (Rosato-Siri et al., 2015). The AP threshold in C9-1 (paired t-test:
p=0.0082) but not C9-3 MSNs (paired t-test: p=0.089) did shift towards more negative
potentials as a result of AUT1 wash (Figure 3.12 |-J). Though, the average shift in
threshold was very modest with a difference of 3mV before and after drug treatment.
Interestingly, AP duration was dramatically reduced in both C9-MSNs (Figure 3.12K-
L) with a rescue of disease phenotype in C9-3 MSNs (Figure 3.12L) as an effect of
AUT1 wash. The average AP duration before and after AUT1 application decreased
from 4.6ms to 3.5ms (paired t-test: p=0.036). This represents a large 24% decrease
in AP duration from the same C9-3 MSNs and resembles previous reports by (Rosato-
Siri et al., 2015). The average AP duration was similarly attenuated in C9-1 MSNs by
16% from 4.8ms to 4ms after AUT1 wash though statistically insignificant (Figure
3.12K) (paired t-test: p=0.08). Hyperpolarisation of the AHP was pronounced in both
C9-MSNs (C9-1: paired t-test: p<0.0001; C9-3: paired t-test: p=0.0004) (Figure 3.12M-
N). The average change in AHP for each C9-MSN following AUT1 treatment was 8 to
9mV (Figure 3.12M-N), identical to the efficacy of NS11021 for treated C9-3 MSNSs.
Crucially, AP duration and AHP that were previously dysfunctional in C9-derived
striatal neurons are corrected with AUT1 treatment and fall in synchrony with previous
DIV40 data from healthy controls and in the case of C9-3, C9-3A (Figure 3.9G, ).
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3.4. Discussion

This chapter takes advantage of iPSC technology in generating a supply of striatal
MSNSs derived from physiologically relevant, COORF72 repeat expansion patients.
Also, the power of this model is further augmented by the ability to generate, gene-
edited isogenic lines specifically corrected for the G4C> repeat expansion. The
neurophysiological characteristics of iPSC-derived MSNs derived from C9 patients
were then investigated using whole-cell patch-clamp electrophysiology to study whole-
cell membrane currents and voltages changes under high resolution at the single-cell
level. Using these techniques, | report striatal MSNs derived from multiple C9 patients
become progressively hypoexcitable with time that did not arise due to any
impairments in maturation. In response to depolarising current pulses a lower number
of APs were recorded for all C9 patient MSNs compared to MSNs derived from healthy
age-matched controls and a corresponding gene-edited isogenic line. The absence of
a hypoexcitable phenotype in the gene-corrected isogenic line (C9-3A) strengthens
the idea of the repeat expansion driving alterations in excitability. Close examination
of the AP waveform provides clear evidence for ion channel dysfunction, with specific
impairment of AP duration, threshold, amplitude and AHP all consistent with
hypoexcitability in C9 MSNs. These impairments are argued not to coincide with a
delayed maturation of C9 MSNs because the passive membrane properties and
expression of transmitter-gated ion channels, which undergo maturation in MSNs
(Beutler et al., 2011, Wang et al., 2024), are not disturbed in C9 MSNs. Specifically,
dysfunction appears attributable, at least in part, to the family of post-threshold
delayed outwardly-rectifying potassium channels (l), including Ca?*-activated
potassium channels, which have roles in regulating membrane repolarisation and
influence AP duration and the AHP (Kshatri et al., 2018), parameters that were all
impaired in C9 MSNs. Subsequent investigation into Ik channel function revealed
downregulated channel function in MSNs generated from patients with the repeat
expansion mutation. Lastly, selected pharmacological agents were washed onto C9
MSNs to: i) discern possible molecular mechanisms behind hypoexcitability and
related waveform deficits and ii) determine whether such deficits could be alleviated.
Amelioration of waveform impairments such as AHP, AP half-width, amplitude and
threshold, but not excitability, were observed following pharmacological treatment with
BK channel activator, NS11021 and/or K* channel modulator, AUT1. Therefore, the
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data would suggest the contribution of dysregulated K* channel function is a likely
contributor towards neurophysiological perturbations in AP waveform. These data are
important for the strategy to generate tractable therapeutic targets to rescue such
hypoexcitable dysfunction in C9 MSNs.

The electrophysiological data from striatal MSNs here demonstrates the broad scale
upon which FTD/ALS impacts different regions of the CNS, that extends beyond areas
typically associated with disease, in the cortex and spinal cord. Use of patch-clamp
technology in this study provided novel insights into functional impairments that extend
beyond the cortex and spinal cord in C9 iPSC-derived MSNs. These new data
presents novel functional evidence for an emerging theme within FTD/ALS that
implicates a dysfunctional role for the striatum in disease. Existing literature
demonstrates frontostriatal dysfunction in FTD/ALS patients (Garibotto et al., 2011,
Halabi et al., 2013, Bertoux et al., 2015, Moller et al., 2015, Landin-Romero et al.,
2017), that would suggest a loss-of-function mechanism within these networks and
aligns with MSN hypoexcitability reported here. The excitability of striatal MSNs is
regulated in part by the excitatory glutamatergic inputs received from the cortex and
thalamus (Cox and Witten, 2019), and inhibitory GABA-ergic innervations from the
axon collaterals of other MSNs or inhibitory interneurons within the striatum (Tunstall
et al., 2002, Tepper et al., 2004). Though, the data in this study would suggest MSN
responses to glutamatergic (AMPA and NMDA) and GABA inputs are not afflicted in
patient lines as observed by a lack of changes in the current density of these receptors
expressed in C9 MSNs. In the context of FTD/ALS, the selective loss of excitatory
inputs (Bertoux et al., 2015, Radakovic et al., 2018, Ahmed et al., 2021) and inhibitory
inputs (Kato et al., 1994, Riku et al.,, 2016, Radakovic et al., 2018) are likely
contributors to excitability changes within MSNs. Concurrent with this, a loss of
glutamatergic and GABA-ergic transmission has previously been reported in FTD
patients that can arise from a loss of neurons, pre-synaptic release or via a loss-of-
function of post-synaptic glutamate receptors (Ferrer, 1999, Bowen et al., 2008, Sarac
et al., 2008, Benussi et al., 2017). However, my data would indicate MSN
responsiveness to such excitatory or inhibitory transmission are not diminished and
therefore not the primary drivers of excitability changes in this model system at least.
Instead, this study demonstrates intrinsic hypoexcitability within C9 MSNSs, the

principal cell type in the striatum. A loss-of-function mechanism in these inhibitory
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GABA-ergic projection neurons would lead to a loss of subsequent inhibition at target
sites innervated by striatal MSNs. This includes the external globus pallidus and the
substantia nigra pars reticula which together comprise part of the striatal output nuclei
in conjunction to striatal projections to the prefrontal cortex (Wilhelm et al., 2023).
These output nuclei send excitatory projections towards the cortex via the thalamus,
the relay station of the brain that is connected to various regions including the
prefrontal cortex where thalamo-cortico-thalamic feedback loops are formed
(Floresco, 2007, Narboux-Neme et al., 2012, Haber, 2016, Cox and Witten, 2019).
Multiple lines of evidence have previously implicated dysfunction in FTD/ALS patient
thalamus including presymptomatic cases of C9FTD/ALS (Rohrer et al., 2015, Cash
etal., 2018, Murley et al., 2020, Bocchetta et al., 2021). Therefore, | would hypothesise
reduced GABA-ergic signalling from C9 MSNs would consequently lead to increased
excitation of FTD/ALS patient cortical regions through increased activity of the striatal
output nuclei and thalamus as a result of reduced GABA transmission from the
striatum. This coincides with cortical hyperexcitability commonly observed in FTD/ALS
patients and the cognitive symptoms presented especially during disease onset and
progression (Beagle et al., 2017, Agarwal et al., 2021, Higashihara et al., 2021).
Ultimately, functional neuronal network deficits have been linked with clinical
symptoms in FTD/ALS (Huber et al., 2022b). For instance, connectivity between the
ventral striatum and prefrontal cortex form part of the salience network which has an
essential role in processing responses to emotional and sensory stimuli (Seeley,
2019). In line with this, behavioural symptoms are reported in C9 patients that relate
to dysfunction within the salience network circuitry (Lee et al., 2014). Thus, its
plausible C9 MSN loss-of-function observed here could contribute to such network
deficits.

Altered excitability within striatal MSNs has also been reported in other
neurodegenerative disease such as Huntington’s Disease (HD) which unlike FTD/ALS
primarily affects the dorsal striatum (Reiner and Deng, 2018, Lim and Surmeier, 2020).
Cognitive and psychiatric disturbances form a key feature of HD as the disease
progresses (Paulsen, 2011, Blumenstock and Dudanova, 2020), that overlap with FTD
phenotypes suggestive of pathological spillover into the ventral striatum. Furthermore,
a hypoexcitable phenotype was observed in iPSC-derived MSNs from patients with
multiple system atrophy (MSA) (Henkel et al., 2023). However, hyperexcitability within

111



the ventral striatum of a transgenic AD mouse model and in a motivationally supressed
rodent model has been reported (O'Donovan et al., 2019, Fernandez-Perez et al.,
2020). Such phenotypic variations in comparison to the findings in this study are likely
to be attributable to differences in model system and disease. Nevertheless, these
neurophysiological perturbations in the ventral striatum were postulated to play a role
in apathy, anhedonia and addictive behaviours observed in AD patients (Fernandez-
Perez et al., 2020). Indeed, microglial-induced hypoexcitability of striatal MSNs was
sufficient in leading to changed eating habits, aversion and a negative affected state
in murine models (Klawonn et al., 2021), which overlap with symptoms from bvFTD
patients with dysfunction in ventral corticostriatal circuitries (Le Bouc et al., 2023).
Moreover, MSN function has been shown to be important in the sleep-wake cycle
(Mahon et al., 2006), that is crucially disturbed in C9-ALS patients (Guillot et al., 2025),
which highlights the importance of tightly regulated MSN activity in striatal circuits that
mediate key cognitive behaviours.

Investigation into the neuronal mechanisms that underlie reduced excitability in MSNs
revealed this neurophysiological phenotype does not arise due to impairments in
maturation of C9 MSNs. Analysis of intrinsic membrane properties (WCC, Rin and
RMP), beyond being representative measures of neuronal development and
maturation, demonstrate sub-threshold properties remain unchanged throughout
maturation in C9 MSNs in relation to healthy and isogenic control MSNs. These sub-
threshold properties are governed largely by basal, sub-threshold level, K* channels,
including the K7 family, which in turn regulate excitability (Brown and Passmore,
2009, Moakley et al., 2019). Interestingly, pharmacological activators of K7 ion
channels have been shown to reduce C9 patient-derived motor neuron
hyperexcitability and improve MN survival (Wainger et al., 2014, Huang et al., 2021b),
that have since translated into the clinical trial of the anti-convulsant drug and K.,7
activator, retigabine (Wainger et al., 2021). However, it could be argued that
application of this pharmacological agent would be inappropriate in our hypoexcitable
model of C9 MSNSs, since subthreshold properties that are contributed to by K,7 are
not impacted. This alludes to the possibility of regional specific disease mechanisms

at play in disease and thus the need for regionally specific disease therapeutics.
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Neuronal function is governed by action potential generation which is comprised of
distinct stages that are collectively orchestrated by ion channel activity. Examination
of the different action potential phases revealed waveform deficits in evoked APs of
C9 MSNs that were all consistent with a hypoexcitable phenotype. These post-
threshold properties manifest in several forms, with reduced size and increased AP
duration in addition to depolarisation of the AHP and threshold potential required to
elicit APs observed in C9 MSNs. Accordingly, these data potentially implicate
functional impairment within ion channels that facilitate these aspects of AP activity.
The physiological implications of alterations in the AP waveform will likely have a
significant impact on neuronal function at the single cell and network level. These are
discussed below. In the first, whilst the data here would indicate glutamatergic receptor
expression is not downregulated, depolarisation of the AP threshold in hypoexcitable
MSNs is likely to reduce the efficacy in which glutamatergic synaptic transmission
successfully induces AP transmission. In addition, lower amplitude of evoked APs may
reduce the effectiveness of signal propagation and GABA release at pre-synaptic
terminals of MSNSs, resulting in lower synaptic release efficacy. Interestingly, a study
by Henkel and colleagues demonstrated reduced spontaneous neuronal activity in
iPSC-derived MSNs from MSA patients that may be linked to downregulation of
GABAA and GABAg receptors and altered glutamate responsiveness, that differs from
the data presented in this study. Nevertheless, disruption in the balance of neuronal
excitation and inhibition in the striatum was shown (Henkel et al., 2023), that could
contribute towards cognitive dysfunction (Jimenez-Balado and Eich, 2021). The
spatial and temporal precision of AP firing is crucial in the functional role of MSN
activity and subsequent GABA release properties vital for modulation of cognitive
behaviours (Tritsch and Sabatini, 2012). Furthermore, and perhaps more significantly,
increases in AP half-width and depolarisation of the AHP observed here in patient
MSNs is consistent with impaired high-fidelity signalling associated with MSN function.
Altogether, intrinsic hypoexcitability of C9 MSNs is likely to have functional
consequences on the amplitude of stimuli required to generate MSN activity but also

neurotransmitter release onto target cells.

Data from the laboratory indicate that Na, expression is unchanged, thus ruling out
reduced Nay expression in driving reduced AP amplitude or depolarisation of AP
threshold. In this regard, increased half-width and depolarised AHP is likely to cause
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impaired deactivation-reactivation dynamics of Nay channels, implying a reduced
ability for the translation of synaptic inputs into high frequency and correctly timed AP
output (Chen et al., 2006). Since, Nay channel expression was not reduced, | next
considered that delayed outwardly-rectifying K* channels (lk), which contribute
towards the latter stages of the downward AP repolarisation phase, were disturbed.
Further since basal membrane properties were not changed, these data collectively
suggest that it is post-threshold K* channels that are disturbed in C9 MSNs. Consistent
with a loss of function at this part of the waveform, C9 MSNs displayed reduced Ik
channel function in comparison to control and corresponding MSNs from isogenic
controls. Critically, these data agree with numerous studies. Inhibition of Ik channel
function with tetraethylammonium (TEA) leads to a prolongation of AP repolarisation
(Stanfield, 1973), not only does this resemble a loss of Ik function but essentially
phenocopies the AP waveform deficits in C9 MSNs. TEA leads to the non-specific
inhibition of Ky channels, big conductance calcium-activated potassium (BK) channels
and delayed rectifier channel currents (Gu et al., 2007), which have been shown to be
reduced in sALS patients and SOD1 ALS patient-derived motor neurons (Shibuya et
al., 2011, Wainger et al., 2014), are linked to neuronal hyperexcitability in ALS and
epilepsy (Kanai et al., 2006, Wainger et al., 2014, Gao et al., 2022). Whilst, Ik channel
expression is decreased in both ALS MNs and C9 MSNSs, the Ik associated- MSN

hypoexcitability observed here contrasts with Ik associated- MN hyperexcitability.

BK channel activity was specifically investigated due to its electrophysiological
function closely corresponding with the hypoexcitable phenotypes in C9 MSNs. Firstly,
channel function is blocked by TEA. Secondly, this ion channel can influence neuronal
excitability in conjunction to AP duration and AHP that are perturbed here (Wang et
al., 2014, Bock and Stuart, 2016, Contet et al., 2016). Indeed, BK channel inhibition
has been shown to induce deficits in AP structure that closely resemble C9 patient
MSNs (Hull et al., 2013, Kohashi and Carlson, 2014, Kimm et al., 2015). Thirdly, the
sister subfamily of small conductance calcium-activated potassium (SK) channels,
responsible for AHP current, represents a promising therapeutic candidate in ALS
(Castelli et al.,, 2021, Catanese et al., 2021). Lastly, BK channels are notably
expressed in MSNs therefore making it a prime candidate to rescue MSN
hypoexcitability (Contet et al., 2016). To this effect, BK channel activator NS11021
(Bentzen et al., 2007), was adequate in rescuing waveform deficits (AP threshold,
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amplitude and AHP). These data are important because it indicates that the impaired
waveform of C9-MSNs can be pharmacologically rescued. However, importantly, the
impact of this compound was insufficient in rescuing the hypoexcitable phenotype in
C9 MSNSs. Whilst prior studies have demonstrated BK channel gain-of-function
induced increases in neuronal excitability (Brenner et al., 2005, Montgomery and
Meredith, 2012), BK channel modulation has been shown to have diverse impacts on
excitability, representing context dependent effects of BK channels on neuronal
excitability (Gittis et al., 2010, Hull et al., 2013, Kimm et al., 2015). The functional
consequences of modulating ion channel activity is complex, in nigral dopaminergic
neurons modulation of BK channel function was cross-regulated and tightly coupled
with K2 activity (Kimm et al.,, 2015). This would suggest there are additional
mechanisms at play here responsible for reduced excitability in C9 MSNs that may
relate to deregulated activity in functionally associated ion channels. This intricate
interaction between the functional activity of different ion channels is an important
consideration in the potential therapeutic design of ion channel modulators in
FTD/ALS.

Similarly, TEA blocks voltage-gated K* channel function (Rudy and McBain, 2001), a
family of K* channels important in the control of spike frequency and repolarisation
(Rudy et al., 1999, Gittis et al., 2010). Here, | show using the potassium channel
modulator AUT1, which is reported to target K\3 channels amongst others (Rosato-
Siri et al., 2015), constriction of spike width and hyperpolarisation of AHP. However,
such data presents a complex enigma as a shortened waveform does not induce any
changes in the excitability of C9 MSNs. Previously, both positive and negative
modulation of K,3 function have been shown to be related to either an increase or
decrease in spike frequency and repolarisation kinetics, respectively (Rudy et al.,
1999, Lau et al., 2000, Porcello et al., 2002, Lien and Jonas, 2003, Johnston et al.,
2010), with the latter aligning with observations in C9 MSNs. Also, K\3.1 knockout-
mice also demonstrated reduced sleep behaviour (Espinosa et al., 2004) that is a
phenotypical feature of FTD/ALS, thus highlighting the potential relevance of this ion
channel in disease. Notably, there is limited evidence for K,3 expression within striatal
MSNs (Weiser et al., 1994) which could account for these regionally observed
differences. Nevertheless, using NS11021 and AUT1 | show rescue of AP waveform
deficits alone is insufficient in rescuing hypoexcitability in C9 MSNs. This points
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towards a complex phenotypic mechanism that underlies neurophysiological
perturbation with respect to AP waveform deficits and hypoexcitability in iPSC-derived
C9 MSNs. Modulation of single K* channel activity is inadequate in a complete rescue
of electrophysiological function. The most parsimonious explanation for these
observations in patient MSNs is likely due to complex K* channel dysregulation that
specifically impacts multiple subsets of post-threshold Ik channels and/or intricate
deregulation of axon initial segment (AlS) function, where a multitude of these Ik

channels are expressed.

The AIS located at the proximal region of the axon represents the site of AP initiation.
This region located between the soma and proximal axon is a specialised microdomain
defined by a complex molecular composition that includes the master scaffolding
protein, ankyrin-G and a high density of Nay and Ky (Huang and Rasband, 2018). The
AIS has been shown to have a critical role in the regulation of neuronal excitability.
This is characterised by its ability to remain ‘plastic’ via adjustment of its length or
distance from the cell soma accordingly to maintain homeostatic control of neuronal
excitability (Grubb and Burrone, 2010, Grubb et al., 2011, Wefelmeyer et al., 2015,
Galliano et al., 2021). AIS pathology has been implicated in neurological disorders
(Booker et al., 2020, Page et al., 2022), including FTD/ALS (Sohn et al., 2019,
Bonnevie et al., 2020, Harley et al., 2023a). In the C9 iPSC-derived MSNs, | would
hypothesise AlS disturbances in the form of a reduction in length or increased distance
from the soma are critical instigators of MSN hypoexcitability. AIS remodelling in either
form is likely to occur in the absence of changes in dendritic arborisation as indicated
by a lack of changes in the whole-cell capacitance of C9 MSNs, a proxy for cell size.
However, further work should be done to stain for and compare morphological
characteristics between control and C9 MSNs. Indeed, the repeat expansion has been
shown to induce significant alterations in neuronal branching and dendritic spine
morphology in primary hippocampal cultures (Huber et al., 2022a). However, whether
such changes in dendritic spine morphology and density would occur in my highly
enriched iPSC-derived monocultures remains unknown. This relates to iPSC cultures
being morphologically immature relative to primary cultures especially in the absence
of astrocytes which are crucial for synaptic expression and maturity (Cerneckis et al.,
2024). Interestingly, Lezmy and colleagues demonstrated chronic pharmacological
block of Ik channels such as K,7.3 thus mimicking a loss of ion channel function,
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triggered a distal relocation of the AIS that resulted in a compensatory reduction in
intrinsic excitability (Lezmy et al., 2017). Complex dysregulation of delayed rectifier
currents are likely to induce deficits in AP waveform structure that conform with AlS-
induced reduction in neuronal excitability. Together these represent core components
of a dual mechanism that underlies electrophysiological dysfunction specifically in C9
patient iPSC-derived MSNs.

3.5. Conclusion

In this chapter, novel electrophysiological dysfunction in C9 MSNs is reported. Data
generated provide functional evidence of reduced excitability in C9 MSNs and deficits
in the AP waveform, especially in features that correspond to the repolarisation phase.
The repeat expansion mutation in C9 MSNs is associated with downregulated Ik
channel function that are not observed in controls or corresponding isogenic lines.
Targeting select, post-threshold, Ik channel (BK and K\3 potassium channels) function,
which contributes directly towards the AP repolarisation phase, was sufficient in
rescuing AP waveform deficits, but not excitability. These perturbations are therefore
likely to be associated with a combination of structural alterations in the AlIS and K*
channel dysregulation in C9 MSNs. The translational impact of my findings and

potential directions for future study are discussed further in Chapter 6.
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Chapter 4: Lower Motor Neurons Derived from the

Same Patient Lines Display Regionally Specific

Enhancements in Neurotransmission

4.1. Introduction

ALS is characterised by the progressive degeneration of both upper and lower motor
neurons. Perturbations of these neurons that form part of corticospinal motor circuitry
that controls voluntary movements (Figure 1.2), ultimately give rise to progressive
muscular atrophy, paralysis and death (Cleveland and Rothstein, 2001).
Electrophysiological activity is essential for proper neuronal function, however in ALS,
neuronal dysfunction tends to either lead directly to motor symptoms or indirectly by
causing neuronal degeneration that leads to downstream symptomology. A prominent
clinical symptom observed during symptomatic onset in ALS patients is the presence
of muscular fasciculations, which may arise due to increased excitability of LMNs
innervating the muscles (Geevasinga et al., 2016, King et al., 2016, Bashford et al.,
2019, Menon et al., 2020). Neuronal hyperexcitability is also observed in early SOD1
rodent models (Quinlan et al., 2011, Martin et al., 2013). Indeed, hyperexcitability
represents a therapeutic target for current (riluzole) and potential future treatments
(Wainger et al., 2021, Hollingworth et al., 2024). The consensus from patient studies
is that hyperexcitability within the locomotor circuits precedes hypoexcitability in the
lower regions of the circuitry as symptomatic disease progresses (Pasniceanu et al.,
2021). In the context of the C9ORF72 mutation, LMN excitability is complex, with
reports of unchanged, hyper- or hypo-excitability in several iPSC-derived LMN studies
with phenotypes that can shift in temporal fashion (Sareen et al., 2013, Wainger et al.,
2014, Devlin et al., 2015, Selvaraj et al., 2018, Burley et al., 2022, Harley et al., 2023a).
The phenotypic variations reported in these studies likely stems from variations in
differentiation protocols as well as the generation of mixed MN/glia populations.
Excitability in enriched populations of iPSC-derived MNs from different protocols
remains to be explored in the context of C9 disease.
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A key pathogenic driver of disease progression in ALS is the selective vulnerability of
LMNs to glutamate-induced excitotoxicity, that in turn, leads to LMN dysfunction and
degeneration towards the latter stages of disease (Van Den Bosch et al., 20006).
Glutamate is the major excitatory neurotransmitter in the CNS and excessive synaptic
stimulation can trigger altered excitability and excitotoxicity of these neurons that can
lead to muscular denervation and consequently, muscular atrophy and impaired
movement (Pradhan and Bellingham, 2021). Dysregulation of Ca?*-permeable AMPAr
have been widely implicated as the molecular correlate that underpins this
excitotoxicity (Cleveland and Rothstein, 2001), especially in the context of COALS
(Selvaraj et al., 2018, Shi et al., 2018, Gregory et al., 2020, Mignogna et al., 2021).
Interestingly, the role of NMDAr dysregulation, another family of Ca?*-permeable
glutamatergic receptors, whilst understudied, is now beginning to emerge in LMN
excitotoxicity. Dysregulated NMDAr expression and activity has been shown in C9
models of disease (Shi et al., 2018, Xu and Xu, 2018, Dafinca et al., 2020). This study
will help elucidate the functional expression and activity of these receptors in C9 iPSC-
derived LMNSs.

Furthermore, the work here will focus on the impact of the C9 mutation in the context
of inhibitory GABA-ergic signalling in iPSC-derived LMNSs. Indeed, reduced cortical
GABA levels and deregulation of GABAAR signalling pathways have been reported in
FTD/ALS patients, that can trigger a reduction in inhibitory cortical transmission
(Foerster et al., 2012, Murley et al., 2020, Higashihara et al., 2024, Lorenc et al.,
2024). Altered composition of GABAA receptor subunits have also been identified in
patient data (Petri et al., 2003, Dangond et al., 2004), in addition to a loss of inhibitory
GABA-ergic spinal cord neurons in a transgenic SOD1 mouse model (Hossaini et al.,
2011). More recently, downregulation of pathways associated with synaptic signalling
at GABAergic synapses has been reported in sALS and C9ALS (Aly et al., 2023).

The inherent advantage of iPSC technology allows us to generate different cell types
from the same iPSCs, giving considerable scientific dexterity in being able to address
whether specific cell types exhibit cell-specific phenotypic properties. In this regard,
the previous chapter has demonstrated hypoexcitability in C9 MSNs. In this chapter, |
have generated C9 MNs from the same parental iPSC lines to address whether C9
MSN hypoexcitability is a cell-specific feature or a shared feature with C9 MNs using

119



an identical electrophysiological characterisation of iPSC-derived MSNs in the
previous chapter. Furthermore, characterising the physiological behaviour of C9 LMNs
generated in this study will enable comparisons with the wide range of physiological
phenotypes that have previously been published using C9 patient-derived LMNs
(Pasniceanu et al., 2021), which have either utilised variations of the Du et al protocol
(Du et al., 2015, Burley et al., 2022, Harley et al., 2023a), or alternative protocols
(Bilican et al., 2012, Amoroso et al., 2013, Selvaraj et al., 2018).

4.2. Aims and Objectives

Previously in chapter 3, neurophysiological behaviour of striatal MSNs relating to
excitability and neurotransmission were subject to detailed, electrophysiological
investigation. Striatal dysfunction is classically associated with movement disorders
like Huntington’s disease (Milnerwood and Raymond, 2010). Impairments in the
striatal function are not typically associated with FTD/ALS and are an overlooked
feature of disease. Instead, there has been a predominant focus on LMN perturbations
that are now considered a disease hallmark, with extensive characterisation of iPSC-
derived LMNs from the molecular level to electrophysiological, that have been
generated from divergent of differentiation protocols (Pasniceanu et al., 2021). Here,
| hypothesise LMNs derived from the same IiPSC-patient lines display
neurophysiological impairments that may overlap with those previously observed in
striatal MSNs or, provide evidence of regionally specific disease mechanisms in
differing neuronal cell types.

To tackle this, patch-clamp electrophysiology was used to build an electrophysiological
profile of motor neurons generated from the same iPSC lines as chapter 3 to compare
profiles between different regions of the CNS. Therefore, any neuron specific or iPSC
line specific phenotypes could be deciphered.
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4.3. Results

4.31 Generation of iPSC-derived Motor Neurons

To address this, motor neurons were derived from the same unaffected control iPSC
lines plus an additional control line (Con-3) along with patient lines harbouring the
CI90ORF72 G4C: repeat as described in Results 1 (Con-1, Con-2, Con-3, C9-1, C9-2,
C9-3). An isogenic line (C9-2A) was employed in this chapter which is different to that
in chapter 3 because the C9-3A line did not efficiently differentiate into motor neuron
populations. Similarly, the Con-3 line was discontinued for similar reasons. The Du et
al., 2015 protocol was utilised and summarised in Figure 4.1A and detailed in Methods
section 2.17.

Briefly, NPCs were differentiated from iPSCs as described in Methods section 2.14
and at this stage identical to the MSN protocol. However, from the NPC stage
progenitors were incubated with a variety of different neurotrophic factors to induce
specification of young motor neurons and eventually mature motors neurons at day
40 (Figure 4.1A). To note, LMN timepoints are referred to from post iPSC-
differentiation. Motor neurons derived from the lines described using the same protocol
have previously been characterised in detail (Castelli et al., 2021, Zhang et al., 2022).
For all lines examined, cultures contained >90% cells that stained for neuronal marker,
MAP2, at DIV40 (Figure 4.1B-C), and were enriched for MN specific markers, ChAT
(>80% cells, Figure 4.1B, D) and also SMI-32 (Sances et al., 2016). The cultures
generated from each line are highly enriched and comparable in their cellular
specification.
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Figure 4.1. Generation of highly enriched LMN cultures from human iPSCs. (A)
Fibroblasts were acquired from healthy and C9-patients (Table 2.1) and
reprogrammed into iPSCs that underwent neural induction, specification and
maturation as detailed in the Methods chapter (Sections 2.1.4- 2.1.5 and 2.1.7). The
dual-SMAD inhibition method was used to induce the neuralisation of stem cells.
Patterning of NPCs into LMN progenitors was stimulated by RA and PUR treatment.
To promote development of motor neuron progenitors, from day 19 to 28 progenitors
were treated with a combination of neurotropic factors including RA, PUR, compound-
E, BDNF, CNTF and IGF-1. At day 29 to 40 treatment continued with BDNF, CNTF
and IGF-1 factors only to promote functional maturation of LMNs. Timepoints cited in
this thesis with respect to motor neurons represent the time post iPSC-differentiation
(Day 0) to LMN maturation (Day 40) and an extended maturation timepoint at day 50.
Figure created in BioRender. (B) Representative images of day 40 control, C9 and C9-
isogenic LMNs stained for the neuronal markers neurofilament protein (SMI) (green)
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and either MAP2 or mature motor neuron marker ChAT (red). Nuclei were
counterstained with DAPI (blue). Scale bars: 50 ym. (C-D) Bar graphs showing the
total number of (C) MAP2+ and (D) ChAT+ cells expressed as percentage of total
number cells counted; Values expressed as mean + SEM. Highly enriched MAP2+,
ChAT+ LMN populations were generated at day 40. Note, images and quantification
data were provided by Dr Cleide De Souza. Data, MAP2: Control LMN: N=3; C9-LMN:
N=3; Isogenic LMN: N=3; ChAT: Control LMN: N=3; C9-LMN: N=3; Isogenic LMN:
N=3. No significant differences between each parameter was determined by means of
one-way ANOVA followed by Tukey’s multiple comparison test.

4.32 Electrophysiological Characterisation of Motor Neurons

Previously, characterisation of ALS iPSC-derived motor neuron excitability has been
reported in a multitude of excitability phenotypes ranging from hypoexcitable (Sareen
et al., 2013, Zhao et al., 2020), hyperexcitable (Wainger et al., 2014) or unaltered
(Selvaraj et al., 2018). Moreover, use of the same protocol (Du et al., 2015) in the
presence of astrocytes was sufficient to alter excitability in C9 iPSC-derived LMNs
(Harley et al., 2023a). Importantly, C9-LMNs in the absence of astrocytes using the
Du et al., 2015 protocol has not been reported. Further, the ability to cross reference
excitability in other neuron types using the same starting iPSCs has rarely been
performed, thus the potential for the iPSCs themselves to be driving the altered

excitability phenotype has not been addressed.

As a result, day 40 LMNs were evaluated using whole-cell patch-clamp
electrophysiology in the current-clamp configuration. Recordings were conducted in
the presence of standard extracellular solution (Table 2.14) complemented with
blockers of synaptic transmission. From a holding potential of -74mV (LJP corrected),
cells were depolarised using sequential 5pA current pulses that ranged from -20 to
+50 pA. To help determine the functional maturation of DIV 40 and DIV 50 MNs their
capacity to fire action potentials were then examined (Xu et al., 2023). Initially, the
output of the individual cell was classified as non-firing, firing single APs or multiple
APs (Figure 4.2A). APs were defined by voltage responses above 0 mV. By day 40,
LMNs from each control line exhibited robust firing patterns, with at least 85% of all
cell lines firing multiple APs (Figure 4.2B). C9-LMNs appeared to show a modest
decrease in active cells, with 13-25% of patient lines presenting with single or no AP
response from depolarising current stimuli. Nonetheless, robust firing was still
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observed overall (Figure 4.2B). The C9-2A LMNs also showed comparable firing
patterns to its C9-2 counterpart (Figure 4.2B). Firing patterns in C9-LMNs do not
appear to be substantially different at 40 days post iPSC differentiation. The robust
firing activity observed at day 40, further validates the functional maturity of these
neurons at day 40. To test whether the firing patterns of patient-derived LMNs
developed impairments with greater culture time, a subset of cultures were taken to
day 50. At this timepoint, multiple firing activity was observed uniformly across all lines
including those from case lines (Figure 4.2C), comparable with previous reports in an
iPSC-derived study from C9 and TDP-43 patients (Harley et al., 2023a). Both C9-1
and C9-2 did demonstrate progressive increases in activity from day 40 to 50 by 13%
and 25% respectively (Figure 4.2D). This robust firing activity is evidenced from
representative membrane potential recordings presented in Figure 4.3 for each line at
day 40, and for select lines, at day 50. These data indicate no clear differences in the
firing patterns exhibited by C9-LMNs versus control and isogenic lines. This differs
from previous ALS data from iPSC-derived LMN studies (Sareen et al., 2013, Naujock
et al., 2016). Hence, even at the most basic level of characterisation, the data provide
a strong contrast to the voltage responses of C9-MSNs (Figure 3.2-3.3).
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Figure 4.2. Characterisation of voltage responses in day 40 and 50 LMNs. (A)
The intensity of AP firing observed following current injections were grouped into three
separate categories; no response: where voltage responses failed to surpass 0 mV,
firing of a single AP or multiple APs. (B) Percentage of Con-1, Con-2, C9-1 and C9-2
LMNs displaying each firing category at days 40 and 50 post iPSC-differentiation.
During this period LMNs develop an increased propensity to fire multiple APs from day
40 to 50 with this trend most prominent in both the C9-1 and C9-2 LMNSs. (C-D) Activity
levels remain consistently high across all cell lines at all timepoints. (D) All cells exhibit
multiple AP firing capacity in response to current stimulation at day 50. Data: Con-1:
day 40, n=29, N=7; day 50, n=15, N=3; Con-2: day 40, n=7, N=2; day 50, n=7, N=2;
Con-3: day 40, n=20, N=5; C9-1: day 40, n=24, N=7; day 50, n=13, N=3; C9-3: day
40, n=18, N=5; C9-2: day 40, n=33, N=9; day 50, n=11, N=4; C9-2A: day 40, n=18,
N=4.
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Figure 4.3. C9-LMNs do not display a loss-of-function phenotype. Matrix

schematic of illustrative AP traces recorded

in the whole-cell current-clamp

configuration from individual cells reveal C9-LMNs do not exhibit impairments in
excitability. Voltage responses are shown from healthy control lines (blue), C9 patients
(grey) and a paired isogenic line C9-2A (red) in response to a train of incremental
current injections (-20pA to 50pA in 10pA steps) from a LJP corrected resting
membrane potential held at -74mV. AP traces were attained from LMNs once full
maturation was reached at day 40 and at a later maturation point (day 50).
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4.33 Current Stimulus- Action Potential Output Relationships for iPSC-derived LMNs

Firing patterns give an initial overview of excitability properties. However, given that
the vast majority of cells for all lines exhibited robust, multiple firing action potential
profiles, it is possible that this level of analysis potentially masks altered excitability
profiles, i.e., if one MN line fires 3 action potentials on average, whilst another fires 10,
they are clearly different, but yet will be classified as multiple APs. Current stimulus
input-action potential output (I-O) relationships were therefore constructed for each
line investigated at both day 40 and 50 to enable in-depth analysis of motor neuron
excitability (Figure 4.4). This involved stimulus protocols previously established for
striatal MSNs (0 to +50pA, 5pA steps, 500ms duration).

The I-O data for MNs independent of timepoint or cell line showed an increased
intensity in AP output as current stimulation became more depolarised (Figure 4.4), as
expected from iPSC-derived motor neurons (Sareen et al., 2013, Cutarelli et al., 2021).
Towards higher current depolarisations (35-50pA) this relationship started to plateau
in LMNs derived from control iPSC lines and cells demonstrated accommodation of
AP firing (Figure 4.4A-B), which was similarly described by Xu et al., 2023. Neuronal
cell cultures extended to a day 50 timepoint for Con-1 and Con-2 either demonstrated
a significant increase in excitability for (two-way ANOVA: Con-1: F (10, 410) = 2.485,
p= 0.0067) or were comparable to day 40 data (two-way ANOVA: Con-2: F (10, 100)
= 0.2226, p= 0.9936), respectively (Figure 4.4A-B). C9-LMNs behaved similarly to
control lines (Figure 4.4C-D) at day 40, with a slight enhancement of AP
responsiveness observed in C9-1, though non-significant (two-way ANOVA: F (10,
350) = 1.202, p= 0.288), but significantly for C9-2 at day 50 with an equivalent protocol
(two-way ANOVA: F (10, 410) = 2.938, p= 0.0013) (Figure 4.4C-D). Comparative
analysis for all lines, including isogenic C9-2A and female Con-3 at day 40 (Figure
4 .4E), yielded insignificant differences in the AP responsiveness (two-way ANOVA: F
(60, 1380) = 1.330, p= 0.4328), indicating that at day 40 LMNs from the lines
investigated did not show any notable differences in neuronal excitability. To determine
whether a phenotype emerged at a later time point, day 50 LMNs were investigated
(Figure 4.4F), but still no significant differences were observed between lines (two-
way ANOVA: F (30, 410) = 1.424, p= 0.07). Full statistical details of day 40 and day
50 post-hoc tests are described in Appendix 6.
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Figure 4.4. Mature LMNs derived from the same C9-patients are not
hypoexcitable. (A-D) The number of APs evoked following current stimulation
stratified by timepoint (day 40 and 50) for (A) Con-1, (B) Con-2, (C) C9-1 and (D) C9-
2 LMNs demonstrate trends towards increased excitability between day 40 and 50 for
all cell lines bar Con-2. (E-F) All C9-LMNs at day 40 and 50 show similar levels of
responsiveness to depolarising current injection compared with healthy controls and
between the C9-2 vs C9-2A LMNs at day 40. Notably, there were no large differences
in the AP number of the female Con-3 line versus all other male lines. All data
presented as Mean (xSEM). * p<0.05 from repeated measures two-way ANOVA
followed by Tukey’s multiple comparisons test. Data: Con-1: day 40, n=29, N=7; day
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50, n=15, N=3; Con-2: day 40, n=7, N=2; day 50, n=7, N=2; Con-3: day 40, n=20, N=5;
C9-1: day 40, n=24, N=7; day 50, n=13, N=3; C9-3: day 40, n=18, N=5; C9-2: day 40,
n=33, N=9; day 50, n=11, N=4; C9-2A: day 40, n=18, N=4.

This contrasts with previously published iPSC-derived LMN data that have either
described no changes in excitability as reported here (Selvaraj et al., 2018), or hyper-
(Wainger et al., 2014) and hypoexcitable phenotypes (Sareen et al., 2013, Naujock et
al., 2016) in ALS patient lines that can be influenced with maturation time (Devlin et
al., 2015, Burley et al., 2022, Harley et al., 2023a). Nevertheless, C9 patient -derived
LMNs generated in this study do not show any differences in the I-O relationship.
These data place further emphasise that the I-O relationship observed in C9 iPSC-
derived MSNs is due to cell type specification, rather than the inherent properties of
the iPSC lines.

4.34 Sub-threshold Properties in C9 LMNs

To rule out potential subthreshold differences not observed in the I-O relationship,
passive membrane properties relating to the WCC, Ri» and RMP were investigated
from LMNs at both day 40 and 50 timepoints.

The WCC was measured at day 40 in control MNs and found to be consistent with
previous reports for iPSC-derived LMNs differentiated using the same Du et al., 2015
based protocol (Burley et al., 2022, Zhang et al., 2022). Data for patient case lines
trends toward an increased WCC versus control lines, where the C9-2 MNs show a
significant increase in WCC (Kruskal-Wallis test: p<0.05) versus Con-1 (Dunn’s
multiple comparison test: p=0.04), Con-3 (Dunn’s multiple comparison test: p=0.019)
and the C9-2A MNs (unpaired t-test: p=0.0019) (Figure 4.5A) and similar to reports
from an iPSC-derived MN study (Harley et al., 2023a). Extending the cultures by a
further 10 days led to increases in WCC becoming more prominent, significance was
demonstrated between each control lines versus C9 lines (Kruskal-Wallis test: p<0.05;
Dunn’s multiple comparison test: Con-1 vs C9-1: p<0.0001; Con-1 vs C9-2: p=0.0097;
Con-2 vs C9-1: p=0.028) (Figure 4.5B).
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Figure 4.5. Passive membrane properties are not altered in C9-LMNs. (A-l)
Intrinsic membrane property data from day 40 is from Con-1, Con-2, Con-3, C9-1, C9-
3, C9-2 and C9-2A lines and data at day 50 and across both timepoints are from Con-
1, Con-2, C9-1 and C9-2 cell lines. Quantification of the mean (A-C) whole cell
capacitance (WCC) from both days 40 and 50. Individual cells are represented by
individual circles superimposed onto the bar graphs. C9-LMNs were generally larger
in WCC across this time period versus control and the paired isogenic line. Trends
towards a smaller WCC at the later day 50 timepoint were also noted for control and
C9-lines. Quantification of the average (D-F) membrane input resistance (Rin) at both
timepoints was for the most part consistent across all maturation stages.
Quantification of the mean (G-l) resting membrane potential (RMP) was unaffected
with maturation. Of note, no differences in maturation were observed between female
Con-3 and all other male cell lines. All data presented as Mean (+SEM). * p<0.05, **
p<0.01, **** p<0.0001 from one-way ANOVA followed by Sidak’s multiple comparisons

N

130



test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test and unpaired
t-test (C9-2 vs C9-2A). Data: Con-1: day 40, n=29, N=7; day 50, n=15, N=3; Con-2:
day 40, n=7, N=2; day 50, n=7, N=2; Con-3: day 40, n=20, N=5; C9-1: day 40, n=24,
N=7; day 50, n=13, N=3; C9-3: day 40, n=18, N=5; C9-2: day 40, n=33, N=9; day 50,
n=11, N=4; C9-2A: day 40, n=18, N=4.

Typically, WCC increases with MN maturation (Devlin et al., 2015, Selvaraj et al.,
2018), however the WCC data here, with the exception of C9-1, negatively correlates
with maturation time between day 40 and 50 (unpaired t-test: day 40 vs 50: Con-1:
p=0.02; C9-1: p=0.0028) (Figure 4.5C). Nonetheless, the data are consistent with an
increased WCC in C9 LMNSs, which is not a feature of C9 MSNs (Results 1, Fig 3.5A-
B).

Rin was determined in the same manner as described for iPSC-derived MSNs. Rin
values for control lines were equivalent to those previously reported for LMNs derived
from iPSCs using the same protocol (Zhang et al., 2022) or ones different from this
study (Zhang et al., 2015). C9 LMNs did not show any significant differences relative
to control lines at day 40 or 50 (Kruskal-Wallis test: p>0.05) (Figure 4.5D-E) but
statistical differences were noted between C9-2 and its gene-edited control C9-2A
(unpaired t-test: p=0.005). Rin is expected to decrease with maturation, reflecting an
increased level of subthreshold potassium channel expression, and a trending, but
statistically insignificant decrease in Rin is observed in all lines from day 40 to day 50
(Figure 4.5F) and complements prior studies by Cutarelli et al., 2021. Ri, is not
impacted in C9 LMNSs.

The membrane potential of the cell at rest, without any stimulation (RMP) provides a
critical readout of cell health, with healthy cells maintaining a resting potential towards
more hyperpolarised membrane potentials (Abdul Kadir et al., 2018). Hence, the RMP
of these motor neurons were also characterised. Data values obtained for case lines
were consistent with control or isogenic lines at days 40 and 50 (one-way ANOVA:
p>0.05) (Figure 4.5G-H), whilst RMP values remained unchanged over time (unpaired
t-test: p>0.05) (Figure 4.51). Of note, these insignificant differences were in sync with
data from Zhang et al., 2015; Cutarelli et al., 2021, that utilised different MN
differentiation protocols. Interestingly, these data deviate from iPSC-derived MN

studies that have documented both depolarised (Sareen et al., 2013, Devlin et al.,
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2015) and in studies utilising the same MN protocol, hyperpolarised RMPs (Burley et
al., 2022, Harley et al., 2023a), though reported values in Burley et al., 2022 were
insignificant. Nevertheless, RMP is not impacted in C9 LMNs generated in this study
utilising the Du et al., 2015 protocol. These data highlight that MNs lack any C9
dependent shifts in the Rin or RMP properties and would therefore indicate no
meaningful differences in maturation versus control lines. WCC is however increased,
which is different to MSNs, and presents a potential phenotype that is specific to C9
LMNs.

4.35 AP Properties are not Impacted in C9 LMNs

Thus far, C9 iPSC-derived LMNs have produced equivalent |I-O relationships relative
to control or isogenic lines and with the exception of an enhanced membrane size,
have shown inconsequential differences in intrinsic membrane properties. Even so, it
is possible AP waveform properties could still be impacted and were therefore

investigated next from the first evoked AP (Figure 4.6).

The first property to be investigated was the rheobasic current (Figure 4.6A-C). For
analyses of AP parameters, MNs that did not fire any APs were excluded from the
analyses. Unlike C9-3 that had a similar rheobase to control lines, the rheobase was
drastically altered in day 40 C9-2 LMNs in relation to its paired isogenic line (unpaired
t-test: p=0.0018) and Con-1 (Kruskal-Wallis test: p<0.05; Dunn’s multiple comparison
test: p=0.0099) (Figure 4.6A). The rheobase for patient C9-1 line was similar elevated
in comparison with Con-1 and Con-2, though insignificant (Dunn’s multiple comparison
test: p>0.05). Statistically insignificant increases in C9 LMN rheobasic current were
detected again at the later day 50 timepoint (Kruskal-Wallis test: p>0.05) (Figure 4.6B).
Overtime there was a slight reduction in recruitment current, with the exception of C9-
1 where the rheobase marginally increased (Figure 4.6C). The lack of consistent or
meaningful changes in the rheobase of C9 LMNs aligns with |-O relationships
previously established in Figure 4.4 as well as earlier reports by Cutarelli et al., 2021.
Whilst a greater driving force might have been required in some C9 LMNs to evoke
APs, this was not significant enough to influence excitability as once voltage activity
of MNs was initiated, they began to fire very actively. AP threshold at day 40 was
shown to be very consistent at ~45mV amongst all lines (Figure 4.6D).
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Figure 4.6. Key parameters that govern AP structure are unaltered in mature
LMNs derived from the same C9 patients. AP parameters were measured and
compared from day 40 Con-1, Con-2, Con-3, C9-1, C9-3, C9-2 and C9-2A lines and
data at day 50 and across both timepoints are from Con-1, Con-2, C9-1 and C9-2 cell
lines. Individual cells are represented by individual circles overlaid onto the bar graphs.
Measurements of the the recruitment current required to evoke the first AP (rheobase)
(A-C), threshold potential (D-F), AP amplitude (G-l), AP duration (J-L) and AHP (M-O)
were recorded for the first AP evoked by current stimulation at days 40 and 50. All data
presented as Mean (xSEM). * p<0.05, ** p<0.01, from one-way ANOVA followed by
Sidak’s multiple comparisons test or Kruskal-Wallis test followed by Dunn’s multiple
comparisons test and unpaired t-test (C9-2 vs C9-2A). Data: Con-1: day 40, n=29,
N=7; day 50, n=15, N=3; Con-2: day 40, n=7, N=2; day 50, n=7, N=2; Con-3: day 40,
n=20, N=5; C9-1: day 40, n=23, N=7; day 50, n=13, N=3; C9-3: day 40, n=17, N=5;
C9-2: day 40, n=32, N=9; day 50, n=11, N=4; C9-2A: day 40, n=18, N=4.

A slight depolarisation of threshold was noted in day 50 C9 LMNs (Figure 4.6E),
especially between Con-2 and C9-2 (Kruskal-Wallis test: p<0.05; Dunn’s multiple
comparison test: p=0.05), which corresponds with the trended increases in rheobase
currents that were detected in Figure 4.6B. The threshold potential remained
unchanged in both control lines (unpaired t-test: day 40 vs day 50: Con-1 and Con-2:
p>0.05) but was depolarised in C9-1 (unpaired t-test: p=0.029) and ever so slightly in
C9-2 overtime (unpaired t-test: p=0.14) as LMNs were maintained for longer in culture
(Figure 4.6F). Like the recruitment current data, any depolarisations of threshold

potential were inconsequential in affecting LMN voltage activity.

Comparative analysis of the size of AP evoked was coherent between all lines at day
40 (Figure 4.6G). Extended analysis at day 50 appeared to show a trending
enlargement of AP amplitude in control versus patient lines (Figure 4.6H) in line with
previous amplitude characterisation at a later timepoint (Harley et al., 2023a).
Amplitude has been shown to increase with maturation time (Cutarelli et al., 2021, Xu
et al., 2023) and this was supported by longitudinal increases in amplitude observed
in Con-1 and Con-2 between recording timepoints that was not seen for patient lines.
In line with previous measurement of AP parameters, amplitude deviations were non-

significant after statistical comparisons (Kruskal-Wallis test: p>0.05) (Figure 4.6G-I).

The next AP parameters to undergo close evaluation was the AP duration (Figure 4.6J-
L) and AHP phase of the AP (Figure 4.6M-O). Across all control, isogenic and case
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lines studied at day 40 and 50, the AP half-width remained unaltered (Figure 4.6J-K)
as characterised in earlier work from iPSC-derived TDP-43 patient lines (Harley et al.,
2023a). The absence of any C9-specific or gender-specific phenotypes also extended
to the comparative analyses of AHP at these timepoints (Figure 4.6M-N), with AHP
remaining unchanged between day 40 to 50 (Figure 4.60). Although a statistical
anomaly, the AHP of day 40 C9-2A was significant depolarised with respect to C9-2
LMNs (unpaired t-test: p=0.049). Generally, the half-width duration did appear to
decrease slightly with maturity which correlates with data from Arama and colleagues,
aligning with this parameter being a barometer of functional maturation (Arama et al.,
2015) (Figure 4.6L). Overall, the post-threshold properties that govern the AP
waveform unlike C9 striatal MSNs are universally undisturbed in C9 LMNs. Thus, the
CI90RF72 repeat expansion would not only appear to induce hypoexcitability but also
directly affects waveform-related ion channel activity in striatal neurons. Yet, the same
mutation lacks the pathophysiological efficacy to translate these phenotypes in LMNs,
a classically associated-ALS neuronal cell type.

4.36 Inhibitory GABA-ergic Responses are Potentiated in C9 LMNs

Until now a lack of phenotypic differences in neuronal excitability or AP waveform has
been observed in C9-derived LMNs generated from the Du et al., 2015 protocol. The
coordination and balance of both excitatory and inhibitory signalling are key for the
regulation of LMN excitability. Accordingly, LMN responses to inhibitory GABA-ergic
and excitatory glutamatergic transmission were characterised. Previous studies of
inhibitory GABA-ergic signalling in ALS have predominantly focused on signalling
within the cortical regions of clinical patients (Kujirai et al., 1993, Menon et al., 2020)
or in pre-clinical murine models (Nieto-Gonzalez et al., 2011, Khademullah et al.,
2020). Though recent work has begun to converge on inhibitory signalling lower down
the motor circuitry (Martin and Chang, 2012, Allodi et al., 2021), GABA-ergic signalling
has not been characterised in the context of the C9ORF72 repeat expansion at the
LMN level.

Assessment of functional expression of GABAARs was conducted from LMNs at 40
days post iPSC-differentiation using experimental protocols previously described in
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results section 3.34. Briefly, GABA-ergic membrane currents were evoked from
control, case and the following bath application of GABA (100uM) in the presence of
TTX, to inhibit AP generation that could otherwise interfere with recorded membrane
currents (Figure 4.7A-B). To confirm expression of GABAAR- mediated currents in day
40 and 50 LMNs, receptor antagonists bicuculine (30uM) was washed on to blocked
elicited current responses (Figure 4.7C).

GABA-evoked membrane currents responses were qualitatively assessed into non-
responsive or responsive groups. In day 40 voltage-clamp recorded LMNs, 26% and
58% of Con-1 and C9-2A LMNs failed to respond to GABA stimulation. This was
considerably less in comparison to C9-1 to C9-3 lines whereby the maximum amount
of non-responders was in C9-2 LMNs at 16% (Figure 4.7D). By day 50, there was
uniform responses to GABA in Con-2 and C9 LMNs with a marked reduction in the
number of GABA non-responsive Con-1 LMNs, down from 26% to 7% (Figure 4.7E).

Current responses for each cell were than normalised to membrane size for each LMN
and the average GABAAR current densities were compared between lines (Figure
4.7F-G). Measurement of current density rather than raw current amplitudes are
critical, as the amplitude of responses are heavily influenced by membrane size. For
example, a larger WCC would allow for a greater proportion of ion channels to be
localised at the membrane relative to smaller cells with a smaller WCC. However, by
normalising the data this is considered and prevents the data from being skewed by
cell size. Coherent with qualitative data at day 40 (Figure 4.7D), both C9-1 and C9-2
display drastically augmented responses to GABA relative to Con-1 and C9-2A (Figure
4.7F). The average current density for Con-1 was 2.17 pA/pF in comparison to 14.3
and 7.7 pA/pF for C9-1 and C9-2 respectively (Kruskal-Wallis test: p<0.05; Con-1 vs
C9-1: Dunn’s multiple comparison test: p<0.0001; Con-1 vs C9-2: Dunn’s multiple
comparison test: p=0.0025). This almost constitutes a 7-fold and 4-fold amplification
of GABA transmission in C9 LMNs. In spite of this, the current density of C9-3 was
statistically indistinguishable versus Con-1 (Dunn’s multiple comparison test: p= 0.45).
Nonetheless, the C9-2 current density was 88 times the size of C9-2A (unpaired t-test:
p=0.0013).
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Figure 4.7. Responses to GABA are amplified in C9 LMNs. (A-B) Membrane
currents were elicited by bath-applied GABA (100uM) at day 40 (A) and day 50 (B)
and blocked by application of GABAAR antagonist bicuculine (30uM) (C) in the whole-
cell voltage-clamp configuration from a LJP corrected holding membrane potential of
-54mV. (D-E) Voltage-clamp recordings from individual LMNs were grouped into either
GABA-responsive or GABA non-responsive categories, with a greater proportion of
non-responsive control and isogenic cells versus those from C9-patient lines at day
40 and less so at day 50. (F-G) The mean whole-cell GABAAR current density was
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significantly increased in C9-LMNs versus control and the paired isogenic line (C9-2
and C9-2A) at both maturation timepoints. Individual cells are represented by
individual data points overlaid onto the bar graph. All data presented as Mean (+SEM).
* p<0.05, ** p<0.01, **** p<0.0001 from one-way ANOVA followed by Sidak’s multiple
comparisons test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test
and unpaired t-test (C9-2 vs C9-2A). Data: Con-1: day 40, n=27, N=5; day 50, n=15,
N=3; Con-2: day 50, n=6, N=2; C9-1: day 40, n=10, N=3; day 50, n=12, N=2; C9-3:
day 40, n=21, N=5; C9-2: day 40, n=19, N=4; day 50, n=5, N=3; C9-2A: day 40, n=12,
N=2.

Despite a greater proportion of healthy controls responding to GABA at day 50 that
translated with higher current densities in Con-1 and Con-2, enormous differences in
GABA-ergic transmission were still detected relative to C9 lines (one-way ANOVA:
p<0.05; Sidak’s multiple comparison test: Con-1 vs C9-1: p<0.0001; Con-1 vs C9-2:
p= 0.028; Con-2 vs C9-1: p=0.0017; Con-2 vs C9-2: p=0.06) (Figure 4.7G). This data
in conjunction with an absence of GABA-evoked current phenotypes in C9-derived
striatal neurons provides evidence for an iPSC-derived, LMN specific, impairment in
GABA-ergic transmission.

4.37 In C9 LMNs Excitatory NMDA Transmission is Augmented

On the contrary to inhibitory GABA signalling, glutamatergic signalling has been
extensively studied in the context of LMNs in ALS. The glutamate-mediate hypothesis
of excitotoxicity has long been considered a key pathogenic driver that drives
degeneration of LMNs in FTD/ALS (Rothstein et al., 1990, Cleveland and Rothstein,
2001). Motor neurons have been shown to be particularly vulnerable to AMPAr-
mediated toxicity in mouse models of ALS (Shaw, 2005), C9 iPSC-derived motor
neurons (Selvaraj et al., 2018, Shi et al., 2018) and from post-mortem LMNs (Gregory
et al., 2020). The role of NMDAr-mediated excitotoxicity has largely been overlooked
especially in the context of the C9 repeat expansion.

To tackle this, day 40 and 50 C9 iPSC-derived LMNs responses to (50uM) AMPA
stimulation (Figure 4.8A-B) and NMDA (100uM, in the presence of glycine, 50uM)
(Figure 4.9A-B) were analysed in detail. Responses were evoked as previously
described in section 3.35.
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G) The mean whole-cell AMPAr current density was markedly reduced in C9 LMNSs vs
control and isogenic lines at day 40 (F) but these differences were non-significant at
day 50 (G). Individual cells are represented by individual data points overlaid onto the
bar graph. All data presented as Mean (xtSEM). * p<0.05, ** p<0.01 from Kruskal-
Wallis test followed by Dunn’s multiple comparisons test or unpaired t-test (C9-2 vs
C9-2A). Data: AMPA: Con-1: day 40, n=11, N=4; day 50, n=15, N=5; Con-2: day 40,
n=14, N=4; day 50, n=6, N=1; C9-1: day 40, n=18, N=5; day 50, n=11, N=4; C9-3: day
40, n=5, N=3; day 50, n=3, N=1;C9-2: day 40, n=17, N=5; day 50, n=8, N=2; C9-2A:
day 40, n=13, N=3; day 50, n=7, N=1.
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Figure 4.9. C9 LMNSs display potentiated responses towards NMDA stimulation.
(A-B) Membrane currents were evoked by NMDA (100uM, in the presence of glycine,
50uM) (A-B) and blocked by NMDAr specific antagonist APV (50uM) (C) in the whole-
cell voltage-clamp configuration from a LJP corrected holding membrane potential of
-74mV. (D-E) Voltage-clamp recordings from individual LMNs were grouped into either
NMDA-responsive or non-responsive categories, with control and isogenic lines
demonstrating a greater incapacity to respond to NMDA stimulation compared with
C9-patient lines. (F-G) The mean whole-cell NMDAr current density was massively
enhanced in C9-patient lineages in comparison to the paired isogenic and control
lines. Individual cells are represented by individual data points overlaid onto the bar
graph. (H-I) C9-LMNs share a reduced AMPA/NMDA ratio indicative of larger
proportion of glutamatergic transmission being driven by NMDAr-mediated currents.
All data presented as Mean (+SEM). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
from Kruskal-Wallis test followed by Dunn’s multiple comparisons test or unpaired t-
test (C9-2 vs C9-2A). (J) Exemplar voltage-clamp recordings of NMDA-evoked
membrane currents (100uM, in the presence of glycine, 50uM) and block by ifenprodil
(3uM). Quantification of the average percentage block of NMDAr-mediated currents
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by ifenprodil. Data: NMDA: Con-1: day 40, n=18, N=7; day 50, n=14, N=5; Con-2: day
40, n=11, N=4; day 50, n=9, N=2; C9-1: day 40, n=23, N=6; day 50, n=10, N=3; C9-3:
day 40, n=5, N=3; day 50, n=3, N=1; C9-2: day 40, n=23, N=7; day 50, n=10, N=3;
C9-2A: day 40, n=13, N=3; day 50, n=8, N=2.

Competitive receptor antagonists CNQX (15uM) and APV (50uM) were transiently
applied to block and confirm expression of AMPA (Figure 4.8C) and NMDA receptor
mediated currents (Figure 4.9C). Of note, APV-mediated inhibition of NMDA
responses in healthy control was not obtained due to the scarcity of NMDA-ergic
responses. Across all control, isogenic and C9 patient lines a large majority of cells
responded to AMPA stimulation. A greater proportion of patient lines failed to respond
to AMPA application, half of C9-1 LMNs and 29% of C9-2 compared with 27% of Con-
1 recordings (Figure 4.8D). These differences eroded by day 50 with recordings across
all lines displaying AMPA responses with the exception of Con-2 (17%) and C9-2
(13%) (Figure 4.8E). For NMDA responses at day 40, a disproportionate quantity of
LMNs failed to respond to NMDA. This was primarily observed in Con-1 which failed
to respond to NMDA stimulation whilst 45% of Con-2 and 61% C9-2A lacked evoked
membrane currents (Figure 4.9D). This was less so in C9-1 and C9-3 lines, and then
considerably less in C9-2. By day 50, these same phenotypes were observed between
lies albeit to a slightly lesser degree (Figure 4.9E).

The average AMPAr current density was recorded and revealed a general decrease
in AMPA-ergic transmission in C9 LMNs in comparison to healthy controls and
isogenic line (Figure 4.8F). This was validated by statistical comparisons between
Con-2 and C9-1 (Kruskal-Wallis test: p<0.05; Dunn’s multiple comparison test:
p=0.003) plus C9-2 and C9-2A (unpaired t-test: p=0.03). Notably, all C9-3 LMNs
responded to AMPA, and this is associated with the increased, but insignificant, current
densities across both timepoints. Extension of culture times to day 50 resulted in
trending but ultimately insignificant reductions in the current density of C9-LMNs
(Figure 4.8G). Notably, the statistical power of this dataset is limited, with further work
required to deduce any significant differences between cell lines. For instance, a
power calculation determined a minimum of twelve recordings per cell line are required
to establish statistical significance between C9-2 and C9-2A AMPAr current density.
Selveraj, Livesey and colleagues previously published AMPAr current densities to be
unchanged in C9 LMNs similar to the data presented here at day 50 (Selvaraj et al.,
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2018). Contrary to this, C9 LMNs displayed a statistically significant increase in their
average NMDAr current densities against healthy control and isogenic lines at day 40
(Kruskal-Wallis test: p<0.05; Dunn’s multiple comparison test: Con-1 vs C9-1:
p=0.0002; Con-1 vs C9-2: p<0.0001; Con-2 vs C9-2: p=0.03) (unpaired t-test: C9-2 vs
C9-2A: p=0.0007) (Figure 4.9F) and this increase remained consistent at day 50
(Kruskal-Wallis test: p<0.05; Dunn’s multiple comparison test: Con-1 vs C9-1:
p=0.0056; Con-1 vs C9-2: p=0.002; Con-2 vs C9-2: p=0.037) (unpaired t-test: C9-2 vs
C9-2A: p=0.027) (Figure 4.9G).

The AMPA/NMDA ratios were than calculated from voltage-clamp recordings where
both AMPA and NMDA evoked currents were recorded and measured from the same
cell (Figure 4.9H-I). Ratio values are useful indicator of the relative strength of AMPAr
and NMDAr-mediated currents at glutamatergic excited cells. A value above 1 is
indicative of AMPAr dominated currents whilst a value below 1 signify NMDAr
mediated currents predominate. Using recorded current densities from Figure 4.8 and
4.9, there were reduced ratio values recorded from DIV40 C9-1 and C9-2 indicating a
larger proportion of NMDA currents are evoked in these neurons (Figure 4.9H). At
DIV50, the control and isogenic lines continued to exhibit AMPAr dominated-
glutamatergic currents, a greater proportion of NMDA currents were evoked in case
lines with ratio values below 1 (unpaired t-test: day 40: C9-2 vs C9-2A: p=0.019) (one-
way ANOVA: p<0.05; Sidak’s multiple comparison test: day 50: Con-1 vs C9-1: p=0.01;
Con-1 vs C9-2: p= 0.023) (Figure 4.91). To help determine the subunit composition of
NMDAr in C9-LMNs, the GIuN2B subunit-selective non-competitive NMDAr antagonist
ifenprodil (3uM) was used (Williams, 1993). The negative allosteric modulator was
able to block membrane currents evoked by GIluN2B-containing NMDARs (Figure
4.9J) in C9-1 and C9-2 by 83% and 76% (Figure 4.9K).

Not only did iPSC-derived LMNs respond to NMDA stimulation but were significantly
enhanced in C9 patient-derived LMNs with, a large majority of currents mediated by
GIluN2B-containing receptors commonly associated with excitotoxicity. These
transmission related differences are not reported in MSNs and highlight differing
neuropathophysiological profiles in different neuronal cell types generated from the

same iPSC lines.
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4.4. Discussion

Here, | exploit the ability of iPSC technology to differentiate a population of highly
enriched C9 iPSC-derived lower motor neuron cultures from the same parental iPSC
lines used to generate C9 iPSC-derived striatal neurons in the previous chapter.
Generation of these iPSC-derived LMNs enabled me to ascertain whether the
electrophysiological perturbations in C9 MSNs relating to hypoexcitability were a cell-
specific or shared phenotypic feature with C9 LMNs. To this end, the
electrophysiological characterisation of iPSC-derived LMNs was identical to that in the
previous chapter. The combination of human stem cell technology and whole-cell
patch-clamp electrophysiology enabled me to evaluate phenotypes between cells of
the striatum and LMNs, the site of hallmark dysfunction in FTD/ALS.

The data in this chapter demonstrate functionally mature, patient-derived, C9 LMNs
exhibit no alterations in their intrinsic excitability. This is demonstrated by comparable
relationships in the current stimulus-AP output that were constructed at MN maturation
and an extended maturation timepoint between control, C9 and gene-corrected
isogenic LMNs. Consistent with this, AP parameters were not impacted in disease
neurons. However, investigation into responses to agonists of key receptor ion
channels on LMNs showed potential phenotypic data. Inhibitory GABA-ergic
transmission was potentiated in C9 LMNs at both mature timepoints. Similarly, study
of excitatory glutamatergic currents revealed NMDAr-mediated transmission, but
interestingly not AMPA-ergic transmission, was significantly amplified in C9 LMNs at
both timepoints in comparison to healthy control and isogenic lines. In regards to
AMPA-ergic responses, transmission was diminished in patient LMNs although
significant differences were not consistently upheld across the timepoints studied.
These data align with a shift in the composition of glutamatergic currents from AMPAr
dominated-glutamatergic currents as observed in control and isogenic lines to a
predominance of NMDAr evoked currents in C9 patient lines. Using the NMDAr
antagonist ifenprodil (Williams, 1993), | demonstrate a large proportion of NMDAr
currents are conducted by GIuN2B-containing receptors commonly implicated in
excitotoxicity (Liu et al., 2007).
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In this chapter and the former | have generated two highly enriched neuronal
populations (MSNs and LMNs) from different regions of the CNS. This has allowed me
to perform a cross-comparison of electrophysiological function between these
divergent cell types which have essentially originated from the same patients. The fact
that | observe no differences in the intrinsic excitability of C9 iPSC-derived LMNSs,
further alludes to the fact that hypoexcitability observed in C9 iPSC-derived MSNs is
a specific phenotypic feature of striatal dysfunction in C9 orchestrated disease. These
data highlight that such impairments do not arise from patient line related issues
otherwise hypoexcitability would have also been a feature of C9 LMNs. Instead, such
alterations highlight cell-specific neurophysiological perturbations in neurons that are
not directly related to each other and belong to different regions of the CNS. Equally,
the potentiation of GABA-ergic and NMDAr evoked currents are a feature of C9 LMNs,
but not MSNs. Neuronal function is dependent upon the intrinsic excitability of the
neuronal population in addition to the strength and timing of excitatory and inhibitory
inputs. In the human in vitro cultures utilised in this study, both these determinants of
excitability are differentially impacted, which relates to general excitability alterations
in FTD/ALS (Pasniceanu et al., 2021). Cell-specific vulnerabilities that give rise to
these downstream neurophysiological impairments further highlights the shear
complexity of FTD/ALS. Ultimately, this is a key consideration for therapeutic
development in appropriately targeting dysfunctional, regionally specific neuronal

mechanisms implicated in disease.

Focusing on the electrophysiological excitability of C9 patient-derived LMNs was also
conducted to help provide clarity in a field where several reports of LMN excitability in
the literature have reported a diverse range of physiological phenotypes. These
studies have shown a combination of hyperexcitable, hypoexcitable, transition of
phenotypes or no changes in excitability (Sareen et al., 2013, Wainger et al., 2014,
Devlin et al., 2015, Naujock et al., 2016, Selvaraj et al., 2018, Zhao et al., 2020, Burley
et al.,, 2022, Harley et al., 2023a). In my highly enriched C9 LMN monocultures |
observed equivalent levels of intrinsic excitability between control and case lines at
both an early and late maturation timepoint. Concurring with this, AP parameters were
largely unchanged in C9 patient lines, nor any were any impairments in the maturation

of intrinsic properties detected. Thus, in our C9 iPSC-LMN models at least, changes
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in intrinsic excitability are an unlikely contributing factor in the earliest stages of
FTD/ALS.

My excitability data provide further rationale for the various phenotypes reported in C9
iPSC-derived MN studies. In mixed C9 iPSC-derived motor neuron and glial cultures,
hyperexcitability represents an initial feature (Wainger et al., 2014, Harley et al.,
2023a), that transitions towards a non-altered or hypoexcitable state (Sareen et al.,
2013, Devlin et al., 2015, Burley et al., 2022). Instead, our excitability data here aligns
closely with other studies that report no differences in the intrinsic excitability of C9
patient-derived MNs from highly enriched motor neuron cultures with negligible glial
differentiation (Selvaraj et al., 2018, Zhao et al., 2020), analogous to our differentiation
protocol. Zhao and colleagues implicated a non-cell autonomous role of contaminant
CI90RF72 mutant astrocytes as principal mediators of MN hypoexcitability in previous
‘enriched’ studies (Sareen et al., 2013, Devlin et al., 2015, Zhao et al., 2020). This is
supported by earlier work in primary murine cultures whereby, conditioned media from
mutant SOD1 expressing astrocytes induced alterations in ion channel function and
excitability of wild-type MNs (Fritz et al., 2013). Thus, the presence of astrocytes in
culture can have a significant influence on MN function. However, it is important to
note that FTD/ALS is not simply a neuronal disease but there is a non-neuronal
component that needs to be considered when generating human in vitro disease
models, as these can have a profound impact on pathophysiological phenotypes and

neuronal viability.

The phenotypic variations in our excitability data and within previous iPSC-derived
LMN models may arise from the origin of iPSC lines or due to purity of cultures as
discussed above. Equally differences could stem from variations in differentiation
protocols that either differ from the ones in this study (Boulting et al., 2011, Bilican et
al., 2012, Amoroso et al., 2013, Maury et al., 2015), or are based on the same protocol
used here (Du et al., 2015), albeit with modifications (Burley et al., 2022, Harley et al.,
2023a). Even so, these studies reported MN hyperexcitability at DIV40 that were
crucially not observed in this chapter. These modifications in neuronal media
compositions and the timepoints in which neurotrophic reagents were introduced are
likely to have contributed to such phenotypes directly or indirectly through generation

of neuronal-glial mixed cultures. Another possible source of variation could result from
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duration of cultures. Indeed, descriptions of hyperexcitability have been reported at a
similar timepoint (approximately between day 38-42 of differentiation) to my earlier
DIV40 timepoint where no changes in excitability were displayed (Devlin et al., 2015,
Burley et al., 2022, Harley et al., 2023a). Now, extension of culture times that extend
beyond the ‘later’ DIV50 timepoint in this study where again excitability was unaffected
in patient lines, showcased a hypoexcitable phenotype in iPSC-derived MNs from C9
patients (7-10 weeks post plating) (Sareen et al., 2013, Devlin et al., 2015) and mTDP-
43 patients (day 70 post-iPSC differentiation) (Harley et al., 2023a). Although Burley
and colleagues described changes in MN excitability within 7 days using the same
differentiation protocol as ours (Burley et al., 2022) and corresponds to similar
timepoints in this chapter. The authors suggest a transition in excitability, at similar
timepoints as this study, due to varying rates of neurophysiological maturation in their
iPSC-derived MNs, which conflicts with the I-O relationships reported here. Together,
these variables in iPSC-derived models raise the philosophical issue of the need for
consistency and transparency in protocols to help enable replication of results.

Given a lack of changes in the intrinsic excitability of C9 LMNs in this study, | next
investigated responses to both excitatory and inhibitory neuromodulatory inputs which
are extrinsic factors that contribute to overall neuronal excitability. A substantial
increase in the functional expression of GABAAR was measured in C9-derived LMNSs.
The data would therefore indicate these patient lines display an increased inhibitory
drive in response to GABA-ergic transmission which is likely to dampen down general
excitability. Hyperexcitability is not uniformly observed at disease onset in ALS patient
spinal MNs (Marchand-Pauvert et al., 2019), and can possibly reflect enhanced
inhibitory compensatory mechanisms in surviving MNs as witnessed here. This is of
importance in MN survival given that viability correlates closely with MN excitability
(Delestree et al., 2014, Leroy et al., 2014, Martinez-Silva et al., 2018). An important
consideration of inhibitory drive within spinal MNs needs to consider that glycine, not
GABA, is the principal inhibitory neurotransmitter within human spinal cord (Lorenc et
al., 2024). Functional abnormalities in glycinergic transmission predominantly in
mSOD1 models have previously been implicated in ALS (Martin and Chang, 2012,
Allodi et al., 2021, Cavarsan et al., 2023), even in the absence of changes in GABA-
ergic transmission (Chang and Martin, 2011). Thus, this needs to be taken into account
when assessing the functional implications of increased GABA-ergic current density
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on C9 iPSC-derived LMN excitability. The impact of inhibitory transmission within
spinal MNs remains scant, but here | begin to provide evidence of dysregulated
inhibitory GABA-ergic signalling in the context of the C9 repeat expansion mutation.

Interestingly, in my C9 iPSC-derived LMNs | observed a concurrent but contradictory,
increase in the receptor activation of both GABAAR and NMDAr at the early and later
maturation timepoint. These increases are likely to reflect an increase in the receptor
expression within patient lines harbouring the C9ORF72 repeat expansion as
indicated by increased current amplitudes and current density. These data correlate
with previously reported increases in NMDAr subunit expression in C9 iPSC-derived
LMNs (Shi et al.,, 2018, Dafinca et al., 2020). This raises the question of the
pathophysiological relevance of increases in both GABA and NMDA transmission in
our C9 models of disease, in terms of why this occurs and the contribution of these
opposing changes to LMN excitability. The fact that dysfunction in transmission does
not occur solely in excitatory (NMDAr) or inhibitory (GABAAR) transmission could
relate to a lack of changes in C9 LMNs excitability. Alternatively, these observed
alterations in excitatory/inhibitory transmission may be interrelated and represent a
compensatory, cause and consequence type relationship, whereby the increased
transmission of one leads to a similar phenotype in the other. Nonetheless, LMNs
receives excitatory transmission from the UMNs and inhibitory transmission from
spinal interneurons. Consequently, alterations in LMN receptor expression could
influence responses from these regions and contribute towards dysregulated activity
within motor neuron circuitries in FTD/ALS.

Multiple lines of evidence have provided strong links between dysregulated glutamate
homeostasis and ALS pathogenesis. Typically, these links have shown selective
vulnerability of LMNs to AMPAr-mediated, but not NMDAr mediated excitotoxicity
(Rothstein et al., 1992, Rothstein, 1995, Cleveland and Rothstein, 2001). In contrast,
this study provides evidence of NMDAr and not AMPAr, dysfunction in C9 patient-
derived LMNs that may contribute towards excitotoxicity commonly implicated in ALS.
Consistent with previous reports (Selvaraj et al., 2018), | observed trending, but
ultimately, non-significant differences in AMPAr-mediated current densities between
C9, healthy and isogenic control lines, maintained at both timepoints studied. Yet,
amplified current densities were observed in the limited number of C9-3 recordings,
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which could point towards individual patient variability in responses and general
pathology. Even so, my data indicate a favourable shift towards NMDAr-mediated
glutamatergic signalling in C9 patient LMNs but not in healthy control or isogenic lines.
Concurrent with this, almost all Con-1 control lines across both timepoints failed to
respond to the exogenous application of NMDA. This markedly low NMDAr expression
is a universal feature across the other control and isogenic lines and in stark contrast
to upregulated NMDAr transmission in C9 LMNs. Importantly, stimulation of
overexpressed NMDAr, Ca?* permeable in nature, can give rise to Ca®
dyshomeostasis and in turn lead to an influx of injurious, excitotoxic levels of Ca?*
which has been strongly implicated in ALS pathogenesis (Mead et al., 2023). LMNs
are particularly susceptible to Ca?* dysregulation due to their low Ca?* buffering
capacity intertwined with high Ca?* influxes during neurotransmission. Previous
studies have shown upregulated expression of Ca?*-permeable AMPAr (Selvaraj et
al., 2018, Gregory et al., 2020), which cannot be excluded here, along with NMDAr-
mediated contributions to this pathomechanism (Xu and Xu, 2018, Dafinca et al.,
2020). In agreement with these studies, | show a large proportion (~80%) of expressed
NMDAr in C9 LMNs are GluN2B-containing receptors that are associated with
extrasynaptic localisation and excitotoxicity (Hardingham and Bading, 2010, Huber et
al., 2022a). Similar to my findings, Huber and colleagues also demonstrated increased
functional expression of GIluN2B-containing NMDA receptors in primary hippocampal
neurons expressing the C9 repeat expansion mutation (Huber et al., 2022a). Together
with my data, this could indicate increased expression of the GIuN2B subunit at the
protein level. In alignment with this, GIUN2B expression was significantly upregulated
in FUS and TDP-43“337V iPSC-derived MNs, with a similar non-significant trend
observed in C9 iPSC-derived MNs at the RNA level (Bursch et al., 2019, Dafinca et
al., 2020). Moreover, GIuN2B-NMDAr synaptic expression has been shown in
immature neurons (McKay et al., 2012, Zamzow et al., 2013). However, given that no
differences in the maturation of control and case lines are observed here at either
timepoint along with low-level NMDAr responses in control lines underlines C9 specific
dysregulation of functional NMDAr expression likely at extrasynaptic sites.
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4.5. Conclusion

In this chapter, regionally specific neurophysiological dysfunction is evident in C9
LMNs that is phenotypically distinct from C9 MSNSs investigated in the previous
chapter. These cell-specific phenotypes are summarised in Table 4.1. Unlike C9
MSNs, C9 LMNs do not display any changes in excitability or any significant
fluctuations in AP parameters. However, divergent from C9 MSNSs, pronounced
amplification of GABAAR transmission was observed in LMN patient lines. In addition,
alterations in the composition of glutamatergic currents was observed with respect to
AMPAr and NMDAr. Indeed, potentiated responses in NMDAr-mediated but not
AMPAr-mediated glutamatergic transmission was reported in C9 LMNs at both day 40
and day 50 timepoints, in comparison to healthy control and isogenic lines. The
majority of C9 NMDAr transmission was shown to be facilitated by GluN2B-containing

receptors commonly associated with excitotoxicity, a major ALS phenotype.

Table 4.1. Summary of the neurophysiological impairments reported in C9
patient-derived striatal MSNs and LMNs. The table compares the
neurophysiological properties relating specifically to excitability, AP properties and
neurotransmission within C9 MSNs and LMNs generated in this study.

Neurophysiological
Properties

C9 Striatal MSNs

C9 LMNs

Intrinsic Excitability

Reduced excitability.

No changes in excitability.

Maturation properties

No impairments in maturation.

No impairments in maturation.

AP Waveform

Depolarised AP threshold
Reduced AP size
Increased AP duration
Depolarised AHP

No changes in AP waveform
properties.

GABA transmission

No changes in transmission.

Potentiated GABAAR transmission.

Glutamate transmission

No changes in AMPAr or NMDAr
transmission.

e Reduced AMPAr transmission.
e Potentiated NMDAr responses.
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Chapter 5: Homeostatic Responses to Chronic

Depolarising Stress are Dysrequlated in C9 Patient-

derived Lines

5.1. Introduction

Previously in Chapter 4, C9 patient-derived LMNs in response to current stimulation
displayed no alterations in their excitability versus control lines. This was determined
to be specifically observed in LMNSs, as striatal MSNs derived from the same iPSC

lines showed intrinsic hypoexcitability (Chapter 3).

| next considered why differences in LMN excitability were not observed in my human
in vitro cultures, despite considerable evidence for changes in ALS patient LMN
excitability as disease progresses (Devlin et al., 2015, Burley et al., 2022, Harley et
al., 2023a). Importantly, enriched populations of in vitro iPSC-derived neurons are a
vital model of disease that recapitulate key physiological components. One of the key
considerations here, is that the voltage output of in vitro motor neuron monocultures
investigated in this study have been recorded in a basal state i.e. in the absence of
any cell stressors. Typically, LMNs form part of the corticomotor circuitries receiving
inputs from various neuronal and non-neuronal sources. Dysregulation of such inputs
or the ability of LMNSs to respond appropriately to external stimuli in disease can lead
to the aberrant modulation of neuronal activity and therefore function. For instance,
CI90RF72 mutant iPSC-derived astrocytes are sufficient to induce physiological
toxicity by way of excitability changes within MNs (Zhao et al., 2020). It is therefore
possible that whilst LMNs in this study are in a basal state there are no net changes
in excitability, but under specific physiologically challenging conditions, abnormal
excitability changes are revealed.

Subsequently, this chapter focuses on an important aspect of disease modelling in
studying iPSC-derived LMNs in the presence of acute and chronic stressors to
represent in vivo conditions where cells are integrated components of large, complex

networks. The cells within such networks are constantly subject to both internal and
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external activity that can drive alterations in excitability and drive neuronal plasticity.
Indeed, the fundamental ability of neurons to adapt and attenuate their responses to
stimuli is crucial to maintaining correct neuronal and network function and when this
ability to remain ‘plastic’ becomes impaired (Styr and Slutsky, 2018), maintenance of
homeostatic function is lost. Thus, adaptions in neuronal responses to stress is either
incorrectly or ineffectively modulated and this is a commonly observed, early feature
of neurodegenerative diseases (Milnerwood and Raymond, 2010, Styr and Slutsky,
2018) including FTD and patients with the C9 mutation (Benussi et al., 2016, Beagle
et al., 2017).

Plastic changes in neuronal activity in response to stimuli can occur at the synapse or
the intrinsic excitability of the neurons themselves (Nelson and Turrigiano, 2008).
Multiple studies in C9ORF72 models have demonstrated shifts in neuronal activity due
to functional impairments in plasticity at the synapse (Perry et al., 2017, Ho et al.,
2020, Perkins et al., 2021). This concurs with dysregulated gene expression detected
in synaptic-plasticity related pathways in in vitro human neurons or post-mortem C9
patients (Prudencio et al., 2015, Dafinca et al., 2016, Perkins et al., 2021). Plastic
modulation of the intrinsic excitability or AP waveform of neurons can occur in the
short-term, seconds to minutes, via changes in ion channel conductances (Shah et
al., 2008, Bender and Trussell, 2009, Scott et al., 2014), or by transmitter related
neuromodulatory signalling (Bender et al., 2012, Martinello et al., 2015). In addition to
these acute modulations of AP generation, activity-dependant structural changes in
the AIS are able to modulate excitability in the long-term i.e. take days to weeks to

occur (Jamann et al., 2021).

Days of chronic KCI stimulation have routinely been used in in vitro neurons to induce
these structural forms of plasticity (Grubb and Burrone, 2010, Evans et al., 2013, Sohn
et al., 2019). This has served as a useful tool to study homeostatic plasticity-related
events linked to both acute and chronic neuronal depolarisation owing to the ease of
implementation and manipulation of treatment and thus, downstream depolarisation.
Furthermore, this KCl-based model has been crucial in elucidating molecular and
structural homeostatic mechanisms of neurons in vitro, including in the context of FTD
(Sohn et al., 2019).
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5.2. Aims and Objectives

The electrophysiological profile of iPSC-derived LMNs in this study has shown patient
derived lines in the absence of any stress do not display any changes in excitability. A
key feature for any neuron is its ability to remain ‘plastic’ and attenuate its behaviour
in response to internal or external stimuli. This ability to maintain homeostasis in
response to neurophysiological challenges is vital to prevent dysfunction that can
potentially translate into degeneration at the cellular and network level. Functional
impairments in neuronal plasticity are implicated in the early phases of
neurodegenerative disease (Milnerwood and Raymond, 2010, Pasniceanu et al.,
2021), a study by Benussi and colleagues has shown this occurs 15 years before
symptomatic onset in C9ORF72 patients (Benussi et al., 2016). Here, | wanted to
assess the ability of generated C9-iPSC derived LMNs to respond to stressors at an
acute (short-term) and (long-term) chronic timepoint to replicate neuronal stress during

disease onset and progression.

Using a single healthy control and C9 patient-derived line, | hypothesise homeostatic
dysfunction in the excitability of C9-LMNs in response to stressors that are otherwise

physiologically managed by the healthy control LMNSs.

5.3. Results

5.31 Protocol to Induce Acute and Chronic Stress in Control and C9 Patient-derived
LMNs

To explore the neuronal excitability of control and case lines in response to acute and
chronic stressors, the Con-1 and C9-2 LMNs were differentiated as described in
methods section 2.17 following the motor neuron differentiation protocol set out by Du
et al., 2015. At day 40 post-iPSC differentiation the excitability of LMNs were studied
using whole-cell current clamp technology under three conditions. The first at day 40
without any additional treatment, with voltage responses recorded following
incremental current stimuli as defined in results section 3.32 and 4.32 (Figure 5.1).
Then second and third, independent sister cultures of LMNs were incubated for 3
hours with either 15mM of NaCl or KCI before patch-clamp analysis (Figure 5.1).
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Hereafter, termed either acute NaCl or KCI treatment. Elevation of the extracellular K*
concentration by 15mM according to the Nernst potential equation would have been
sufficient to depolarise the membrane potential by 33 mV. Therefore, bringing the RMP
value closer to the AP threshold and increasing the excitability of cultures. NaCl
treatment provided a control for changes in osmotic pressure which can influence
excitability. The effective working concentrations of NaCl or KCl is in alignment with
similar studies in iPSC-derived neurons (Sohn et al., 2019) in vitro murine cultures
(Grubb and Burrone, 2010, Evans et al., 2015).

Then to address homeostatic plasticity in response to chronic stimulation, LMNs were
cultured as normal until day 40, before culture medium was treated with either NaCl
or KCI for 7 days (Figure 5.1), now termed chronic NaCl or KCIl. As a baseline
comparison for these treatments in the chronic phase, current-clamp recordings were
attained from aged-matched untreated LMNs (baseline day 50). Recordings for all
LMNs was assessed in standard extracellular solution (Table 2.14) complemented with
blockers of synaptic transmission. Moreover, patch-clamp recordings per coverslips of
cells was strictly obtained within 1 hour of incubation in extracellular solution to avoid

any homeostatic adjustments in excitability of LMNs influencing analysis.
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Figure 5.1. Treatment protocol for examining LMN responses to short-term and
long-term stressors. LMNs followed the same differentiation protocol as previously
described in Sections 2.1.4- 2.1.5 and 2.1.7. At day 40 LMNs without any treatment
were taken for patch-clamp recordings and these recordings are detailed as ‘day 40
baseline.’ Alternatively, culture medium containing day 40 LMNs underwent treatment
with either 15mM NaCl or KCI and cells were incubated for 3 hours prior to patch-
clamp recording, with these data referred to as ‘acute NaCl’ or ‘acute KCI’ respectively.
To study LMN responses to long-term stressors, culture medium containing day 40
LMNs were incubated in either 15mM NaCl or KCI for 7 days before being subject to
patch-clamp recordings, with these data referred to as ‘chronic NaCl’ or ‘chronic KCI.’
Media was changed every 48 hours. As a baseline control for these recordings, patch-
clamp analysis of untreated day 50 LMNs was also conducted (not shown) referred to
as ‘day 50 baseline.’
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5.32 The I-O Relationship for C9 LMNs is Differentially Altered in Response to Acute
and Chronic Depolarising KCI

lllustrative voltage responses to current stimuli in the various treatment conditions and
timepoints are presented for Con-1 and C9-2 LMNs in Figure 5.2. The voltage traces
not only show interspecific differences in the firing patterns between lines, but
intraspecific changes are also observed within the same line between pharmacological
conditions. The traces would indicate Con-1 LMN excitability following acute KCI
treatment is similar to baseline, with chronic exposure leading to reduced excitability.
Conversely, C9-2 LMN traces would indicate voltage responses following chronic KCI
treatment were comparable with baseline output. These data would suggest the
neuronal excitability of iPSC-derived LMNs is altered based upon line-specific

differences in homeostatic responses to acute or chronic stressors.

To characterise these potential interspecific and intraspecific differences in greater
detail, I-O relationships were formed to compare the effect of acute and chronic
depolarising stress on AP firing activity between Con-1 and C9-2 (Figure 5.3- 5.4). APs
were evoked and recorded in response to previously described current injection stimuli
(O to +50pA, 5pA steps, 500ms duration). This is the same current stimulus protocol
used in Results section 4.33, whereby in the absence of any cell stressors, no changes
in the excitability of C9 LMNs were described.

Following 3-hour treatment with NaCl and KCI both Con-1 and C9-2 LMNs displayed
insignificant changes in their AP output following current stimulation (Figure 5.3A-B).
For Con-1, KCI treatment did appear marginally enhanced compared with baseline
responses and acute NaCl conditioning, especially between 10-20pA before output
reduced towards baseline levels (two-way ANOVA: F (2, 27) = 2.162, p= 0.1347)
(Figure 5.3A). Note, activity of baseline day 40 from both LMNs whilst still comparable,
was significantly lower than AP output from separate experiments that were reported
in Chapter 4.33. Nonetheless, baseline responses from C9-2 LMNs were similar to the
firing activity of LMNs following acute NaCl incubation with acute KCI conditioning,
similar to Con-1, led to marginal but non-significant increases in AP output (two-way
ANOVA: F (2, 21) = 1.65, p= 0.2159) (Figure 5.3B). Analogous to a study by Evans
and colleagues acute depolarising KCI conditioning failed to impact the neuronal
excitability of both Con-1 and C9-2 LMNs (Evans et al., 2015).
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Figure 5.2. C9 LMNs show differences in their ability to respond to short-term
and long-term stressors. Matrix schematic of illustrative AP traces recorded in the
whole-cell current-clamp configuration from the healthy Con-1 line (top two panels)
and C9-2 patient line (bottom two panels). Voltage responses are shown in response
to a train of incremental current injections (-20pA to 50pA in 10pA steps) from a LJP
corrected resting membrane potential held at -74mV. Responses shown are from
either cells at day 40 or 50, following no treatment or either acute or chronic treatment
with NaCl or KCI.
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Figure 5.3. Day 40 healthy control and C9-patient LMNs show behave similarly
in their response to acute depolarising stress. (A-B) The number of APs evoked
following current stimulation stratified by pharmacological treatment (untreated, 3-hour
treatment with NaCl or KCI) for (A) Con-1 and (B) C9-2 LMNs reveals similar voltage
responses following acute incubation with NaCl (15 mM, osmotic control) and KCI (15
mM, depolarising stressor) to day 40 baseline voltage responses. All data presented
as Mean (xSEM). Data: Con-1: baseline day 40, n=15, N=6; acute NaCl, n=10, N=4;
acute KCI, n=5, N=4. C9-2: baseline day 40, n=12, N=5; acute NaCl, n=5, N=2; acute
KCI, n=7, N=2. Data determined to be non-significant from repeated measures two-
way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 5.4. Day 50 C9 LMNs have a diminished ability to regulate chronic
responses to depolarising stress. (A-B) The number of APs evoked following
current stimulation stratified by pharmacological treatment (untreated, 7-day treatment
with either NaCl or KCI) for (A) Con-1 and (B) C9-2 LMNs reveals with respect to the
baseline day 50 response, significantly reduced voltage responses to current
stimulation after chronic, 7-day KCI treatment in Con-1 but not in C9-2 LMNs. All data
presented as Mean (xSEM). * p<0.05 from repeated measures two-way ANOVA
followed by Tukey’s multiple comparisons test. Data: Con-1: baseline day 50, n=9,
N=2; chronic NaCl, n=9, N=4; chronic KCI, n=8, N=3. C9-2: baseline day 50, n=10,
N=3; chronic NaCl, n=11, N=4; chronic KCI, n=11, N=4.
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Accordingly, both cells could maintain homeostatic intrinsic control of excitability in
response to short-term stress.

Conversely, chronic depolarising KCI treatment had a substantial impact on neuronal
excitability between the different lines as well as the conditions each line was subject
to (Figure 5.4A-B). In fact, 7-day incubation with KCI led to a significant decrease in
the excitability of Con-1 LMNs compared to baseline and chronic NaCl treated LMNs
(two-way ANOVA: F (2, 23) = 4.96, p= 0.0162) (Figure 5.4A). For example, at 30pA
stimulation evoked an average of 7 APs from baseline and 5 from Chronic NaCl Con-
1 in contrast with, 2 APs from 7-days KCI treatment. A 3.5- and 2.5-fold difference in
the firing activity was seen between these treatment conditions. This was comparable
with reduced excitability observed following chronic optogenetic stimulation
(Wefelmeyer et al., 2015) or KCI conditioning (Grubb and Burrone, 2010) in in vitro rat
hippocampal cultures. Even so, the impact of chronic KCI on neuronal excitability was
in stark contrast to observations in C9-2. Comparative analysis between baseline,
chronic NaCl and KClI in C9-2 showed no significant differences in the firing activity of
C9-2 LMNs (two-way ANOVA: F (2, 32) = 1.015, p= 0.374) (Figure 5.4B). Full details
of post-hoc Tukey’s multiple comparisons test are detailed in Appendix 7. For instance,
at 30pA stimulation an average of 6 APs were evoked in baseline C9-2 compared with
4 spikes following both chronic treatments. Despite a slight decrease in AP output from
chronic KCI C9-2 LMNs, this was identical to the output observed in chronic NaCl C9-
2. Furthermore, this decrease was modest in comparison to the drop off seen between
baseline and chronic KCl in the Con-1 line. The data would indicate whilst homeostatic
mechanisms are able to regulate neuronal excitability in the short-term of both Con-1
and C9-2 LMNs, these mechanisms become dysregulated in response to long-term
depolarisation in C9 but not healthy controls. Moreover, data from baseline responses
at day 40 and 50 (Figure 5.3-5.4) but also from Results section 4.33 suggests, the
presence of the repeat expansion itself is not enough to induce excitability changes
but required chronic stress to impair excitability homeostasis.

5.33 The AP Waveform is Unaffected in Chronically Treated C9 LMNs

Next, | wanted to determine whether the different treatment conditions affected the AP
waveform and complemented the changes or the lack of them in chronic and acute
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treated LMNs. Parallel with previous characterisation of the waveform the current
threshold for AP spiking, AP amplitude, threshold potential, AP duration and AHP were
compared between treatments for both LMNs (Figure 5.5-5.6).

For Con-1, the current threshold for AP output (recruitment current) supports the |-O
relationships in Figure 5.3A. Statistical comparisons of the rheobase showed
insignificant differences across all treatment types (Kruskal-Wallis test: p<0.05; Dunn’s
multiple comparison test: Con-1: Baseline vs acute NaCl: p=0.054; baseline vs acute
KCI: p= >0.99; acute NaCl vs acute KCI: p=0.09) with a slightly higher rheobase for
acutely NaCl treated Con-1 LMNs correlating with the reduced output at lower current
stimuli (Figure 5.5A). On the other hand, C9-2 LMNs show a sequential but
insignificant decrease in the current threshold between baseline, acute NaCl and KCI
treatment (one-way ANOVA: p>0.05) that has no impact on recorded I-O (Figure 5.5B).
Furthermore, treatment conditions had no impact on the current threshold in Con-1
and C9-2 exposed to chronic incubations (Figure 5.6A-B). This opposes findings from
previous studies which show amplified current thresholds correlates with reduced
excitability following chronic stimulation (Wefelmeyer et al., 2015, Jamann et al., 2021,
Harley et al., 2023a). Even so, differences in the I-O relationships are not explained
by changes in current threshold in this study.

Study of the AP amplitude, duration and AHP for both motor neurons lines in both
acute and chronic conditions yielded only minor differences (Figure 5.5C-D, G-H, |-J)
(Figure 5.6C-D, G-H, I-J). Various AP parameters were also unchanged following
previous accounts of acute and chronic stimulation in murine models (Grubb and
Burrone, 2010, Jamann et al., 2021). Of note, AP duration did show a trending, yet
insignificant (~1.2ms) decrease in chronic KCL treated C9 LMNs versus baseline
(Sidak’s multiple comparison test: p=0.12). The speed of the AP half-width was also
~0.5ms faster than the average AP half-width of Con-1 chronic KCI treated LMNSs,
which corresponds with the differences in excitability between chronic treated lines.
Significant differences were observed in the AP threshold of chronic KCI treated C9-2
LMNs but not Con-1 or any acutely treated neurons (Figure 5.5E-F) (Figure 5.6E-F).
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Figure 5.5. Day 40 AP parameters are unaltered following acute treatment with
NaCl or KCI. AP parameters were measured from day 40 Con-1 and C9-2 LMNs
exposed to different pharmacological conditions. Individual cells are represented by
individual circles overlaid onto the bar graphs. Measurements of the recruitment
current required to evoke the first AP (rheobase) (A-B), AP amplitude (C-D), threshold
potential (E-F), AP duration (G-H) and AHP (I-J) were recorded for the first AP evoked
by current stimulation. All data presented as Mean (+tSEM). Data: Con-1: baseline day
40, n=15, N=6; acute NaCl, n=10, N=4; acute KCI, n=5, N=4. C9-2: baseline day 40,
n=11, N=5; acute NaCl, n=5, N=2; acute KCI, n=6, N=2. Data determined to be non-
significant from one-way ANOVA followed by Sidak’s multiple comparisons test or
Kruskal-Wallis test followed by Dunn’s multiple comparisons test.

164



Con-1

50—
< 404
g
8 30+
©
K-
@ 204 . .
é L] LN ] L]
10— — >~y
o0 o0
0 T T T
Baseline Chronic NaCl Chronic KCI
Con-1
100
s . .
£ 80 K = s .
~ _‘l_ —o [ X3
% 60 + =
2 : .
= oo
g 404 . *
©
o 20—
<
0 T T T
Baseline  Chronic NaCl Chronic KCI
Con-1
60—
; eoe® oo eee®
E 40 e Rk N
-}
©°
£
]
_g 20
-
o
<
0 T T T
Baseline  Chronic NaCl Chronic KCI
Con-1
10
g 6 e
3
= 4+ .
g l o® °*
& 2- : * bl o °
0 T T T
Baseline  Chronic NaCl Chronic KCI
Con-1
80—
LJ L) L]
LX) ° b [
60— —vve T,
g . * L]
o 40-
I
<
20
0 T T T
Baseline Chronic NaCl Chronic KCI

Rheobase (pA)

C9-2
. L] o0
. i
o0 L N N ] LN J
e o0 LR N ]
o0

100

H (=2 ©
o o o
1 1 1

AP amplitude (-mV)
S
1

1 1 ]
Baseline Chronic NaCl Chronic KCI

C9-2
.o e
LX 4
Y 3
e,
* .
.
.
L]

o

» [-2]
o o
1 ]

AP threshold (-mV)
S
1

C9-2
%*
.
...!0 0o, .:.
T o T
L] .':

> o ©
1 1 1

AP half-width (ms)
i

o

T T T
Baseline Chronic NaCl Chronic KCI

C9-2
®e
° ...
ale E2S8 —ey
... ° L] .....

80—

60 -1

AHP (-mV)
8
1

C9-2
.:. -:. 0022 :0
o — .
* .3 — .
H oq .

T T T
Baseline Chronic NaCl Chronic KCI

165



Figure 5.6. AP parameters at day 50 are unaltered following chronic treatment
with NaCl or KCI. AP parameters were measured from Con-1 and C9-2 LMNs without
treatment, or cells exposed to chronic 7-day treatment with either NaCl or KCI.
Individual cells are represented by individual circles overlaid onto the bar graphs.
Measurements of the recruitment current required to evoke the first AP (rheobase) (A-
B), AP amplitude (C-D), threshold potential (E-F), AP duration (G-H) and AHP (I-J)
were recorded for the first AP evoked by current stimulation. All data presented as
Mean (£SEM). * p<0.05 from one-way ANOVA followed by Sidak’s multiple
comparisons test. Data: Con-1: baseline day 50, n=9, N=2; chronic NaCl, n=9, N=4;
chronic KCI, n=8, N=3. C9-2: baseline day 50, n=10, N=3; chronic NaCl, n=11, N=4;
chronic KCI, n=11, N=4.

Specifically, the threshold potential was hyperpolarised by 4.1mV in C9-2 chronic KCI
(-44.2mV) vs chronic NaCl (-40.1mV) (one-way ANOVA: p<0.05; Sidak’s multiple
comparison test: p=0.029) but not in regards to the threshold potential in baseline C9-
2 neurons (Sidak’s multiple comparison test: p=0.63). However, this phenotype is not
consistent between the baseline and osmotic control which is divergent from
depolarised voltage thresholds reported in healthy stimulated iPSC-derived neurons
(Harley et al., 2023a). Together with all AP-parameters, altered AP waveform
properties do not appear to be the mechanism between impaired I-O relationships in
chronically stimulated C9-2 LMNs.

5.34 Changes in Chronic KCI Excitability in C9 LMNs are not Caused by Impaired
Passive Membrane Properties

Further comparisons between the intrinsic membrane properties were conducted to
determine if these properties were the source behind acute and chronic phenotypes
observed in Con-1 and C9-2 LMNSs. Ultimately, membrane properties for both cell lines
were unchanged in day 40 treated and non-treated LMNSs (Figure 5.7A-F) and in LMNs
exposed to chronic incubations (Figure 5.7D-L). Similar to AP waveform data in section
5.33, passive membrane properties are not accountable for homeostatic impairments

in neuronal excitability.
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Figure 5.7. Passive membrane properties are not altered by the different acute
or chronic treatment conditions. (A-L). Intrinsic membrane property data from Con-
1 and C9-2 lines between day 40 to day 50 subjected to the different treatment
conditions. Individual cells are represented by individual circles superimposed onto
the bar graphs. Quantification of the mean whole cell capacitance (WCC), membrane
input resistance (Rin) and resting membrane potential (RMP) from day 40 Con-1 (A-
C), day 40 C9-2 (D-F), day 47-50 Con-1 (G-lI) and C9-2 (J-L) LMNSs. Intrinsic
membrane properties were consistent across all treatments. All data presented as
Mean (+SEM). Data: Con-1: baseline day 40, n=15, N=6; acute NaCl, n=10, N=4;
acute KCI, n=5, N=4; baseline day 50, n=9, N=2; chronic NaCl, n=9, N=4; chronic KCl,
n=8, N=3; C9-2: baseline day 40, n=11, N=5; acute NaCl, n=5, N=2; acute KClI, n=6,
N=2; baseline day 50, n=10, N=3; chronic NaCl, n=11, N=4; chronic KCI, n=11, N=4.
Data determined to be non-significant from one-way ANOVA followed by Sidak’s
multiple comparisons test or Kruskal-Wallis test followed by Dunn’s multiple
comparisons test.
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5.4. Discussion

In this chapter | have considered a key aspect of disease modelling by recording the
ability of C9 iPSC-derived LMNs to appropriately regulate their electrophysiological
excitability in response to acute and chronic application of a physiological stressor,
elevated extracellular potassium chloride (KCI). Typically, human in vitro models, such
as C9 iPSC-derived LMNs in the previous chapter are characterised in the absence of
any cell stressors, as they are in many other scientific reports (for example, (Selvaraj
etal., 2018)). In this basal state, C9 patient LMNs were shown to display no alterations
in excitability versus healthy control and isogenic lines (Chapter 4). However, native
neurons are exposed to various physiological inputs and stressors in both healthy
individuals and neurodegenerative disease. For example, K* extrusion from neurons
is a major feature of intrinsic potassium conductances during AP firing. This K*
extrusion requires removal from the vicinity of the neuron (via glia syphoning) since it
will cause depolarisation, and potentially depolarisation-mediated excitotoxicity. In
ALS it has previously been reported that K* syphoning is impaired in SOD1 transgenic
animal models (Ding et al., 2024). Importantly, a key protective mechanism of neurons
is their ability to downregulate excitability in extended periods of depolarising stress,
in order to maintain homeostatic control of neuronal output and function (Gunes et al.,
2020). Here, | wanted to determine whether this ability to maintain homeostasis is
impaired in C9 patient-derived LMNs in response to physiological stressors that
replicate the physiological challenges of LMNs in the corticomotor circuitries they form
part of.

To induce acute and chronic depolarising stress, the Con-1 and C9-2 iPSC-derived
LMN ‘workhorse’ lines were incubated with 15mM KCI for 3 hours or 7 days,
respectively. In accordance with the Nernst potential this would have been sufficient
to induce depolarisation of the membrane by 33 mV; from the mean RMP values of
these lines (Figure 5.7) this would have caused depolarisation beyond AP threshold
(Figure 5.5-5.6) to initiate neuronal activity. Voltage responses were recorded using
whole-cell current-clamp mode where neuronal excitability was evaluated under three
independent, age-matched conditions: without any additional treatment (baseline) or
with either 175mM NaCl or 15mM KCI for 3 hours (acute) or 7 days (chronic). My data
indicate that control LMNs present no change in excitability in response to acute

168



stress, but for chronic stress, a marked reduction in AP numbers elicited versus Con-
1 day 50 LMNs at baseline. However, whilst C9 LMNs behave like control LMNs for
acute stress, for chronic conditions they demonstrate reduced homeostatic ability to
regulate excitability in response to depolarising stress. This is shown by the fact that
the number of APs evoked by chronically stimulated C9 LMNs are similar to those
evoked by corresponding C9 baseline/osmotic control day 50 LMNs. This is a key
outcome that is indicative that C9 neurons do not present with a key neuroprotective

mechanism in chronic conditions. | will explore these findings further below.

Akey finding from this study is that Con-1 LMNs exhibit robust homeostatic responses
to chronic depolarisation. The observed reduction in AP output following chronic KCI
exposure is consistent with previous reports demonstrating that neurons downregulate
excitability in response to sustained depolarisation (Grubb and Burrone, 2010,
Wefelmeyer et al., 2015) . This adaptive mechanism, known as homeostatic plasticity,
serves to prevent hyperexcitability and protect neurons from excitotoxicity. The
reduction in excitability was interestingly not associated with major changes in AP
waveform parameters or significant changes in the passive membrane properties
(WCC, Rin or RMP), between baseline or chronic NaCl treatment versus chronic KCI
treatment in either iPSC-derived line. Unlike the theoretical Nernst potential value or
previous studies that have shown KCI-induced depolarisation of the RMP (Evans et
al., 2013, Evans et al., 2015), or hyperpolarising shift in RMP (O'Leary et al., 2010),
the data here reveals no such change. One possible explanation may arise from RMP
depolarisation during chronic KCI incubation of LMNs which is then reversed once
neurons are recorded in physiological extracellular solution with nominal potassium
concentration. Alternatively, chronic KCI treatment may influence intrinsic excitability
via alternative mechanisms and that both iPSC-derived lines are able to regulate their
RMP at 15mM KCI concentration. However, my data present an unclear picture as to

the mechanisms that underlie this homeostatic adaptation in control LMNs.

In contrast, C9-2 LMNs failed to exhibit a significant reduction in excitability following
chronic KClI treatment. The preservation of baseline-like AP firing suggests a deficit in
homeostatic plasticity mechanisms in these neurons. Importantly, this finding aligns
with previous studies indicating that homeostatic dysfunction is an early feature of
neurodegenerative disease, including C9ORF72-associated FTD/ALS (Milnerwood
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and Raymond, 2010, Benussi et al., 2016, Pasniceanu et al., 2021). The inability to
regulate excitability under chronic stress conditions may contribute to neuronal
vulnerability and degeneration in COORF72 patients. In this regard, in the context of
chronically elevated, depolarising extracellular KCI, impaired K" syphoning and
impaired ability to downregulate excitability, presents a plausible mechanism for LMN
excitotoxity. Similar to control data, | find no difference in the properties of AP
waveform and passive membrane properties. However, the fact that the key
phenotype is a reduced responsiveness is perhaps not surprising. In the context of
data from other reports, dysregulated ion channel function relating to the AP waveform
has previously been associated with excitability changes in ALS patients and C9
models (Kanai et al., 2006, Sareen et al., 2013, Wainger et al., 2014). However, it is
unlikely Na* or K* current dysfunction are significant contributors to compromised
excitability homeostasis in C9 LMNSs, in fact my data are consistent with an ineffective
ability to down tune excitability. This raises the question of what physiological

mechanisms are driving impaired excitability homeostasis.

One possibility for phenotypic difference following prolonged KCI treatment may be
due to impaired activity-dependant AIS plasticity. Recent work in other model systems
has demonstrated a modulation of excitability in response to acute, short-term
stimulation, in the form of rapid activity-dependant shortening of the AIS (Evans et al.,
2015, Jamann et al., 2021). Evans and colleagues have shown such AIS remodelling
to be mediated by Ca?*-dependent process that act in part due to Ca?*-dependent
phosphatase calcineurin (Evans et al., 2013, Evans et al., 2015). The AlS, the site of
AP initiation, is a specialised microdomain located at the proximal axon that consists
of a high density of Nay and K, channels anchored to the membrane by a complex
arrangement of cytoskeletal scaffolding proteins (Huang and Rasband, 2018). This
specialised region is fundamental for setting the intrinsic excitability of the neuron.
Thus, the structural changes at the AIS may be the underlying mechanism behind
observations here following acute treatment, where dynamic AIS plasticity is able to
appropriately regulate neuronal output in response to acute KCI, possibly through Ca?*
dependent processes. Interestingly, KCl-induced Ca?* dyshomeostasis leading to
increased intracellular Ca?* has been shown previously in C9-iPSC derived MNs
(Dafinca et al., 2020, Burley et al., 2022). Consequently, this may impact expression
of ion channel genes that contribute to dysregulated I-O observed here in C9 LMNSs.
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Also, C9 ALS MNs have been shown to exhibit altered CREB activity in addition to
downregulated synaptic gene expression or structural synaptic loss that may be
relevant for inducing altered homeostatic responses here (Catanese et al., 2021).

Interestingly, a recently published study overlaps significantly with this work (Harley et
al., 2023a). The authors demonstrated impaired excitability homeostasis in iPSC-
derived MNs from mTDP-43 and C9 patients due to impaired AIS dynamics following
external optogenetic stimulation (Harley et al., 2023a). Coinciding with my data here,
the study reports similar findings in impaired intrinsic neuronal output in ALS MNs
(non-significantly different) that were concurrently decreased in control lines
(significantly reduced excitability). Importantly, Harley and colleagues do not report
waveform properties to be able to compare with our data sets, it is therefore unknown
whether they also observe no shift in these properties (Harley et al., 2023a).
Interestingly, iPSC-derived cortical neurons from FTD-Tau patients have been shown
to display abnormal increases in neuronal activity in response to chronic KCI
depolarisation that are linked to cytoskeletal impairment at the AIS (Sohn et al., 2019),
suggesting that responses to extracellular depolarisation could be different depending

on brain region.

Multiple lines of evidence have shown the dynamic, plastic ability of the AlS to undergo
activity-dependant structural changes to ensure homeostatic regulation of intrinsic
excitability (Grubb and Burrone, 2010, Kuba et al., 2010, Evans et al., 2013, Evans et
al., 2015, Wefelmeyer et al., 2015, Jamann et al., 2021). Specifically, responses to
chronic depolarisation have been shown to induce distal relocation (Grubb and
Burrone, 2010, Evans et al., 2013, Wefelmeyer et al., 2015), but chronic deprivation
of stimuli leads to increased excitability via increased AlS length (Kuba et al., 2010,
Jamann et al., 2021). In line with this, | would hypothesise in response to chronic KCI
depolarisation, the AIS in Con-1 LMNs is either shortened or relocated further away
from the soma which allows these neurons to dampen intrinsic excitability. Conversely,
such AIS activity-dependent plasticity in C9-2 LMNs is impaired (AIS remains same
length or does not relocate distally) and leads to aberrant homeostatic regulation of
neuronal activity as indicated by modification of the I-O relationship relative to Con-1.
Future work should focus on characterising these stress-induced LMNs in greater
detail, in terms of excitatory and inhibitory transmission as these are key influences
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on neuronal activity and output. In addition, work should address whether the
hypothesised structural AIS changes are accompanied with corresponding molecular
changes in AlS-specific proteins. These stress-induced changes could result from
changes in the phosphorylation status of ion channels, or expression changes in key
AIS genes for ankyrin-G and Nay that have been shown to correlate with changes in
AlS length (Evans et al., 2015, Harley et al., 2023a). Key experiments to enhance the
characterisation of stress-induced LMNs are discussed in section 6.5.

My data presented here raises an important disease modelling scenario. Crude, long-
term treatment with KCI could replicate an early pathophysiological ALS disease state
whereby LMNs are constantly depolarised due to UMN hyperexcitability within
corticomotor circuits (Pradhan and Bellingham, 2021, Reale et al., 2023) and/or have
impaired K* extrusion (Ding et al., 2024). Impairments in homeostatic regulation of
intrinsic excitability may indeed contribute towards increases in LMN activity that, in
turn may contribute towards muscular fasciculations observed at symptomatic onset
in ALS patients (Menon et al., 2020), which coincides with a more severe disease
prognosis (Shimizu et al., 2014). Furthermore, failure of homeostatic mechanisms may
also relate to pathological processes mediated by TDP-43 and COORF72. Recent
studies have demonstrated elevated LMN activity is sufficient in driving hallmark TDP-
43 accumulation and aggregation in addition to the production of toxic DPR species
(Westergard et al., 2019, Weskamp et al., 2020). Together, abnormal regulation of
neuronal activity and subsequently induced TDP-43 and C9 related pathophysiology
could further drive hyperexcitable neuronal dysfunction within LMNs that forms a

vicious, degenerative positive feedback cycle in CO9FTD/ALS.
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5.5. Conclusion

In this chapter and in the previous, | report a lack of alterations in the intrinsic
excitability of C9 iPSC-derived LMNs in the absence of cell stressors and in response
to acute depolarising stress. Thus, in the short-term C9 LMNs are likely to possess the
necessary homeostatic mechanisms to counter acute depolarising stimuli and
maintain activity levels accordingly. However, these homeostatic mechanisms appear
to become overridden in response to chronic, long-term depolarisation and lead to
impairments in excitability homeostasis in C9 LMNs that are not observed in controls.
Homeostatic regulation of neuronal activity was not related to perturbations in
maturation of chronically treated LMNs or because of AP waveform-related ion
channel dysregulation. A possible source of abnormal homeostatic plasticity may
occur at the AlS of patient lines. Ultimately, the presence of the repeat expansion itself,
alone, is insufficient to induce excitability changes in the absence or following acute
exposure of stressors. Instead, the presence of chronic depolarising stress is required
in addition to impair excitability homeostasis in C9 patient LMNs in this study.
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Chapter 6: Discussion and Future Directions

6.1. Introduction

The primary purpose of this study was to:

A. Investigate the neurophysiological function of COORF72 repeat expansion
patient-derived medium spiny neurons (MSNs).

B. Investigate the neurophysiological function of iPSC-derived lower motor
neurons (LMNs) generated from C9ORF72 repeat expansion patients. Work
here was extended to include study of excitability homeostasis.

C. To compare functional electrophysiological properties between patient derived-
MSNs and patient-derived LMNSs.

These were the overriding aims of my investigations which have been addressed in
my work and have been discussed in detail in each of the individual results chapters.
In this section | will summarise my results before discussion of my findings in a broader

context and address future research directions.

6.2. COORF72 Patient-derived MSNs are Hypoexcitable

Data from Chapter 3 provides novel evidence of neurophysiological perturbations in
COFTD/ALS MSNSs. Also, the findings here indicate electrophysiological dysfunction
extends beyond cortical and motor neurons commonly implicated in disease to other
neuronal types that could be significant in disease pathogenesis. A summary of key
findings from my investigation into the electrophysiological behaviour of MSNs are as
follows:

e Human in vitro models of enriched C9 MSNs display reduced intrinsic
excitability and are not associated with any impairments in viability or
maturation properties including in the expression of transmitter-gated ion
channels.

e Consistent with intrinsic hypoexcitability, various components of the AP
waveform are heavily impacted including AP amplitude, threshold, duration and
AHP.
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e Deficits in AP waveform are mediated, at least in part, by reduced functional
expression of Ik channels in C9 MSNs. This family of ion channels is a key
regulator of the AP repolarisation phase.

e Targeted pharmacological increase of function of specific Ik channels (BK and
Kv3 potassium channels) was sufficient to rescue waveform deficits, but
importantly, not intrinsic hypoexcitability.

e A possible explanation for these observations in patient MSNs may arise from
a dual pathogenic mechanism involving select Ik channel dysfunction that
coincides with pathophysiological structural changes linked to AIS function.

6.3. Future Work

What are the implications of MSN hypoexcitability as a pathophysiological feature in
the general context of FTD/ALS?

There is an ever-growing amount of evidence that reports striatal dysfunction in
FTD/ALS including C9-mediated disease that extends from hallmark TDP-43
pathology to neuronal atrophy or circuitry deficiencies especially in frontostriatal
regions (Bede et al., 2013, Brettschneider et al., 2013, Bertoux et al., 2015, Ahmed et
al., 2021, Bocchetta et al., 2021). The functional electrophysiological data generated
in this study is specific to select patients characterised by the CO9ORF72 repeat
expansion mutation and adds to this pre-existing body of work. Thus, it will be
important to characterise the intrinsic excitability of MSNs derived from sporadic
patients in conjunction to those characterised by known mutations in other FTD/ALS
genes. This will help establish whether MSN hypoexcitability is indeed a cardinal
feature of FTD/ALS in general.

How is MSN hypoexcitability mediated with respect to a possible dual mechanism
involving Ik channel dysfunction and structural alterations at the AIS?

In Chapter 3 the electrophysiological data provides supporting evidence of MSN loss-
of-function in FTD/ALS, as shown by hypoexcitability of C9 MSNs that coincides with
reduced functional expression of Ik channels. As alluded to earlier, my data associates
decreased Ik channel expression in MSNs with intrinsic hypoexcitability in contrast to
with Ik associated- MN hyperexcitability shown previously (Wainger et al., 2014). The
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source of hyperexcitable currents in this study were unknown but hyperexcitability was
reduced with the treatment of K,7 activator, retigabine (Wainger et al., 2014, Huang et
al., 2021b). Since K,7 mediated sub-threshold properties (RMP and Rin) are not
impacted in C9 MSNs, | would hypothesise retigabine treatment would exacerbate the
hypoexcitable C9 phenotype and instigate hypoexcitability in healthy control and
isogenic MSNs. Thus, rendering this pharmacological agent unsuitable for treatment
in C9 MSNs.

Pharmacological rescue of AP waveform was demonstrated via targeting BK and Ky
channel activity. Of note, AUT1 is reported to target K3 channel modulator (Rosato-
Siri et al., 2015), and a sister compound is currently in trials for schizophrenia
(Angelescu et al., 2022). However, there is limited evidence to suggest K3 channel
expression in MSNs (Weiser et al., 1994). Thus, AUT1 induced modulation of AP
parameters in C9 MSNs may result from: i) non-specific targeting of Ky channels or ii)
from MSN expression of K3 channels and therefore AUT1 modulation of channel
function. Nonetheless, precise gain-of-function in post-threshold Ik channel function
noticeably targets the structure of the AP but not the firing tone of C9 MSNSs. To confirm
whether these ion channels (BK and K\3) are indeed the principal mediators of
dysregulated Ik function, | would propose quantifying channel expression at the protein
level primarily via western blot analysis which | would suspect to be downregulated.
This could also be supported by proximity ligation assays. If true, findings from iPSC-
derived MSNs could be evaluated in post-mortem striatum from C9 patients to
determine if such phenotypes are indeed recaptured.

Critically, a combination of both NS11021 and AUT1 were required to rescue all
waveform deficits rather than the effects of either compound in isolation. Thus, it would
be intriguing to determine the effects of both compounds together on AP waveform
and membrane excitability via current-clamp analysis on C9 MSNs.
Neurophysiological impairments here are likely to result from dysfunction in more than
one Ik channel especially when considering the function role of different ion channels
are closely interlinked, as shown previously between BK and K,2 channels (Kimm et
al., 2015).
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The AIS is known to regulate neuronal excitability (Kuba et al., 2010, Evans et al.,
2015), plus AlS disturbances have been previously reported in multiple studies (Sasaki
and Maruyama, 1992, Sohn et al., 2019, Jorgensen et al., 2021, Harley et al., 2023a).
Furthermore, rescue of waveform deficits by targeting specific ion channels with
concentrated expression at the AIS (Xu et al., 2007, Filipis et al., 2023), does not
influence the tone of firing in C9 MSNSs. Therefore, it would appear that all roads lead
to structural AIS dysfunction in driving hypoexcitability in patients MSNs. To determine
whether AIS length is shortened or at a more distal location from the soma in patient
MSNs, immunocytochemistry staining for ankyrin-G, a specific AIS marker, in control
and C9 MSNs would be paramount. Furthermore, post-mortem ankyrin-G staining
could be conducted in post-mortem FTD/ALS patient striatum along with quantification
of ankyrin-G expression via western blot or quantitative PCR to evaluate deficits at
disease end-stage. A recent study by Harley and colleagues demonstrated late-stage
iPSC-derived ALS MNs and ALS post-mortem ALS spinal MNs exhibited reduced AIS
length which coincided with neuronal hypoexcitability in their iPSC MN model (Harley
et al., 2023a). Moreover, AlS localised Ik channels have been shown to undergo K.7
induced distal relocation within the AIS that can result in reduced intrinsic excitability
(Lezmy et al., 2017). This adds another layer of complexity to AIS plasticity, but is
unlikely to occur in our models, at least not via K7 orchestrated mechanisms.
Altogether, | hypothesise a double-faced pathomechanism that contributes to
C9 MSN hypoexcitability that involves lk-mediated dysfunction of AP waveform
in addition to AIS disturbances that are responsible for reduced excitability.

What type of MSNs are modelled in my human in vitro MSN model?

MSNs are the principal cell type of the dorsal and ventral striatum that comprise up to
95% of the total cellular population (Prager and Plotkin, 2019). The MSNs belonging
to these different regions not only have different functions, motor (dorsal) vs cognitive
(ventral), but are differentially impacted in disease, FTD/ALS (ventral) vs HD (dorsal).
To date, iPSC-derived MSN protocols are yet to define regionally specific MSN striatal
differentiation. Although, regional specific markers are beginning to emerge (Chen et
al., 2021, Reiner et al., 2024), and will be crucial in the validation of MSN specification
here and in future studies. A recent study by Moya and colleagues revealed specific
degeneration of Gprin3-expressing cortical neurons in a SOD1 mouse model (Moya
et al., 2022). Interestingly, Gprin3 is also expressed with MSNs that form the ‘indirect’
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pathway and Gprin3 knockout has to been shown to induce hypoexcitability within
these MSNs that was associated with increased motivation (Karadurmus et al., 2019,
Moya et al., 2022). MSNs can also be subdivided into two populations based on direct
pathway MSN expression of D1-type dopamine receptor or indirect pathway
expression of MSN containing D2-type dopamine receptors (Gerfen et al., 1990,
Kreitzer, 2009). Previous iPSC-derived striatal protocols report a combination of both
dopamine D1-type and D2-type receptor expression (Le Cann et al., 2021, Conforti et
al.,, 2022, Tam and Keung, 2022). Accordingly, future work should focus on
characterising dopamine receptor expression and by inference whether iPSC-derived
MSNs generated belong to direct or indirect pathways. Linking electrophysiological
behaviour to either pathway is of importance given these pathway have separate
functions in shaping emotional and motivational behaviours (Wang et al., 2024). Direct
pathway MSN projections directly inhibit the output nuclei (substantia nigra pars
reticulata and internal globus pallidus). These in turn inhibit glutamatergic thalamus
neurons, but becomes disinhibited following D1-MSN activation, subsequently leading
to excitatory thalamus inputs into the cortex. Meanwhile, indirect D2-MSNSs projects to
the substantia nigra pars reticulata indirectly via the external globus pallidus and
subthalamic nucleus. Ultimately, activation of D2-MSNs in the indirect pathway leads
to increased inhibition of thalamic neurons and subsequently the cortex.

Evaluation of the translational implications of iPSC-derived MSN intrinsic
hypoexcitability.

The human in vitro neurons generated in this study were enriched,
electrophysiologically mature cultures. Subsequently, these iPSC-derived
monocultures presented neurophysiological phenotypes that would appear to be
initiated by cell autonomous mechanisms, given that these are pure neuronal cultures.
Whilst an advantageous feature of this model system it also comes with certain
limitations. Importantly, FTD/ALS has a non-cell autonomous component to it that
needs to be considered from two different aspects of disease modelling. Firstly, glial
cells are particularly crucial for neuronal maturation in terms of synaptic expression
and function (Fernandopulle et al., 2018); although it was neurotransmission and the
functional expression of ligand-gated channels that were studied, not synaptic
transmission. Nonetheless, this links in with the immature nature of iPSC-derived

neurons relative to their in vivo counterparts in terms of their transcriptomic and fetal-
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like epigenetic signatures (Ho et al., 2016). Secondly, astrocytes are known to impact
viability and induce LMN hypoexcitability (Zhao et al., 2020), and have also been
shown to modulate MSN excitability (Khakh, 2019, Nagai et al., 2019). Consequently,
whether expression of glial cells influences the excitability phenotypes here warrants
further study. iPSC-derived MSN monocultures are perfect for studying GABA-ergic
MSNs in isolation, but they do not articulate the complex neuronal networks
(corticostriatal, mesocorticolimbic and nigrostriatal pathways) that MSNs form part off
(Figure 1.4). In agreement, interactions between MSNs and for example dopaminergic
striatonigral or glutamatergic cortical inputs can influence neuronal function and
maturation (Paraskevopoulou et al., 2019). Thus, it is difficult to assess the functional
implications of GABA-ergic MSN loss-of-function on downstream targets.

To tackle these limitations, it will be important to study electrophysiological MSN
function within models that can replicate mature cellular physiology in conjunction to
complex striatal network physiology i.e. striatal inputs and outputs. One approach
could involve transgenic FTD/ALS murine models to study neurophysiological MSN
properties, whereby striatal dysfunction has already been implicated. Expression of
mutant TDP-43337V in murine models has been shown to induce behavioural and
motor phenotypes along with reduced survival that can be partially rescued with
tetramethylpyrazine nitrone (Huang et al., 2021a, Yan et al., 2014). Furthermore,
expression of TDP-43 with a defective NLS has been shown to result in FTD/ALS
phenotypes, along with hallmark TDP-43 deposits within the striatum of transgenic
models (Walker et al., 2015a, Walker et al., 2015b). COFTD/ALS transgenic mouse
models display hallmark C9 pathology within the striatum that can be rescued following
in vivo gene editing, making this a particular model of interest (Meijboom et al., 2022).
Morphological abnormalities and alterations in striatal synaptic plasticity and
behaviours resulting from degeneration of dopaminergic neurons have also been
reported in SOD1%%A models (Geracitano et al., 2003, Fogarty et al., 2017).
Collectively these studies support the application of murine models to further
investigate striatal dysfunction in FTD/ALS. However no model is perfect, with murine
models limited by the inability to fully recapture all elements of disease (Balendra and
Isaacs, 2018, Mead et al., 2023).
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Alternatively, generation of 3D organoid cultures would allow for study of striatal
dysfunction in patient-derived cellular models that recapture the physiological
relevance and complexity in vivo. Such cultures are already in use in FTD/ALS
research (Pereira et al., 2021). Moreover, human striatal organoids and cortico-striatal
assembloids have been generated from human IPSCs that produce
electrophysiologically mature MSNs (Miura et al., 2020). Although further work is
required as this model system is still in its infancy and is limited by the survival time of
cultures, incomplete maturation of tissues and high costs associated with cultures
(Andrews and Kriegstein, 2022). Another model system that could be of use is the
human co-culture system, whereby MSNs are cultured in a controlled environment

along with striatal inputs or target neurons.

6.4. Translational Implications of Research Findings

At what stage of disease course is MSN hypoexcitability a feature of?

The data from my C9 iPSC-derived MSNs would indicate patient lines become
progressively hypoexcitable with time. Though, its important to note this disease
phenotype becomes apparent within the course of 60 days in my human in vitro MSN
model but in reality FTD/ALS phenotypes appear after decades. Age-associated
phenotypes are lost during somatic cell reprogramming and therefore it is difficult to
state what stage of the disease course is being modelled in this system (Cerneckis et
al., 2024). Inferences from longitudinal neuroimaging studies in C9FTD/ALS patients
can be drawn upon to help establish the sequence of striatal dysfunction over the
disease course. Evidence of neuronal atrophy within the striatum of post-mortem
FTD/ALS patients has been well documented (Kato et al., 1994, Riku et al., 2016).
Neuroimaging studies have revealed striatal dysfunction and associated disruption of
frontostriatal networks in symptomatic and presymptomatic C9 patients in comparison
to healthy controls (Bede et al., 2013, De Vocht et al., 2020, Ahmed et al., 2021,
Bocchetta et al., 2023). Deficits in grey matter volume have been shown to
progressively worsen over the disease course from presymptomatic to symptomatic
stages in FTD/ALS cases including C9ORF72 cases (Westeneng et al., 2015, Lee et
al., 2017a, Bocchetta et al., 2023). This would suggest a loss of striatal network
function. Interestingly, Rohrer and colleagues revealed a significant reduction in
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striatal volume of FTD/ALS mutant carriers 5 year prior to expected disease onset
(Rohrer et al., 2015), that may represent a state whereby striatal dysfunction is
prominent prior to TDP-43 pathology (Brettschneider et al., 2013). These and future
studies will be crucial in firmly establishing striatal dysfunction in FTD/ALS
pathophysiology throughout disease course.

MSN hypoexcitability as a therapeutic target in FTD/ALS.

MSN dysfunction is considered a therapeutic target for multiple neurodegenerative
diseases (Soderstrom et al., 2010, Tshilenge et al., 2023) and neurological conditions
(Geng etal., 2017, Hong et al., 2019). Similar to GABA-ergic MSNs here, other GABA-
ergic interneurons like those in the cortex have also been reported in FTD/ALS to
exhibit an hypoexcitable phenotype (Khademullah et al., 2020, Lin et al., 2021).
Hence, increasing inhibitory GABA-ergic function is an attractable therapeutic target
to rescue loss of GABA-ergic function in the striatum and beyond. Riluzole, the only
approved ALS drug licensed in the UK reduces neuronal excitability by inhibition of
Nav channel currents on glutamatergic nerve terminals (Hollingworth et al., 2024).
Thus, would be inappropriate in treating hypoexcitable C9 MSNs.

The AP waveform especially in the repolarisation phase was impaired in C9 MSNs
and ion channels that regulate this AP phase. These deficits were therefore specifically
targeted via pharmacologically available agents in the form of BK channel activator,
NS11021, and K3 channel modulator, AUT1. Together, both these compounds were
adequate in rescuing all aspects of hypoexcitability-associated waveform deficits, but
neither were sufficient to increase MSN excitability. Future work could focus on the
joint application of both agents to promote increased excitability. Nonetheless, this
would suggest rescue of hypoexcitable-related waveform deficits alone are insufficient
to rescue MSN excitability deficits and alludes to another neurophysiological
mechanism at play here. Interestingly, inhibition of another member of the calcium-
activated potassium channels, SK channels, has been shown to increase excitability
and exerts a neuroprotective effect in ALS MNs (Castelli et al., 2021, Catanese et al.,
2021). Both SK and BK channels contribute to the AHP phase of the AP and have
been alternatively modulated to bring about increased excitability (Kshatri et al., 2018).
One explanation for this may stem from these channels influencing different
downstream pathways that contribute to neuronal excitability and health, as shown by

181



CREB-dependent rescue following SK inhibition (Catanese et al., 2021). Downstream
implications of K* conductance that ultimately impact electrophysiological phenotypes
may differ based on pathogenic pathways activated in different cell types. This is
further exemplified by a lack of functional evidence in C9 MSNs to suggest loss-of-
function of sub-threshold K,7 channels, whereby reduced channel expression has
been reported in ALS MNs (Jiang et al., 2005, Harley et al., 2023a), and targeted to
reduce LMN hyperexcitability (Wainger et al., 2014, Wainger et al., 2021). This
highlights K7 channel modulation would be inappropriate in my human in vitro MSN
model and that future work is required to understand complex, regionally specific K+
disturbances in different cell types. However, modulation of other K, channels such as
Kv3 may be of potential therapeutic value in FTD/ALS. Indeed, AUT1 and its sister
compound AUT00206, have been shown to increase parvalbumin-positive GABA-
ergic interneuron activity including GABA neurons localised within the basal ganglia
by reducing the voltage-dependence of activation in K\3 channels (Rosato-Siri et al.,
2015, Large et al., 2017, Parekh et al., 2018). Augmentation of striatal function via
modulation of K3 function in GABA-ergic circuits was shown to improve aberrant
reward processing in schizophrenia patients (Kaar et al., 2022).

Concurrently, my data also suggests abnormal structural changes linked to length and
relocation of the AIS in C9 MSNs that may a constitute a viable target to correct
hypoexcitability. Interestingly, hypoexcitability was corrected for following specific
excision of the repeat expansion in isogenic lines in addition to reduced Ik channel
function. This would indicate such phenotypes are principally mediated by the repeat
expansion itself and therefore represents a viable upstream target of these
neurophysiological perturbations. Indeed, inhibition of SRSF1-dependent nuclear
export of pathological RNA repeat transcripts and subsequent DPR translation may
aid in linking C9 pathomechanisms to neurophysiological phenotypes and ultimately
rescuing hypoexcitability in C9 MSNs (Hautbergue et al., 2017, Castelli et al., 2021,
Castelli et al., 2023).

182



6.5. C9ORF72 Patient-derived LMNs Display Regional Specific

Impairments in Neurophysiological Function

Data from Chapter 4 and 5 provides evidence for regionally specific
neurophysiological impairments in the context of COFTD/ALS. Here, | report
pathological phenotypes unique to C9 LMNs that were not simultaneously observed
in C9 MSNs from Chapter 3. Furthermore, physiological function of C9 LMNs was
assessed in the absence and presence of stressors to determine whether culture
environment can alter iPSC-derived neuronal function. A summary of key findings from
my investigation into the electrophysiological behaviour of LMNs are as follows:

e No alterations in the intrinsic excitability of C9 iPSC-derived LMNs were
identified that was consistent throughout both maturation timepoints studied.
These data highlight intrinsic hypoexcitability in C9 MSNs reported in Chapter
3 are regionally specific to the striatum as this phenotype is absent in C9 iPSC-
derived LMNs generated from the same iPSC lines.

e Similarly, no changes in intrinsic excitability were identified in response to acute
depolarising KCI stress. However, elevation in C9 LMN excitability was
displayed in response to chronic KCI treatment relative to controls where
excitability was significantly reduced.

e C9 LMN excitability in basal conditions or in response to acute or chronic
depolarising stress are not impeded by impairments in maturation or by deficits
in AP parameters.

e Chronic stressors in the presence of the C9 mutation may be required to evoke
alterations in excitability of patient LMNs due to disturbances in homeostatic
plasticity at the AIS. Concurrently, a similar mechanism was suggested to
mediate C9 MSN hypoexcitability in the previous chapter.

e In stark contrast to C9 MSNs, patient-derived LMNs at early and late maturation
timepoints exhibit potentiated responses in inhibitory GABAergic transmission
and excitatory glutamatergic transmission, as shown by amplification of
NMDAr- but not AMPAr-mediated currents. This was supported by a favourable
shift in evoked glutamatergic signalling towards NMDA-evoked currents in C9
LMNS.
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e A large proportion (~80%) of NMDAr expression in C9 LMNs are GluN2B-
containing receptors that are associated with extrasynaptic localisation and
excitotoxicity.

e Collectively, these data provides evidence for regionally specific
electrophysiological dysfunction in FTD/ALS. This is evident by a lack of mutual
pathophysiological phenotypes in C9 MSNs and LMNSs that would indicate such
dysfunction does not arise from iPSC-line specific issues. This has wider
implications in future design of disease therapeutics that will need to target

specific dysfunction in specific regions of interest.

How to address mechanisms mediating impairments in homeostatic plasticity and
downstream implications?

As stated in Chapter 5, | hypothesise aberrant activity-dependant AlS plasticity to be
at the centre of dysregulated excitability homeostasis. Similar, to my AIS hypothesis
in GABA-ergic MSNs, immunotcytochemistry and western blots would be useful in
establishing any abnormal structural changes at the AIS induced from chronic KCI
depolarisation. Regulation of AIS plasticity has been tightly linked with Ca?*-dependant
signalling (Grubb and Burrone, 2010, O'Leary et al., 2010, Evans et al., 2013, Evans
et al., 2015), thus measuring Ca?* homeostasis via live cell imaging of Ca?* dyes may
be a key consideration for chronically treated LMNs. Indeed, previous reports have
shown elevated Ca?* levels following KCI stimulation in C9 primary hippocampal
cultures and iPSC-derived MNs (Dafinca et al., 2020, Huber et al., 2022a).

My findings reveal dysregulated homeostatic regulation of intrinsic neuronal activity in
enriched LMN cultures that have undergone chronic KCI treatment. Importantly, there
is both a cell and non-cell autonomous component to FTD/ALS that needs to be
factored into physiological models to articulate the complexity of disease and address
the influences of external stimuli or downstream influences on neuronal activity.
Accordingly, it would be of interest to determine whether dysregulated excitability
homeostasis is upheld in human in vitro neuromuscular co-cultures generated within
3D compartmentalised microdevices and the subsequent impacts on motor unit
function (Harley et al., 2023b). Interestingly, a recent study has shown impaired

neuromuscular junctions in ALS patient-derived organoids (Pereira et al., 2021).
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The physiological relevance of chronic KCI stimulation.

Enhanced concentrations of extracellular potassium provides researchers with an
easy, manipulable in vitro research tool that induces neuronal depolarisation and
recruitment of multiple depolarisation-induced mechanisms. KCI treatment activates
Ca?*-related signalling pathways and plasticity-related events, making it a productive
research tool that helps replicate in vivo physiology. Though, sustained KCI
depolarisation is unlikely to recapitulate physiologically relevant timescales or
magnitude of LMN excitation. This raises the pathophysiological relevance of using
crude KCI treatment to study homeostatic regulation of neuronal activity in FTD/ALS
or whether this has greater relevance as a pure model of chronic cellular stress.
Alternative, more sophisticated approaches to study homeostatic plasticity in FTD/ALS
could be adopted via optogenetic stimulation that can be delivered in intermittent
bursts. Even so, this system would require the artificial expression of channel proteins.
Nevertheless, my data does demonstrate homeostatic disturbances in C9 LMNs that
are unable to cope with chronic depolarising KCI treatment. Importantly, LMNs are
likely to be under (intermittent) chronic stress on a longer timescale, spanning
decades, that gives rise to neuronal dysfunction and degeneration in FTD/ALS.

What are the functional implications of increased NMDA receptor transmission?

Glutamate receptor-mediated excitotoxicity is a well-established pathophysiological
mechanism implicated in ALS LMNs (Cleveland and Rothstein, 2001). Excessive
stimulation of Ca?* permeable glutamate receptors can give rise to Ca®*
dyshomeostasis and in turn lead to an influx of injurious, excitotoxic levels of Ca?*
(Mead et al., 2023). In this study | report increased functional expression of NMDAr in
C9 LMNs, with a substantial proportion of NMDAr currents mediated by GluN2B-
containing receptors that have been linked with excitotoxicity (Huber et al., 2022a).
Yet, further work is required to confirm whether these increases in NMDAr expression
do indeed instigate excitotoxicity. This could be investigated by conducting
excitotoxicity assays involving immunocytochemistry stains for caspase-3 as a marker
of apoptotic cell death. To induce toxicity, it would be important for chronic incubation
of LMNs with glycine (co-agonist) and NMDA for at least 12 hours. Simultaneous to
this, it would be important to measure cell death in the presence of NMDA with use-
dependant antagonists such as MK-801 (Huettner and Bean, 1988), as a control, to
determine the specific effect of NMDAr overstimulation. | would anticipate elevated
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caspase-3 expression in NMDA incubated C9 LMNs relative to MK801-controls, or
isogenic/control lines treated under identical conditions. Additionally, it would be
important to confirm increased NMDAr functional expression at the protein level with
western blots to quantify NMDAr subunit expression especially GIuN2B. Dafinca and
colleagues have previously identified significant upregulation of GIuUN2B in TDP-
43M337V iPSC-derived MNs, and a similar non-significant trend was observed in C9
iPSC-derived MNs in RNA sequencing screens (Dafinca et al., 2020). This contrasts
with a study by Bursch and colleagues that demonstrated no differences in NMDA
responsiveness between iPSC-derived fALS and control MNs, with upregulation of
NMDAr expression observed in MNs derived from FUS but crucially not C9 patients
(Bursch et al., 2019). It would therefore be important to determine whether this
expression is significantly increased in C9 LMNs here. Thus, to support potential
findings, quantitative PCR or post-mortem staining of FTD/ALS patient spinal cord for
NMDA receptor subunits could be conducted to discern whether subunit expression is
augmented at disease end-stage.

Contribution of NMDAr-mediated toxicity in C9FTD/ALS is understudied but data is
beginning to emerge to suggest involvement of NMDAr in neurodegeneration.
Expression of NMDAr subunit GIuN1 and GIuN2A have been shown to be amplified in
C9 iPSC-derived MNs (Shi et al., 2018, Dafinca et al., 2020) and our data is in
accordance with these findings. However, there is a lack of functional studies exploring
the implications of NMDAr-induced toxicity. Upregulated expression of both Ca?*
permeable AMPAr and NMDAr was linked to aberrant Ca?* dyshomeostasis and
increased susceptibility to glutamate-induced cell death (Dafinca et al., 2020).
Impaired Ca?* handling of MNs which are known to have low Ca?* buffering capacity,
may activate the intrinsic cell stress response and contribute to RAN translation in C9
models (Westergard et al., 2019). In Drosophila glutamatergic neurons including MNs,
were shown to selectively degenerate due to increased NMDAr-mediating signalling
induced by arginine-rich DPR expression (Xu and Xu, 2018). Thus, targeting of DPR-
mediated toxicity via SRSF1 inhibition may be of interest here (Hautbergue et al.,
2017, Castelli et al., 2021, Castelli et al., 2023). Even so, more work is needed to
address pathophysiological abnormalities in NMDAr expression and function in
FTD/ALS, in what could be a significant pathomechanism in familial and sporadic
forms of disease.
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My data indicates a lack of significant change in the functional expression of AMPAr in
C9 LMNs which converges with previous reports (Selvaraj et al., 2018, Bursch et al.,
2019). Although, this does not necessarily rule out AMPAr-induced excitotoxicity in my
C9 LMNSs. Indeed, specific upregulation of GIuA1 subunit containing, Ca?*-permeable
AMPAr has been shown in previous C9-patient dervied MNs and in post-mortem sALS
and C9 patient spinal cord (Selvaraj et al., 2018, Shi et al., 2018, Dafinca et al., 2020,
Gregory et al., 2020). Dysregulation of AMPAr subunits have also been shown in other
ALS genetic background (Udagawa et al., 2015, Bursch et al., 2019, Gregory et al.,
2020), that may trigger Ca?* related excitotoxic mechanisms in ALS. Future work could
focus on quantification of AMPAr subunit composition via immunoblots or quantitative
PCR to measure mRNA and protein subunit levels. Physiological consequences of
AMPAr subunit expression could also be measured via voltage-clamp analysis in the
presence of NASPM, a selective blocker of Ca?* permeable AMPAr. In addition, single-
channel conductance could be measured via non-stationary fluctuation analysis to
provide further physiological support for dysregulated Ca?* permeable AMPAr

expression.

Downstream consequences of pronounced expression of GIuN2B-containing NMDA
receptors.

Functional increases in NMDAr expression is likely to promote increased vulnerability
in neuronal survival. This vulnerability is further amplified by substantial expression of
the NMDA GIuN2B receptor subunit. Increased activity of GluN2B-NMDAr has already
been implicated in excitotoxic mechanisms in primary C9 hippocampal cultures (Huber
et al., 2022a). One possible explanation of increased NMDAr function in C9 LMNs
here may result from dysregulated expression of receptors at extrasynaptic locations
that are simply not localised there in healthy LMNs. Importantly, activation of these
GIuN2B receptors have been linked with activation of pro-apoptotic cell-death
pathways via downregulation of CREB signalling pathways that can block BDNF
expression (Hardingham et al., 2002, Liu et al., 2007). Loss of CREB activity has been
associated with hypoexcitable C9 iPSC-derived MN cultures (Catanese et al., 2021).

Therapeutic relevance of regionally specific FTD/ALS mechanisms.
Investigation into the electrophysiological properties of C9 derived- MSNs and LMNs
has revealed divergent pathophysiological phenotypes. These pathological
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differences between cells of the striatum and spinal cord perhaps alludes to the fact
that a diverse range of disease mechanisms are likely to be present in a multitude of
disease-relevant cell types. In turn, this not only highlights the need for cell-specific
disease therapeutic but perhaps helps explain the difficulty in generating disease-
modifying therapies. This difficulty is further extended by the clinical heterogeneity that
exists between patients, which not only applies exclusively to FTD/ALS but

neurodegenerative diseases in general.

For instance, in my human in vitro models | have identified increased functional
expression of NMDAr activity that is specific to patient LMNs and not MSNSs.
Subsequently, if this increased expression was to be associated with excitotoxicity,
NMDAr would constitute a viable therapeutic target for receptor antagonists in C9
LMNs. Accordingly, treatment with memantine for example, which is currently
approved in Alzheimer’s (McShane et al., 2019), has been shown to rescue motor
deficits and shortened lifespan by targeting glutamatergic motor neurons in Drosophila
(Xu and Xu, 2018). However, this would be inappropriate in C9 MSNs where
glutamatergic NMDAr function is not impaired. Similarly, block of glutamatergic
transmission via riluzole would also be inappropriate in MSNs as discussed previously,
but may be of use to reduce excitability in chronically stimulated C9 LMNSs. In this
regard, it may be of interest to apply retigabine onto chronically treated C9 LMNs to
determine whether excitability can be reduced similar to control levels.

The data here perhaps highlights the difficulty in a multi-drug approach to tackle these
regional specific disease mechanisms. One possible solution may be to target
upstream of pathogenic mechanisms at mutual disease features that are universally
implicated across all cell types. This is exemplified by the FDA-approval of tofersen,
an antisense oligonucleotide therapy that lowers mutant SOD1 protein (Ludolph and
Wiesenfarth, 2025). This argument is strengthened by the amelioration of
neurophysiological perturbations in C9 patient-derived MSNs and LMNs in isogenic
controls throughout this study. An emerging theme within the field of CO9ORF72
disease biology relates to the exacerbation of repeat-dependent gain-of-function
phenotypes by COORF72 haploinsufficiency in iPSC-derived neurons and murine
models (Dong et al., 2020, Zhu et al., 2020, Dane et al., 2023). Indeed, reduced
C90RF72 expression has been shown to not only enhance DPR accumulation (Boivin
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et al.,, 2020, Zhu et al., 2020), but also increases glutamate receptor expression
leading to excitotoxicity in human motor neurons (Shi et al., 2018). Furthermore,
arginine-rich DPR expression in Drosophila motor neurons has been shown to induce
NMDAr-mediated excitotoxicity (Xu and Xu, 2018). Thus, in the context of C9 LMNSs in
this study, enhanced NMDAr expression at the functional level could arise from the
cooperative, interlinked contributions of CO9ORF72 haploinsufficiency with DPR-
mediated toxicity. The excitability phenotypes identified in both MSNs and LMNSs could
occur downstream from any of the three major C9 pathomechanisms, and future work
should look to address the pathogenic framework by which these phenotypes arise.
For instance, excitability phenotypes which arise either in basal or stress-related
conditions could arise from impaired membrane trafficking of K* ion channels linked to
haploinsufficiency, RNA foci-induced misprocessing of RNA transcripts or DPR-
mediated NCT disruption of ion channel or AIS components (Zhang et al., 2015).
Together in equal measure or independently, these pathogenic frameworks could lead
to reduced ion channel expression at the membrane in addition to compromising the
integrity of the AIS or its ability to remain plastic. In accordance with this, treatments
could target TDP-43 pathology or directly target C9-associated pathomechanisms via
restoration of COORF72 function with small biological compounds (Shi et al., 2018),
SRSF1 inhibition of C9-repeat RNA nuclear export (Castelli et al., 2023), or antisense
oligonucleotide therapies (Rothstein et al., 2023). However, the recent failures of two
independent oligonucleotide therapies would indicate further work is needed before
this becomes a viable therapy in COFTD/ALS (Cammack et al., 2024, van den Berg et
al., 2024).

189



6.6. Concluding Remarks

This study provides novel insights into the neurophysiological dysfunction associated
with the COORF72 repeat expansion in patient-derived MSNs and LMNs. By
systematically investigating intrinsic excitability, AP waveform properties, and synaptic
function across neuronal subtypes, | have uncovered distinct, regionally specific
impairments that contribute to our understanding of C9FTD/ALS pathophysiology.

C9 MSNSs exhibit intrinsic hypoexcitability, driven by deficits in AP waveform
components and Ik channel dysfunction. While pharmacological restoration of Ik
channel function rescued AP deficits, intrinsic hypoexcitability remained, suggesting
an interplay between ion channel dysfunction and structural AlS abnormalities. In
contrast, C9 LMNs displayed stable excitability under basal and acute stress
conditions but exhibited excitability changes upon chronic depolarising stress,
implicating homeostatic plasticity mechanisms. Additionally, C9 LMNs showed
potentiated excitatory and inhibitory synaptic transmission, with a shift toward NMDAr-

mediated signalling, highlighting a potential excitotoxic vulnerability.

These findings underscore the complexity of CO9FTD/ALS-related dysfunction,
demonstrating that pathophysiological phenotypes vary between neuronal
populations. The regional specificity of these impairments has significant implications
for targeted therapeutic strategies, emphasising the need for treatments tailored to
distinct neuronal vulnerabilities rather than a one-size-fits-all approach. Future
research should explore these mechanisms further and assess how they contribute to

disease progression in vivo.
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8. Appendix

DAPI Nestin Pax6 Merged

Con-1

C9-3

C9-3A

Appendix 1. NPC characterisation. Representative images of NPCs derived from a
control, C9 and isogenic iPSCs that have been stained for NPC markers nestin and
Pax6. Note, the display of neural rosettes, typically observed at the NPC stage. Scale
bar: 50 ym. Data obtained from the Livesey laboratory.
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Con-1TUKEY'S MULTIPLE COMPARISONS TEST
Significance? Summary Adjusted P Value

0 pA current injection
Day 20 vs. Day 40
Day 20 vs. Day 60
Day 40 vs. Day 60

5 pA curment injection

Day 20 vs. Day 40

40 pA current injection
Day 20 vs. Day 40
Day 20 vs. Day 60
Day 40 vs. Day 60

45 pA current injection

50 pA current injection
Day 20 vs. Day 40
Day 20 vs. Day 60
Day 40 vs. Day 60

Appendix 2. Post-hoc Tukey’s multiple comparisons test between GABA-ergic
MSN timepoints. To evaluate statistical significance of evoked AP activity following
current stimulation across time points for each MSN cell line (Con-1, Con-2, C9-2, C9-
3, C9-3A), a two-way ANOVA was employed followed by Tukey’s multiple comparisons
test. The table above shows significance and adjusted p-values for each current step
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0 pA current injection
Con-1vs. Con-2
Con-1vs. C91
Con-1vs. C9-2
Con-1vs. C9-3
Con-2vs. C9-1
Con-2vs. C9-2
Con-2vs. C9-3
Co-1vs. C9-2
C8-1vs.C9-3
C8-2vs. C9-3

5 pA current injection
Con-1vs. Con-2
Con-1vs. C91
Con-1vs. C9-2
Con-1vs. C8-3
Con-2vs. C9-1
Con-2vs. C9-2
Con-2vs. C9-3
C8-1vs.C9-2
C8-1vs.C9-3
C8-2vs. C9-3

10 pA current injection
Con-1vs. Con-2
Con-1vs. C9-1
Con-1vs. C9-2
Con-1vs. C9-3
Con-2vs. C91
Con-2vs. C9-2
Con-2vs. C9-3
C8-1vs.C9-2
Co-1vs.C9-3
C8-2vs. C9-3

15 pA current injection
Con-1vs. Con-2
Con-1vs. C91
Con-1vs. C8-2
Con-1vs. C9-3
Con-2vs. C9-1
Con-2vs. C9-2
Con-2vs. C9-3
Co-1vs. C9-2
C8-1vs.C9-3
C8-2vs. C9-3

20 pA current injection
Con-1vs. Con-2
Con-1vs. C81
Con-1vs. C9-2
Con-1vs. C9-3
Con-2vs. C9-1
Con-2vs. C9-2
Con-2vs. C9-3
C8-1vs.C9-2
Co-1vs. C9-3
C8-2vs. C9-3

25 pA current injection
Con-1vs. Con-2
Con-1vs. C91
Con-1vs. C9-2
Con-1vs. C9-3
Con-2vs. C9-1
Con-2vs. C9-2
Con-2vs. C9-3
Co-1vs. C9-2
C8-1vs.C9-3
C8-2vs. C9-3

Appendix 3. Post-hoc Tukey’s multiple comparisons test between day 60 MSNs.
To evaluate statistical significance of evoked AP activity following current stimulation
between each control and C9 MSN line at day 60 (Con-1, Con-2, C9-1, C9-2, C9-3),
a two-way ANOVA was employed followed by Tukey’s multiple comparisons test. The
table above shows significance and adjusted p-values for each current step in the

protocol.

Significance? Summary Adjusted P Value
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TUKEY'S MULTIPLE COMPARISONS TEST

>0.9609
>0.9699
>0.9699
>0.9699
>0.9699
>0.9699
>0.9699
>0.9699
>0.9699
>0.9699

>0.9699
>0.9999
>0.9999
>0.9699
>0.9609
>0.9699
>0.9999
>0.9689
>0.9699
>0.9999

0.99238
0.6927
0.7463
0.9591
0.9435
0.9542
0.9999
>0.9699
0.9453
0.9587

0.3323
0.0004
0.0121
0.008
0.3208
0.8464
0.8761
0.859
0.732
0.9999

0.3323
<0.0001
<0.0001
<0.0001

0.0008

0.012

0.0048

0.9099

0.9009
>0.9999

0.7352
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.6883

0.8873

0.987

30 pA current injection
Con-1vs.Con-2
Con-1vs.C9-1
Con-1vs.C9-2
Con-1vs.C9-3
Con-2vs.C9-1
Con-2vs.C9-2
Con-2vs.C9-3
Co-1vs.C9-2
C8-1vs.C9-3
C8-2vs.C9-3

35 pA current injection
Con-1vs.Con-2
Con-1vs.C9-1
Con-1vs.C9-2
Con-1vs.C9-3
Con-2vs.C9-1
Con-2vs.C9-2
Con-2vs.C9-3
C8-1vs.C9-2
Co-1vs.C9-3
C9-2vs.C9-3

40 pA current injection
Con-1vs.Con-2
Con-1vs.C9-1
Con-1vs.C9-2
Con-1vs.C9-3
Con-2vs.C9-1
Con-2vs.C9-2
Con-2vs.C9-3
C8-1vs.C9-2
Co-1vs.C9-3
C8-2vs.C9-3

45 pA current injection
Con-1vs.Con-2
Con-1vs.C9-1
Con-1vs.C9-2
Con-1vs.C9-3
Con-2vs.C9-1
Con-2vs.C9-2
Con-2vs.C9-3
Co-1vs.C9-2
Co-1vs.C9-3
C8-2vs.C9-3

50 pA current injection
Con-1vs.Con-2
Con-1vs.C9-1
Con-1vs.C9-2
Con-1vs.C9-3
Con-2vs. Co1
Con-2vs.C9-2
Con-2vs.C9-3
C8-1vs.C9-2
Co-1vs.C9-3
C8-2vs.C9-3

Significanca? Summary Adjusted P Value
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C9-3 VS C9-3A SIDAK'S MULTIPLE COMPARISONS TEST
Significance? Summary Adjusted P Value

0 pA current injection No ns >0.9999
5 pA current injection No ns >0.9999
10 pA current injection No ns >0.9999
15 pA current injection No ns 0.197

20 pA current injection Yes b <0.0001
25 pA current injection Yes bk <0.0001
30 pA current injection Yes o <0.0001
35 pA current injection Yes o <0.0001
40 pA current injection Yes b <0.0001
45 pA current injection Yes o <0.0001
50 pA current injection Yes b <0.0001

Appendix 4. Post-hoc Sidak’s multiple comparisons test between day 60 MSNs.
To evaluate statistical significance of evoked AP activity following current stimulation
between C9-3 and corresponding C9-3A MSNs at day 60, a two-way ANOVA was
employed followed by Sidak’s multiple comparisons test. The table above shows
significance and adjusted p-values for each current step in the protocol.
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Appendix 5. Functional Nay expression is consistent in MSNs. The mean current
density for Con-1, C9-3 and C9-3A MSNs at day 60. All data presented as Mean
(+SEM). Data obtained from the Livesey laboratory. Con-1: n=16, C9-3: n=19, C9-3A:
n=11 from a minimum of 3 de-novo preperations.
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CON-1 D40 VS D50 SIDAK'S MULTIPLE COMPARISONS TEST
Significance? Summary Adjusted P Value

0 pA current injection No ns >0.9999
5 pA current injection No ns >0.9999
10 pA current injection No ns >0.9999
15 pA current injection No ns 0.3174
20 pA current injection Yes * 0.0265
25 pA current injection Yes * 0.0196
30 pA current injection No ns 0.0671

35 pA current injection No ns 0.3142
40 pA current injection No ns 0.8472
45 pA current injection No ns 0.9712
50 pA current injection No ns 0.9994

C9-2 D40 VS D50 SIDAK'S MULTIPLE COMPARISONS TEST
Significance? Summary Adjusted P Value

0 pA current injection No ns >0.9999
5 pA current injection No ns >0.9999
10 pA current injection No ns >0.9999
15 pA current injection No ns >0.9999
20 pA current injection No ns 0.9724
25 pA current injection No ns 0.4271
30 pA current injection No ns 0.2737
35 pA current injection No ns 0.3437
40 pA current injection No ns 0.0833
45 pA current injection No ns 0.0852
50 pA current injection No ns 0.3092

Appendix 6. Post-hoc Sidak’s multiple comparisons test between early and late
LMN timepoints. To evaluate statistical significance of evoked AP activity following
current stimulation across time points for each cell line (Con-1, Con-2, C9-1, C9-2), a
two-way ANOVA was employed followed by post-hoc comparisons test. The table
above shows significance and adjusted p-values for each current step in the protocol
for Con-1 and C9-2 LMNSs.
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0 pA current injection

Significance? Summary Adjusted P Value

CON-1 TUKEY'S MULTIPLE COMPARISONS TEST

30 pA current injection

Significance? Summary Adjusted P Value

Baseline vs. Chronic NaCl No ns >0.9999 Baseline vs. Chronic NaCl No ns 0.2295
Baseline vs. Chronic KCI No ns 0.9245 Baseline vs. Chronic KCI Yes i 0.0005
Chronic NaCl vs. Chronic KCI No ns 0.9245 Chronic NaCl vs. Chronic KCI No ns 0.0659
5 pA current injection 35 pA current injection
Baseline vs. Chronic NaCl No ns 0.9636 Baseline vs. Chronic NaCl No ns 0.14
Baseline vs. Chronic KCI No ns 0.9736 Baseline vs. Chronic KCI Yes > 0.0012
Chronic NaCl vs. Chronic KCI No ns 0.9995 Chronic NaCl vs. Chronic KCI No ns 0.1959
10 pA current injection 40 pA current injection
Baseline vs. Chronic NaCl No ns 0.8173 Baseline vs. Chronic NaCl No ns 0.1961
Baseline vs. Chronic KCI No ns 0.9805 Baseline vs. Chronic KCI Yes bl 0.0036
Chronic NaCl vs. Chronic KCI No ns 0.9162 Chronic NaCl vs. Chronic KCI No ns 0.2546
15 pA current injection 45 pA current injection
Baseline vs. Chronic NaCl No ns 0.9836 Baseline vs. Chronic NaCl No ns 0.1961
Baseline vs. Chronic KCI No ns 0.6462 Baseline vs. Chronic KCI Yes > 0.0062
Chronic NaCl vs. Chronic KCI No ns 0.5403 Chronic NaCl vs. Chronic KCI No ns 0.3343
20 pA current injection 50 pA current injection
Baseline vs. Chronic NaCl No ns 0.6083 Baseline vs. Chronic NaCl No ns 0.1961
Baseline vs. Chronic KCI No ns 0.1241 Baseline vs. Chronic KCI Yes * 0.0217
Chronic NaCl vs. Chronic KCI No ns 0.5534 Chronic NaCl vs. Chronic KCI No ns 0.5799
25 pA current injection
Baseline vs. Chronic NaCl No ns 0.1961
Baseline vs. Chronic KCI Yes * 0.0108
Chronic NaCl vs. Chronic KCI No ns 0.4322

0 pA current injection

Significance? Summary Adjusted P Value

C9-2 TUKEY'S MULTIPLE COMPARISONS TEST

30 pA current injection

Significance? Summary Adjusted P Value

Baseline vs. Chronic NaCl No ns >0.9999 Baseline vs. Chronic NaCl No ns 0.3566
Baseline vs. Chronic KCI No ns >0.9999 Baseline vs. Chronic KCI No ns 0.5323
Chronic NaCl vs. Chronic KCI No ns >0.9999 Chronic NaCl vs. Chronic KCI No ns 0.9208
5 pA current injection 35 pA current injection
Baseline vs. Chronic NaCl No ns >0.9999 Baseline vs. Chronic NaCl No ns 0.3356
Baseline vs. Chronic KCI No ns 0.9933 Baseline vs. Chronic KCI No ns 0.4847
Chronic NaCl vs. Chronic KCI No ns 0.9929 Chronic NaCl vs. Chronic KCI No ns 0.9344
10 pA current injection 40 pA current injection
Baseline vs. Chronic NaCl No ns 0.9994 Baseline vs. Chronic NaCl No ns 0.1971
Baseline vs. Chronic KCI No ns 0.898 Baseline vs. Chronic KCI No ns 0.1085
Chronic NaCl vs. Chronic KCI No ns 0.9082 Chronic NaCl vs. Chronic KCI No ns 0.9768
15 pA current injection 45 pA current injection
Baseline vs. Chronic NaCl No ns 0.9994 Baseline vs. Chronic NaCl No ns 0.1875
Baseline vs. Chronic KCI No ns 0.6855 Baseline vs. Chronic KCI No ns 0.0787
Chronic NaCl vs. Chronic KCI No ns 0.6485 Chronic NaCl vs. Chronic KCI No ns 0.9434
20 pA current injection 50 pA current injection
Baseline vs. Chronic NaCl No ns 0.9336 Baseline vs. Chronic NaCl No ns 0.4704
Baseline vs. Chronic KCI No ns 0.8674 Baseline vs. Chronic KCI No ns 0.5323
Chronic NaCl vs. Chronic KCI No ns 0.9894 Chronic NaCl vs. Chronic KCI No ns 0.9841
25 pA current injection
Baseline vs. Chronic NaCl No ns 0.4947
Baseline vs. Chronic KCI No ns 0.7197
Chronic NaCl vs. Chronic KCI No ns 0.9017

Appendix 7. Post-hoc Tukey’s multiple comparisons test between baseline and
chronic treatments for Con-1 and C9-2 LMNs. To evaluate statistical significance of
evoked AP activity following current stimulation across different treatment conditions
for each cell line (Con-1 and C9-2), a two-way ANOVA was employed followed by post-
hoc comparisons test. The table above shows significance and adjusted p-values for
each current step in the protocol for Con-1 and C9-2 LMNSs.
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