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Abstract:

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterised by
degeneration of motor neurons in the brain and spinal cord, leading to progressive paralysis
and death. Currently no cure exists, and the only treatments available extend life by a matter
of months. Cytoplasmic aggregation of TAR DNA-binding protein 43 (TDP-43) is a key
pathological hallmark, seen in the vast majority of patients with ALS. The mechanisms by
which TDP-43 contributes to motor neuron degeneration are not fully understood, although
aberrant alternative splicing and perturbed RNA metabolism are thought to play pivotal roles.
Emerging evidence suggests that some of the earliest pathological events in the progression
of ALS occur peripherally. These include neuronal hyperexcitability, spontaneous muscle
fasciculations (twitching), impaired neuromuscular transmission, neuromuscular synapse
dismantling and axonal degeneration. To develop drugs that can target these early peripheral
events, better in vitro disease models are required that accurately reflect these complex

phenotypes.

This work describes the development of human induced pluripotent stem cell (hiPSC) derived
neuromuscular circuits (Chapter 4), based on preliminary work using mouse embryonic stem
cells (mESCs) and primary chick myoblasts (Chapter 3). CRISPR-Cas9 genome editing was used
to correct a pathogenic ALS-related TDP-43%2985 mutation in patient derived hiPSCs. hiPSC
lines were also engineered to express a MACS sortable motor neuron marker and the
optogenetic actuator CHR2-YFP to enrich and control the activity of hiPSC-derived motor
neurons. MACS enriched hiPSC-motor neurons were co-cultured with iPAX7 forward
programmed hiPSC-myoblasts in compartmentalised microdevices, whereby motor axons
were able to grow through micro-channels and form functional neuromuscular junctions
(NMJs) with target muscle. Optogenetic stimulation of the motor neurons elicited robust
myofiber contractions and daily optogenetic entrainment was found to enhance
neuromuscular synapse formation, mirroring the activity-dependence of NMJ formation in
vivo. Furthermore, it was found that the neuromuscular co-cultures containing TDP-4362985
motor neurons displayed increased spontaneous myofiber contractions yet weaker

optogenetically evoked maximal contractile output, which was linked to reduced axon



outgrowth and a lower number of neuromuscular synapses (Chapter 4). These phenotypes

resemble the muscle fasciculations and muscle weakness observed in patients with ALS.

In conjunction with the compartmentalised co-culture format, a high-throughput 96-well
hiPSC-neuromuscular co-culture platform was established (Chapter 5), whereby
neuromuscular disease phenotypes could be imaged and quantified automatically using high
content image analysis more rapidly and at a larger scale than has previously been possible.
Using this approach, it was possible to model both ALS related phenotypes and Duchenne
muscular dystrophy (DMD) related phenotypes — two contrasting neuromuscular diseases.
Furthermore, it was possible to test candidate drugs and it was found the RIPK1 inhibitor
necrostatin could partially rescue ALS-related neuromuscular phenotypes, while the TGF
inhibitor SB431542 could rescue DMD-related phenotypes. Finally, by generating custom-
built 96-well plates with suspended electrospun elastic nanofibers it was possible to stabilise
contractile myofibers for longer-term neuromuscular culture stability and maturation in the
96-well plate format.

Finally, to uncover mechanistic insights into the hyperactivity of the ALS-TDP-4362985
neuromuscular co-cultures, whole-cell patch clamp recordings were performed. These
showed dysregulated neuronal excitability of TDP-43%2%8% motor neurons, relative to wildtype
and CRISPR-corrected controls. Interestingly, these changes were associated with structural
abnormalities of the axon initial segment (AIS) — the primary site of action potential initiation,
as well as perturbed functional plasticity of the AIS. Specifically, early (6-weeks) TDP-4362985
motor neurons showed an increase in the length of the AIS and hyperexcitability, while late
(10-weeks) TDP-4352%8 motor neurons showed shortening of the AIS and hypoexcitability.
Furthermore, at all stages, activity-dependent plasticity of the AIS was impaired, further
contributing to abnormal homeostatic regulation of neuronal excitability (Chapter 6). Taken
together these results suggest for the first time that abnormal AIS structure and plasticity may

contribute to dysregulated neuronal excitability in ALS-related TDP-43%2%85 motor neurons.
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1. Introduction

1.1 Motor neuron development

Motor neurons relay information from the brain to the body and govern voluntary movement
of skeletal muscles, as well as autonomic control of cardiac/smooth muscle. Broadly they are
categorised into two types: upper motor neurons, and lower motor neurons. The cell bodies
of upper motor neurons reside in the primary motor cortex (M1) and brainstem and project
axons into the spinal cord where they form glutamatergic synapses on other neurons.
Conversely the cell bodies of lower motor neurons reside in the brainstem or the ventral horn
of the spinal cord and project axons out of the spinal cord to form cholinergic synapses on
target muscle (Stifani 2014). Lower motor neurons are further subdivided into three types:
visceral, branchial and somatic. Visceral motor neurons form part of the autonomic nervous
system and are responsible for sympathetic and parasympathetic control of cardiac and
smooth muscle found in glands, organs and arteries. They are further divided into
preganglionic (located in the CNS) and post ganglionic (located in the PNS). Branchial motor
neurons innervate striated muscle in the face and neck and only differ from somatic motor
neurons in their developmental origin from the branchial arches rather than the somites.
Somatic motor neurons control voluntary movement of skeletal muscle for the rest of the
body. Collectively these different types of spinal motor neurons are organised into coherent
target-specific columnar arrangements within the ventral horn of the spinal cord termed
motor pools. These include the phrenic nucleus (PN), lateral motor column (LMC),
preganglionic column (PGC), hypaxial motor column (HMC) and median motor column
(MMC). Somatic motor neurons are also further subdivided based on the type of muscle fiber
they innervate. Alpha and beta motor neurons innervate extrafusal fibers responsible for
movement and can be further divided into fast fatigable (FF), fast resistant (FR) and slow (S).
beta and gamma motor neurons innervate intrafusal muscle fibers responsible for modulating
stretch sensitivity. Alpha FF motor neurons are typically the largest neurons, while beta and

gamma motor neurons the smallest (Kanning, Kaplan and Henderson 2010).
During development, signals including noggin, chordin, and follistatin are emitted from the

dorsal lip of the blastopore — the Spemann-Mangold organiser — and act to inhibit bone

morphogenetic protein 4 (BMP4) signalling, leading to the specification of the neuroectoderm
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(Davis-Dusenbery et al. 2014). In higher organism’s additional inductive signals including
fibroblast growth factor (FGF), ectodermal growth factor (EGF) and Wnts are also required
(Davis-Dusenbery et al. 2014). This process leads to the formation of the neural plate, which
folds to become the neural tube. Morphogenetic signalling along the rostro-caudal/anterior-
posterior axes of the neural tube by retinoic acid (RA) generated by Raldh2 in the somites
specifies the spinal cord. In particular high levels of RA specifes the initial spinal
cord/hindbrain boundary from the forebrain. Decreasing concentration of RA complemented
by increasing opposing concentrations of FGF18 and GDF11 at the other end of the neural
tube specifies caudal spinal cell types (Liu, Laufer and Jessell 2001). Activation of specific HOX
genes along this axis acts to further specify MN subtypes. HOX genes are arranged in four
chromosomal clusters (HoxA, HoxB, HoxC, HoxD), each of which is further divided into 13
paralogues (Hox1-13). Spatial and temporal expression of each Hox gene is concordant with
chromosomal position, so Hox1 genes are expressed rostrally and Hox13 genes are expressed
caudally. Hox4-8 genes are expressed at brachial regions, Hox8-9 at thoracic regions, and
Hox10-11 at lumbar regions. The dorso-ventral axis of the neural tube is specified by
morphogenetic signalling of BMPs/TGFBs released from the dorsal roof plate (Lee,
Mendelsohn and Jessell 1998) and sonic hedgehog (Shh) released from the floor
plate/notochord (Lee, Dietrich and Jessell 2000). The action of these morphogens patterns
the dorso-ventral axis of the neural tube into distinct progenitor domains: p0O-p3, which give
rise to VO-V3 interneurons as well as pMN which gives rise to motor neurons. This is achieved
by specific activation of cross-repressive class | and class || homeodomain and basic helix-
loop-helix (bHLH) transcription factors. Shh signalling activates class Il transcription factors
such as NKX6.1, OLIG2 and NKX2.2, which in turn repress expression of class | transcription
factors such as PAX6, IRX3, DBX1 and DBX2. Specific activation of PAX6, OLIG2, NKX6.1, and
NKX6.2 gives rise to the pMN domain, which gives rise to motor neurons (Jessell 2000). Cell
cycle exit is driven by expression of HB9 and ISL1 to generate post-mitotic motor neurons.
Mature motor neurons later begin to express choline acetyl transferase (CHAT), although this
is not specific and also expressed by other cholinergic neruons in the central nervous system
(Ahmed, Knowles and Dehorter 2019). Motor neurons are only created during embryonic

neurogenesis and as such cannot regenerate during adulthood.
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Figure 1.1. Development of spinal motor neurons.

A, Specification of neuroectoderm. B, Formation of the neural tube during neurulation. C,
Specification of rostro-caudal Hox gene identity by RA and FGF morphogen signalling. D,
Dorso-ventral specification of interneuron/motor neuron domains by BMP/TGFB and Shh
morphogen signalling. Adapted from (Davis-Dusenbery et al. 2014).

1.2 Astrocyte development

Following early embryonic neurogenesis, regionally specified radial glial cells in the spinal cord
(pO,p1,p2,pMN,p3) switch from neural production to glial production due to activity of the
polycomb group complex (PcG) repressing promoter activity of proneural genes (Hirabayashi
et al. 2009). The dorso-ventral homeodomain code specifies three molecularly distinct
astrocyte populations (VA1-3) that mirror the p1-3 progenitor domains and are identified by
specific expression of axonal and neuronal migration factors including Slitl and Reelin

(Bayraktar et al. 2015). At the onset of astrogliogenesis STAT3 binds to the GFAP promoter to

17



promote DNA methylation and increase GFAP expression, while NOTCH signalling induces
expression of NFIA and NF1B, which activates promoters of other astrocyte specific genes
such as SOX9, S100b and GLAST by displacing DNMT1 (Tiwari et al. 2018). Mature astrocytes
in the spinal cord secrete trophic factors such as VEGF, GDNF, CNTF and IGF-1 that are
important for motor neuron survival and are upregulated following spinal cord injury as a
protective mechanism (Tovar-y-Romo et al. 2014). Mature astrocytes also promote neuronal
survival by removing excess glutamate at synapses, preventing glutamate induced
excitotoxicity (Rothstein et al. 1996). Astrocytes also support neurons by responding to
changes in blood flow, maintaining ionic and pH homeostasis, modulating synaptic activity,
and by regulating CNS energy and metabolism (Sofroniew and Vinters 2010). In response to
pathological situations astrocytes can become reactive, whereby they undergo
morphological, molecular and functional changes. Reactive astrocytes can vary considerably
depending on the pathological situation and may confer protective as well as deleterious

effects (Escartin et al. 2021).

1.3 Skeletal muscle development

Skeletal muscle develops from the paraxial mesoderm, with myogenesis occurring in the
somites. Somites are formed from pre-somitic mesoderm through an oscillatory gene
network that acts to produce pulses of morphogens (Notch, FGF and Wnt) which create new
somites in a time-dependent manner during axis elongation (Chal and Pourquie 2017,
Bentzinger, Wang and Rudnicki 2012). Retinoic acid and Wnt gradients specify the rostro-
caudal identity of the developing somites. The dorso-ventral axis of each somite is patterned
by morphogen gradients of Shh, Wnt and BMP. Shh released ventrally from the notochord
induces formation of the mesenchymal sclerotome, which ultimately forms bone and
cartilage. Conversely dorsal Wnt signalling from the neural tube specifies the
dermomyotome, which goes onto form skeletal muscle. BMP signalling from the lateral plate

mesoderm inhibits lateral somitogenesis.
Within the dermomyotome distinct transcriptional programmes control myogenesis,

whereby skeletal myoblasts exit the cell cycle to form myocytes. These in turn fuse to form

multinucleated myotubes, which then align and mature into contractile myofibers. Skeletal
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myoblasts are defined by the expression of PAX3, PAX7, MYF5 and MYOD and are found in
the myotome — a layer of cells sandwiched between the ventral sclerotome and the dorsal
dermomyotome. The first cells to exit the cell cycle are the myocytes, defined by the
expression of MYOD, MYOG, and MRF4, however a resident PAX7+ satellite stem cell
population is maintained into adulthood in order to regenerate damaged muscle (Yin, Price
and Rudnicki 2013). Following fusion into myotubes, maturation of myofibers is defined by
expression of TTN (Titin), and myosin heavy chains: Embryonic myosin heavy chain (MYH3)

and slow myosin heavy chain (MYH7).
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Figure 1.2. Development of skeletal muscle.
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A, Somitogenesis via periodic Notch, FGF, Wnt signalling during axis elongation. B,
Specification of the somites into dermomyotome, myotome and sclerotome by Wnt and
Shh signalling. C, Hierarchy of myogenic transcription factors. Adapted from (Bentzinger et
al. 2012).

1.4 The neuromuscular junction

The neuromuscular junction (NMJ) is a specialised tripartite synapse formed between motor
neurons, myofibers and terminal Schwann cells. This synapse converts pre-synaptic action
potentials into myofiber contractility via release of the chemical neurotransmitter,
acetylcholine, across the synaptic cleft. NMJs are small structures (30um) and in mice form a
classically described ‘pretzel’ shaped morphology, although human NMIJs are typically smaller
and more fragmented (Cruz et al. 2020, Sanes and Lichtman 1999, Jones et al. 2017).
Acetylcholine is synthesised from acetyl coenzyme A (AcCoA) and choline by the enzyme
choline acetyletransferase (ChAT) and packaged into vesicles via the vesicular acetylecholine
transporter (VAChT). Pre-synaptic action potentials arrive at the nerve terminal and trigger
the opening of voltage-gated calcium channels, leading to Ca2+ inflow, which triggers vesicle
fusion and release via the SNARE proteins. ACh travels across the synaptic cleft and binds to
the a, 6§ and e-subunits of the ACh-receptor (AChR), inducing a conformational opening of the
receptor. This facilitates influx of positively charged ions to generate an endplate potential
(EPP), activating NAV1.4 voltage-gated sodium channels to open, which in turn generates an
action potential that propagates along the myofiber. This depolarisation activates
dihydropyridine (VGCCs) and ryanodine receptors leading to Ca2+ release from the
sarcoplasmic reticulum. Ca2+ in turn binds to Troponin C to expose the myosin binding sites
on actin. Hydrolysis of ATP then leaves ADP and an inorganic phosphate bound to the myosin
head. The myosin head makes a weak contact on the actin filament releasing the inorganic
phosphate, which reinforces the binding affinity of myosin and actin, triggering the ‘power
stroke’ whereby actin and myosin filaments slide in opposing directions and release ADP,
generating contractile force. A new ATP molecule can then bind to the myosin head domain
causing it to release the actin filament by reducing its affinity for actin and causing a large
conformational shift in the myosin head, bending it to a position further along the actin

filament, facilitating crossbridge recycling (Cooke 2004).
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During development motor axons innervate pre-patterned AChR clusters on the myofibers
(Kim and Burden 2008). The presynaptic terminal of the developing axon secretes a unique
form of neuronal agrin, which binds to LRP4 on the muscle and activates MuSK leading to the
formation of a tetrameric complex (Zong and Jin 2013). MuSK activation then leads to further
clustering of AChRs via the scaffolding protein rapsyn and the docking protein DOK7.
Subsequently aneural AChR clusters are dispersed by a negative cue thought to be driven by
synaptic release of ACh. Furthermore, LRP4 acts as a retrograde trophic signal responsible for
presynaptic organisation and differentiation. Terminal Schwann cells also play a critical role
in AChR clustering during development and ablation of them leads to reduced number and
size of clusters as well as reduced miniature endplate potential amplitude (Barik et al. 2016).
Initially myofibers are poly-innervated by multiple motor axons, however during NMJ
maturation motor axons are eliminated in an activity dependent manner until one myofiber
is innervated by a single motor axon (Barber and Lichtman 1999, Sanes and Lichtman 1999).
Conversely one motor neuron can innervate many individual myofibers — and this is termed

a motor unit.

Neuronal activity is crucial for the development and maintenance of functional motor units.
While synaptogenesis can occur initially in the absence of neuronal activity (Varoqueaux et
al. 2002, Verhage et al. 2000, Sando et al. 2017, Sigler et al. 2017), mice lacking the capacity
to generate acetylcholine at the NMJ, and thus completely lacking any neuromuscular
transmission, exhibit a reduction in the number and size of motor units, suggesting that
activity may in fact be important for initial synaptogenesis at the NMJ (Brandon et al. 2003).
Neuronal activity is also crucial for synaptic elimination, refinement, maintenance, and
plasticity during development and in mature synapses. Indeed, activity dependent synaptic
elimination is a crucial process allowing immature poly-innervated myofibers to become
mono-innervated (Sanes and Lichtman 1999). Numerous studies have shown that early in
development higher frequency axons have a competitive advantage over lower frequency
axons, however this trend is reversed later in development in order to favour the higher
efficacy of lower firing axons (Barber and Lichtman 1999). More recent work has found that
precise spike timing is crucial for this process, since synchronous spiking of two axons
innervating the same myofiber did not lead to elimination of either synapse, while

asynchronous spiking promoted elimination (Favero, Busetto and Cangiano 2012).
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Figure 1.3. Development of the neuromuscular junction

Initially myofibers with pre-patterned AChR clusters become poly-innervated by motor
axons. Post-natal activity dependent synapse elimination leads to the formation of mature
motor units where a myofiber is innervated by a single motor axon. NMJ formation requires
the concerted activity of neural agrin, and post-synaptic LRP4 and MUSK to stabilise AChR

clusters.

1.5 Amyotrophic Lateral Sclerosis (ALS) background

Amyotrophic lateral sclerosis (ALS) is a fatal neuromuscular disease characterised by
degeneration of both upper and lower motor neurons in the brain and spinal cord, leading to
progressive paralysis and death within around 3-5 years of initial diagnosis (Figure 1). The
disease carries a cumulative life-time risk of 1:300 and usually occurs between the ages of 50-

65 (Johnston et al. 2006, Mehta et al. 2019). Initial clinical presentation typically falls into
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three categories. 1, spinal onset — seen in approximately 65% of cases is characterised by
asymmetric limb symptoms, including muscle fasciculations (spontaneous contractions),
cramping and weakness. 2, bulbar onset — seen in around 30% of cases is characterised by
dysphagia (difficulty in swallowing) and dysarthria (difficulty with speech). 3, respiratory
onset — only seen in <5% of cases is characterised by early respiratory dysfunction such as
dyspnea (shortness of breath) and poor vocal projection (Hardiman, van den Berg and Kiernan
2011, Logroscino et al. 2010). Although primarily a disease affecting motor function, nearly
50% of patients also develop cognitive and behavioural impairments (Phukan et al. 2012).
Approximately 14% of patients are also given a formal diagnosis of frontal temporal lobe
dementia (FTD) and conversely a similar proportion of FTD patients also develop ALS (Phukan
et al. 2012). Combined with the fact that several genetic factors have been linked to the two
diseases — most notably hexanucleotide repeat expansions in C9orf72 — has led many to
consider ALS and FTD as a spectrum neurodegenerative disorder (Table 1) (Hardiman et al.

2017).

Lower
—,_motor neuron

N, / 7 \‘\

\ \H"““m_ M’.
) Healthy ALS
Upper

motor neuron

* Degeneration of upper and lower motor neurons

* Muscle fasciculations, weakness and paralysis
* 3-5year survival

Figure 1.4. Summary of amyotrophic lateral sclerosis (ALS).

ALS is characterised by degeneration of upper and lower motor neurons in the brain and
spinal cord, leading to muscle wasting, paralysis and death within 3-5 years following initial
diagnosis.
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1.6 Genetics of ALS

Approximately 90% of ALS cases occur sporadically, while the remaining 10% of patients are
found to have first and second degree affected relatives — often termed familial ALS (Taylor,
Brown and Cleveland 2016). This characterisation however is an oversimplification and largely
based on studies in ancestral European and east Asian populations (Hardiman et al. 2017).
Sometimes sporadic ALS is mistakenly described as having no genetic basis, however DNA
sequencing of individuals with sporadic ALS often reveals the occurrence of mutations in the
same genes associated with familial ALS with evidence of complex oligogenic and polygenic
inheritance patterns. Furthermore, of the >30 genes that confer a major risk of ALS and follow
known mendelian-inheritance patterns, there is strong evidence of low (<50%) phenotypic
penetrance and genetic pleiotropy (Table 1). Four genes: C9orf72, TARDBP, SOD1, and FUS
account for up to 60-70% of cases with known family history. With C9orf72 expansions being
the most common in European familial ALS (33.7%), followed by SOD1 mutations (14.8%),
then TARDBP mutations (4.2%) and finally FUS (2.8%) (Mejzini et al. 2019). In contrast, there
remains a considerable gap in our understanding of the genetics in seemingly sporadic cases
of ALS. Large GWAS studies suggest this complex genetic architecture is based primarily on
many rare individual variants specific to individuals, families and populations, rather than
large numbers of common variants. In an effort to bridge this gap in understanding a recent
study published by the Project MinE Consortium performed ancestral GWAS across 29,612

patients with ALS and 122,656 controls and identified 15 additional risk loci (van Rheenen et

al. 2021).
Locus Gene (protein) Inheritance | Mechanisms
ALS1 SOD1 (Superoxide dismutase) AD/AR Oxidative stress
ALS2 ALS2 (Alsin) AR Endosomal trafficking
ALS3 Unknown AD Unknown
ALS4 SETX (Senataxin) AD RNA metabolism
ALSS5 Unknown AR DNA repair, axon

growth

ALS6 FUS (RNA-binding protein FUS) AD/AR RNA metabolism
ALS7 Unknown AD Unknown
ALSS VAPB (VAMP-associated protein B/C) AD ER stress
ALS9 ANG (Angiogenin) AD RNA metabolism
ALS10 TARDBP (TAR DNA-binding protein 43) AD RNA metabolism
ALS11 FIG4 (polyphosphoinositide phosphatase) AD Endosomal trafficking
ALS12 OPTN (Optineurin) AD/AR Autophagy

24



ALS13 ATXN2 (Ataxin 2) AD RNA metabolism

ALS14 VCP (Valso-containing protein) AD Autophagy

ALS15 UBQLN2 (Ubiquilin 2) XD UPS and autophagy

ALS16 SIGMAR1 (Sigma non-opiod intracellular receptor | AD UPS and autophagy
1

ALS17 CZ-IMPZB (Charged multivesicular body protein 2B) | AD Endosomal trafficking

ALS18 PFN1 (Profilin 1) AD Cytoskeleton

ALS19 ERBB4 (receptor tyrosine-protein kinase erbB 4) AD Neuronal

development

ALS20 HNRNPA1 (Heterogeneous nuclear AD RNA metabolism
ribonucleoprotein Al)

ALS21 MATR3 (Matrin 3) AD RNA metabolism

ALS22 TUBA4A (Tubulin a4A) AD Cytoskeleton

ALS23 ANXA11 (Annexin A11) AD Cell cycle

ALS24 NEK1 (NIMA related kinase 1) AD Cell cycle

ALS25 KIF5A (Kinesin family member 5A) AD Axon transport

ALS26 TIAI (TIA1 cytotoxic granule associated RNA AD/AR RNA metabolism
binding protein)

FTDALS1 C9orf72 (Guanine nucleotide exchange C90rf72) AD RNA metabolism and

autophagy

FTDALS2 CHCHD10 (Coiled-coil-helix-coiled-coil-helix AD Mitochondrial
domain-containing 10) maintenance

FTDALS3 SQSTM1 (Sequestosome 1) AD Autophagy

FTDALS4 TBK1 (Serine/threonine-protein kinase TBK1) Unknown Autophagy

FTDALS5S CCNF (Cyclin F) Unknown Cell cycle

FTDALS6 VCP (Valso-containing protein) AD Autophagy

FTDALS7 CHMP2B (Charged multivesicular body protein 2B) | AD Endosomal trafficking

FTDALSS CYLD (CYLD lysine 63 deubiquitinase) AD UPS and autophagy

Table 1.1. Genetic architecture of ALS and ALS-FTD.

AD = autosomal dominant, AR = autosomal recessive, XD = X-linked dominant. Adapted

from (Hardiman et al. 2017), and omim.org.

1.7 Environmental risk factors for ALS

Mathematical disease occurrence models indicate that a combination of 6 genetic and
environmental risk factors are required to initiate the onset of ALS. Indeed, a diverse array
environmental risk factors have been proposed to contribute to ALS, all with varying degrees
of supporting evidence. These include age (risk increases proportionally with age), gender
(1.5x more common in men), cigarette smoke (44% increased risk), lead, formaldehyde,
agricultural  pesticides, beta-methylamino-L-alanine,  physical activity, trauma,
electromagnetic radiation, cancer and the use of statins (Oskarsson, Horton and Mitsumoto
2015). Recent studies have shown that intense physical exercise is associated with earlier

onset of ALS in patients with existing genetic risk factors (Julian et al. 2021), supporting the
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notion of a complex interplay of genetic and environmental risk factors contributing to
disease onset. Further to this, the Project MinE consortium found through mendelian
randomisation analysis a potential causal role for high cholesterol in the pathogenesis of ALS

(van Rheenen et al. 2021).

1.8 Histopathology of ALS

Mis-localised, misfolded, hyperphosphorylated and ubiquitinated pathological protein
inclusions within motor neurons are one of the clearest histopathological hallmarks of ALS -
similar to those seen in other neurodegenerative diseases, such as Lewy bodies containing
alpha-synuclein in Parkinson’s disease, and Amyloid plaques in Alzheimer’s disease. In the
vast majority of patients with ALS, TAR DNA-binding protein 43 (TDP-43) is found to be the
predominant component of these inclusions, despite the fact that mutations to TARDBP are
a rare cause of ALS (Figure. 2) (Neumann et al. 2006, Sreedharan et al. 2008). Superoxide
dismutase (SOD1) inclusions on the other hand are widely observed in patients with familial
SOD1 mutations; however, these same patients do not exhibit pathological TDP-43 inclusions.
As such TDP-43 and SOD1 likely represent two very distinct subtypes of ALS. Furthermore
abnormal accumulation of neurofilaments has been seen across divergent subtypes of ALS
and can even be used as a reliable biomarker of neurodegeneration (Poesen and Van Damme

2019).

1.9 Superoxide dismutase 1 (SOD1)

Dominant mutations in the SOD1 gene were the first identified genetic cause for ALS (Rosen
et al. 1993), and as such have become the most widely studied ALS gene, with 4,378 papers
published (Pubmed search, date: 01.02.22, search terms: “SOD1” + “ALS”) vs. 2,502 for TDP-
43 and 1,755 for C9orf72. The SOD1 gene encodes the superoxide dismutase protein, which
catalyses the conversion of highly reactive oxygen species (ROS) to hydrogen peroxide or
oxygen (Barber and Shaw 2010). Indeed, oxidative stress is thought to play a pivotal role in
ALS by driving apoptosis and necroptosis of motor neurons (Valko et al. 2006, Re et al. 2014).
The combination of loss of SOD1 function and toxic gain of pathological SOD1 aggregates is
thought to drive cell autonomous mechanisms of neuronal dysfunction. These include

oxidative/ER stress, impaired autophagy, disorganised axonal transport, disturbed RNA
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metabolism, and mitochondrial dysfunction. Interestingly non-cell autonomous mechanisms
mediated by SOD1 mutations have also been reported. In these cases, dysfunction of non-
neuronal cell types such as microglia, oligodendrocytes, and astrocytes contributes to motor
neuron dysfunction. It is thought that currently un-identified toxic species, possibly including
TGFB1, are transmitted from both micro-glia and astrocytes to motor neurons (Endo et al.
2015). Furthermore, altered expression of the glutamate transporters GLT1 and EAAT2 in
SOD1 astrocytes has been shown to reduce glutamate clearance (Pardo et al. 2006, Gibb et
al. 2007). Combined with motor neurons intrinsically poor Ca2+ buffering capabilities this is
thought to contribute to excitotoxicity and subsequent motor-neuron death (Taylor et al.

2016).

1.10 TAR DNA-binding protein 43 (TDP-43)

TDP-43 is a widely expressed 43kDa RNA/DNA binding protein, encoded by the TARDBP gene.
It predominantly resides in the nucleus, where it plays a crucial role in microRNA biogenesis
and regulates alternative splicing for numerous genes (Gregory et al. 2004, Arnold et al. 2013).
In the cytoplasm TDP-43 plays a crucial role in stress granule formation, whereby redundant
mRNAs are sequestered for degradation during periods of transient cellular stress
(Colombrita et al. 2009). TDP-43 also plays an important role in axonal transport of RNA and
localised RNA translation at synapses (Figure. 2) (Alami et al. 2014, Altman et al. 2021, Chand
et al. 2018).

In ALS, TDP-43 becomes mis-localised to the cytoplasm, where it forms pathological
aggregates with other proteins and RNAs via its highly disordered, low-complexity, C-terminal
domain (Babinchak et al. 2019). Interestingly the majority of ALS-related TARDBP mutations
cluster at this domain, encoded by exon 6 of the TARDBP gene, highlighting its importance in
the pathogenesis of ALS (Figure. 2) (Prasad et al. 2019). Normally the low-complexity glycine
rich and uncharged glutamine/asparagine rich sequences within this domain facilitate liquid-
phase separation of TDP-43 into droplets, which is thought to be important for the transient
formation of RNA stress granules (Gasset-Rosa et al. 2019). In ALS, mutations to this region as
well as genetic and environmental factors that prolong cellular stress and impair autophagy

are thought to contribute to chronic cytoplasmic aggregation of TDP-43. Indeed, other
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causative ALS mutations affect proteins involved in autophagy and the ubiquitin proteasome
system (UPS), such as VCP, UBQLN2 and OPTN, SQSTM1, and TBK1. This is likely to contribute
to pathological TDP-43 aggregation, since both autophagy and the ubiquitin proteasome

system (UPS) are crucial for TDP-43 clearance (Scotter et al. 2014).

Pathological TDP-43 aggregates become hyperphosphorylated, ubiquitinated and insoluble
and can be used to accurately stage the progression of ALS (Hasegawa et al. 2008).
Interestingly, the c-terminal domain of TDP-43 shares many structural similarities to prion
proteins in yeast, as well as other DNA/RNA-binding proteins implicated in ALS, including:
C9orf72, FUS, hnRNPA1, and MATR3 (Prasad et al. 2019). Indeed, it has been demonstrated
that TDP-43 aggregates can spread in a prion-like fashion whereby misfolded TDP-43 can
trigger misfolding of the naive protein and thus seed the formation of new pathological
aggregates. This process can occur along axons, between synapses and between supporting
glial cell types. It is thought that this mechanism may contribute to the focal spreading of ALS
pathology (Figure. 2) (Nonaka et al. 2013, Smethurst et al. 2016, Feiler et al. 2015).

The effect of TDP-43 aggregation is twofold; first TDP-43 is sequestered from performing its
usual role within the cell, and as such there is a loss of function in alternative splicing,
microRNA biogenesis, transient stress granule formation, axonal transport of
mRNA/structural proteins, and localised protein synthesis at synapses. Secondly TDP-43
aggregates and cleaved peptides from the C-terminal region have a toxic gain of function
effect, most notably in the prion like spreading of misfolded TDP-43, the production of
abnormal mRNA splice variants, production of neurofilament accumulations that along with
TDP-43 aggregates can physically damage/obstruction of axons and synapses, and activation
of: ER-stress, oxidative stress, apoptotic and necroptotic signalling pathways that lead to cell

death (Figure. 2) (Scotter, Chen and Shaw 2015).
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Figure 1.5. Overview of TDP-43 pathology in ALS.

Schematic of the TARDBP gene and TAR DNA-binding protein 43 (TDP-43) structure.
Schematic outlining key pathological features associated with neuronal dysfunction and
TDP-43 protein pathology.

29



1.11 The neuromuscular junction in ALS

There is strong debate as to where motor neuron degeneration is initiated in ALS. Whether
neurodegeneration is initiated centrally and focally spreads in an anterograde fashion,
termed the ‘dying forward’ hypothesis, or, whether neurodegeneration is initiated
peripherally and spreads in a retrograde fashion, termed the ‘dying back’ hypothesis (Fischer
et al. 2004). Often there is a lack of clarity as to whether these terms refer strictly to motor
neuron subsystems i.e. do lower motor neurons degenerate before upper motor neurons? Or
refer more specifically to domains within a single motor neuron, i.e. does the synapse
degenerate prior to the cell body. Indeed, it would be possible that both could occur
independently from one another or in conjunction with one another. While mounting genetic
evidence certainly suggests that ALS has considerable overlap with frontal temporal lobe
dementia — a CNS neurodegenerative disease, extensive evidence from patient and animal
studies also suggests ALS is a distal axonopathy, implicating neuromuscular junction
dismantling and axon degeneration as some of the earliest events in the disease. Ultimately,
given the complex genetic and environmental landscape of ALS, it is possible that the site of
disease initiation is equally diverse and complex and both ‘dying forward” and ‘dying back’

mechanisms contribute to disease progression.

While it is hard to assess neuromuscular junction and axonal degeneration in patients with
ALS, several studies have found evidence of axonal denervation (Hanyu et al. 1982), synapse
loss (Sasaki and Maruyama 1994), abnormal calcium levels and mitochondrial function at
neuromuscular synapses (Siklos et al. 1996, Borthwick et al. 1999). Other studies have
demonstrated that changes in the estimated size and activity of motor units precedes the
onset of clinical symptoms in patients (Felice 1997, Piotrkiewicz et al. 2008). Furthermore, in
a single case study, post-mortem examination of a patient with mid-stage ALS who died of
unrelated causes, found motor neuron degeneration only in the innervating muscle. Motor
components in the spinal cord and motor cortex of the brain were completely normal (Fischer
et al. 2004). Another study analysing muscle biopsies from patients with ALS showed that NMJ
reinnervation was associated with extended survival time (Bruneteau et al. 2013), indicating
not only NMJ involvement in the disease but also highlighting NMJ dysfunction as a potential

target in extending life-span in patients with ALS.
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More in-depth evidence for ALS as a distal axonopathy comes from transgenic animal models
of the disease. Most notably the SOD1 mouse model shows clear evidence of synaptic
weakening and impaired axonal transport before the first symptoms of the disease
(Parkhouse et al. 2008). In this model, denervation at the NMJ occurs at day 47, followed by
axonal degeneration in the ventral root between day 47 and 80, and finally loss of motor
neuron cell bodies in the brain and spinal cord after day 80 (Fischer et al. 2004). Impaired
axon transport of mitochondria and synaptic proteins to the NMJ is thought to contribute to
ROS-induced ROS release, perturbed Ca2+ buffering and a diminished neurotransmitter pool
at the NMJ (Pollari et al. 2014). It has also been shown that RIPK1 dependent necroptosis of
oligodendrocytes may mediate axonal degeneration in the SOD1%°** and OPTN mouse models

of ALS (Ito et al. 2016).

While the precise causes of axonal degeneration in these models is not fully understood and
is gradual and heterogeneous, there are a number of similarities to classical Wallerian
degeneration that is caused by temporally and spatially precise axonal injury (Conforti, Gilley
and Coleman 2014). This includes morphological similarities such as blebbing, fragmentation
and swelling. This has led many to describe axonal degeneration in neurological disorders like
ALS as “Wallerian-like degeneration”. However, while morphological similarities do not imply
shared molecular cause, several lines of evidence would suggest some shared mechanistic
overlap. For example overexpression of WLDs, a gene encoding a nicotinamide
mononucleotide adenyltransferase (NMNATSs) that delays Wallerian degeneration (Mack et
al. 2001), modestly extended lifespan in the SOD1 mouse model of ALS (Fischer et al. 2005).
Furthermore, TDP-43 mediated loss of STMN2 via alternative splicing in models of ALS leads
to axonal degeneration (Klim et al. 2019). Interestingly loss of STMN2 also occurs early in the

latent phase of Wallerian degeneration (Shin et al. 2012).

With regards to TDP-43, studies have shown impaired axon transport (Alami et al. 2014),
defective neuromuscular transmission (vesicle fusion and release) (Chand et al. 2018) and
impaired localised synthesis of mitochondrial proteins (Altman et al. 2021) in various models
of TDP-43 associated ALS. Furthermore, since TDP-43 regulates the splicing of a considerable
number of axonal and synaptic proteins, loss of splicing or aberrant synaptic splice variants

may also contribute to extensive synaptic dysfunction in ALS. For instance, it was recently
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reported that knockdown of TDP-43 mediated inclusion of a cryptic exon in UNC13A, a critical
synaptic protein, leading to reduced levels of expression. Indeed, UNC13A is emerging as an
important synaptic target of TDP-43 and has also been shown to be a novel risk modifier allele

for ALS (van Rheenen et al. 2021, Brown et al. 2022).

Since the NMJ is a tripartite synapse, comprising the pre-synaptic motor terminal, post-
synaptic myofibers and terminal Schwann cells, signalling between all three of these
components is essential for normal NMJ maintenance and stability. As such, both cell
autonomous and non-cell autonomous mechanisms and the trophic support between these
three components is crucial when considering dysfunction of neuromuscular junction in ALS
(Moloney, de Winter and Verhaagen 2014). Indeed muscle specific expression of HDAC4 and
its regulator microRNA-206 was shown to be crucial for NMJ reinnervation and extended
lifespan in patients with ALS (Bruneteau et al. 2013). Increased release of NOGOA by muscle
and semaphorin3A by terminal Schwann cells has also been shown to destabilise the NMJ in
mouse models of ALS (Lin et al. 2019, De Winter et al. 2006). Further to this, a recent study
showed that treatment using muscle specific MUSK antibodies could stabilise neuromuscular
synapses and delay disease progression in SOD1 mice (Cantor et al. 2018). Interestingly it has
recently been found that TDP-43 aggregates are also found in the skeletal muscle of patients
with ALS (Mori et al. 2019), and other studies have shown that TDP-43 granules form in
regenerating muscle (Vogler et al. 2018). These findings may suggest a muscle specific

origin/contribution of TDP-43 pathology and synaptic dysfunction in ALS.
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Figure 1.6. The neuromuscular junction in ALS.

Schematic outlining examples of pathological processes affecting the neuromuscular
junction in ALS.

1.12 Modelling the neuromuscular junction in vitro

Studying neuromuscular synapses in vitro poses several key advantages, including easier
manipulation and the possibility to scale studies beyond what would be possible using animal
models — making them more amenable to early-stage drug discovery. Furthermore, with the
development of human induced pluripotent stem cell (hiPSC) technologies it has become
possible to generate and study human neuromuscular junctions, which have been shown to
poses highly distinct morphological and molecular profiles compared to murine NMJs (Jones

et al. 2017). Human iPSCs also allow patient derived cell types to be modelled with disease
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specific backgrounds, facilitating the study of numerous genetic neuromuscular disorders in

in vitro humanised model systems.

Shinya Yamanaka’s seminal Nobel prize winning work describing the reprogramming of adult
cellsinto embryonic like pluripotent stem cells by defined genetic “Yamanaka” factors — OCT4,
SOX2, KLF4 and C-MYC, opened the doors to a new age of in vitro human disease modelling
(Takahashi and Yamanaka 2006, Takahashi et al. 2007). Indeed, the first hiPSCs derived from
patients with a known genetic disease background were in fact from patients with ALS (Dimos
et al. 2008). Techniques to differentiate pluripotent stem cells towards motor neuron and
myoblast cell types were first crucial in the development of in vitro human neuromuscular
circuits. One of the first methods to differentiate mouse embryonic stem cells (mESCs) into
motor neurons utilised developmental principles in its approach by applying specific
concentrations of the morphogens retinoic acid (RA) and Sonic hedgehog (Shh) that pattern
the rostro-caudal and dorso-ventral identity of spinal motor neurons (Wichterle et al. 2002).
More recent adaptations of this protocol allow the derivation of hiPSC-derived motor neuron
progenitors that can be frozen and expanded before being differentiated into terminal motor
neurons that could form neuromuscular synapses (Du et al. 2015). A criticism of these small-
molecule approaches is the variability in efficiency between experiments and cell lines, and
the possible contamination of immature or unrelated cell types. Forward programming
techniques have been shown to overcome some of these limitations. In this approach, forced
expression of specific transcription factors induces genetic programmes to drive cell fate
acquisition. For motor neurons it was recently shown that by over-expressing ISL1, LHX3 and
NGN2 motor neurons expressing HB9 could be generated at high efficiency. However,
detailed functional characterisation of these cells — including the ability to fire action
potentials and form functional neuromuscular junctions has not been demonstrated. With
regards to derivation of myoblasts from hiPSCs, many of the first approaches also utilised
small molecules to mimic morphogen signalling during development (Chal et al. 2016). As with
similar approaches to derive motor neurons, variability in efficiency between experiments
and cell lines is still a concern. Forward programming techniques have yielded more
reproducible results, with forced expression of MYOD being used to generate terminally
differentiated myocytes (Pawlowski et al. 2017), while forced expression of the earlier PAX7

marker being used to generate myoblast progenitors that can be expanded (Rao et al. 2018).
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Furthermore, the establishment of optogenetic techniques whereby light-sensitive ion
channels can be used to control neural activity has opened the possibility of precisely
controlling the activity of in vitro neuromuscular circuits. One of the most widely adopted
optogenetic actuators, channel rhodopsin-2 (CHR2) is a blue light-activated cation channel
originally cloned from the alga Chlamydomonas reinhardtii. Incorporation of the engineered
CHR2-YFP transgene into isolated neurons has been shown to facilitate sustained trains of
light triggered activity at single action potential resolution (Zhang et al. 2006, Deisseroth et
al. 2006).

Generating in vitro neuromuscular junctions from motor neurons and/or muscle derived from
human PSCs in order to model human disease was first achieved by (Yoshida et al. 2015),
where NMIJs, characterised based on immunocytochemistry of pre- and post-synaptic
structures, were found to be abnormal in co-cultures containing motor neurons from patients
with spinal muscular atrophy (SMA). However functional neurotransmission at the
neuromuscular junction was not assessed. Indeed (Abd Al Samid et al. 2018) showed that
functional contractions of myofibers in 2D neuromuscular co-cultures led to detachment of
the myofibers from the tissue-culture substrate, highlighting a major challenge in culturing
contractile myofibers. To overcome these challenges (Uzel et al. 2016) developed a
microfluidic co-culture system where myofibers were suspended between compliant
micropillars. By optogenetically stimulating the motor neurons they were able to measure
contractile force based on deflection of the pillars. Other teams have also developed similar
micro-pillar approaches (Bakooshli et al. 2019). In more recent work Kamm and colleagues
showed this approach could be used to model ALS by co-culturing ALS hiPSC-MNs (Osaki, Uzel
and Kamm 2018). In this study it was shown that contractile force and reliability of
neurotransmission was reduced in the TDP-43 ALS motor neuron containing co-cultures.
However, it was unclear whether this may have been a result of the lower proportion of ISL1
positive MNs in the co-cultures —~85% in wildtype cultures vs ~¥60% in the ALS cultures rather
than a consequence of the ALS genotype. This highlights not only the importance of stabilising
myofibers in a 3D scaffold, but also generating highly enriched and comparable cultures of
motor neurons, an issue also raised by (Yoshida et al. 2015) who showed low yields (20-30%)

of HB9 positive motor neurons. Another recent approach to model human neuromuscular
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junctions in vitro was demonstrated through the generation of 3D neuromuscular organoids
(Martins et al. 2020). However, like before, a drawback to this approach is the high proportion

of undefined cell types in the culture and reproducibility between cell lines.

1.13 Neuronal excitability in ALS

Neuronal excitability is an intrinsic property of a neuron, referring to the propensity to which
an output — a change in membrane potential, usually an action potential, is generated in
response to a given input. Excitability can be modulated by numerous factors, such as the
biophysical properties of a neuron, ion channel (e.g., Na+, K+, Ca%+) quantity and composition,
and the affinity, quantity and composition of different post-synaptic neurotransmitter
receptors (e.g., GABAA, AMPA, NMDA, nAChR). Neural activity on the other hand is an
emergent property of neuronal networks, determined by numerous factors, including the
excitability of individual neurons, synapse number and strength, and excitation-inhibition
(E/1) balance): driven by post-synaptic receptor composition and the relative numbers of
excitatory and inhibitory neurons within the network (Gunes et al. 2020). Changes in neuronal
excitability are not always reflected in overall changes in network activity — for instance lower
levels of network activity may lead to homeostatic increases in neuronal excitability (Jamann
et al. 2021, Galliano et al. 2021) and in pathological conditions such as epilepsy, reduced
intrinsic excitability of inhibitory neurons can lead to network hyperactivity (Ogiwara et al.

2007).

Muscle fasciculations (spontaneous contractions) driven by altered neuronal
excitability/activity are a common feature in the majority of patients with ALS (Liu et al. 2021,
Mills 2010) and form a major diagnostic criteria for the disease (de Carvalho, Kiernan and
Swash 2017, Hardiman et al. 2017). Fasciculations have been shown to peak early in the
disease at the onset of muscle weakness and initial loss of motor units, then decline in
conjunction with further loss of motor units as the rate of denervation exceeds that of
reinnervation (Bashford et al. 2020). The severity of fasciculations also correlates with
increased disease severity and reduced survival time in patients with ALS, suggesting that this
phenomenon may play an active role in the progression of the disease (Shimizu et al. 2014).

The exact cause of fasciculations is unclear, whether caused by increased drive from
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hyperactive/excitable upper motor neurons in the cortex, loss of inhibitory function in the

brain and spinal cord or increased intrinsic excitability of lower motor neurons.

Threshold-tracking transcranial magnetic stimulation (TMS) studies have revealed the
occurrence of motor cortex hyperexcitability and hyperactivity in patients with ALS. This
technique works by applying increasing intensities of magnetic stimulation and measuring the
threshold intensity required to elicit neuronal firing (Barker and Jalinous 1985). By measuring
associated motor evoked potentials (MEPs) in corresponding muscle groups other studies
have been able to demonstrate that this cortical hyperexcitability/hyperactivity drives
activation of lower motor neurons (Park, Kiernan and Vucic 2017). By varying TMS protocols
to probe short interval intracortical inhibition (SICI) - a property of inhibitory network
function, as well as intracortical facilitation (ICF) — a property of excitatory network function
(Oliveri et al. 2000) various studies have demonstrated that cortical hyperactivity in patients
with ALS arises from both increased intrinsic excitability (Vucic, Nicholson and Kiernan 2008)

and loss of inhibition (Van den Bos et al. 2018).

Changes to the excitability/activity of lower motor neurons has also been extensively
investigated in patients with ALS, through indirect nerve conductance (NCS) and
electromyography (EMG) studies. These studies have demonstrated hyperexcitability/activity
of lower motor neurons, evidenced by increased fasciculation potentials, and abnormal
motor unit firing (Piotrkiewicz et al. 2008, Nakata et al. 2006, Vucic and Kiernan 2006). This
increased excitability is likely due to imbalance in Na+ and K+ conductances (Kanai et al. 2006,
Vucic and Kiernan 2010), possibly as a result of reduced ion channel expression (Howells et

al. 2018).

While TMS and NCS studies provide invaluable indications of abnormal electrical activity in
the brain and peripheral nerves of patients with ALS they cannot resolve intrinsic properties
of individual neurons or the molecular and structural mechanisms that contribute to these
changes. Furthermore, the precise mechanisms of TMS are poorly understood owing to
magnetic interferences that prevent direct electrode-based recordings within a 100ms
interval following application of the stimulation (Li et al. 2017). As such these studies need to

be complemented by direct electrophysiological approaches in animal and cell culture models
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(Scanziani and Hausser 2009). In particular, whole-cell patch clamp recordings provide
unprecedented detail on the electrical properties of individual neurons with high signal to
noise sensitivity. Voltage clamp recordings allow measurement of ionic currents and when
paired with pharmacological inhibitors can be used to isolate specific currents, most notably
fast inward Na+ and steady state outward K+ currents. Current clamp recordings on the other
hand provide precise detail on the properties of single action potentials and crucially can
measure the excitability of a neuron through measurement of the voltage threshold
(inflection point) as well as current threshold (injected current required to elicit a single AP)
and rheobase (minimum current required to elicit a single AP given an infinite duration of
stimulation). Longer current clamp stimulation protocols can be used to stimulate trains of
action potentials, providing input-output relationships of injected current to spike frequency
— a crucial measure of intrinsic neuronal excitability. Pairing patient data from TMS and NCS
studies with detailed electrophysiological measurements from animal and cell culture models

is crucial to understanding how neuronal excitability is modulated in ALS.

To this end, hyperexcitability of lower motor neurons has been extensively demonstrated in
the SOD1 mouse model of ALS using whole-cell patch clamp recordings. These studies found
evidence of increased persistent Na+ currents, reduced voltage and current thresholds for AP
firing, increased firing frequency in response to injected current, and increased maximum
firing rate (Kuo et al. 2004, Kuo et al. 2005). Furthermore a mouse model of TDP-43 mis-
localisation showed extensive hyperexcitability in cortical motor neurons, characterised by a
shift in the relationship between injected current and AP spiking as well as reduced rheobase
current threshold (Dyer et al. 2021). This model also showed simultaneous occurrence of

reduced synaptic activity.

Several studies have also reported altered excitability in ALS patient-derived human induced
pluripotent stem cell (hiPSC) motor neurons with a range of ALS-related mutations. Some
studies report hyperexcitability (Wainger et al. 2014, Devlin et al. 2015), while others
hypoexcitability (Sareen et al. 2013, Naujock et al. 2016). Interestingly, (Devlin et al. 2015)
found that early motor neuron cultures (2-6 weeks) were hyperexcitable evidenced by a shift
in the relationship of injected current to AP spking, while later cultures (7-10 weeks)

transitioned to a hypoexcitable state, evidenced by a reduction in Na+ and K+ currents.
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Indeed, a transition to hypoexcitability has also been reported in mouse models and patient
studies and probably reflects a decline in motor neuron function prior to cell death. It is also
possible that the selective vulnerability of fast-fatiguable (FF) motor units to degeneration is

responsible for this decline in function.

Neuronal hyperexcitability has long been suspected of contributing to excitotoxicity and MN
vulnerability in ALS. Indeed, one of the few approved drugs to extend survival in ALS, Riluzole,
primarily acts to dampen neuronal excitability by inhibiting persistent inward Na+ currents as
well as dampening glutamate induced excitotoxicity (Doble 1996, Song et al. 1997).
Furthermore, the incidence of peripheral axonal and motor unit hyperexcitability leading to
complex muscle fasciculations has been shown to correlate with increased disease severity
and reduced survival time in patients with ALS, suggesting that this process influences

progression of the disease.

1.14 Neuronal plasticity

Neuronal plasticity plays a crucial role in the adaptive control of neuronal networks and is
achieved primarily through functional changes in synaptic strength and intrinsic changes to
neuronal excitability (Zhang and Linden 2003). Two key forms of plasticity exist that play
opposing roles in controlling network activity and connectivity. Homeostatic plasticity
involves compensatory changes that are modulated around a set point via negative feedback
to maintain a steady state and network stability (Fox and Stryker 2017). In contrast, Hebbian
plasticity operates via positive feedback and leads to synaptic strengthening or weakening
following changes in activity and is thought to be a key process for learning and memory in
the brain (Hebb, Martinez and Glickman 1994, Galanis and Vlachos 2020, Fox and Stryker
2017). Within Hebbian plasticity, long-term potentiation (LTP) and long-term depression (LTD)
are the two most well characterised. Long-term potentiation is a process whereby synaptic
efficacy is increased following repeated stimulation (Lomo 2003), whereas long-term
depression is where synaptic efficacy is reduced following patterned stimulus (Dudek and
Bear 1992). Furthermore numerous forms of short-term synaptic plasticity have also been

described (Zucker and Regehr 2002).
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A huge range of cellular and molecular mechanisms are responsible for driving these different
forms of neuronal plasticity. Changes in pre-synaptic function typically modify release
probability and frequency dependent information (Costa et al. 2017). This is achieved through
multiple mechanisms, including; cAMP/PKA signalling, structural changes to active zone (AZ)
organisation, altered local protein synthesis, associative changes in retrograde signalling via
GPCR and preNMDARs, and changes in release probability mediated through effectors such
as Rab3, RIM1a, Munc13-1 and VGCCs (Sudhof 2012, Banerjee et al. 2016, Fourcaudot et al.
2008, Rosenberg et al. 2014). Conversely changes in post-synaptic function typically modify
synaptic gain, or quantal amplitude (Costa et al. 2017). Numerous molecular mechanisms
contribute to post-synaptic plasticity, including; signalling through NMDARs, mGLUR,
PKC/CAMK2A, BDNF and MTOR, which typically act to alter the expression, phosphorylation
and activity of post-synaptic neurotransmitter AMPA, NMDA and GABA receptors that
account for cell intrinsic excitation/inhibition balance, and altered cytoskeletal organisation
of actin and PSDs in the spine head (Caroni, Donato and Muller 2012). In addition to synaptic
mechanisms driving Hebbian forms of plasticity, intrinsic changes to neuronal excitability can
also produce large scale changes to neuronal output that simultaneously affects large
ensembles of synapses (Zhang and Linden 2003). An elegant example of this is persistent firing
following brief excitation in entorhinal cortical neurons (Egorov et al. 2002), thought to be
driven by calcium dependent afterdepolarisation through CAN or ERG channels that leads to
sustained Na+ influx (Debanne, Inglebert and Russier 2019). Other mechanisms that
contribute to intrinsic plasticity include localised EPSP amplification in dendritic arbours and
global changes in spike threshold and membrane potential mediated via ion channel

expression and activation (Debanne et al. 2019).

Homeostatic forms of neuronal plasticity are required to maintain stable network activity;
helping to keep Hebbian forms of plasticity under control and prevent extreme levels of
activity that could lead to seizures, excitotoxicity and other pathological phenomenon (Keck
et al. 2017). These homeostatic forms of plasticity are compensatory and act via negative
feedback to keep activity around a set point. Synaptic forms of homeostatic plasticity have
been widely documented, and found to be regulated spatially, developmentally and in a
connection specific manner (Pozo and Goda 2010). For example in hippocampal neurons it

was found that activity blockade resulted in both pre-and post-synaptic homeostatic
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plasticity, characterised by increased mEPSC amplitude and release efficacy mediated by
CAMK2A and CAMK2B (Thiagarajan, Piedras-Renteria and Tsien 2002). Activity-dependent
gene expression and localised protein synthesis are thought to play a major role in
homeostatic synaptic plasticity; key examples include Arc/Arg3.1 and eEF2 (Shepherd et al.
2006, Zhang et al. 2009). Other molecular mechanisms thought to contribute to homeostatic
synaptic plasticity include neurotrophic signalling, interactions of cell adhesion molecules,
post synaptic PSD-95, GIuAl and GIuA2 levels and Ca2+ signalling via CAMK2, PLK2, CDK5
(Pozo and Goda 2010). Homeostatic regulation of intrinsic neuronal excitability may be even
more influential on setting network excitability than more commonly studied forms of
synaptic plasticity (Wilhelm, Rich and Wenner 2009). Homeostatic intrinsic plasticity can be
achieved by dynamic regulation of voltage gated Na+ and K+ ion channel expression,
phosphorylation, and localisation, with altered levels of activity thought to be primarily
detected via alterations in calcium signalling through VGCC’s (O'Leary, van Rossum and Wyllie
2010, Bulow et al. 2019, Morgan et al. 2019). Recent work has uncovered a pivotal role of the
axon initial segment (AlS), the site of action potential generation in neurons, in modulating

homeostatic regulation of neuronal excitability.

1.15 The axon initial segment (AlS)

The axon initial segment (AIS) is a specialised 20-60um region of the proximal axon
characterised by a unique cytoskeletal arrangement of scaffolding proteins that anchor
receptors, ion channels and signalling molecules to the membrane. The axon initial segment
serves two crucial functions: it specifies dendritic/axonal polarity and serves as the site for
action potential (AP) initiation owing to its high density of voltage-gated Na+ and K+ channels,

and as such plays a crucial role in regulating neuronal excitability.

Periodic spacing of actin rings occurs along the AIS at 190nm intervals, which are
interconnected by AlS specific alpha-2 and beta-4 spectrin tetramers. Conversely alpha-2 and
beta-2 spectrin tetramers are seen in the distal portion of the axon. The 480kDa isoform of
Ankyrin-G then binds to the centre of the a2/B4 spectrin tetramer and acts to anchor voltage-
gated sodium and potassium channels to the membrane in a periodic manner (Figure 1.7).

Furthermore Ankyrin-G anchors two cell adhesion molecules (CAMs): Neurofascin-186 and
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NRCAM to the membrane. The intracellular c-terminal of Ankyrin-G also binds microtubules
via interactions with microtubule proteins EB1/3 and Ndell (Leterrier 2018). The specific
subtypes of sodium channels found at the AIS include Nav1.1, Navl.2 and Navl.6, while
specific subtypes of potassium channels include Kv1.1, Kv1.2 and at the distal part of the AIS
KCNQ2 and KCNQ3 that modulate excitability via M-type potassium currents (Fujitani, Otani
and Miyajima 2021, Leterrier 2018).

Microtubule

Actin-ring

Nav1.x Kv1.x BIV-spectrin I Ndel1 EB1./3 &‘ L
Neurofascin-186 ), &
? T * Cavl.1  KCNQ2/3
Ankyrin-g All-spectrin NRCAM TRIM-46

Figure 1.7. Cytoskeletal organisation of the axon initial segment (AIS)

Early studies demonstrated that the high density of voltage-gated Na+ channels found at the

AIS was crucial for generating and shaping action potentials (Kole et al. 2008) and as such the
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AIS was shown to be the primary site of AP initiation, rather than the soma. Indeed more
recent studies in hiPSC-neurons show that AP and AIS maturation occur concurrently in a
stage specific manner during neuronal polarisation (Lindhout et al. 2020). Remarkably, a
growing body of research has shown that the structure of the AlS is able to undergo different
forms of homeostatic activity-dependent plasticity. (Kuba, Oichi and Ohmori 2010) showed
that in response to auditory deprivation the AIS of avian auditory brain stem neurons
increased in length. This increase was associated with a homeostatic increase in excitability,
characterised by reduced current and voltage thresholds, increased spontaneous AP firing
and altered AP properties, including increased AP amplitude. (Grubb and Burrone 2010a) also
showed that the AIS was able to distally relocate in response to increased levels of activity.
This distal relocation was associated with a homeostatic reduction in excitability
characterised by a downward shift in the input-output relationship of injected current to AP
firing and increased current threshold. Further experimental studies have confirmed both
changes in AlS length (Evans et al. 2015, Galliano et al. 2021, Jamann et al. 2021, Pan-Vazquez
et al. 2020, Sohn et al. 2019) and position (Hatch et al. 2017, Lezmy et al. 2017, Wefelmeyer,
Cattaert and Burrone 2015) are associated with corresponding changes in neuronal
excitability. Computational modelling studies have also confirmed that increasing AIS length
is predicted to increase neuronal excitability via increasing sodium conductance density. In
these models both current and voltage thresholds are predicted to decrease with increasing
AIS length, although current threshold was also shown to also be dependent on other
biophysical properties of the neuron (Gulledge and Bravo 2016, Goethals and Brette 2020).
These same computational studies relating AlS position to neuronal excitability throw up a
more complicated picture, whereby distal relocation of the AlIS increases resistive de-coupling
from the soma, which is predicted to increase neuronal excitability — in contrast to many
experimental findings (Gulledge and Bravo 2016). However, if hyperpolarising currents are
present at the AIS then this trend is predicted to reverse. Indeed studies looking at inhibitory
axo-axonic synapses at the AIS confirm this relationship (Wefelmeyer et al. 2015). Calcium
signalling via L-type voltage gated Ca?* channels (Cav1.1) calcineurin and CAMK2 has been
shown to be crucial for AIS plasticity (Evans et al. 2013). Furthermore, phosphorylation of
myosin light chain kinase (pMLC) and localised myosin 2 activity has also been shown to be

crucial for this process (Berger et al. 2018).
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The AIS has been implicated in an increasing number of pathophysiological conditions,
including autism spectrum disorder (ASD), bi-polar disorder (BPD), Schizophrenia, epilepsy,
diabetes, traumatic brain injury, stroke, neuroinflammation, hereditary motor neuropathy,
and Alzheimer’s disease (Fujitani et al. 2021). Indeed, direct pathogenic mutations to AlS
genes have been found in several conditions. Mutations to ANK3 (encoding ankyrin-G) have
been found in patients with ASD, and BPD. Mutations to SCN1A (encoding Nav1.1) have been
found in patients with epilepsy — most notably in Dravet Syndrome. Mutations to SPTAN1
(encoding a2-spectrin) have been found in patients with epilepsy, spastic quadriplegia and
hereditary motor neuropathy. Mutations to SPTBN4 (encoding B4-spectrin) have been found
in patients with congenital neuropathy and motor axonal neuropathy. Mutations in KCNQ2
are also seen in numerous forms of childhood epilepsy (Lee et al. 2019). There is also direct
evidence of altered AIS characteristics in numerous pathophysiological conditions. Decreased
AIS length was seen in animal models of stroke (Hinman, Rasband and Carmichael 2013)
traumatic brain injury (Vascak et al. 2017) and diabetic neuropathy (Yermakov et al. 2018),
while altered AIS plasticity has been seen in models of microglia dependent
neuroinflammation (Benusa et al. 2017), epilepsy (Harty et al. 2013) and Tau-FTD Alzheimer’s
disease (Sohn et al. 2019). In this latter study it was found that pathogenic Tau aberrantly
bound to the ankyrin-g adaptor protein EB3 and prevented structural shortening of the AlS in
response to elevated activity. This was found to impair homeostatic regulation of network

activity in hiPSC-cultured cortical neurons.

A small number of studies have hinted towards possible abnormalities of the AIS in ALS. First
mutations to AlS genes are found in diseases with similar clinical features to ALS. For example
mutations in SPTAN1 can cause hereditary motor neuropathy (Dong, Chen and Wu 2021), a
disease with highly similar clinical presentation to juvenile forms of ALS, characterised by
distal axonopathy and progressive muscle wasting (Rossor et al. 2012). Direct evidence of
altered AIS properties in ALS came from (Sasaki and Maruyama 1992) who found significant
swelling of the AIS in spinal motor neurons from post-mortem ALS samples. This swelling was
restricted to the AIS and was not present in the internodes or at the axon hillcock. Follow-up
work found evidence of impaired axon transport and neurofilament accumulation at the AIS
in the SOD1 mouse model of ALS (Sasaki et al. 2005, Ackerley et al. 2004). More recent work

found evidence for dynamic changes in AIS length in pre-symptomatic and symptomatic
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stages of the disease in the SOD1 mouse model (Jorgensen et al. 2021, Bonnevie et al. 2020),
the latter of which also found increased Na+ currents associated with increased AlS length at
symptom onset. Despite this work, mechanistic links between TDP-43 pathology seen in the
vast majority of patients with ALS, altered AIS structure and plasticity, altered neuronal
excitability and motor unit function have not been investigated. Interestingly however it is
known that TDP-43 can bind and regulate the splicing of several important AIS genes,
including ANK3 and SCN1A (Narayanan et al. 2013, Lagier-Tourenne et al. 2012, Brown et al.
2022, Ma et al. 2022). Moreover, alternative splicing is emerging as an important mechanism

in regulating AIS functionality (lijima and Yoshimura 2019).

1.16 PhD Aims

The primary aim of this work was to develop new in vitro approaches to model peripheral
pathological events in ALS. In particular, to develop an in vitro stem-cell derived model of
functional neuromuscular circuits to model axonal and neuromuscular synapse phenotypes,
and changes to motor unit function, such as muscle weakness and spontaneous muscle
contractions (fasciculations) seen in patients with ALS. Initially the following aims were set

out:

1. Engineer functional optogenetic neuromuscular circuits from mouse ESCs (lines
previously generated in the lab) using compartmentalised microdevices.

2. Generate new stable human iPSC lines: CRISPR correction of TDP-43%2%85 mutation,
stable expression of MACS sortable HB9::CD14 construct and CHR2-YFP, inducible
iPAX7 expression.

3. Engineer functional optogenetic compartmentalised neuromuscular circuits from ALS-
patient derived human iPSCs and CRISPR-corrected controls

4. Understand the effects of ALS-related mutations on peripheral phenotypes, such as:
NMJ innervation, muscle contraction strength, and spontaneous activity.

5. Develop a scalable version of these neuromuscular co-cultures in 96-well assay plates

and employ automated HCl analysis to quantify neuromuscular disease phenotypes.
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Based on the results obtained from these initial aims, particularly relating to the increased
spontaneous motor unit activity observed in the ALS-related TDP-43¢2%% neuromuscular co-

cultures some additional aims/hypotheses were set:
6. Are TDP-4352%85 motor neurons hyperexcitable relative to isogenic controls?

7. Could structural changes to the axon initial segment and altered homeostatic plasticity

contribute to abnormal regulation of neuronal excitability?
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2. Materials & methods
2.1 Experimental model details

2.1.1 mESC culture and differentiation into motor neurons and astrocytes

Mouse embryonic stem cells (mESCs) were maintained on laminin-521 (LN521, BioLamina)
coated tissue culture treated plates, coated for 3 hours at 37°C or overnight at 4°C
0.08ug/cm?. Cells were cultured in 2 inhibitor/leukemia inhibitory factor (2i/LIF) media (Table
2.1) and passaged at a 1:3-1:10 ratio when 70-80% confluent. Cells were incubated at 37°C,
5% CO,. Motor neuron and astrocyte differentiation was carried out according to (Machado
et al. 2019) using a channelrhodopsin-YFP HB9::hCD14 mESC clone (CCRY) to derive
optogenetic motor neurons, a CAG::GDNF, GFAP::hCD14 clone (G6) to derive GDNF+
astrocytes, a GFAP::hCD14 WTSOD1 clone (H6) to derive wildtype astrocytes and a
GFAP::hCD14 SOD15%A clone (S3) to derive SOD16%3A astrocytes. Briefly mESCs were cultured
to 80% confluency then dissociated at day O into single cells using 0.25% Trypsin/EDTA
(ThermoFisher) and 2x10° cells seeded into 10cm? non-TC treated suspension plates (Corning)
in ADFNB media (Table 2.1) to form embryoid bodies (EBs). At day 2 EBs were split 1:4-1:6
and neural induction was achieved using 0.5uM SAG (smoothened agonist) (Merck) and 1uM
RA (retinoic acid) (Sigma). At d5 CCRY EBs were MACS sorted into motor neurons. Conversely
at day 5 G6 EBs were plated onto 1:100 Matrigel (Corning) coated 175cm? flasks (4x 10cm?
plates of EBs > 1 flask) and grown in ADFNB for a further week before being MACS sorted into
astrocytes. To form neural aggregates 15k MACS enriched motor neurons and 5k MACS
enriched astrocytes were plated into lipidure (amsbio) coated (0.05%) non-adherent U-

bottom 96-well plates.

Media Component Manufacturer
2i/LIF medium (mESC DMEM/F-12 (1 part) Gibco
maintenance)
Neurobasal (1 part) Gibco
N2 supplement (1x) Gibco
NeuroBrew21 w/o vitamin A supplement (1x) Miltenyi Biotec
L-glutamine (2mM) Gibco
Penicillin/streptomycin (1x) Gibco
B-Mercaptoethanol (55 mM) Gibco
Bovine Serum Albumin Fraction V (0.1% in Roche
PBS)
PD0325901 (1 uM) Bio-Techne
CHIR99021 (3 pM) Bio-Techne
Leukaemia inhibitory factor (LIF) supernatant COS7 cells transfected with pCAGGS::LIF (Bryson et
(1:500) al., 2014a)
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ADFNB medium (mESC Advanced DMEM/F-12 (1 part) Gibco
differentiation)
Neurobasal (1 part) Gibco
N2 supplement (1x) Gibco
NeuroBrew21 (1x) Miltenyi Biotec
L-glutamine (2mM) Gibco
Penicillin/streptomycin (1x) Gibco
B-Mercaptoethanol (0.1%) Sigma
Bovine Serum Albumin Fraction V (0.1% in Roche
PBS)

Table 2.1. Mouse embryonic stem cell maintenance and differentiation media
compositions.

2.1.2 hiPSC culture and differentiation to motor neurons, astrocytes and myoblasts

Patient-derived hiPSC line harbouring the pathogenic TDP-43%2%85 mutation was provided by
Christopher Shaw (King’s College London) and Siddarthan Chandran (The University of
Edinburgh). The Line was originally published in: (Barton et al. 2021).Wildtype hESC H9 line
was acquired from WiCell (Madison. Wisconsin, USA) under a license from the steering
committee for the UK Stem Cell Bank (No. SCS11-06). HipSci Lines samples were collected
from consented research volunteer recruited from the NIHR Cambridge BioResource through
(http://www.cambridgebioresource.org.uk). Initially, 250 normal samples were collected
under ethics for iPSC derivation (REC Ref: 09/H0304/77, V2 04/01/2013), which require
managed data access for all genetically identifying data, including genotypes, sequence and
microarray data (‘managed access samples’). In parallel the HipSci consortium obtained new
ethics approval for a revised consent (REC Ref: 09/H0304/77, V3 15/03/2013), under which
all data, except from the Y chromosome from males, can be made openly available (Y
chromosome data can be used to de-identify men by surname matching), and samples since

October 2013 have been collected with this revised consent (‘open access samples’).

Human iPSCs/ESCs were maintained on 0.4pg/cm? LN521 basement matrix (BioLamina) in
StemMACS iPS-brew XF with iPSbrew supplement (1X) (Miltenyi Biotec) plus
Penicillin/streptomycin (1x) (Gibco). Cells were passaged at 70% confluency as single cells by
incubating cells with TrypLE express (Invitrogen) for 5 min at 37°C and replating in 10uM ROCK
inhibitor Y-27632 (Tocris) for 24h. Typically 1x10° hiPSCs were frozen in cell recovery medium

(ThermoFisher)

MN differentiation was based on (Du et al. 2015) with minor modifications. hiPSCs were

grown until 100% confluent on 0.4pg/cm? LN521 basement matrix (BioLamina) in StemMACS
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iPS-brew XF with iPSbrew supplement (1X) (Miltenyi Biotec). Cells were then passaged 1:3 as
clumps using 15 min 37°C incubation with 1mg/ml collagenase IV (Invitrogen) onto plates
coated with 1:50 GFR-Matrigel (Corning) in iPS-brew XF containing 10uM ROCK inhibitor.
After 2-3 days once colonies started to merge media was switched to NEP media (d0),
comprising basal media: 1- part DMEM/F-12 (Gibco), 1-part Neurobasal (Gibco), N2
supplement (0.5x) (Gibco), Neurobrew-21 (0.5x) (Miltenyi Biotec), L-Glutamine (2mM)
(Gibco), Penicillin/streptomycin (1x) (Gibco), plus 3uM CHIR99021 (Tocris), 2uM SB431542
(Tocris) and 0.2uM LDN193189 (Stemgent) for 6 days. After 6 days cells were again split 1:3
with collagenase IV onto 1:50 matrigel coated plates and media changed to MNP media,
comprising basal media plus 0.1uM RA (Sigma), 0.5uM purmorphamine (Tocris), 1uM
CHIR99021, 2uM SB431542, 0.2uM LDN193189. After a further 6 days cells were either frozen
or split 1:3 using collagenase IV and switched to MNP expansion media, comprising basal
media plus 0.1uM RA, 0.5uM purmorphamine, 3uM CHIR99021, 2uM SB431542, 0.2uM
LDN193189, 0.5mM valproic acid (Stemgent). Cells were passaged up to 2 times in expansion
conditions before freezing. Typically, 10-20x10® MNPs were frozen in cell recovery medium
(ThermoFisher). Subsequently a single vial would be thawed into 4x wells of a 6-well plate in
MNP basal +10uM ROCK inhibitor Y-27632 +0.5uM RA, 0.1uM PurM and grown for 1-week

prior to MACS enrichment.

Myoblast differentiation was based on (Rao et al. 2018) with minor modifications, using a
custom built iPAX7 knock-in hiPSC line rather than lentiviral transduction. At 70% confluency
hiPSCs were split onto 1:50 Matrigel coated plates at a density of 33k/cm? in iPS-brew XF plus
10uM ROCK inhibitor Y-27632. The following day media was replaced with E6 media (Gibco)
plus L-Glutamine (2mM) and Penicillin/streptomycin and 10uM CHIR99021 for 2 days, after
which CHIR99021 was removed and replaced with 1ug/mL Doxycycline (Sigma) for 18 days
with 10ng/ml bFGF (R&D) added from day 5. Myoblast progenitors were cultured on 1:50
matrigel coated flasks in expansion media, comprising low glucose DMEM (ThermoFisher),
with 10% FBS (Gibco), 1x NEAA (Gibco), L-Glutamine (2mM), Penicillin/streptomycin, 1x B-
Mercaptoethanol (Gibco) and expanded up to 4 passages. To differentiate the myoblasts into
myotubes cells were seeded on 1:50 Matrigel coated plates at a density of 100k/cm? into
myogenic differentiation media, comprising low glucose DMEM, 0.5x N2 supplement, 10%

horse serum (Gibco), L-Glutamine (2mM), 1x Penicillin/streptomycin.
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Astrocyte differentiation was based on (Li et al. 2018, Canals et al. 2018) with minor
modifications using a custom built iAstro line generated by Federica Riccio. At day 0, 70%
confluent hiPSCs were dissociated using Accutase (Gibco) into single cells at a density of
20k/cm? in iPS-brew + 10uM ROCK inhibitor Y-27632 + 2.5ug/mL Doxycycline (Sigma). At day
1 cultures were washed 2x in PBS and media changed to expansion medium (Table 2.1) +
2.5ug/mL Doxycycline. At day 3 media was changed to % expansion medium, % FGF medium
+2.5ug/mL Doxycycline. At day 4 media was changed to % expansion medium, % FGF medium
+2.5ug/mL Doxycycline. At day 5 media was changed to % expansion medium, % FGF medium
+2.5ug/mL Doxycycline. At day 6 media was changed to FGF medium + 2.5ug/mL Doxycycline.
At day 7 cells were split using accutase and either frozen or replated onto Matrigel coated
dishes in FGF medium + 2.5ug/mL Doxycycline. At day 8 media was changed to fresh FGF
medium + 2.5pg/mL Doxycycline. + 5uM Ara-C (Sigma). At day 10 media was changed to

maturation medium + 2.5pg/mL Doxycycline and refreshed every 2-3 days.

Media Component Manufacturer
IPS-brew medium (hiPSC-maintenance) StemMACS IPS-brew XF Miltenyi Biotec
StemMACS IPS-brew XF supplement (0.5x) | Miltenyi Biotec
Penicillin/streptomycin (1x) Gibco
Motor neuron progenitor (MNP) basal DMEM/F-12 (1 part) Gibco
medium (motor neuron differentiation)
Neurobasal (1 part) Gibco
N2 supplement (0.5x) Gibco
NeuroBrew21 (0.5x) Miltenyi Biotec
L-glutamine (2mM) Gibco
Penicillin/streptomycin (1x) Gibco
iPAX7 basal differentiation medium Essential 6 medium ThermoFisher
(myoblast differentiation)
L-glutamine (2mM) Gibco
Penicillin/streptomycin (1x) Gibco
iPAX7 progenitor medium (myoblast Low glucose DMEM Gibco
expansion)
Fetal bovine serum (FBS) (10%) Gibco
Non-essential amino acids (NEAA) (1x) Gibco
L-glutamine (2mM) Gibco
Penicillin/streptomycin (1x) Gibco
iPAX7 Myogenic medium (Myoblast Low glucose DMEM Gibco
maturation)
N2 supplement (0.5x) Gibco
Horse serum (HS) (10%) Gibco
L-glutamine (2mM) Gibco
Penicillin/streptomycin (1x) Gibco
iAstro Expansion medium (astrocyte DMEM/F-12 Gibco
differentiation)
Fetal bovine serum (FBS) (10%) Gibco
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N2 supplement (0.5x) Gibco
Glutamax (1x) ThermoFisher
iAstro FGF medium (astrocyte Neurobasal
differentiation)
B27 supplement (0.5x) ThermoFisher
Non-essential amino acids (NEAA) (1x) Gibco
Fetal bovine serum (FBS) (1%) Gibco
Glutamax (1x) ThermoFisher
FGF (8ng/ml) Peprotech
CNTF (ng/ml) Peprotech
BMP4 (10ng/ml) Peprotech
iAstro Maturation medium (Astrocyte DMEM/F-12 (1 part) Gibco
maturation)
Neurobasal (1 part) Gibco
N2 supplement (0.5x) Gibco
Glutamax (1x) ThermoFisher
Sodium pyruvate (1x) ThermoFisher
N-acetyle-cysteine (5ug/ml) Sigma
Heparin-binding EGF-like growth factor Peprotech
(Sng/ml)
CNTF (10ng/ml) Peprotech
BMP4 (10ng/ml) Peprotech
dbcAMP (500ug/ml) Sigma

Table 2.2. Human induced pluripotent stem cell (hiPSC) maintenance and differentiation
medias to derive motor neurons, myoblasts and astrocytes

2.1.3 Manufacturing compartmentalised PDMS microdevices

Compartmentalised microdevices were manufactured according to (Machado et al. 2019)
using soft lithography. 2g Polydimethylsiloxane (PDMS) (Dow Corning, Sylgard-184) was cast
on a silicon mould (produced using photolithography), degassed in a vacuum chamber for 20
minutes and cured for 2 hours at 80°C. 3x2 arrays were then cut out and either attached to
glass bottom culture dishes (lbidi) by plasma bonding for 30s and single drops of NOA-73
(Norland products) applied as myofiber anchor points in the central compartment. Or
alternatively a thin layer of NOA-73 was applied to plastic bottom 35mm dishes (ibidi) with a
cell scraper and partially UV—cured for 10 s at 55 J/cm2. Then, the PDMS arrays were placed
on the resin and fully UV-cured for 1 min. Microdevices were then UV sterilised for 20
minutes. Subsequently they were coated with 1:50 matrigel. To achieve uniform coating in
the chambers and microchannels, air bubbles were manually removed from the chambers
using a pipette, then the devices were de-gassed using a vacuum at 800psi for 2 hours to

remove air bubbles from the microchannels.
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2.1.4 Neuromuscular co-cultures in compartmentalised microdevices

Neural aggregates comprising 15k MACS enriched motor neurons and 5k MACS enriched
astrocytes were formed in 0.05% lipidure (amsbio) coated U-bottom 96-well plates. Neural
aggregates were plated in a 160ul 24mg/ml fibrin + 40ul matrigel hydrogel solution and ~1pl
50U/ml thrombin (Sigma) was used to polymerise the hydrogel. The next day 1ul myoblasts
were plated in the same solution at a concentration of 20k/ul. Mouse co-cultures were grown
in ADFNB medium. Human co-cultures were cultured in 50:50 ADFNB/MNP maturation

medium and myogenic maturation medium. Media was refreshed every 2-3 days.

2.1.5 Manufacturing 96-well plates with suspended electrospun elastomer nanofibers

Custom-built 96-well plates were prepared by Aimee Cheesbrough. The P(EDS-UU)-POSS
polymer was prepared according to (Cheesbrough et al.). Elastomer nanofibers were
incorporated into a 96-well format for high-throughput automated screening of
neuromuscular co-cultures. To do this, black bottomless 96 well imaging plates (Greiner Bio-
One, 6550000-06) were inverted and placed between two charged electrodes inside the
electrospinning system previously described. The spinneret needle was connected to a
motorised arm, which constantly displaced in the x direction (along the longer dimension of
the microplate). This enabled even distribution of the nanofibers across the base of the plate.
All other parameters of the electrospinning set-up were used as previously described.
Nanofibers were electrospun for 30 minutes. A glass coverslip base 110x74mm (NEXTERION,
1535661) was attached beneath the nanofibers to render the plates watertight. To do this, a
custom-made acrylic stamp was used to apply glue to the base of the plate. The stamp
comprised a rectangle with 96 holes, fabricated from laser-cut acrylic sheet. A thin layer of
glue was applied to the stamp using a cell scraper. The holes in the stamp prevented the glue
from contacting the nanofibers. The plate was aligned and placed on top of the stamp,
transferring the glue from the stamp to the plate. The stamp was then peeled off, and a glass
coverslip placed on top. Plates were cured at 60°C overnight. The following day, the plates
were air plasma treated (0.4 mBar, 20% power, 2mins) and UV sterilised under a benchtop
UV lamp for 20 minutes. Sterile assembled plates could be stored at room temperature for
further downstream use. The day before cell seeding, plates were coated with 1:50 GFR-

Matrigel and incubated overnight at 4°C.
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2.1.6 Neuromuscular co-cultures in 96-well plates

40k myoblasts were plated on 1:50 matrigel coated 96-well pClear high content imaging
plates (Grenier) or custom built 96-well plates. The following day neural aggregates
comprising 15k MACS enriched motor neurons and 5k MACS enriched aggregates were plated
in the centre of the well. Mouse co-cultures were grown in ADFNB medium. Human co-
cultures were cultured in 50:50 ADFNB/MNP maturation medium and myogenic maturation
medium. Media was refreshed every 2-3 days. The commercially available BCR-Abl inhibitor

Nitolinib (Simga) was used at 3, 1, 0.3 and 0.1uM.

2.2 Method details

2.2.1 Genetic engineering hiPSC lines

Targeted gene editing in hiPSCs was achieved using CRISPR-Cas9 mediated homology directed
repair to correct the endogenous TDP-4352%8 mutation. 3ug TrueCut CAS9 v2 (ThermoFisher)
was combined with 90uM sygRNA (sgRNA-9, CRISPR ID: 901697809, sequence: 5 -
GGATTTGGTAATAGCAGAGGGGG - 3’; sgRNA-10, CRISPR ID: 901697810, sequence: 5 -
TTTGGTAATAGCAGAGGGGGTGG — 3’) (Table 2.3) (Merck) at RT for 15 minutes to form an RNP
complex. This complex was then electroporated using a NEPA- 21 electroporator (Nepagene)
into 1x10° hiPSCs along with 50uM ddOligo template DNA (ThermoFisher). The donor
template was engineered with the GGT codon to correct the AGT codon responsible for the
TDP-4352%85 mutation and with a silent Xho1 restriction site in the seed region of the sgRNA.
Cells were then plated at a low density of 3-5k/10cm? and single clones were manually
passaged into 24 well plates. Genomic DNA was then extracted using QuickExtract solution
(Epicenter) and clones were screened for the presence of the Xhol restriction site by PCR
amplification using the X6 forward and reverse primers (Table 2.3) and a Q5 high-fidelity
master mix (NEB). Initial denaturation 98°C 30s, 35x: 98°C 10s, 69°C 30s 72°C 30s, final
extension 72°C 2min, hold at 4°C. And Xho1 (NEB) restriction digest was performed according
to manufacturer’s instructions. Positive clones were then sequenced using sanger sequencing
(SourceBioscience). Subsequently ~1000bp upstream and downstream of exon 6 of TARDBP

was sequenced as well as the top 5 predicted off-target sgRNA binding sites to confirm no off-
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target genome editing (Table 2.3). We then carried out g-banding to confirm a normal
karyotype (CellGuidanceSystems) and Western blot analysis of TDP-43 using an n-terminal

TDP-43 antibody (MAB7778 - Biotechne) to confirm normal protein expression (SFigure. 1c).

hiPSC cell clones intended for MN differentiation and enrichment were engineered to express
the HB9::hCD14 MACS sortable construct (generated by Carolina Barcellos-Machado) using
TALENS based insertion into the AAVS1 safe- harbour locus using a NEPA-21 electroporator
(Sonidel). Genomic DNA was isolated from single cell clones (as previously described). A1/A2
primers were used to detect wildtype alleles, while A2/A3 primer pairs were used to detect
integrated alleles using PCR amplification (Table 2.3). PCR amplification was achieved using
Taq polymerase master mix (NEB): Initial denaturation 95°C 3min, 35x: 95°C 30s, 57.1°C 30s
72°C 90s, final extension 72°C 5min, hold at 4°C. Cell lines were also engineered to express
the optogenetic actuator transgene CAG::CHR2-YFP using a PiggyBAC- mediated integration
system via electroporation. Fluorescence activated cell-sorting (FACS) was carried out using a
BD FACSAria™ 3 (BDBiosciences) to select CHR2-YFP positive cells to generate polyclonal cell

lines with comparable YFP expression.

Inducible iPAX7 hiPSC-lines to forward program hiPSCs into myoblast progenitors were
generated by TALENS based integration the Doxycycline-inducible PAX7 construct (generated
by Federica Riccio) into the CLYBL safe-harbour locus of the publicly available HiPSCi lines
PAMV1 and KUTE4 (www.hiPSCi.org) , via electroporation. Genomic DNA was isolated from
single cell clones (as previously described). C1/C2 primer pairs were used to detect wildtype
alleles, while C3/C4 primer pairs were used to detect integrated alleles (Table 3.2) using PCR
amplification with the Q5 high-fidelity polymerase (NEB), initial denaturation 98°C 30s, 35x:
98°C 10s, 67°C 30s 72°C 30s, final extension 72°C 2min, hold at 4°C.

The CAG::GDNF construct (Generated by Carolina Barcellos-Machado) was stably integrated
into the background iAstro PAMV1 line (generated by Federica Riccio) using a piggyBAC
mediated integration system via electroporation. Single cell clones were then treated with
10uM Brefeldin A (Sigma) then fixed and stained for GDNF. Positive clones were then

expanded and frozen for future use.

sgRNA/primer: | Sequence 5’-3’:
CRISPR-Cas9 guide RNAs:
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sgRNA-9 GGATTTGGTAATAGCAGAGGGGG
sgRNA-10 TTTGGTAATAGCAGAGGGGGTGG

TDP-4352%%5 exon 6 PCR/sequencing primers:

X6 F-primer ATTGCGCAGTCTCTTTGTGGAGAGG
X6 R-primer TACATTCCCCAGCCAGAAGACTTAG
US1000 X6 F-primer GCTCACTACACCCTAGAACTCC
US1000 X6 R-primer ACCCTGATTCCCAAAGCCAC
DS1000 X6 F-primer GGATCAGCATCCAATGCAG
DS1000 X6 R-primer ACTCTCTCACCAAAGCCAC

CRISPR Off-target screening:

OT1 F-primer CAGCAGTGAAAGTGAAAAGACC
OT1 R-primer CCAGCCAGAAGACTTAGAATCC
OT2 F-primer CCTCAAAACAACACGAAGCC
OT2 R-primer GACCAGAAGCCTAAAACACC
OT3 F-primer ATCTAACACAGAGTTGAACAGGG
OT3 R-primer TAACAATAAGGGACCCTACTGG
OT4 F-primer TGGGTACAACTACTGAAATCTGG
OT4 R-primer CACCGCCACTAATGTTAATATGG
OTS5 F-primer GGCAAATGAAGTCACAAATGGG
OT5 R-primer TTATTTCCATAGCTGTGCTTGGG

AAVS1 screening primers:

Al GGAATCTGCCTAACAGGAGGT
A2 CGGTTAATGTGGCTCTGGTT
A3 CCCCCAGAATAGAATGACACC

CLYBL screening primers:

C1 TGACTAAACACTGTGCCCCA
Cc2 AGGCAGGATGAATTGGTGGA
C3 CAGACAAGTCAGTAGGGCCA
C4 AGAAGACTTCCTCTGCCCTC

Table 2.3. SgRNA and primer sequences used for genetic engineering of hiPSC lines

2.2.2 Magnetic activated cell sorting (MACS)

hiPSC-motor neuron progenitors (MNPs) (see 2.1.2) were thawed in MNP differentiation
medium, comprising basal medium plus 0.5uM RA, 0.1uM purmorphamine and ROCK
inhibitor Y-27632 for 24h at density of 600k/cm2 onto Matrigel coated plates. Cells were
grown in these conditions for 1 week prior to MACS sorting. Cells were then dissociated in
TrypLE +10U/ml DNase (Roche) for 5-7 mins at 37°C into a single cell solution. mESC-
astrocytes were dissociated in Trypsin-EDTA for 20mins at 37°C, while mESC-motor neurons
were dissociated in Trypsin-EDTA for 10mins at 37°C. Following dissociation cells were
washed 3x in DMEM +10U/ml DNase, filtered using a 40um nylon strainer (BD Falcon) and re-
suspended in MACS buffer comprising PBS (Gibco), 10% BSA (ThermoFisher), +10U/ml DNase
and 3pg/ml anti-CD14 antibody (clone 26ic, DSHB), and transferred to a MACSmix tube
rotator (Miltenyi Biotec) at 4°C for 20 min. Cells were then washed and resuspended in MACS
buffer plus 1:5 anti-mouse igG microbeads (Miltenyi Biotec) and rotated at 4°C for a further

20 min. Cells were then resuspended in 1ml MACS buffer and applied to a MS magnetic
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column mounted to an OctoMACS magnet (Miltenyi Biotec). Cells were washed 3x with 500l
MACS buffer then the positive fraction eluted in 1ml MACS buffer.

2.3.3 Flow cytometry

To confirm MACS enrichment flow cytometry was used. Pre-sort, flow-through and eluate
populations were incubated with DAPI (ThermoFisher) and APC-CD14 (ThermoFisher) for
20mins on the MACSmix tube rotator at 4°C (Miltenyi Biotec). Samples were then washed in
RT PBS and incubated in 2% PFA on the rotator at 4°C. Cells were then washed in ice cold PBS
then analysed on a BD Fortessa 1 at the BRC Flow Cytometry Core, Guy’s Hospital, with 50k
events recorded per sample. Unstained control samples were used to set up appropriate

gating.

2.2.4 Optogenetic entrainment and stimulation

To analyse changes to the AIS and electrophysiological parameters in response to short term
activity we optogenetically stimulated cultures using a custom-built heat sink and LED
assembly (Machado et al. 2019). Custom written software controlled the timing of LED
emission. LEDs emitted pulses of 450nm blue light at a frequency of 5Hz with a 20ms epoch
set at an LED intensity of 40%. Cultures were supplemented with 1x antioxidant supplement
(Sigma) to mitigate the effects of phototoxicity. For optogenetic entrainment of
neuromuscular co-cultures the same custom-built system was used. Cultures were stimulated
with 450nm blue light at a frequency of 5Hz with a 20ms epoch set at an LED intensity of 40%
for 1hr a day for five days. Cultures were supplemented with 1x antioxidant supplement

(Sigma) to mitigate the effects of phototoxicity.

2.2.5 Whole-cell patch clamp electrophysiology

For patch clamp recordings 50k MACS sorted motor neurons and 50k MACS sorted mESC-
GDNF astrocytes were seeded onto 1:50 Matrigel coated 18mm glass coverslips and cultured
in MN maturation medium, comprising basal medium plus 0.1uM RA, 0.1uM purmorphamine
and ROCK inhibitor Y-27632. Coverslips were transferred to an open bath chamber (RC-41LP
Warner Instruments) containing extracellular solution: NaCl 136 mM, KCl 2.5 mM, HEPES 10
mM, MgCl2 1.3 mM, CaCl2 2 mM, Glucose 10 mM, pH adjusted to 7.3 and osmolarity adjusted
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to 300 mOsm. The chamber was mounted on an inverted epifluorescence microscope
(Olympus IX71) and visualised using a 60x oil objective. Pipettes were pulled from borosilicate
glass (0.D. 1.5mm, I.D. 0.86mm, Sutter instruments) to a resistance of between 3-5MQ.
Intracellular solution contained the following: 125 mM KMeS0O4, 5 mM MgCl2, 10 mM EGTA,
10 mM HEPES, 0.5 mM NaGTP, 5 mM Na2ATP, pH = 7.4, osmolarity = 290mOsm. Whole-cell
patch clamp recordings were then made at the soma of CHR2-YFP+ motor neurons using a
Multiclamp 700B amplifier (Molecular Devices) and the data acquired using a Digidata 1440A
digitizer (Molecular Devices). All recordings were carried out at room temperature. Data was
acquired with Clampex software (Molecular Devices) and Axon Multiclamp Commander
Software (Molecular Devices). Current-clamp data was sampled at a rate of 50kHz and filtered
at 10kHz and Volatge-clamp data was sampled at 20 kHz and filtered at 10 kHz. Passive
membrane properties (RM, CM) and series resistance (RS) were measured by applying a
subthreshold voltage step. RS was calculated as proportional to the current response
amplitude, CM was estimated from the transient time constant by fitting the current
transients to exponential functions and RM was estimated from the steady state response
following the current transients. Passive membrane properties and series resistance were
measured at the beginning and at the end of all recordings to ensure proper access (RS
>20mQ) had been maintained. Whole-cell currents used to estimate Na* and K* conductances
were recorded in voltage clamp using 50 ms voltage steps from -80mV to +50mV. Resting
membrane potentials and spontaneous AP spiking were recorded for 1 minute in current
clamp mode without current injection, within the first 2 minutes after break-in. Intrinsic
excitability measurements and AP properties were recorded in current clamp mode, while
using a steady current injection to maintain membrane potential at -60 mV + 2mV (values for
injected current and membrane voltage were indistinguishable across genotypes and are
reported on Supplementary Figure 4). Using either 100 ms current injections from -20pA —
170pA (for measurements of AP properties) or 500ms current injections from -50pA to 300pA
(for measurements of Input-output characteristics). Although typically shorter current steps
are used for establishing AP properties (eg - current threshold), these were unreliable at
eliciting APs in younger MNs (6-week cultures). We therefore used 100ms current steps
instead, which allowed us to compare AP properties across all stages. Assessment of

optogenetic stimulation was carried out by delivering 500 ms pulses of 488 nm light were
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applied using a CoolLED pE-100 illumination system and AP traces recorded in current clamp

with membrane potential set to -60 mV.

2.2.6 Muscle contraction recordings

Brightfield muscle contraction recordings were acquired on an inverted Olympus IX71
epifluorescence microscope. Videos were taken at 10Hz with a 100ms exposure using an
ORCA Flash4.0 V2 C11440-22CU scientific CMOS camera (Hamamatsu). Images were captured
using HCImage software (Hamamatsu) at 2048x2048 resolution. Optogenetic stimulation of
the CHR2-YFP motor neurons was achieved using a 500ms pulse of 470nm light at
1.32/mW/cm?. LED timing and camera acquisition was triggered externally using Clampex

software (pClamp 10, Molecular Devices).

2.2.7 Immunofluorescence

For imaging individual neurons 5k MACS sorted MNs were seeded onto 20k MACS sorted
GDNF+ mESC-derived astrocytes in 96-well high content imaging plates (Greiner 655090) and
grown in MN maturation medium, comprising basal medium plus 0.1uM RA, 0.1uM
purmorphamine and ROCK inhibitor Y-27632. Cells were then fixed in 4% PFA for 15 min at
RT and washed 3x in PBS. Subsequently cells were blocked in 3% BSA and 0.1% Triton X-100
in PBS for 1hr at RT. Neuromuscular co-cultures in compartmentalised microdevices were
additionally permeabilised using 10% DMSO. Cells were incubated overnight with primary
antibodies in blocking buffer at 4°C (Table 2.4). Cells were then washed 3x in 0.1% Triton X-
100 in PBS and incubated with the secondary antibodies/DAPI (Sigma) either at RT for 2hr or
overnight at 4°C. Cells were finally washed 3x in PBS (Table 2.4). Cells were then imaged using
a Leica TCS SP8 confocal inverted laser scanning microscope at a 63x oil objective, or a Zeiss
Axio Examiner.Z1 LSM 800 upright confocal with airyscan with a 63x oil objective, or an

Operetta CLS high content image analysis system.

Target | Species/epitope/WL | Dilution | Manufacturer (ID)

Primary antibodies:

AChR Rat 1gG 1:200 DSHB (MAB35)

Ankyrin-g Mouse IgG2a 1:200 MerckMillipore (MABN466)
GDNF Goat IgG 1:500 R&D Systems (AF-212-NA)
GFAP Rat 1gG 1:500 Invitrogen (13-0300)

GFP Rabbit IgG 1:500 Invitrogen (A11122)

ISL1 Rabbit IgG 1:1000 Abcam (mf20)

MYOD Mouse IgG1 1:500 BD Pharmingen (554130)
Myogenin Mouse IgG1 1:200 DSHB (F5D)
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Myosin Mouse IgG2b 1:200 DSHB (MF20)

0CT4 Mouse IgG2b 1:50 Santa Cruz (sc-5279)
OLIG2 Rabbit 1gG 1:500 Abcam (ab109186)

PAX7 Mouse IgG1 1:200 Santa Cruz (sc-81648)
S100b Rabbit IgG 1:500 Abcam (ab52642)

SOD1 Mouse IgG2b 1:500 Santa Cruz (sc-17767)
SOX2 Rabbit 1gG 1:500 Stemgent (09-0024)

SSEA4 Mouse IgG 1:500 Abcam (ab16287)

SvV2 Mouse IgG1 1:200 DSHB

TDP-43 Rabbit IgG 1:200 Proteintech (10782-2-2AP)
Titin Mouse IgM 1:20 DSHB (9D10)

TUBB3 Mouse IgG2a 1:1000 R&D Systems (MAB1195 — Tuj1)
UBQTN Mouse IgG1 1:100 Santa Cruz (sc8017)

Secondary antibodies:

Mouse IgM 405 1:1000 AlexaFluor
Mouse IgG2a 488, 647 1:1000 AlexaFluor
Moue IgG1 647 1:1000 AlexaFluor
Mouse IgG 488, 555, 647 1:1000 AlexaFluor
Rat 1gG 488, 555, 647 1:1000 AlexaFluor
Rabbit IgG 488, 555, 647 1:1000 AlexaFluor
Goat 555 1:1000 AlexaFluor

Table 2.4. Details of primary and secondary antibodies used for immunofluorescence

2.2.8 Western blot

Cell pellets were generated by centrifugation at 2500rpm for 5mins and washed 1x in cold
PBS. Subsequently cells were lysed in NP40 lysis buffer supplemented with 1mM PMSF,
100mM NaV04, 1MNaF and 1:100 protease inhibitors and protein content quantified using
5x biorad reagent and a BSA standard curve (concentrations: 2,1,0.5,0.25,0.125mg/ml) and
40ug of protein was mixed with 4x laemmli buffer and boiled for 10min. Samples were then
loaded into precast 10% polyacrylamide gels (Bio-rad) and run at 100V for 15 mins then 120V
until complete. Samples were then transferred using the Biorad blotting system. Samples
were blocked for 1hr at RT in blocking buffer: 1xTTBS, 5% dry milk, 0.1% Sodium Azide,
washed 1x with TTBS then incubated with primary antibody overnight at 4°Cin blocking buffer
— TDP-43 (Proteintech), and vinculin (Proteintech) used at 1:1000. Samples were then washed
3x in TTBS then incubated with HRP-conjugated secondary antibodies (BioRad) in blocking
buffer (without Sodium Azide) for 1.5hr at RT. Samples were then washed 3x in TTBS and

developed using ECL subsrate (Promega) and visualised using a BioRad ChemiDoc Touch.

2.2.9 gRT-PCR
RNA extraction and purification was carried out according to manufacturer’s instructions
using an Invitrogen RNA Mini/Micro-kit (Invitrogen). Reverse transcription to generate cDNA

was carried out according to manufacturer’s instructions using a GoScript Reverse
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Transcription System (Promega). Primers (Table 2.5) were combined with fast SYBR
(ThermoFisher) according to manufacturer’s instructions and a Biorad SYBR 384X real-time
PCR system was used to quantify transcript levels. Gene expression was normalised to the

average of GAPDH.

Primer name Sequence 5’-3’

TDP-43 F-primer TCATCCCCAAGCCATTCAGG
TDP-43 R-primer TGCTTAGGTTCGGCATTGGA
TDP-43 Exon 5 F-primer TCATCCCCAAGCCATTCAG
TDP-43 Intron 5 F-primer GTTTCACTGTTTTGATCTGGC
TDP-43 Exon 6 R-primer GTGCTTAGGTTCGGCATTG
GAPDH F-primer GAAGGTGAAGGTCGGAGTC
GAPDH R-primer GAAGATGGTGATGGGATTTC

Table 2.5. gRT-PCR primer sequences used

2.2.10 RNA-sequencing

300k MACS enriched motor neurons were plated on 50k MACS enriched astrocytes and grown
for 2 weeks. RNA extraction and purification was carried out according to manufacturer’s
instructions using an Invitrogen RNA Mini/Micro-kit (Invitrogen). lllumina NovaSeq 2x150bp
paired-end read (350M read pairs) sequencing was then carried out at a depth of 100 million

reads per sample with polyA selection on total RNA using GeneWiz.

2.2.11 Karyotyping

G-banding and karyotype analysis was carried out by Cambridge Biosciences.

2.3 Quantification and statistical analysis:

2.3.1 MACS enrichment analysis (IF)
IF images of pre-sort, flow-through and eluate populations were analysed manually using FlJI
software. HB9, GFAP and ISL1 positive cells were manually counted using the cell counter

plug-in in FlIJI and expressed as a percentage of total cell counts as determined by DAPI

staining.

2.3.2 Motor neuron survival analysis

Survival of motor neurons grown on different astrocyte populations was automatically
analysed using an Operetta CLS HCI analysis system and Harmony 4.9 software. Plates were

imaged in non-confocal mode using a 20x water objective. 69 fields were taken with a 20%
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overlap and 2 Z-planes at 2um intervals with a binning of 2. A pipeline was written to
automatically count TUBB3/ISL1 positive cells as a proportion of total DAPI positive cells.
Separate plates were imaged at different timepoints and normalised to the 24-hour

timepoint.

2.3.3 Fourier analysis of myofiber alignment

Myofiber alignment was analysed using Fourier analysis in FlJI. The threshold function was
used to create binary images. Then the directionality analysis plugin V2.3.0 was used with the
Fourier components method set to a binning of 90 and histogram start of -180°C and end of

180°C.

2.3.4 Particle image velocimetry (PIV) analysis

Video recordings of spontaneous and optogenetically evoked myofiber contractions were
analysed by Particle Image Velocimetry using the PIVlab package in Matlab. Images were
loaded in a ‘time resolved A+B, B+C’ format. Three iterations of interrogation windows of
64/32/16 pixels, each with 50% overlap were used and frames calibrated to a known
reference distance. Vectors were then validated by filtering out velocity values higher than 7
times the standard deviation. Mean velocity values for the myofiber compartment area were
exported to derive peak velocity magnitude values and contraction frequency values.
Spontaneous contractions were defined as peaks with a velocity value of at least 2.5um/s. To
show that contractions were dependent on synaptic transmission at NMJs, 50uM of the AChR
agonist d-Tubocurarine (DTC) (Sigma) or 10uM of the Na+ channel agonist TTX was added to

the co-cultures.
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Figure 2.1. PIV analysis of muscle contraction using PIV lab package in MATLAB

2.3.5 Analysis of axon outgrowth and detection of NMJs

Axon outgrowth and neuromuscular junctions were analysed using IMARIS 9.1.2 software.
For axon outgrowth, 3D surface maps were generated based on TUBB3 immunofluorescence
using uniform and consistent gating thresholds. From these reconstructions the total axon
volume and surface area per field of view were calculated. For analysis of neuromuscular
junctions, the IMARIS colocalisation plug-in was used to automatically calculate and generate
a colocalisation result and channel for the pre-synaptic SV2 immunofluorescence channel and
the post-synaptic AChR channel. 3D surface maps were then generated based on this coloc
channel using uniform and consistent gating thresholds. Blinding was deemed unnecessary
for this analysis since the software was automatically calculating and setting the colocalization
thresholds based on pixel intensities. From this surface map the total number of colocalised

objects as well as the volume and surface area of these objects could be calculated.
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Figure 2.2. Automated SV2/AChR colocalisation analysis and uniform object thresholding
to derive NMJ parameters in IMARIS 9.1.2

2.3.6 IF analysis of SOD1/UB41 inclusions

IF images of UB41 and SOD1 stained wildtype and SOD1%°3# astrocytes were taken using the
Operetta HCI analysis system and analysed using Harmony 4.9 software. A pipeline was
developed to detect punctate UB41 and SOD1 inclusions as a percentage of total DAPI positive
cells. The pipeline was able to detect the number and size of inclusions and whether they

were UB41 positive, SOD1 positive or both UB41 and SOD1 positive.

2.3.7 IF analysis of myogenic differentiation
IF images of PAX7, MYOD, MYOG, MYH2 and TTN staining were analysed manually using the
cell counter plug-in in FlJI software. Cells expressing these markers were expressed as a

percentage of total DAPI positive cell counts per field of view.
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2.3.8 Analysis of electrophysiology

Electrophysiological measurements were analysed with custom MatLab scripts written by
Guilherme Neves. Inward currents in voltage clamp were measured by taking the minimum
value of a current trace, whereas steady state outward currents were measured by averaging
over a 15ms window taken 25 ms after the voltage step. Values were corrected for baseline
current offset before stimulation. Individual AP properties in current clamp were obtained
using sequential injection of 100 ms current steps of increasing amplitude (10 pA increments)
(Figure 2.1). Only the first AP at the current threshold (first step to elicit an AP) was measured.
AP waveforms were extracted using the MATLAB's findpeaks function with minimum peak
Amplitude 0 mV). Extracted parameters were: Amplitude (Max amplitude — average Vm at
the end of stimulus 50 ms window excluding APs), Voltage Threshold (Voltage at the time the
speed of Vm rise is above 0.15 mV/ms), Width at half height. Input-Output parameters were
obtained using sequential injection of 500ms current steps of increasing amplitude (50 pA
increments). Location of AP were extracted using MATLAB's findpeaks function with minimum
peak Amplitude 0 mV. For analysis described in Supplementary Fig.2, firing patterns were
classified as: no AP (No AP detected at any current injection), single AP (maximum 1 AP
detected at any stimulation intensity), adaptive trains of APs (multiple APs detected at at
least one stimulation intensity, but frequency decrease with increasing stimulation) and
mature repetitive AP firing (AP frequency increases monotonically with increasing
stimulation strength, without frequency adaptation). AP frequency (Hz) was calculated by
dividing the number of APs in the 500ms window by 0.5 to derive the number of APs per
second. Cells with a series resistance greater than 30MQ or a holding current lower than -

100pA were rejected.
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Figure 2.3. Schematic outlining single and repetitive action potential analysis for whole

cell patch clamp electrophysiology recordings.

2.3.9 Analysis of AIS morphology
AlIS length, diameter and start position were analysed using FlJI. Ankyrin-G fluorescence was

uniformly thresholded and the AlS length and position relative to the soma, as determined by
the CHR2-YFP counter stain, were manually traced. AIS diameter was measured at the mid-
point of the AIS. 3D-reconstructions of the AIS to derive volume/surface area measurements

were carried out using IMARIS 9.1.2 software by generating a surface map based on the
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ankyrin-g fluorescence. Gating thresholds for this were kept constant between samples. To
confirm the reliability of the manual tracing method and any bias introduced by the lack of
blinding, a subset of AIS data (6-week) was analysed again in a blinded manner and compared
to the original measurements. Length measurements were highly consistent between the
original and the blinded analyses (Corrected length: difference mean 3.904 + 3.891, p=0.32,
r2=0.76. G298S length: difference mean 2.959 + 5.299, p=0.56, r2=0.76).

2.3.10 Analysis of soma size and number of dendrites

Soma size and dendrite number were analysed manually using FlJI software based on CHR2-
YFP staining. The soma was manually traced to derive the soma size. Simultaneously the
number of dendritic branches directly emanating from the soma border was counted using

the cell counter plug-in in FlJI.

2.3.11 Analysis of TDP-43

FlJI was used to analyse TDP-43 fluorescence intensity. DAPI was used as a reference to trace
the nucleus to determine nuclear levels of TDP-43, while CHR2-YFP was used as a reference
to trace the soma to determine cytoplasmic levels of TDP-43. Integrated density was used to

measure fluorescence intensity.

2.3.12 Bioinformatics analysis

Quality control of the RNA sequencing data was carried out using fastQC and passed all QC
measures. Further bioinformatics analysis was carried out by Fursham Hamid in R. Briefly
Nextflow RNAseq pipeline was used to generate STAR alignment to the hgl9 reference

genome. Gene quantification was subsequently performed using Salmon.

2.3.13 High content image analysis of neuromuscular co-cultures

96-well neuromuscular co-cultures were imaged using an Operetta CLS high content image
analysis system using Harmony 4.9 software. Plates were imaged in non-confocal mode using
a 20x water objective. 69 fields were taken with a 20% overlap and 5 Z-planes at 2um intervals
with a binning of 2. For analysis using Harmony 4.9, advanced flatfield and brightfield

correction was applied and stack processing was carried out using 3D analysis. Find nuclei
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functions were used to generate initial masks for Titin, TUBB3, SV2 and AChR
immunofluorescence. Threshold and splitting sensitivities were adjusted for each experiment
depending on fluorescence intensity and background noise. The morphology and intensity
calculator functions were used to derive morphological and fluorescence intensity
parameters for all objects, which were then used to filter out background and non-specific
staining. Mask filters were applied to SV2/AChR objects to derive objects that were co-

localised in order to derive NMJ object values.

2.3.14 Calculation of myofiber contraction force on elastomer nanofibers

The velocity (v) vectors (vx and vy) were exported from PIVLab and used to calculate an
estimate for specific force at peak contraction velocity, using Hooke’s laws. Displacement (d)
vectors (dx and dy) were calculated using |v|=|d|/t, and subsequently strain (ex and &g).
Stress (o) vectors were calculated using ox=exE and o,=¢yE where E= 30.5 kPa (average
elastic modulus for cultured skeletal muscle reported in the literature). Force (F) vectors
were estimated using Fx=0xA,; and Fy,=0,A.;, where A was cross sectional-area. Specific

force (kN m™2) = stress (kPa).

2.3.15 Diagrams and schematics

All diagrams and schematics were made using BioRender online software.

2.3.16 Statistics

Statistical analysis was performed using Prism 9 (GraphPad) and MATLAB. One-Way-ANOVA
with Dunnet’s test for comparisons, Two-Way-ANOVA, unpaired, non-parametric t-tests and
Mann Whitney tests were all used to infer statistically significant differences between
samples and groups of samples and are specified for each figure. P-values <0.05 were deemed
to be statistically significant and are denoted by*. **p<0.01, ***p<0.001, ****p<0.0001. All

values are represented as the mean + SEM.

2.3.17 Statement on biological, experimental, and technical replicates
Initially it had been the intention to generate three TDP-43 lines and three control lines. This

would comprise the patient-derived TDP-43%2°8 [ine and a CRISPR corrected isogenic control
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line, a wildtype line with the TDP-43%298 mutation introduced by CRISPR and a separate TDP-
43M337V line. Multiple attempts were made to introduce the TDP-43%2%%5 mutation into the
wildtype line without success, and we learnt that the TDP-43M337V |ine had an abnormal
karyotype so discontinued its use. Successfully engineering the remaining lines (wildtype,
TDP-4352%85 and TDP-43%2%8 Corrected) with the HB9::CD14, CHR2-YFP, and iPAX7 constructs
took a significant amount of time (~1-2 years) so it would have taken longer than the duration
of the PhD to generate and perform the same experiments on additional cell lines. As such
indicative statistics have been performed on the lines that were used, despite the true
biological replicates being N=2 for control and N=1 for TDP-43. This is in line with similar
published studies carrying out electrophysiology and neuromuscular co-cultures of ALS-
related hiPSC neurons using single TDP-43 patient hiPSC lines (Osaki et al. 2018, Devlin et al.
2015).

In every figure biological replicates are denoted as (N) and are defined as individual cell lines
derived from individual donors. Induction replicates are denoted as (iN) and are defined as
how many times the experiment was repeated with separate inductions (Complete
differentiations from PSCs to mature cell types). Technical replicates are denoted as (n) and
include individual neurons for AIS and electrophysiology data, individual micro-device co-
cultures for the neuromuscular co-cultures, and individual wells of a 96-well imaging plate
/coverslips for HCI data and other types of imaging data. In text, the replicate number is
provided on which the indicative statistics were performed. Indeed, for many published
electrophysiology studies, statistics are often performed with individual neurons being the
biological unit (n) pooled from several animals (N). Here we have tried to replicate this
convention by performing statistics on individual neurons pooled from multiple inductions
(iN). It is clearly an important point to make that this data is still from a true biological N=1
and future work with additional cell lines will be required to further validate the statistical

conclusions reached from this work.
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3. Engineering mouse ESC-derived neuromuscular co-cultures to
model ALS

3.1 Hypotheses and aims

This chapter describes the establishment of two neuromuscular co-culture platforms using
mouse embryonic stem cell (mESC) derived motor neurons and astrocytes cultured with
primary chick myoblasts in custom built, compartmentalised microdevices. Using this
platform, it was then possible address several questions relating to in vitro neuromuscular

circuit formation and ALS-related phenotypes:

1. Is neuromuscular synapse formation activity-dependent?
2. Do ALS-linked SOD1%%3* astrocyte mutations cause ALS-related neuromuscular
phenotypes?

3. Can this co-culture platform be used to test candidate ALS drugs?

Since the scalability and amenability to automation of this microdevice co-culture format was
limited, another co-culture format that overcame these limitations was established (This
format is further developed in chapter 5 using human iPSCs). This led to an additional aim

being set:

4. Can neuromuscular co-cultures be scaled into a 96-well format, allowing automated

HCl analysis of ALS-related phenotypes and candidate drug responses?

3.2 Differentiation and MACS purification of mouse ESC derived motor neurons and
astrocytes

Mouse ESCs were differentiated into functional motor neurons and astrocytes using a small
molecule directed differentiation approach and magnetic activated cell sorting (MACS) was
used to generate highly enriched cell populations (Cell lines and protocols were originally
developed by Carolina Barcellos-Machado). Mouse ESCs that were differentiated into motor
neurons were genetically engineered to stably express the human cell surface antigen hCD14

under the control of the motor neuron specific HB9 promoter. In addition, they were also
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engineered to stably express the optogenetic actuator channel rhodopsin-2-YFP (CHR2-YFP)
under the control of the CAG promoter. Mouse ESCs that were differentiated into astrocytes
were engineered to stably express the human cell surface antigen hCD14 under the control
of the astrocyte specific GFAP promoter as well as GDNF under the control of the constitutive

CAG promoter.

Following well established differentiation protocols, mouse ESCs were made to form
embryoid bodies (EBs) through culture in suspension dishes. Subsequent treatment with
retinoic acid (RA) and sonic agonist (SAG) induced neuronal differentiation and an additional
expansion stage on matrigel facilitated astrocyte differentiation (Figure 3.1a). MACS was then
used to enrich motor neuron and astrocyte populations from the separate cultures. Briefly, a
mouse monoclonal primary antibody was directed to the hCD14 antigen under the expression
of the HB9 and GFAP promoters and a secondary antibody against mouse IgG, conjugated to
a magnetic microbead was used to allow magnetic activated positive cell enrichment. Pre-
sort, flow through (FT) and eluate populations were then fixed and stained for GFAP and
neuronal TUBB3 and imaged using confocal microscopy (Figure 3.1b). GFAP and B3-tubulin
(TUBB3) positive cells were quantified relative to total cell number based on DAPI. TUBB3
populations were found to be enriched from 35% (SE + 4.3) to 90% (SE + 3.6, T-test p=0.0006,
n=3), while GFAP populations were enriched from 26% (SE + 4) to 91% (SE + 0.83, T-test
p<0.0001, n=3), (Figure 3.1c).

Subsequently post-mitotic motor neurons and astrocytes were co-cultured at defined ratios
(5k motor neurons, 20k astrocytes) in 96-well imaging plates (Figure 3.1d). We then assessed
the ability of astrocytes stably expressing GDNF to support motor neuron survival by
automatically quantifying motor neuron cell numbers at defined intervals using an operetta
CLS high content imaging system and normalising to the original starting population. It was
found that in as little as 72h, GDNF expressing astrocytes had a remarkable effect on
preserving motor neuron survival from 52% (SE + 2.7) to 93% (SE + 5.1, T-test p=0.0022, n=3),
(Fig 3.1d).
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3.3 Assembly of neuromuscular co-cultures in 3D-compartmentalized microdevices
containing mESC-motor neurons, mESC-astrocytes and chick myoblasts
Compartmentalised microdevices were manufactured by pouring uncured PDMS onto a
silicon master-mould (Machado et al. 2019). The PDMS was then cured and pealed from the
mould. Subsequently the PDMS casts were plasma bonded to 35mm tissue-culture dishes and
NOA-73 anchor points were manually pipetted into the central myofiber compartment
(Figure. 2a). Micro-devices were usually assembled in the 35mm dishes as a 2x3 array.
Subsequently three neural aggregates containing 5k GDNF expressing mESC-astrocytes and
15k mESC-motor neurons were plated into each outer compartment in a fibrin/Matrigel
hydrogel mix, which was polymerised by the addition of thrombin. One day later 20k primary
chick myoblasts were plated into the central compartment in the same hydrogel mix. Axons
were able to grow down the micro-channels and innervate myoblasts in the central
compartment (Figure 3.2c,d,e). Fourier analysis showed that myoblasts grew in an aligned

manner along the axis of the central compartment (Figure 3.2e).

3.4 Formation of functional neuromuscular junctions in 3D-compartmentalized micro-
devices

The next step was to assess whether functional neuromuscular junctions could be formed in
the neuromuscular co-cultures. Following co-culture for 9 days, cultures were fixed and
stained for neuronal TUBB3, the pre-synaptic marker SV2 and the post synaptic marker AChR.
Confocal microscopy then allowed co-localisation analysis of pre and post synaptic markers.
Using IMARIS image analysis software it was possible to generate 3D reconstructions of
neuromuscular synapses. Distinct bouton and pretzel shaped NMJ morphologies, resembling
those of early neuromuscular synapses during development were observed (Figure 3.3a). In
conjunction with this, while SV2 staining was enriched at the neuromuscular synapses, it was
also widely observed along axons indicating a relatively early maturation stage, since in
postnatal neuromuscular junctions SV2 is solely restricted to the neuromuscular junction

itself.

To assess the functionality of these neuromuscular synapses, optogenetic stimulation using

the optogenetic actuator CHR2-YFP was used to induce action potential firing in the motor
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neurons, and particle image velocimetry (PIV) analysis was used to measure associated
myofiber contraction velocities in recorded videos. A range of LED intensities were tested
using whole-cell patch clamp electrophysiology to determine an optimum range that reliably
triggered neuronal firing. It was found there was very little difference between 1% and 100%
LED intensity and all could elicit robust firing. As such a mid-level of 40% LED intensity was
chosen to mitigate phototoxicity, yet ensure robust firing even in low CHR2-YFP neurons.
Briefly PIV analysis is an optical method of flow visualisations that tracks displacement vectors
across many interrogation areas between frames of a video recording, allowing vector
velocity and direction to be calculated. It was found that 500ms, 470nm (blue light)
optogenetic stimulation induced robust and specific myofiber contractions with an average
peak velocity magnitude of 24.8um/s (SE + 7.106). These contractions were abolished through
addition of the voltage gated Na+ channel antagonist tetrodotoxin (TTX) from 24.8um/s (SE =
7.106) to 0.33um/s (SE + 0.07, T-test p=0.038, n=6) and through addition of the AChR
antagonist tubacurarine (DTC) 24.8um/s (SE + 7.106) to 1.19um/s (SE + 0.40, T-test p=0.04,
n=6) (Figure 3.3b,c) (DTC experiments were carried out by Carolina Barcellos-Machado).
Taken together this data indicates that myofiber contractions are dependent on motor
neuron action potential firing and acetylcholine release at functional neuromuscular

synapses.

3.5 Optogenetic entrainment enhances NMJ formation

Synapse formation in the central and peripheral nervous system is activity dependent. Since
the motor neuron populations in these cultures were highly enriched using MACS,
spontaneous network activity primarily driven by inter-neuron activity was likely to be much
lower than in mixed cultures. To this end, the role of motor neuron activity in neuromuscular
synapse formation was investigated in these neuromuscular co-cultures. To do this,
neuromuscular co-cultures were ‘entrained’ for 1 hour a day with 5Hz 470nm optogenetic
stimulation at an LED intensity of 60% and an epoch of 20ms for 5 days (Figure 3.4a). Brief
periods of entrainment were chosen to mitigate the effects of phototoxicity. Antioxidant
supplement was also applied to the cultures during the entrainment periods to further

mitigate this effect.
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When compared to non-entrained cultures, 5 days of optogenetic entrainment significantly
increased neuromuscular synapse formation by roughly two-fold (Figure. 3.4b,c). Non-
entrained cultures had an average of 64.17 (SE + 10.6) colocalised SV2/AChR objects per field
of view (henceforth defined as NMJs), while entrained cultures had an average of 124.5 (SE
20.5) NMJs per field of view (T-test p=0.026, n=6) (Figure 3.4b,c). Optogenetic entrainment
appeared to enhance the formation of both pre- and post-synaptic structures. The number of
pre-synaptic SV2 objects increased from 513.3 (SE + 67.3) to 951 (SE + 103.1) per field of view
(T-test p=0.0052, n=6), while the number of post-synaptic AChR objects increased in a similar
fashion from 106.3 (SE + 20.1) to 256.3 (SE + 38.9) objects per field of view (T-test p=0.0065,
n=6) (Figure 3.4b,c). Furthermore, total axon outgrowth also seemed to be improved
following optogenetic stimulation from an average TUBB3 coverage of 33064um? (SE + 3152)
per field of view to 55435um? (SE + 5924) per field of view (T-test p=0.0087, n=3) (Figure
3.4b,c). Taken together these results show that neuromuscular synapse formation is activity

dependent and that activity influences formation of both pre- and post-synaptic structures.

3.6 Optogenetic entrainment enhances myofiber contractility

Since a strong effect of optogenetic entrainment had been seen on neuromuscular synapse
formation the next goal was to ascertain whether this enhanced optogenetically evoked
myofiber contractility. To do this PIV analysis was used to compare optogenetically evoked
myofiber contraction velocities in entrained vs. non-entrained cultures. In addition to this,
myofiber contraction velocities were also compared in entrained vs. non-entrained cultures
that had been treated with TTX for the entire culture period to completely block any form of
activity (Figure 3.5a). TTX was removed from these cultures 24hours prior to video recordings

so that action potentials could be optogenetically evoked for the contraction recordings.

Optogenetic entrainment significantly enhanced evoked myofiber contractility from
2.72um/s (SE + 0.59, n=6) to 5.28um/s (SE = 0.79, n=4, T-test p=0.029) (Figure 3.5b,c).
Completely blocking activity throughout the culture period using TTX significantly decreased
evoked myofiber contractions down to 0.36um/s (SE + 0.06) in non-entrained plus TTX
conditions (T-test p=0.0025, n=6) and 0.34um/s (SE +0.02) in entrained plus TTX conditions

(T-test P<0.0001, n=6) (Figure 3.5b,c). Taken together this data in conjunction with synaptic
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staining data in figure 3.4 suggests that neuromuscular synapse formation in these

neuromuscular co-cultures is highly dependent on neuronal activity.

3.7 mESC-derived SOD1%%3 astrocytes display ubiquitin positive inclusions and
negatively impact motor neuron survival

The next objective was to use this neuromuscular co-culture platform to model
neuromuscular disease phenotypes. In amyotrophic lateral sclerosis (ALS) neuromuscular
synapse and axonal degeneration are key pathological events that occur in the disease
progression (Fischer et al. 2004). Mutations to the superoxide dismutase 1 (SOD1) gene were
the first identified genetic component of ALS and have become a standardized model of the
disease in mice and cell culture models since. Furthermore, it has been demonstrated that
SOD1 mutations in astrocytes can have a non-cell autonomous deleterious effect on motor
neuron survival (Nagai et al. 2007). To this end, mESCs harbouring a SOD1%3*A transgene were
differentiated into astrocytes to see if they would induce pathological features of ALS such as
ubiquitin positive inclusions and whether they would negatively impact motor neuron

survival.

Mouse ESCs expressing the ALS-related human SOD1%%* gene were differentiated into
astrocytes, stained for ubiquitin and a CLS operetta high content imaging system used to
automatically quantify the size and number of ubiquitin positive inclusions per astrocyte
(Figure 3.6a). SOD1%%*A significantly increased the number of ubiquitin positive inclusions per
cell from 3.2 (SE + 0.1) to 4.0 (SE * 0.3, T-test p<0.0001, n=3), while ubiquitin inclusion size
also significantly increased from 40.1um? (SE + 0.5) to 41.5um? (SE + 0.4, T-test p=0.04, n=3)
(Figure 3.6b). To assess the impact of SOD1%%A astrocytes on motor neuron survival a
longitudinal imaging assay was carried out using an Operetta CLS high content image analysis
system to automatically quantify motor neuron survival at different time points. By
normalising to 24h the percentage of wildtype motor neuron survival on wildtype and
SOD16%3A astrocytes at different timepoints was calculated. It was found that SOD1%°34
astrocytes negatively impacted motor neuron survival within 96 hours of co-culture. Wildtype
motor neurons grown on wildtype astrocytes had 68.5% (SE + 7.3, n=5) survival at this

timepoint, compared to 34.7% (SE + 5.7, n= 3, T-test p=0.019) for wildtype motor neurons

74



grown on SOD1%%3A astrocytes (Figure 3.6c). Finally, to confirm previous studies showing that
mutant SOD1 astrocytes express higher levels of the reactive astrocyte markers: GFAP and
TGFB1 qRT-PCR analysis was performed on differentiated wildtype and SOD1%°3* astrocytes
and normalised expression to GAPDH. Despite previous findings in the literature, it was found
that SOD1%%3” astrocytes expressed moderately lower levels of TGFB1 0.035 (SE + 0.004)
compared to 0.047 (SE + 0.002, T-test p=0.03, n=6) in wildtype astrocytes. Similarly, GFAP
expression was slightly lower in SOD16%3A astrocytes 0.19 (SE + 0.03) compared to 0.32 (SE +
0.08, T-test p=0.18, n=6) in wildtype astrocytes (Figure 3.6d). Taken together these results
show that mESC-derived SOD1%°3* astrocytes exhibit ubiquitin positive inclusions similar to
those seen in ALS patients and also negatively impact motor neuron survival. Despite this,
previous studies showing that TGFB1 and GFAP upregulation contribute to these effects were

not replicated here.

3.8 The RIPK1 inhibitor necrostatin rescues axon outgrowth and NMJ phenotypes in
SOD1%%3A neuromuscular co-cultures

Since ALS related phenotypes had been observed in the SOD1%°3* astrocytes, the next goal
was to assess how they would impact neuromuscular related phenotypes and whether
targeting ALS-related pathways could rescue these phenotypes. In ALS some of the earliest
pathological events include muscle weakness, axon denervation and neuromuscular synapse
degeneration. Furthermore, RIPK1 has been shown to play an important role in necroptosis
of axons in mouse models of the disease and as such RIPK1 inhibitors have been proposed as
a potential treatment strategy for ALS (lto et al. 2016, Re et al. 2014). Neuromuscular co-
cultures with both wildtype and SOD1%°3” astrocytes were generated and stained for the pre-
synaptic marker TUBB3 and post synaptic marker AChR and IMARIS used to generate 3D

reconstructions of neuromuscular synapses.

In the SOD1%%3* neuromuscular co-cultures there was a strong reduction in axon outgrowth
from 31 x10° um? (SE + 69 x10%) to 88 x10* um? (SE + 18 x10%, T-test p=0.036, n=3), which was
rescued by the RIPK1 inhibitor necrostatin back to 54 x10° um? (SE + 15 x10°, T-test p=0.043,
n=3) (Figure 3.7a,b). Furthermore, there was a modest reduction in the number of

neuromuscular synapses in the SOD1%%3* co-cultures from 41.7 per field of view (SE + 10.1) in
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the wildtype cultures to 31 (SE * 4.9, T-test p=0.39, n=3) in the SOD1%°3A cultures (Fig.7a,b).
This was significantly improved by 10uM treatment of the RIPK1 inhibitor necrostatin up to
88.7 (SE+12.1) neuromuscular synapses per field of view (T-test p=0.011, n=3) (Figure 3.7a,b).
Finally, there was a significant reduction in NMJ size in SOD1%%3A co-cultures, with an average
NMJ surface area of 29.8um? (SE + 5.8) compared to 60.5um? (SE + 8.6, T-test p=0.041, n=3)
in wildtype cultures (Figure 3.7a,b). Necrostatin had no significant effect on restoring this
phenotype (Figure 3.7b). Taken together these results show that ALS-linked SOD16%3A
astrocytes have a significant impact on axon outgrowth and neuromuscular synapse

formation and that the RIPK1 inhibitor can partially rescue these phenotypes.

3.9 The RIPK1 inhibitor necrostatin rescues myofiber contractions in SOD16934
neuromuscular co-cultures

Having observed that SOD1%°3* astrocytes significantly impair axon outgrowth and alter
neuromuscular synapse formation, the next goal was to assess whether there was a
concomitant decrease in optogenetically evoked myofiber contractions. To do this
neuromuscular co-cultures were generated with both wildtype and SOD1%°3* astrocytes and
optogenetic stimulation of the motor neurons used to induce myofiber contractions that

were analysed using PIV analysis.

It was found that SOD1%°** co-cultures had significantly weaker optogenetically evoked
myofiber contractions compared to wildtype co-cultures with an average peak contraction
velocity of 3.3um/s (SE + 0.4) vs 5.5um/s (SE + 0.6, t-test p=0.02, n=4) (Figure 3.8a,b). It was
also found that 10uM necrostatin treatment significantly improved optogenetically evoked
myofiber contraction velocities from 3.3um/s (SE + 0.4) to 9.3um/s (SE + 2.2, T-test p=0.03,
n=4) (Figure 3.8a,c). Taken together this data shows that ALS-linked SOD1%%3* astrocytes
caused weaker optogenetically evoked myofiber contractions, mirroring symptoms in ALS
patients. Furthermore, treatment with the RIPK1 inhibitor, necrostatin, effectively rescued

this phenotype, validating RIPK1 as a potential therapeutic target for the treatment of ALS.
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3.10 BCR-Abl inhibition rescues SOD16%3 related neuromuscular phenotypes in an
automated high content 96 well neuromuscular co-culture assay

Two major limitations were encountered in scaling up the neuromuscular co-cultures in the
compartmentalized microdevice format. First, initial plating of the cells was very time-
consuming and technically challenging, limiting the scale at which cultures could be produced.
Secondly, the 35mm dish format of the cultures meant they were not amenable to high
throughput automated imaging and analysis. As such imaging and anlaysing multiple
conditions proved time-consuming. In order to make such a co-culture assay suitable for
carrying out larger scale small-molecule screens an alternative assay was developed that

could overcome these limitations.

To this end, neuromuscular co-cultures in 96-well imaging plates were developed, whereby
mMESC-MN/AC aggregates were plated on top of a sheet of primary chick myofibers. This
format allowed faster plating of the cells, allowing far more conditions to be set up
simultaneously. It also allowed automated imaging and analysis of the cultures using an
operetta CLS high content imaging system (Figure 3.9a). Using the same immunofluorescence
panel as in the microdevice cultures (Titin = myofibers, TUBB3 = motor axons, SV2 = pre-
synaptic and AChR = post-synaptic) an automated image segmentation pipeline was
developed using Harmony 4.8 to generate masks of each structure, allowing quantification of
myofiber number and morphology, total axonal outgrowth and the number and morphology
of pre- and post-synaptic structures. The pipeline also analysed co-localisation of pre- and
post-synaptic structures, which was used to infer neuromuscular synapse number and
morphology (Figure 3.9b). While developing this assay several lead molecular targets were
tested in the 96 well neuromuscular co-culture assay. The resulting data is shown for the lead

compound, a BCR-Abl inhibitor, similar to the commercially available Nilotinib (Sigma).

Firstly, similar SOD1%%3A astrocyte dependent phenotypes were observed in the 96 well
neuromuscular assay as in the microdevice co-cultures. Axon outgrowth was reduced in the
SOD15%3A co-cultures from 36.5x10°um? (SE + 2.9x10°) to 26.7x106 um3 (SE + 2.5x106, T-test
p=0.023, n=8), (Figure 3.9¢,d). Similarly, the number of NMJs was moderately reduced from 8752
(SE £1089) per well to 6441 per well (SE + 784, T-test p=0.1, n=8) although this was not statistically
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significant. Furthermore, NMJ surface area was also reduced from 77.7um? (SE + 7.6) to 55um?
(SE + 2.7), T-test p=0.064, n=8). A dose response of the BCR-Abl inhibitor in the SOD1%°** co-
cultures was carried out. It was found that lower doses were particularly effective in restoring or
even improving various parameters of the neuromuscular co-culture. Treatment with 0.1uM BCR-
Abl inhibitor improved axon outgrowth from 26.7x10° um? (SE + 2.5x106) to 56.1x108 um3 (SE +
2.4x10°, T=test p=<0.0001, n=8). in a similar fashion 0.1uM BCR-Abl inhibitor increased the
number of pre-synaptic SV2 objects from 18494 (SE + 1638) to 43948 (SE + 3603, T-test
p=<0.0001, n=8). The total number of NMJs also increased following 0.1uM BCR-Abl inhibition
from 6441 (SE £ 781) to 16888 (SE + 1386, T-test p=<0.0001, n=8). Finally, 0.1uM BCR-Abl inhibitor
significantly increased NMJ surface area from 55um? (SE + 2.7) to 112um? (SE + 9.4, T-test
p=0.0002, n=8).

Taken together these data shows the feasibility of using 96-well neuromuscular co-cultures
to automatically quantify neuromuscular phenotypes in a rapid and unbiased manner. This
approach replicates the same SOD1%°3* dependent phenotypes previously observed in the
microdevice neuromuscular co-cultures. Finally, the feasibility of this approach to screen ALS
relevant drugs was demonstrated, showing that BCR-Abl inhibition can rescue ALS related
neuromuscular phenotypes. However, an evident caveat of this data is that the effect of the

BCR-Abl inhibitor was not titrated out.
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Figure 3.1. Differentiation and MACS purification of mESC derived motor neurons and

astrocytes.

A, Schematic showing the differentiation and MACS protocols used to derive motor
neurons and astrocytes from mouse ESCs. B, Immunofluorescence images showing pre-
sort, flow through and enriched motor neuron (TUBB3) and astrocyte (GFAP) cell
populations following MACS (Scale bar

= 50um). C, Quantification of motor
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neuron/astrocyte enrichment following MACS relative to total cell number (DAPI) (N=1,
iN=1, n=3). D, 5k motor neurons were co-cultured with 30k wildtype or GDNF expressing
astrocytes and stained for DAPI, TUBB3 and GFAP (Scale bar = 50um). Motor neuron
survival was quantified using a longitudinal high content imaging operetta CLS pipeline and
cell survival expressed relative to 24h cell counts (N=1, iN=1, n=3). Unpaired, two-tailed T-
test used to infer statistical significance **p<0.01, ***p<0.001, ****p<0.0001. Error bars
represent SEM.
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Figure 3.2. Assembly of neuromuscular co-cultures in 3D-compartmentalized
microdevices containing mESC-motor neurons, mESC-astrocytes and chick myoblasts.

A, Schematic showing fabrication of compartmentalized microfluidic devices by PDMS
casting on silicon master molds and plasma bonding cured PDMS to tissue-culture plastic
dishes. B, Images of final manufactured compartmentalized microfluidic devices arranged
in a 2x3 array. Device width = 2000um, length = 2350um, chamber length 450um, micro-

81



channel length 500um, chamber depth 500um, micro-channel depth 10um. C, Schematic
showing 3D compartmentalized neuromuscular co-culture. mESC-motor neuron/astrocyte
spheroids are plated into outer chambers and project axons into the central chamber to
innervate primary chick myofibers. D, Brightfield and CHR2-YFP images of mouse/chick
neuromuscular co-cultures. E, Immunofluorescence 3D reconstruction of Titin/TUBB3
labelling in the central compartment. Fourier analysis of myofiber alignment along the axis
of the central compartment (N=1, iN=1, n=6). Error bars represent SEM.
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Figure 3.3. Formation of functional neuromuscular junctions in 3D-compartmentalized
microdevices.

A, Immunofluorescence labelling of TUBB3, SV2 and AChR and 3D reconstruction of a
neuromuscular junction (Scale bar = 5um). B, PIV analysis of optogenetically evoked
myofiber contractions showing start and peak frames with velocity vectors in green as well
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as a velocity heatmap for the frame of peak contraction. Images shown for untreated, TTX
treated and tubocurarine treated cultures (N=1, iN=1 n=6) (Scale bar = 500um). C, PIV
guantification of optogenetically evoked myofiber contraction velocity in untreated, TTX
treated and tubocurarine treated cultures (N=1, iN=1, n=6). Unpaired, two-tailed T-test
used to infer statistical significance *p<0.05. Error bars represent the SEM.
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Figure 3.4. Optogenetic entrainment enhances neuromuscular junction formation.

A, Schematic showing neuromuscular co-culture and optogenetic entrainment timeline.
Following cell plating 4 days were allowed for myofiber formation and axon outgrowth.
After this 1hour of 5Hz optogenetic stimulation was applied to the co-cultures each day for
5 days. B, Immunofluorescence labelling and 3D reconstructions of TUBB3, SV2 and AChR
in un-entrained and entrained conditions, n=6 (Scale bar = 100um). C, Quantification based
on immunofluorescence labelling of axon outgrowth, pre and post synaptic object number
and NMJ number in un-entrained and entrained conditions, (N=1, iN=1, n=6). Unpaired,
two-tailed t-test used to infer statistical significance *p<0.05, **p<0.01. Error bars
represent the SEM.
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Figure 3.5. Optogenetic entrainment enhances myofiber contractility.

A, Schematic showing neuromuscular co-culture and optogenetic entrainment timeline.
Following cell plating 4 days were allowed for myofiber formation and axon outgrowth.
After this 1hour of 5Hz optogenetic stimulation was applied to the co-cultures every day
for 5 days. B, PIV analysis of optogenetically evoked myofiber contractions in un-entrained
and entrained cultures treated with and without TTX throughout the entrainment period,
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n=6. Images show start and peak frames with velocity vectors in green as well as a velocity
heatmap of the frame of peak contraction (Scale bar =500um). C, PIV quantification of
optogenetically evoked myofiber contractions in un-entrained and entrained cultures
treated with and without TTX throughout the entrainment period (N=1, iN=1, n=6).
Unpaired, two-tailed T-test used to infer statistical significance *p<0.05, **p<0.01,
****p<0.0001. Error bars represent SEM.
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Figure 3.6. mESC-derived SOD1%%34 astrocytes display ubiquitin positive inclusions and
negatively impact motor neuron survival.

A, Immunofluorescence labelling of UBQTN and SOD1 in mESC-derived astrocytes
harbouring human wildtype SOD1 and ALS linked SOD1%°* mutation, (N=1, iN=1, n=3)
(Scale bar =100um). B, Quantification of the number and size of ubiquitin+ inclusions per
cell. C, Quantification of motor neuron survival on wildtype and SOD1%%3** astrocytes, (N=1,
iN=1, n=3). D, qRT-PCR quantification of TGF681 and GFAP mRNA expression relative to
GAPDH in wildtype and SOD1%°3* astrocytes, (N=1, iN=1, n=6). *p<0.05, ***p<0.001. Error
bars represent SEM.
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Figure 3.7. The RIPK1 inhibitor necrostatin rescues axon outgrowth and NMJ phenotypes
in SOD1%%3A neuromuscular co-cultures.

A, Immunofluorescence labelling of TUBB3 and AChR alongside composite 3D NMJ
reconstructions. Images shown for neuromuscular co-cultures containing wildtype
astrocytes, SOD1%°3A astrocytes and SOD1%%3 astrocytes treated with the RIPK1 inhibitor
necrostatin. (Scale bar = 100um). B, Quantification of axon outgrowth, NMJ number and
NMJ size based on immunofluorescence labelling, (N=1, iN=1 n=3). Unpaired, two-tailed T-
test used to infer statistical significance *p<0.05. Error bars represent the SEM.
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Figure 3.8. The RIPK1 inhibitor necrostatin rescues myofiber contractions in SOD1693*
neuromuscular co-cultures.

A, PIV analysis of optogenetically evoked myofiber contractions in neuromuscular co-
cultures containing wildtype and SOD1%%3* astrocytes treated with and without the RIPK1
inhibitor necrostatin. Images show start and peak frames with velocity vectors in green as
well as a velocity heatmap of the peak contraction frame (N=1, iN=1, n=3) (Scale bar =
500um). B, PIV quantification of optogenetically evoked myofiber contractions in wildtype
and SOD1%%*A neuromuscular co-cultures. C, PIV quantification of optogenetically evoked
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myofiber contractions in SOD1%°3* neuromuscular co-cultures treated with and without
necrostatin (N=1, iN=1, n=3). Unpaired, two-tailed T-test used to infer statistical
significance *p<0.05. Error bars represent SEM.
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Figure 3.9. BCR-Abl inhibition rescues SOD1%%3A related neuromuscular phenotypes in an
automated high content 96-well neuromuscular co-culture assay.

A, Schematic showing automated high content 96-well neuromuscular co-cultures assay.
Motor neuron/astrocyte spheroids were plated on a sheet of chick myofibers in 96 well
imaging plates. Following drug treatments and co-culture for 14 days, plates were imaged
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and analysed automatically using an operetta CLS high content imaging system. B, Example
of the automated image segmentation masks. Input image based on TUBB3, SV2, AChR and
Titin staining. Subsequently masks were created for each channel and used to quantify axon
outgrowth and neuromuscular junction phenotypes (Scale bar = 200um). C, Whole well
images of neuromuscular co-cultures containing wildtype astrocytes, SOD1%%3A astrocytes
and SOD1%%3A gstrocytes treated with a BCR-Abl inhibitor through an industry collaboration
(Scale bar = 250mm) D, Automated quantification of axon outgrowth and neuromuscular
junction phenotypes in wildtype and SOD1%%3A neuromuscular co-cultures treated with
different concentrations of BCR-Abl inhibitor (N=1, iN=1, n=8). Unpaired, two-tailed T-tests
used to infer statistical significance *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error
bars represent the SEM.

3.11 Discussion

This chapter describes the development of a neuromuscular co-culture platform using mouse
ESC-derived CHR2-YFP expressing motor neurons, mouse ESC-derived GDNF expressing
astrocytes and primary chick myofibers (Figure 3.1, 3.2). These cells are co-cultured together
in a compartmentalized PDMS microdevice, with neural aggregates plated in outer
compartments that project axons through microchannels to innervate target muscle in a
central compartment (Figure 3.2). This accurately reflects the CNS/PNS spatial separation of
the different cell types that occurs in vivo. A published version of this work can be found here:
(Machado et al. 2019). Using this co-culture platform, it was possible to grow functional
neuromuscular junctions in vitro, despite interspecies differences of the different cell types.
This was demonstrated through optogenetic stimulation of the motor neurons, which
induced robust myofiber contractions that could be abolished by the Na+ channel blocker TTX
and the ACh receptor blocker DTC (Figure. 3.3). Furthermore, it was shown that NMJ
formation was activity dependent, since optogenetic entrainment improved myofiber
contractility, axon outgrowth and the total number of NMJs (Figure. 3.4, 3.5). Finally, it was
shown that ALS-related SOD1%%3# astrocytes induced neuromuscular phenotypes, including
weaker optogenetically evoked myofiber contractions (Figure. 3.8), reduced NMJ size and
axonal denervation, which could be partially rescued or improved by treatment with the
RIPK1 inhibitor necrostatin (Figure. 3.9). Taken together, the data in this chapter shows the
establishment of a robust neuromuscular co-culture platform that can be used to model both

developmental and neurodegenerative processes relating to neuromuscular function.
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The design of the microdevices described in this chapter offers several unique features
compared to other similar co-culture platforms previously developed (Uzel et al. 2016,
Yoshida et al. 2015, Abd Al Samid et al. 2018). First the manufacture of the devices is a simple
and scalable design comprising a one-part PDMS construct (Figure. 3.2). While not fully suited
to larger scale screening studies, the design easily allows an equivalent number of replicates
to be carried out in a single experiment as those that would be used in basic research studies
using animal models. Secondly the microdevices are open, rather than microfluidic, so
compartments can easily be loaded with cells and there is less risk of hypoxia induced cell
death. Furthermore, cell types are located close to the glass bottom of the tissue-culture dish,
allowing the cultures to be directly imaged at high magnification without the need for
additional tissue sectioning and processing (Figure. 3.3). Finally, the compartmentalized
nature of the design recapitulates the spatial separation of the different cell types that occurs
in vivo into CNS and PNS regions. In future this feature would make it possible to carry out
additional regional specific assays, such as axonal transport assays, or RNA sequencing from
central, axonal or NMJ regions to look at regional specific differences in gene expression and
alternative splicing. This is particularly relevant to ALS-research, since there is extensive
debate into the central/peripheral origins of ALS pathology — the dying forward vs dying back
hypotheses (Fischer et al. 2004). A downside of the approach developed here compared to
work by (Uzel et al. 2016) is that it was not possible to directly measure force of muscle
contraction (N — 1kg.m/s?), and instead velocity (m/s) was measured using particle image
velocimetry (PIV) analysis. Previous work by Uzel and colleagues used muscle constructs
suspended between cantilevers with defined tensile/mechanical properties. By measuring
contraction induced deflection of the cantilevers it was possible for them to directly calculate
force. In future the work described here could be further developed to directly measure
contractile force by using atomic force microscopy and a defined hydrogel system (Norman

et al. 2021).

The derivation of the different cell types used in this co-culture platform also provides several
innovative features compared to other similar co-culture systems. By using magnetic-
activated cell sorting (MACS) to enrich mESC-motor neurons and astrocytes it was possible to
generate reproducible co-cultures of motor neurons and astrocytes with different genotypes

at highly defined ratios (Figure. 3.1) (Machado et al. 2019). To achieve this the motor neuron
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specific HB9 promoter (MNX1) (Arber et al. 1999) and the astrocyte specific GFAP promoter
(Brenner and Messing 2021) were used to drive the expression of a hCD14 cell surface antigen
that could be used to MACS/FACS enrich specific populations from mixed starting
populations. While GFAP expression can vary spatially, developmentally and depending on
reactivity, antibodies against it are far superior to the more stably expressed ALDH1 astrocyte
marker. This method is also further described in previous publications from the Lieberam lab

(Machado et al. 2014, Bryson et al. 2014) and in chapter 4.

Using this co-culture platform, it was possible to probe developmental mechanisms relating
to the activity-dependence of neuromuscular synapse formation. Synaptogenesis in both the
central and peripheral nervous system has been shown to proceed in the absence of neuronal
activity (Varoqueaux et al. 2002, Verhage et al. 2000), while neuronal activity has long been
known to be crucial for the maintenance and refinement of mature synaptic connections
(Barber and Lichtman 1999, Sanes and Lichtman 1999). However interestingly, emerging
evidence does show that neural activity and pre-synaptic neurotransmitter release can
influence synapse formation in the first place (Andreae and Burrone 2014). For example, mice
lacking munc-18-1 a protein critical for pre-synaptic release show a dramatic reduction in the
number of synapses in the cortex. In developing olfactory sensory neurons global silencing by
overexpression of the inwardly rectifying potassium channel Kir2.1 (causing hyperpolarization
and reduced firing) led to delayed axon outgrowth and disorganized target innervation.
However other studies have again questioned whether this is a global or competitive effect
(Burrone, O'Byrne and Murthy 2002). With regards to the neuromuscular junction, studies
have shown that mice lacking ChAT, the enzyme responsible for the synthesis of acetyl
choline, display a complete lack of neuromuscular transmission and have smaller motor nerve
terminals and ultimately fewer synapses (Brandon et al. 2003). In Zebrafish expressing Kir2.1
motor neurons with abolished spontaneous Ca2+ spiking activity show substantial errors in
axon pathfinding and rhythmic spontaneous activity has been shown to be important for axon
outgrowth in the spinal cord (Hanson, Milner and Landmessey 2008). This matches with the
findings outlined in this chapter, whereby optogenetic entrainment enhanced axon
outgrowth, neuromuscular synapse formation, and myofiber contractility, while global
application of TTX over the course of the co-culture led to significantly impaired

neuromuscular transmission and myofiber contractility (Figure. 3.4, 3.5). However, since
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these neuromuscular co-cultures were immature, with poly-innervated myofibers, we did not
see activity-dependent elimination of synapses, which is required to generate mature single
innervated myofibers during post-natal development. Creating stable neuromuscular co-
cultures for longer than 2-weeks in this format was generally difficult as myofibers would
collapse. If future studies could overcome this limitation, it would be possible to model
longer-term activity dependent synapse elimination, refinement, and maintenance. It seems
likely that longer term optogenetic entrainment or selectively increasing/decreasing activity
in individual neurons would lead to the classically described activity-driven neuromuscular
synapse elimination (Barber and Lichtman 1999, Sanes and Lichtman 1999). As part of this
project work carried out by Carolina Barcellos-Machado (Machado et al. 2019) used the three
compartment configuration of the co-culture platform to establish a competitive innervation
assay, where one neural compartment was loaded with CHR2-YFP positive neurons and the
other CHR2-YFP negative controls. Interestingly through this experiment it was found that
CHR2-YFP positive neurons had a competitive advantage over CHR2-YFP negative neurons in
the initial formation of synapses, in contrast to activity-dependent synapse elimination
favoring inactive neurons described by Lichtman and colleagues (Barber and Lichtman 1999).
This may point toward stage-specific effects of neural activity on initial synapse formation and
subsequent synaptic elimination and refinement. It also highlights the way in which this co-
culture platform could be reconfigured with different cell populations in each compartment
to address different questions. An interesting future development would be to reconstruct an
entire cortico-spinal motor tract by culturing cortical neurons, followed by spinal motor
neurons and finally myofibers. It would then be possible to look at stage-specific and region-
specific effects of different ALS-related mutations as well as studying dysfunction of different

synaptic subtypes (cortical, cortico-motor, and neuromuscular).

Using the current co-culture platform, it was also possible to model the effects of ALS-related
SOD15%3A astrocytes on neuromuscular function. It has previously been well documented that
ALS mutant SOD1 astrocytes can initiate ubiquitination and cell death in wildtype motor
neurons in both animal (Papadeas et al. 2011) and ESC-derived cell culture models (Marchetto
et al. 2008, Di Giorgio et al. 2008, Di Giorgio et al. 2007). In this chapter it was found that the
deleterious non-cell autonomous effect of SOD1 astrocytes on motor neuron function

extended to neuromuscular synapse dysfunction and impaired optogenetically evoked
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myofiber contractility (Figure. 3.7, 3.8). It has previously been documented that
neuromuscular junction defects are some of the earliest pathological events in the SOD1
mouse model of ALS (Fischer et al. 2004) and it is interesting that in the co-culture described
here, similar defects are seen purely through a non-cell autonomous effect of the SOD1¢%934
astrocytes. The data described in this chapter showed clear ubiquitination in the SOD1%°34
astrocytes and a deleterious effect of SOD1%%3* astrocytes on survival of wildtype motor
neurons. This, along with other proposed toxic effects of SOD1 astrocytes on motor neuron
function, such as impaired Ca2+ buffering, oxidative stress, impaired trophic support and
release of toxic factors is likely to impact axon outgrowth and neuromuscular synapse
function, leading to weaker optogenetically evoked myofiber contractions (Nagai et al. 2007).
Furthermore, activation of astrocytes to become highly reactive has been widely observed in
animal models of ALS as well as in other neurodegenerative and injury conditions and has
been proposed as a key pathological component of ALS (Seifert, Schilling and Steinhauser
2006). Interestingly, recent work also demonstrated how astrocytes with ALS-related
mutations can spontaneously become reactive in vitro, with distinct mutation specific profiles
(Taha et al. 2022). It has been proposed that TGFB1 is secreted by reactive SOD1 astrocytes,
leading to activation of mTOR signaling in motor neurons causing impaired autophagy and
degeneration (Endo et al. 2015, Tripathi et al. 2017). However, despite these results the
SOD15%3A astrocytes described in this chapter showed no clear upregulation of TGFB1 or the
reactive astrocyte marker GFAP (Figure. 3.6). As such the exact mechanism by which SOD16%34
astrocytes exert a pathological effect on motor neuron survival, neuromuscular synapse
function and neuromuscular transmission in this co-culture platform is unclear. In future work
additional markers of astrocyte reactivity could be used, such as LCN2 and Serpina3n
(Zamanian et al. 2012). Finally it would be interesting to artificially induce Al reactive
astrocytes using microglia associated cytokines such as TNF, IL1a and Clq to see how they

compare with the SOD1%%3 astrocytes (Liddelow et al. 2017).

Treatment with the RIPK1 inhibitor necrostatin did improve optogenetically evoked myofiber
contractility, axon outgrowth and increased the total number of neuromuscular synapses,
showing how this co-culture platform is amenable to drug screening purposes and indicating
a possible role for necroptosis in the neuromuscular phenotypes observed (Re et al. 2014).

This could hint at alternative inflammatory cytokines released by the SOD1%%3A astrocytes,
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such as IFN and TNF-a that directly activate necroptotic pathways (Choi et al. 2019), however
direct activation of necroptosis pathways by reactive Al astrocytes is not clear cut (Liddelow
et al. 2017). As such it’s possible that intrinsic motor neuron pathways that drive necroptosis,
such as oxidative stress (Hanus, Anderson and Wang 2015) could be activated by the SOD1%°34
astrocytes indirectly. In future work other cell types such as oligodendrocytes and terminal
Schwann cells should be incorporated into the co-culture platform to look at additional non-
cell autonomous effects of ALS-related mutations on motor neuron survival. Interestingly
work has shown that necroptosis of oligodendrocytes, mediated by RIPK1, causes
demyelination and degeneration of motor axons, further highlighting RIPK1 and necroptosis

as important mechanistic targets in ALS.

Finally, this chapter also describes the early development of a high-throughput 96-well
neuromuscular co-culture format to model ALS using mouse ESC SOD1%°3A astrocytes, mouse
ESC wildtype motor neurons and primary chick myoblasts. The 96-well format is further
developed in chapter 6 and will be discussed in further detail there. Interestingly, the results
here provide further mechanistic insight into the toxic effect of the SOD1%%3* astrocytes on
neuromuscular function. BCR-Abl inhibition was found to significantly improve SOD16%3A
related neuromuscular phenotypes such as axon outgrowth, SV2 object number and
neuromuscular junction morphology at lower doses (0.3uM and 0.1uM) (Figure. 3.9).
SOD1%%3A astrocytes have been shown to activate c-Abl signalling in motor neurons via
reactive oxygen species, leading to motor neuron death (Rojas et al. 2015). Furthermore,
other studies have shown that Abl kinases are required at the neuromuscular junction (Finn,
Feng and Pendergast 2003) and that c-Abl inhibition improves neuromuscular synapse
reinnervation and delays motor neuron degeneration in the SOD1 mouse model of ALS
(Katsumata et al. 2012) as well as in in vitro neuromuscular models of TDP-43 associated ALS
(Osaki et al. 2018). It should be noted that the data in this chapter was not able to titrate out
the effect of the BCR-Abl inhibitor and future experiments should seek to generate a complete
dose-response. It is however encouraging that BCR-Abl inhibition seems to have a significant
effect at very low concentrations. Taken together these results point toward c-Abl as a
possible mechanistic target linking SOD1%%3A astrocytes to neuromuscular dysfunction. Future

studies should seek to elucidate the exact mechanisms by which BCR-Abl and RIPK1 inhibition
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improves motor neuron survival in this context and determine any potential off-target toxicity

to other cell types.
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4. Engineering human iPSC-derived neuromuscular co-cultures
to model ALS

4.1 Hypotheses and aims

This chapter describes the establishment of human iPSC-derived neuromuscular co-cultures
in compartmentalised microdevices. To achieve this, numerous stable human iPSC lines were
engineered to perform a variety of functions, requiring the screening of hundreds of hiPSC
clones, representing the majority of the work of this PhD. First CRISPR-Cas9 genome editing
was used to correct a TDP-43%2985 mutation in a patient-derived hiPSC line. These lines, along
with an additional wildtype line, were then separately downstream engineered to express a
MACS sortable HB9::CD14 construct at the AAVS1 safe-harbour locus to enrich motor neuron
populations, as well as express the optogenetic actuator, CHR2-YFP, to control the activity of
these neurons. Initially the intention had also been to use CRISPR to induce the same TDP-
4362985 mytation in a wildtype line, however numerous failures at this and the sheer amount
of time required meant this was not possible to complete before the end of the PhD. As such
indicative statistics have been performed on these single lines, in line with similar studies
characterising single ALS-related hiPSC lines in neuromuscular co-cultures (Osaki et al. 2018)
and using electrophysiology (Devlin et al. 2015), despite the true biological N being 1. To make
this clear, biological replicates (separate hiPSC lines) are denoted as (N), induction replicates
(complete differentiations from hiPSCs) are denotes as (iN) and technical replicates, such as
recordings from individual neurons, individual neuromuscular co-cultures or coverslips are

denoted as (n).

By combining these cells with engineered forward programmable iPAX7 hiPSC-myoblasts in
compartmentalised microdevices it was possible to generate functional human

neuromuscular co-cultures. Using this platform the following aims were set:

Is human neuromuscular synapse formation activity dependent?
Does pathogenic TDP-43%2%85 impact NMJ innervation?

Does pathogenic TDP-4352%8% impact muscle contraction strength?

B

Does pathogenic TDP-43%2%85 impact spontaneous motor unit activity?
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4.2 CRISPR—Cas9 mediated genome correction of ALS-related TDP-4352%8 mutation in
a patient derived human iPSC line

Clustered regularly interspaced short palindromic repeat (CRISPR) — CRISPR associated
protein 9 (Cas9) genome engineering was used to correct an endogenous ALS-related TDP-
436298 mutation in exon 6 of the TARDBP gene. Initially two guide RNAs (sgRNAs) were
designed with the cut site within 10bp of the A<G missense mutation to maximise homology
directed repair (HDR) efficiency (Paquet et al. 2016), termed sgRNA-9 (ID: 901697809) and
sgRNA-10 (ID: 901697810) (S Figure 4.10a). To compare sgRNA efficiency we performed TIDE
analysis on bulk DNA derived from hiPSCs treated with Cas9 only or Cas9 +sgRNA (S Figure.
1a). It was found that sgRNA-10 had a moderately higher cutting efficiency (60.5%) than
sgRNA-9 (56.7%) (S Figure 4.10c). However, since sgRNA-10 had more predicted off target
sites with a mismatch of 2 (MM2), sgRNA-9 was chosen for genomic correction experiments

in order to balance cutting efficiency with off-target activity (S Figure 4.10a).

For genomic correction experiments a donor template oligonucleotide was designed with the
wildtype sequence in order to correct the TDP-43%2985 mutation, and with silent mutations in
the Cas9 seed region (~5bp upstream of the PAM site) to prevent the Cas9 enzyme from
cleaving template DNA that had already been integrated into the genome. Taking advantage
of homology directed repair pathways in the cells to integrate the template sequence. Further
to this, in order to improve clonal selection, a Xho1 restriction site was incorporated into the
seed region as part of the silent mutagenesis (Figure 4.1a). Finally, codon usage bias was
checked to confirm the new silently mutated codons had similar usage bias in human cells to
those in the naive sequence. Initial screening of the single-cell clones for integration of the
Xho1 restriction site showed a 45% efficiency (9/20 clones). Subsequent sanger sequencing
of exon 6 for these positive clones showed that 3 had normal sequences — an overall
correction efficiency of 15% (3/20). A homozygous clone was chosen for further
characterisation — as evidence by complete restriction digest and single peaks in the
sequencing reads (Figure 4.1b,c). Subsequently 1000bp upstream and downstream of the
Cas9 cut site were sequenced to check for larger genome deletions and the top 5 predicted

off-target sites were sequenced to check for unintended off-target activity (S Figure 4.10d).
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Pluripotency staining for OCT4, SOX2 and SSEA4 was carried out to confirm pluripotency of
the lines (Figure 4.1d). G-banding was then used to confirm normal karyotype of the lines
(Figure 4.1e). Western blot was used to confirm normal TDP-43 protein expression (Figure
4.1f). Finally, gRT-PCR was used to check alternative splicing of intron 5 and exon 6 of the
TARDBP gene, since aberrant splicing can sometimes be an unintended effect of CRISPR-Cas9
mediated genome correction (Mou et al. 2017), (Figure 4.1g). It was found that intron 5 was
equally excluded from mature transcripts in wildtype, corrected and G298S lines. While
inclusion of exon 6 was moderately lower in the G298S line relative to the wildtype and
corrected lines — an expected consequence of the mutation based on the autoregulatory

properties of TDP-43 on its own splicing (Figure 4.1g).

Finally, we attempted to generate a knockdown clone of TDP-43 in a wildtype hiPSC line —
since full knockout of TDP-43 is embryonic lethal. Using the same design approach as for the
correction experiments, heterozygous Xho1l clones were selected with abnormal sequences.
The intention of this was to select clones with one normal allele (the Xho1 positive allele that
had integrated the donor template) and one allele that had been mutated by the Cas9 causing
a frame-shift mutation and nonsense mediated decay of the mRNA. A clone was selected
based on these criteria and was found via immunostaining to have a significantly lower
expression of TDP-43 (S Figure 4.11a,b). However, the cell line grew so slowly, further

experiments using it were not possible.

4.3 Directed differentiation of human iPSCs into motor neuron progenitors

A small molecule directed differentiation approach, based on developmental morphogen
signalling and previously established protocols (Wichterle et al. 2002, Du et al. 2015) was
adapted to generate motor neuron progenitors (MNPs) from hiPSCs. Initially dual SMAD
inhibition using SB431542 and LDN193189 acts to inhibit BMP4 signalling, while GSK-3
inhibition using CHIR99021 activates Wnt signalling pathways. Together this induces
confluent hiPSCs to form neuroectoderm (Figure 4.2a). Subsequently treatment with RA and
the Shh agonist purmorphamine acts to pattern the rostro-caudal and dorso-ventral identity
of spinal motor neurons. Based on (Du et al. 2015) it was possible to generate, expand and

freeze spinal motor neuron progenitors (Figure 4.2b). Subsequently 1 week maturation with

102



RA and PurM led to mixed cultures of OLIG2+ MNPs and ISL1+ MNs. Efficiency varied a lot
between cell lines and experiments with the percentage ISL1+ cells ranging anywhere from
10-80%, but an example from a typical differentiation yielded 28.2% ISL1+, 24.8% OLIG2+,
6.1% ISL1/0OLIG2+ and 41% non-expressing cells for the wildtype line (n=3), 30.3% ISL1+,
47.5% OLIG2+, 17.4% ISL1/OLIG2+ and 4.7% non-expressing cells for the TDP-4352%85 CRISPR
corrected cell line (n=3) and 38.2% ISL1+, 28.9% OLIG2+, 8.5% ISL1/0OLIG2+ and 23.4% non-
expressing cells for the TDP-4352%8 cell line and (n=3) (Figure 4.2c). Such variation in
differentiation efficiencies between cell lines supports the need for robust MACS enrichment

of post-mitotic motor neurons to ensure comparable neuronal cultures.

4.4 Stable integration of HB9::CD14 construct into human iPSCs allows efficient
magnetic activated cell sorting (MACS) enrichment of post-mitotic motor neurons

To improve the purity and reproducibility of the motor neuron cultures a motor neuron
specific magnetic activated cell sortable (MACS) construct (generated by Carlolina Barcellos-
Machado) was stably integrated into the hiPSC lines using TALENS based delivery into the
AAVS1 safe-harbour locus (Hockemeyer et al. 2009). In this construct the expression of a cell
surface (hCD14) antigen is driven by the motor neuron specific and post-mitotic HB9
promoter. All lines were engineered to have homozygous integration of this construct (Figure
4.3a). By MACS sorting mixed MNP/MN cell populations engineered to express this construct
it was possible to reliably generate 85-99% HB9/ISL1+ motor neuron cultures.
Immunostaining for ISL1+ cells in pre-sort and eluate populations showed an enrichment of
63.89% (SE + 1.92) to 88.72% (SE + 3.24, T-test p=0.0028, n=3) in wildtype cells, 70.39% (SE +
1.22) to 97% (SE * 1.57, T-test p=0.0002, n=3) in TDP-43%2%8 Corrected cells, and 71.34% (SE
+1.07) to 95.42% (SE + 1.61, T-test p=0.0002, n=3) in TDP-43%2% cells (Figure 4.3b,c). Flow
cytometry analysis from a separate differentiation showed similar levels of enrichment for
hCD14+ motor neurons from 37.3% to 84.7% in wildtype cells, 12.8% to 84.6% in TDP-4362985
corrected cells, and 75.3% to 90.2% in TDP-43%2985 cells (Figure 4.3d)
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4.5 Stable integration of CAG::CHR2-YFP construct into human iPSCs facilitates
optogenetic control of motor neurons

In order to control the activity of the hiPSC-derived motor neurons an optogenetic construct
- Channelrhodopsin-2 YFP (CHR2-YFP) (Generated by Carolina Barcellos-Machado) — driven by
the ubiquitous CAG promoter was stably expressed in the hiPSC lines using a piggybac
integration system (Wang et al. 2008, Zhang et al. 2006). Subsequently polyclonal YFP+ lines
were FACS sorted so that CHR2-YFP expression was comparable across all cell lines (Figure
4.43). To further confirm comparable CHR2-YFP expression, hiPSCs were stained against YFP
and fluorescence intensity measured. There was no significant difference in YFP intensity
across the lines (Figure 4.4b). To confirm the functionality of the CHR2-YFP construct whole-
cell patch clamp recordings were performed on YFP+ motor neurons differentiated and grown
on GDNF expressing mouse ESC-derived astrocytes for 6 weeks (Figure 4.4d). Optogenetic
stimulation of the motor neurons elicited robust firing of trains of action potentials for all cell
lines (Figure 4.4e). The proportion of cells that fired at least one action potential in response
to optogenetic stimulation was also comparable, 61.9% for wildtype, 80.6% for TDP-4362985

corrected and 79.2% for TDP-4352%85 (Figure 4.4f).

4.6 Stable integration of doxycycline-inducible iPAX7 construct into human iPSC lines
facilitates forward programing into myoblast progenitors

To generate skeletal myoblasts from human iPSCs a forward programming approach was
used, whereby the early myogenic gene, PAX7, was ectopically expressed using a doxycycline
inducible Tet-on system to directly convert hiPSCs into myoblasts. PAX7 was chosen over the
more commonly used MYOD since PAX7 is a myogenic progenitor transcription factor rather
than a terminal myocyte transcription factor. This would facilitate multiple rounds of
expansion of the myogenic progenitors prior to terminal differentiation and may also open
up opportunities to generate PAX7 positive satellite cells that are found in mature muscle for
use in future studies. This tet-on PAX7 construct — termed iPAX7 (Cloned by Federica Riccio)
— was stably integrated into the CLYBL safe-harbour locus using TALENS based delivery and
homozygous clones were used (Figure. 5a). hiPSCs were first given a brief pulse of CHIR then
treated with doxycycline for 18 days to generate PAX7 and MYOD expressing myoblast

progenitors (Figure 4.5b,c). These progenitors could be expanded for several passages and
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frozen for future use. Subsequently after switching the media to myogenic differentiation
media for 1 week, myoblast progenitors began to fuse and form myotubes, expressing
myogenin and myosin (Figure 4.5c). After another week mature striated titin expressing

myofibers began to form (Figure 4.5c).

Understanding how pathogenic TDP-43 might impact muscle function was another aim for
this chapter. To this end, stable, homozygous TDP-4362985 and TDP-43%2°85 Corrected iPAX7
hiPSC lines were also generated at the same time as the wildtype iPAX7 line (S Figure 4.12a).
When differentiated into myoblasts using the same protocol the TDP-43%2985 corrected line
was able to form PAX7 and MYOD expressing progenitors comparable to the wildtype line,
however the TDP-43%2%8 |ine showed a considerable reduction in PAX7 positive cells — from
88% (SE + 1.53) to 3% (SE + 1.20, T-test p<0.0001, n=3) and MYQOD positive cells — from 86%
(SE +2.52) to 1% (SE + 0.58, T-test p<0.0001, n=3) (S Figure 4.12c). After 1 week in myogenic
differentiation medium the TDP-43%2%85 Corrected line was able to form morphological
myotubes, while the TDP-4352°%5 |ine was unable to, with considerable cell death occurring (S
Figure 4.12b). The reasons for this were never fully resolved, although possible explanations

are discussed later in this chapter.

4.7 Generation of functional human iPSC-derived neuromuscular circuits in
compartmentalized microdevices

Wildtype MACS enriched CHR2-YFP+ hiPSC-motor neurons were combined with GDNF
expressing mESC-derived astrocytes into neural spheroids and co-cultured with wildtype
iPAX7 hiPSC-myoblasts in compartmentalised microdevices like those described in chapter 2
but with minor modifications (Figure 4.6a). Following two weeks of co-culture myofiber
contractions could be elicited through optogenetic stimulation of the motor neurons (Figure
4.6¢,d). These contractions could be quantified using PIV analysis to generate a readout of
contraction velocity. To validate that the myofiber contractions were occurring via
transmission at neuromuscular synapses, co-cultures were treated with the AChR blocker d-
tubocurarine (DTC), which completely abolished optogenetically evoked contractions from
30.01pum/s (SE + 5.78, n=9) to 0.75um/s (SE * 0.10, n=4, T-test p=0.0072) (Figure 4.6e,d). Finally,

to confirm the formation of neuromuscular synapses, immunostaining for pre-synaptic SV2 and
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post-synaptic ACh receptors was carried out alongside staining for Titin and TUBB3. Clear
colocalization of SV2 and AChR indicated the formation of neuromuscular synapses (Figure 4.6e).

Associated supplementary movie QR codes available in supplementary figure 4.14.

In addition to using human iPSC-motor neurons and human iPSC-myofibers in the co-cultures,
human iPSC-derived GDNF expressing astrocytes were also sought to be incorporated into the
neural compartment of the co-culture platform in order to support the survival of the spinal motor
neurons. To achieve this a CAG::GDNF+ construct was stably integrated into a background iAstro
line using a piggybac integration system (S Figure 4.13a,b). Briefly this background iAstro line
(generated by Federica Riccio) was based on a previously published approach to forward program
human iPSCs into astrocytes by force expressing the astrocyte specific genes: SOX9 and NF1b (S
Figure. 4a). This approach could reliably be used to generate GFAP and s100b expressing
astrocytes (S Figure 4.13c — images generated by Federica Riccio). However, long-term motor
neuron survival was significantly impaired when co-cultured with these astrocytes. At two-weeks
there was 75.37% (SE * 5.26, n=8) motor neuron survival in cultures with no astrocytes, which
dropped dramatically to 2.05% (SE + 0.38, n=8, One-way-ANOVA with Dunnet’s test p<0.0001)
survival in co-cultures with wildtype iAstrocytes. This survival was moderately increased to 10.6%
(SE £ 3.61, n=6, One-way-ANOVA with Dunnet’s test p=0.19) in co-cultures with GDNF expressing
iAstrocytes (S Figure 4.13d). Taken together however, the toxic nature of the iAstrocytes on motor
neurons meant they were not taken forward into the neuromuscular co-cultures and any further
experiments. Instead GDNF expressing mouse ESC astrocytes were used for all subsequent

experiments.

4.8 Optogenetic entrainment enhances NMJ formation and myofiber contractility in
human iPSC neuromuscular circuits

To ascertain whether neuromuscular synapse formation was dependent on neural activity, 1-
hour 5Hz optogenetic entrainment was applied to the co-cultures every day for 5 days (Figure
4.7a). Optogenetic entrainment significantly improved optogenetically evoked myofiber
contraction velocity from 11.99um/s (SE + 4.37) without any entrainment to 28.46um/s (SE +
4.16, n=6, T-test, p=0.02) with entrainment (Figure 4.7b,c). Furthermore, optogenetic
entrainment improved axon outgrowth from 9150um? (SE + 2142) to 41785um? (SE + 8069,

106



n=6, T-test p=0.0029) as well as improving neuromuscular synapse formation (number of
colocalised SV2/AChR objects per field of view) from 23.67 (SE + 4.44) to 87.83 (SE * 9.67,
n=6, T-test p=0.0001) (Figure 4.7d). Taken together this shows that neural activity improves
neuromuscular synapse formation and myofiber contractility in human neuromuscular co-

cultures. Associated supplementary movie QR codes available in supplementary figure 4.14

4.9 Human iPSC-derived neuromuscular circuits containing TDP-43%298 motor neurons
display increased spontaneous myofiber contractility, yet reduced optogenetically
evoked maximal contractile output

To understand how the ALS-related pathogenic TDP-43%2%85 mutation impacted
neuromuscular function, neuromuscular co-cultures were generated with MACS enriched
wildtype hiPSC-motor neurons, TDP-43%2%85 corrected motor neurons, and TDP-4362%85 motor
neurons and grown for 2-weeks with 5 days of optogenetic entrainment (Figure 4.7a). An
observation made right away was an increase in spontaneous myofiber contractions in the
TDP-43%2%85 neuromuscular co-cultures — such spontaneous contractions were rarely
observed in the wildtype and corrected conditions. To quantify this, three 5s video recordings
were made at regular intervals over the course of 1 minute of the myofibers without any
external stimulation and then quantified using particle image velocimetry (PIV) (Figure
4.8a,b). TDP-43%2985 co-cultures showed significantly stronger spontaneous contraction
velocities 13.78um/s (SE + 2.36, n=10) than wildtype 2.66um/s (SE * 0.75, n=6, One-way-
ANOVA with Dunnet’s test p=0.0104) and corrected 5.36um/s (SE * 0.15, n=9, One-way-
ANOVA with Dunnet’s test p=0.037) co-cultures (Figure 4.8e). Furthermore, these
spontaneous contractions were completely abolished by the addition of the AChR blocker d-
tubocurarine to 0.523um/s (SE + 0.15, n=4, One-way-ANOVA with Dunnet’s test p=0.0072)
indicating that they were driven by neural activity as opposed to intrinsic contractility of the
myofibers themselves (Figure 4.8e). Furthermore, spontaneous contraction frequency was
also significantly higher in the TDP-43%2°85 co-cultures at 0.25Hz (SE + 0.03, n=10) compared
to 0.04Hz (SE + 0.05, n=6, One-way-ANOVA with Dunnet’s test p=0.0007) in the wildtype and
0.05Hz (SE + 0.02, n=9, One-way-ANOVA with Dunnet’s test p=0.0002) in the corrected co-
cultures (Figure 4.8f). As well as looking at spontaneous myofiber contractions,

optogenetically evoked myofiber contractions were also quantified. Strikingly evoked
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myofiber contraction velocity was significantly lower in the TDP-43%2%85 co-cultures at
13.86um/s (SE + 2.14, n=10) compared to 28.46um/s (SE + 4.16, n=6, One-way-ANOVA with
Dunnet’s test p=0.049) in the wildtype and 30.01um/s (SE + 5.78, n=9, One-waw-ANOVA with
Dunnet’s test p=0.017) in the corrected co-cultures (Figure 4.8c,d,e). Taken together these
results show that TDP-43%2%8% neuromuscular co-cultures display increased spontaneous
myofiber contractility yet a reduction in optogenetically evoked maximal contractile output.
This result resembles the simultaneous occurrence of muscle fasciculations and muscle
weakness observed in the early stages of ALS. Associated supplementary movie QR codes

available in supplementary figure 4.14

4.10 Human iPSC-derived neuromuscular circuits containing TDP-43%298> motor
neurons display a reduction in axon outgrowth and neuromuscular synapses

To understand why the maximal optogenetically evoked contractions were weaker in the
TDP-4352%85 neuromuscular co-cultures axon outgrowth and the number of neuromuscular
synapses was compared across conditions. Initially, at D1 of the neuromuscular co-cultures
axon maximum branch length outgrowth was comparable for all culture conditions: 261.7um
(SE + 7.77, n=5) for wildtype, 306.7um (SE + 21.56, n=7) for corrected and 339.8 um (SE +
27.62, n=6,) for TDP-43%2%% (One-way-ANOVA with Dunnet’s test p=0.08), (Figure 4.9a).
However, after two-weeks axon coverage was significantly lower in the TDP-4362%% co-
cultures at 11,076um? (SE + 3286, n=10) compared to 41,785um? (SE + 8069, n=6, One-way-
ANOVA p=0.0002) for wildtype and 46,607um? (SE + 2755, n=9, One-way-ANOVA with
Dunnet’s test p<0.0001) for corrected co-cultures (Figure 4.9b,c). Furthermore, the number
of neuromuscular synapses (SV2/AChR colocalised objects) was lower in the TDP-4362985 co-
cultures, at 40.10 (SE £ 6.22, n=10) compared to 87.83 (SE + 9.69, n=6, One-way-ANOVA with
Dunnet’s test p=0.0083) in the wildtype and 77.11 (SE + 13.04, n=9, One-way-ANOVA with
Dunnet’s test p=0.021) in the corrected cultures (Figure 4.9b,c). Finally, the average size of
the neuromuscular synapses was lower in the TDP-4362%8 co-cultures at 7.48um? (SE + 1.34,
n=10) compared to 11.53um3 (SE + 0.69, n=6, One-way-ANOVA with Dunnet’s test p=0.068)
in the wildtype and 12.42um?3 (SE + 1.17, n=9, One-way-ANOVA with Dunnet’s test p=0.011)
in the corrected co-cultures (Figure 4.9b,c). Taken together these results suggest that the

reduction in maximal optogenetically evoked contractile output is lower due to a reduction
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in axon outgrowth and the number neuromuscular synapses in the TDP-436298

neuromuscular co-cultures.
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Figure 4.1. CRISPR-Cas9 mediated genome correction of ALS-related TDP-436298

mutation in a patient derived human iPSC line.

A, Schematic showing the CRISPR-Cas9 mediated genome editing strategy to correct the
endogenous pathogenic ALS-related TDP-43%29% mutation. B, Xho1l restriction digest of
CRISPR-Cas9 edited hiPSC clone showing homozygous integration of the donor template
harbouring the silent Xho1 restriction site. C, Sanger-sequencing of exon 6 of the TARDBP
gene showing correction of the TDP-43%298 mutation and homozygous integration of the
donor template harbouring the silent Xho1 restriction site. D, Immunofluorescence staining
of the pluripotency markers OCT4, SOX2 and SSEA4 counterstained for DAPI (Scale bar =
200um). E, G-banding showing normal karyotype for parental TDP-4352%85 and TDP-436298>
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CRISPR-Corrected hiPSC lines. F, Western blot analysis and quantification showing TDP-43
protein expression in wildtype (n=3), CRISPR corrected (n=3) and TDP-4362%8 (n=3) hiPSC
lines relative to the housekeeper vinculin. G, qRT-PCR analysis of Exon 6 inclusion/intron 5
retention of the TARDBP gene to check for abnormal splicing of the TARDBP gene across
hiPSC lines (n=3). Error bars represent the SEM, one-way-ANOVA used to determine
statistical significance, *p<0.05.
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Figure 4.2. Directed differentiation of human iPSCs into motor neuron progenitors.

A, Schematic showing small-molecule protocol to direct the differentiation of hiPSCs into
MNPs via a neuroectodermal progenitor state using dual smad inhibition (SB,LDN), Wnt
activation (CHIR) and morphogen signalling (RA, PURM). B, Representative bright-field
images taken at each stage of differentiation (Scale bar = 200um). C, Immunofluorescence
staining for the motor neuron marker ISL1 (red) and the motor neuron progenitor marker
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OLIG2 (cyan), counterstained with DAPI (blue) and TUBB3 (green) (Scale bar = 50um).
Quantification of relative percentages of cells expressing ISL1, OLIG2, ISL1and OLIG2 and
neither marker for wildtype, corrected and TDP-43%295 hiPSC lines (N=1, iN=1, n=3).
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Figure 4.3. Stable integration of HB9::CD14 construct into human iPSCs allows efficient
magnetic activated cell sorting (MACS) enrichment of post-mitotic motor neurons.

A, Schematic showing TALENS based delivery of the MACS sortable HB9::hCD14 construct
into the AAVS1 safe-harbour locus in hiPSC lines. Homozygous integration can be
determined by a negative PCR for the wildtype allele and a positive PCR for the integrated
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allele. B, Immunofluorescence staining for ISL1 in pre-sort and eluate populations,
counterstained for TUBB3 and DAPI (Scale bar = 50um). C, Quantification of ISL1 positive
cells in pre-sort, flow-through and eluate populations for wildtype, corrected, and TDP-
4362985 hipSC lines, (N=1, iN=1, n=3). D, Flow cytometry analysis of pre-sort and eluate
populations with negative control samples used to set the positive gates. Error bars
represent the SEM. T-tests used to determine statistical significance. **p<0.01,
***p<0.001.
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Figure 4.4. Stable integration of CAG::CHR2-YFP construct into human iPSCs facilitates
optogenetic control of motor neurons.

A, Schematic of the CAG::CHR2-YFP construct and FACS gates used to select YFP+ polyclonal
cell lines with comparable YFP expression. B, Immunofluorescence staining for CHR2-YFP in
hiPSC lines, counterstained with DAPI (Scale bar = 50um). C, Quantification of YFP
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fluorescence intensity across cell lines. D, Whole-cell patch clamp recordings of CHR2-YFP+
MACS enriched hiPSC-motor neurons grown for 2-weeks on MACS enriched GDNF
expressing mESC-astrocytes (Scale bar = 50um). E, Optogenetic stimulation of hiPSC-motor
neurons induces robust action potential firing across all cell lines (N=1, iN=3, n=20). F,
Quantification of the proportion of motor neurons that fire action potentials in response to
optogenetic stimulation. Error bars represent the SEM. One-way-ANOVA used to determine
statistical significance.
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Figure 4.5. Stable integration of doxycycline-inducible iPAX7 construct into human iPSC
lines facilitates forward programing into myoblast progenitors.

A, Schematic showing TALENS based delivery of the doxycycline-inducible iPAX7 construct
into the CLYBL safe-harbour locus of hiPSC lines. Homozygous integration can be
determined by a negative PCR for the wildtype allele and a positive PCR for the integrated
allele. B, Schematic showing forward programming of iPAX7 lines from hiPSCs into PAX7
positive myoblast progenitors. Bright-field images show representative examples of each
stage of the protocol (Scale bar = 200um). C, Immunofluorescence staining of the
progenitor markers PAX7 and MYOD at D21, the myotube markers myogenin and myosin
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at D28 and the mature myofiber marker titin at D34. Counterstained with DAPI (Scale bar =
50um). Quantification of the percentage cells expressing these markers at each stage of
differentiation (N=1, iN=1, n=3). Error bars represent the SEM.
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Figure 4.6. Generation of functional human iPSC-derived neuromuscular circuits in
compartmentalized microdevices.

A, Schematic showing co-culture of hiPSC-derived motor neurons and myofibers in
compartmentalized microdevices. B, Brightfield/CHR2-YFP image of a plated
compartmentalized neuromuscular co-culture. C, Particle image velocimetry (PIV) analysis
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of optogenetically evoked myofiber contractions before and after treatment with the AChR
blocker d-Tubocurarine (DTC) (Scale bar = 200um). D, Quantification of optogenetically
evoked myofiber contractions before (N=1, iN=1, n=9) and after (N=1, iN=1, n=4) treatment
with d-Tubocurarine (DTC). E, Immunofluorescence staining for Titin, TUBB3, SV2 and AChR
alongside composite images and the colocalization channel for SV2 and AChR (Scale bar =
50um). Error bars represent the SEM. T-test used to determine statistical significance.
**p<0.01.
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Figure 4.7. Optogenetic entrainment enhances NMJ formation and myofiber contractility

in human iPSC neuromuscular circuits.

A, Schematic showing optogenetic entrainment of wildtype hiPSC-neuromuscular co-
cultures. B, Particle image velocimetry (PIV) analysis of optogenetically evoked myofiber

contractions in non entrained and entrained co-cultures (Scale bar
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Quantification of peak optogenetically evoked myofiber contraction velocity in non-



entrained and entrained co-cultures, n=6. D, Immunofluorescence staining for TUBB3, SV2
and AChR alongside SV2/AChR (NMIJ) colocalization channels in non-entrained and
entrained co-cultures (Scale bar = 50um). Quantification of axon outgrowth and NMJ
number in non-entrained and entrained conditions, (N=1, iN=1, n=6). Error bars represent
the SEM, t-tests used to determine statistical significance. **p<0.01, ***p<0.001.
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Figure 4.8. Human iPSC-derived neuromuscular circuits containing TDP-4352985 motor
neurons display increased spontaneous myofiber contractility, yet reduced
optogenetically evoked maximal contractile output.

A, Particle image velocimetry (PIV) analysis of spontaneous myofiber contractions in
wildtype (N=1, iN=3, n=6), corrected (N=1, iN=3, n=9) and TDP-43%2°85 (N=1, iN=3, n=10)
neuromuscular co-cultures (Scale bar = 200um). B, Spontaneous myofiber contraction
traces. C, Particle image velocimetry (PIV) analysis of optogenetically evoked myofiber
contractions in wildtype, corrected, and TDP-43%2985 neuromuscular co-cultures (Scale bar
= 200um). D, Optogenetically evoked myofiber contraction traces. E, PIV quantification of
peak spontaneous velocity and optogenetically evoked velocity in wildtype, corrected, TDP-
4362985 gnd corrected +DTC (N=1, iN=3, n=4) and TDP-43%2°%> +DTC (N=1, iN=1, n=4)
conditions. F, Quantification of spontaneous myofiber contraction frequency. Error bars
represent the SEM. One-way-ANOVA used to determine statistical significance. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 4.9. Human iPSC-derived neuromuscular circuits containing TDP-4352985 motor
neurons display a reduction in axon outgrowth and neuromuscular synapses.

A, Quantification of initial axon outgrowth based on CHR2-YFP at D1 of the neuromuscular
co-cultures for wildtype (N=1, iN=3, n=6), corrected (N=1, iN=3, n=9) and TDP-43%2%85 (N=1,
iN=3, n=10) conditions (Scale bar = 50um). B, Immunofluorescence staining of Titin, TUBB3,
SV2, AChR and colocalization of SV2/AChR for wildypte, corrected and TDP-4352%85 2-week
neuromuscular co-cultures (Scale bar = 50um). C, Quantification based on
immunofluorescence staining of axon outgrowth, NMJ number and NMJ size. Error bars
represent the SEM. One-way-ANOVA used to determine statistical significance. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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sgRNA-9: CRISPR ID: 901697809, Sequence: GGATTTGGTAATAGCAGAGGAGGG
(MMO: 0, MM1: 0, MM2: 1) Mismatch in the seed region.

sgRNA-10: CRISPR ID: 901697810, Sequence: TTTGGTAATAGCAGAGGGGGATGG
(MMO: 0, MM1:0, MM2:3)

*PAM, Seed region, A = cut site
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1075311287 10:121415882-121415904 GGAAGTGGTAATGGCAGAGG TGG 3 + Intergenic

Supplementary Figure 4.10. TIDE analysis of sgRNA-9 and sgRNA-10.

A, Details of both guide RNAs, including CRISPR ID, sequence and mis-match (MM) scores.
PAM site in green, seed region in blue, » = cut site. B, Sanger sequencing showing sequence
around the guide RNA target sites in CAS9 only conditions and CAS9 +sgRNA-9 and sgRNA-
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10. C, TIDE analysis showing indel spectrum and estimated cutting efficiency for both guide
RNAs. D, Top 5 predicted off-target loci for sgRNA-9.

a Wildtype b
CRISPR KD
TDP-43
3%10° .
TDP-43 3 _ <
85
@% 2x10°
R
&3
$s 1%106
o c
&€
TDP-43/ 0~ N °
DAPI & ot
N &

Supplementary Figure 4.11. CRISPR-cas9 mediated knockdown of TDP-43 in wildtype
hiPSCs.

A, Immunofluorescence staining of TDP-43 in wildype and CRISPR KD hiPSCs,
counterstained with DAPI (Scale bar = 50um). B, Quantification of TDP-43 fluorescence
intensity in wildtype and CRISPR KD hiPSCs (N=1, iN=1, n=3). Error bars represent the SEM.
Unpaired, t-test used to determine statistical significance. *p<0.05.
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Supplementary Figure 4.12. Impaired differentiation of TDP-4362%8 jPAX7 hiPSCs into

myoblasts.

A, Stable homozygous integration of the iPAX7 construct into the CLYBL safe-harbour loci
of TDP-4352%85 corrected and TDP-43%2985 hiPSC lines. B, Brightfield images of D21 myoblast
progenitors and D27 myotubes in TDP-43%2%8 corrected and TDP-43%2%8 |ines (Scale bar =
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200um). €, Immunofluorescence staining of PAX7 and MYOD in D21 TDP-43%2% corrected
and TDP-4362%% myoblast progenitors, counterstained with DAPI (Scale bar = 50um). D,
Quantification of the percentage cells expressing PAX7 and MYOD based on
immunofluorescence staining (N=1, iN=1, n=3). Error bars represent the SEM. T-test used
to determine statistical significance. ****p<0.0001.
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Supplementary Figure 4.13. Generation and characterization of hiPSC-GDNF+ iAstrocytes.

A, Schematic of the iAstro construct already incorporated into the hiPSC line and the
CAG::GDNF construct. B, Immunofluorescence staining for GDNF in hiPSCs stably
engineered to express the CAG::GDNF construct using a piggybac integration system.
Counter stained with DAPI (Scale bar = 50um). C, Immunofluorescence staining for the
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astrocyte markers GFAP and s100b in differentiated GDNF+ iAstrocytes, counterstained
with DAPI (Scale bar = 50um). D, Survival of wildtype hiPSC-motor neurons without
iAstrocytes, with wildtype iAstrocytes and with GDNF+ iAstrocytes and representative
images (N=1, iN=1, n=8). Error bars represent the SEM. One-way-ANOVA used to determine
statistical significance. ****p<0.0001.
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Supplementary Figure 4.14. QR codes for supplementary movies.

Supplementary Movie 4.1. Wildtype optogenetically evoked contraction
(https://youtu.be/-JT4KI4PHso), Supplementary Movie 4.2. Wildtype ontogenetically
evoked contraction +DTC (https://youtu.be/1b_0kZDZWIQ), Supplementary Movie 4.3.
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Wildtype optogenetically evoked no entrainment (https://youtu.be/Bmd6G0qpDpl),
Supplementary Movie 4.4. Wildtype optogenetically evoked entrained
(https://youtu.be/QufKWwN8azZM), Supplementary Movie 4.5. TDP 4362%% CRISPR
Corrected optogenetically evoked contraction (https://youtu.be/vC_6pRgnozY),
Supplementary Movie 4.6. TDP 43%2%5 CRISPR Corrected spontaneous contractions
(https://youtu.be/3xFxy64RFmA), Supplementary Movie 4.7. TDP 4352%8° optogenetically
evoked contraction (https://youtu.be/-n816knn0e8), Supplementary Movie 4.8. TDP
4362985 gpontaneous contractions (https://youtu.be/Z5rtHdiSLnY).

4.11 Discussion

This chapter describes the development of a human iPSC-derived neuromuscular co-culture
platform to model ALS. To achieve this hiPSCs were engineered to express a motor neuron
specific MACS-sortable HB9::hCD14 construct and the optogenetic actuator CHR2-YFP in
order to generate highly enriched, optogenetically controllable human motor neurons (Figure
4.3, 4.4). Furthermore, a separate hiPSC clone was engineered to express a doxycycline
inducible iPAX7 construct, in order to forward program hiPSCs into skeletal myoblasts (Figure
4.5). hiPSC-motor neurons were then combined with mESC-astrocytes expressing GDNF
(Chapter 3) into neural spheroids and co-cultured with hiPSC iPAX7 myoblasts in
compartmentalised microdevices (Figure 4.6). In order to model ALS, patient hiPSCs
harbouring a TDP-43%2%85 mutation were obtained from the Chandran group (University of
Edinburgh) and CRISPR-Cas9 mediated genome engineering used to generate a gene-
corrected isogenic control line (Figure 4.1). Using this co-culture platform, it was then possible
to model developmental mechanisms and ALS-related neuromuscular phenotypes. It was
found that human neuromuscular synapse formation was activity dependent (Figure 4.7).
And, remarkably, neuromuscular co-cultures harbouring TDP-43%2°8> motor neurons
exhibited concomitant occurrence of increased spontaneous myofiber contractions and
weaker optogenetically evoked maximal contractile output due to loss of neuromuscular
junctions, mirroring the occurrence of myofiber fasciculations and muscle weakness seen in

patients with ALS (Figure 4.8, 4.9) (Bashford et al. 2020).

In this chapter CRISPR Cas9 gene editing was employed to correct the endogenous TDP-
4362985 mutation in a patient derived hiPSC line (Figure 4.1). Pre-complexed recombinant Cas9
and chemically synthesised sgRNA ribonucleoprotein (RNP) based delivery was chosen rather

than plasmid-based delivery of the Cas9 protein and the guide RNA. This was based on several
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factors: first pre-complexed RNPs are much smaller than plasmids and as such the
transfection efficiency would likely be much higher and toxicity lower (Kim et al. 2014). This
was counter-balanced however by the fact that there would be no positive selection using
FACS for GFP+ transfected cells as is normally carried out using a plasmid-based delivery
system. Second, the RNP complex is pre-primed before transfection and as such is ready to
cut straightaway. With a plasmid-based approach there is a delay between transfection and
expression of the Cas9/sgRNA and formation of RNP complexes before cutting can begin, this
is problematic since the donor template DNA is degraded relatively quickly — so timing optimal
levels of RNP activity and donor template availability is crucial. Furthermore RNP complex
formation may not occur correctly or efficiently and sgRNAs are degraded rapidly if not part
of the RNP complex (Hendel et al. 2015). Finally, plasmid DNA remains in cells for a much
longer period leading to increased likelihood of off target activity (Liang et al. 2015). Plasmid
DNA has also been shown to directly integrate into the host genome, leading to further off-
target effects (Kim et al. 2014). Using this approach, a high cutting efficiency of ~60% was
achieved (S Figure 4.10). To facilitate the identification of recombinant clones, a silent Xho1l
restriction site was incorporated into the donor template of the seed region of the sgRNA
binding site. Mutating the seed region is common practice to prevent Cas9 cutting already
integrated template DNA. Incorporation of the restriction site as part of this allowed a simple
PCR and restriction digest screen to be carried out to determine which hiPSC clones had
incorporated donor template DNA. From this it was found that donor template integration
was very high at 45%. Sanger sequencing showed that 15% had normal sequences, while the
rest typically showed abnormal sequences downstream of the sgRNA sequence. For the
chosen clone there were no off-target effects in the top 5 predicted sites, the karyotype was
normal, TDP-43 protein expression was normal, splicing of the intron 5/exon 6 boundary was
normal and cells still expressed key pluripotency markers (Figure 4.1). A TDP-43 knockdown
clone was also generated in a wildtype line (S Figure 4.11); however, the line grew so slow its
use was discontinued — this is not too surprising as TDP-43 knockout is embryonic lethal after
E3.5 (Kraemer et al. 2010). Future work to achieve TDP-43 knockdown in hiPSCs should use
CRISPR interference (CRISPRi) or siRNA based approaches at later stages of the cultures
(Mandegar et al. 2016).
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The initial aim of this chapter was to generate fully human neuromuscular co-cultures using
hiPSC-motor neurons, hiPSC-astrocytes and hiPSC-myofibers. Furthermore, it was also the
intention to be able to generate each cell type from wildtype, TDP-43%2%85 corrected and TDP-
4362985 hackgrounds to be able to compare the contribution of the TDP-43%2%85 mutation to

ALS-related neuromuscular phenotypes in a cell type specific manner.

Generating human iPSC-motor neurons was relatively simple to establish. hiPSCs were
differentiated using a 12-day small molecule approach into mixed motor neuron/motor
neuron progenitor populations (Du et al. 2015) (Figure 4.2). The MACS sortable HB9::hCD14
construct (used in chapter 3 — plasmid generated by Carolina Barcellos-Machado) was also
stably integrated into the AAVS1 safe harbour locus (Hockemeyer et al. 2009) in hiPSCs using
TALENS based delivery and could successfully be used to reliably enrich motor neurons to
~90% (Figure 4.3). The optogenetic actuator CHR2-YFP (used in chapter 3 — plasmid generated
by Carolina Barcellos-Machado (Bryson et al. 2014)) was also incorporated into the hiPSCs
and could be used to reliably induce trains of action potentials in hiPSC-motor neurons using

blue light (Figure 4.4).

Generating human iPSC-myoblasts was more challenging. Other members of the lab (Aimee
Cheesbrough, Lea R’Bbio) had repeatedly attempted a small-molecule approach to
differentiate hiPSCs into myoblasts using the well-known protocol established by the
Pourquie group (Chal et al. 2016), however had found it highly variable between cell lines and
unreliable. Further discussions with our collaborators (Amaia Paredes, Yung-Yao Lin - QMUL)
who regularly used this protocol revealed it only worked on a small number of hiPSC-lines and
even then, was not 100% reliable. As such it was decided to take a different approach.
Another member of the lab — Federica Riccio had had recent success using forward
programming approaches to generate GABAergic and Glutamatergic cortical neurons from
hiPSCs, and kindly agreed to clone the myogenic PAX7 gene into the Dox-inducible construct
for us to try (Rao et al. 2018). By stably integrating this construct into the CLYBL safe-harbour
locus (Cerbini et al. 2015) of a wildtype hiPSC line it was then possible to reliably generate
PAX7/MYOD+ myoblast progenitors within 21 days (Figure 4.5). Further differentiation for 1
week led to the formation of myosin/myogenin positive myotubes and a further week, the

formation of striated titin+ myofibers (Figure 4.5). Interestingly this approach worked well for
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the wildtype and TDP-43%2%85 Corrected hiPSC lines, but completely failed for the TDP-4362985
line, despite homozygous integration of the iPAX7 construct (S Figure 4.12). This was found
to be the case for multiple TDP-43%2%%5 jPAX7 clones (data not shown). The reasons for this
are unclear. It’s possible that the iPAX7 transgene had been silenced at the CLYBL locus
specifically in the TDP-43%2%8 clones by chance — indeed random silencing has been
documented at the AAVS1 safe-harbour locus (Ordovas et al. 2015) so similar silencing at the
CLYBL locus is possible. However, the fact it only occurred in the TDP-43%2%8 |ines and not the
wildtype or CRISPR corrected isogenic control lines, may mean that either the TDP-4362985
mutation somehow increased gene silencing at the CLYBL safe-harbour loci or directly
interfered with myogenic differentiation. Indeed a number of studies have shown that TDP-
43 knockdown inhibits myogenic differentiation by inhibiting the expression of muscle genes
such as MYOD (Militello et al. 2018), hinting at a possible mechanism behind these results.
This opens interesting questions about the role of TDP-43 in muscle function, regeneration
and possibly the origins of TDP-43 pathology in ALS —indeed several studies have shown TDP-
43 forms aggregates in regenerating muscle (Vogler et al. 2018). Such aggregates have also
been observed in skeletal muscle of patients with ALS (Soraru et al. 2010). It could be possible
that the muscle damage and regeneration that occurs in ALS further contributes to the spread
of or is even the original source of pathological TDP-43 aggregates in ALS. Indeed, such a co-
culture platform as developed in this chapter would be a promising way to approach this
guestion. It would be possible to artificially induce TDP-43 aggregation in the myofibers, by
using an OptoTDP-43 system for example (Asakawa, Handa and Kawakami 2020) and then
measure any retrograde prion like spreading of the TDP-43 aggregates into the motor neurons

(Smethurst et al. 2016).

Generating hiPSC-astrocytes was possible using a forward programming approach.
Specifically forced expression of the astrocyte genes Sox9 and NF1b (Doxycycline inducible
AAVS1 knock in) in a line generated by Federica Riccio (Li et al. 2018). To make this amenable
to motor neuron co-cultures a GDNF transgene (chapter 3) was incorporated using a piggybac
integration system into this iAstro line. Using this approach, it was possible to generate GFAP
and S100b positive astrocytes. However, when cultured with hiPSC-motor neurons it was
found that both wildtype and GDNF+ astrocytes impeded motor neuron survival compared to

culturing the motor neurons alone (S Figure 4.13). It's unclear why this was the case but

134



perhaps points toward a general drawback of forward programming approaches in how much
the cells derived truly reflect their in vivo counterparts. While GFAP and S100b expression are
widely used astrocyte markers, their expression alone does not mean they will behave exactly
like in vivo astrocytes and perhaps other transcriptomic networks need to be activated — other
than those activated by forced expression of Sox9 and NF1b - in order to truly recapitulate in
vivo astrocytes. It’s also possible that the astrocytes were still too immature (D21) and longer-
term culture and maturation may improve their capacity to support motor neuron survival.
Indeed, well-established small-molecule approaches to derive astrocytes from hiPSCs
typically take longer at 45-60 days (Tyzack, Lakatos and Patani 2016, Taha et al. 2022). Or
alternatively it’s possible that the inducible astrocytes recapitulate a more reactive state that
is less supportive of motor neuron survival. Finally the mismatch in regional identity of the
dorsal forebrain astrocytes and spinal motor neurons may have resulted in impaired trophic

support observed (Li et al. 2018).

Despite difficulties in generating hiPSC-derived astrocytes and hiPSC-derived myoblasts from
TDP-4362%85 hipPSCs it was still possible to generate functional human iPSC-derived
neuromuscular co-cultures. To achieve this, hiPSC-motor neurons and mESC-Astrocytes
expressing GDNF (Machado et al. 2019) were cultured together in neural aggregates, which
were then plated along with hiPSC-myoblasts into compartmentalised microdevices. Co-
localisation of pre- and post-synaptic structures indicated the formation of neuromuscular
junctions. Optogenetic stimulation of the motor neurons could elicit robust myofiber
contractions that could be abolished by the AChR blocker d-Tubocurarine indicating that the
neuromuscular junctions were functional (Figure 4.6). As in chapter 3, it was found that
optogenetic entrainment could increase neuromuscular junction formation and
optogenetically evoked myofiber contractility in an activity-dependent manner (Figure 4.7) —
see discussion section for Chapter 3. However as was the case in Chapter 3, these
neuromuscular co-cultures were generally immature, and poly innervated. This fact should
be considered when interpreting age-related disease phenotypes — since comparable
phenotypes in patients with ALS would occur in mature, mono-innervated motor units.
Indeed, this is a broader implication for hiPSC research into age-related disorders since the
maturity of hiPSC-derived neurons is often comparable to pre-natal stage neurons (Burke et

al. 2020). However, this could also be interpreted as an advantage of using such a system,
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allowing insights into very early pathological processes that may occur in cells and circuits

years or decades before symptomatic onset of the disease.

Perhaps the most striking finding in this chapter was the occurrence of increased spontaneous
myofiber contractions in the neuromuscular co-cultures containing TDP-43%2%85 motor
neurons (Figure 4.8, Supplementary Figure 4.14 - Supplementary Movie 4.8). Interestingly
while spontaneous myofiber contractions were higher, maximal optogenetically evoked
myofiber contractions were in fact weaker (Figure 4.8, Supplementary Figure 4.14 —
Supplementary Movie 4.7). This finding was linked to a reduction axon outgrowth and the
overall number of neuromuscular junctions (Figure 4.9). Taken together these findings
indicate that the total number of functional motor units was lower in the TDP-4362%85
neuromuscular co-cultures, leading to weaker maximal contractile output. However, the
remaining motor units were hyperexcitable, leading to increased spontaneous myofiber
contractility. This finding mirrors the occurrence of muscle fasciculations (spontaneous
twitching) and muscle weakness seen in patients with ALS (Liu et al. 2021, Bashford et al.
2020, de Carvalho et al. 2017), which forms a major diagnostic criteria for the disease (de
Carvalho et al. 2017, Hardiman et al. 2017). Interestingly a recent longitudinal study of muscle
fasciculations in patients with ALS showed that the highest fasciculation frequencies were
found in bicep muscles that had recently become weak (Bashford et al. 2020). This finding
was attributed to intrinsic hyperexcitability of the motor units and a “relentless shrinking of

II'

the motor unit pool”. Eventually the motor unit pool would shrink so much that fasciculation
frequency would subsequently decline. Furthermore, this study suggested that fasciculations
had a proximal origin at the soma/axon or possibly corticospinal inputs, rather than a distal
origin at the terminal branches of the motor unit. This was evidenced by higher incidence of
fasciculation doublets with an interval of 60-80ms as opposed to those with a 5-10ms interval
that would be expected through a distal origin at the nerve terminal (Bashford et al. 2020).
Other studies have shown that motor unit hyperexcitability is driven by altered Na+ and K+
conductances in peripheral axons (Vucic and Kiernan 2010, Kanai et al. 2006), possibly as a
result of altered ion channel expression (Howells et al. 2018). It has also been shown that
motor unit hyperexcitability is associated with increased disease severity and reduced survival

time in patients with ALS (Shimizu et al. 2014). Furthermore, one of the few treatments to

extend survival in ALS, riluzole, primarily acts to inhibit Na+ channels, glutamate release and
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neuronal excitability (Doble 1996), suggesting that early motor unit hyperexcitability may play
an active role in the progression of ALS. Indeed, aberrant hyperexcitability of the motor units
may actively drive activity dependent elimination of the neuromuscular synapses - as occurs
normally in development, where less active axons are favoured over highly active axons to
promote efficacy, and prevent extreme metabolic demands of larger, more active synapses
(Barber and Lichtman 1999). This would make sense in this neuromuscular co-culture model,
which is already less mature owing to poly innervation of the myofibers, and increased motor
unit excitability may help drive activity dependent synapse elimination. It's possible that
similar mechanisms may occur aberrantly in mature, mono-innervated hyperexcitable motor
units in patients with ALS and that extreme metabolic demands of hyperexcitable motor units

may contribute to their eventual loss (Bashford et al. 2020).

Taken together these results show the establishment of a hiPSC-derived neuromuscular co-
culture platform to model functional human motor units in vitro. Using this platform, it was
possible to model ALS-related neuromuscular phenotypes by incorporating TDP-4362985 hipSC
motor neurons and CRISPR-corrected isogenic controls. Key ALS-related neuromuscular
phenotypes were recapitulated in the TDP-43%2% neuromuscular co-cultures, relative to the
wildtype and CRISPR corrected co-cultures. These included increased spontaneous myofiber
contractility and weaker optogenetically evoked maximal contractile output, which was
linked to a reduction in axon outgrowth and overall number of neuromuscular synapses. In
summary this approach serves as a useful platform to model ALS-related human

neuromuscular phenotypes in a simplified in vitro co-culture system.
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5. Engineering high-throughput 96-well human iPSC-derived
neuromuscular co-cultures

5.1 Aims & hypotheses

This chapter describes the development of a high-throughput 96-well hiPSC-neuromuscular
co-culture platform and automated high content image analysis pipeline to automatically
guantify human neuromuscular co-cultures. The impetus behind this was the low-throughput
and time-consuming nature of establishing neuromuscular co-cultures in the
compartmentalised microdevices. With these previous co-cultures the initial plating of the
cells was time-consuming and fiddly, and the imaging and image analysis was all carried out
manually. This was not only time-consuming but prone to sampling error and bias since it was
not feasible to image the entire culture and only several representative fields of view were
obtained for each culture. By establishing hiPSC-neuromuscular co-cultures in 96-well imaging
plates it was then possible to develop and automated high content image analysis pipeline

using an operetta CLS HCl system. Using this system the following aims were set:

1. Can functional human neuromuscular junctions be grown in 96-well plates

2. Can ALS-related phenotypes be automatically quantified using high content image
analysis

3. Can DMD-related phenotypes be automatically quantified using high content image
analysis

4. Can custom-built 96 well plates with suspended electrospun elastic nanofibers
support long-term stability, alignment and maturation of contractile myofibers in

hiPSC-neuromuscular co-cultures

As previously discussed indicative statistics have been performed on these single lines, in line
with similar studies characterising single ALS-related hiPSC lines in neuromuscular co-cultures
(Osaki et al. 2018) and using electrophysiology (Devlin et al. 2015), despite the true biological
N being 1. To make this clear, biological replicates (separate hiPSC lines) are denoted as (N),
induction replicates (complete differentiations from hiPSCs) are denotes as (iN) and technical
replicates, such as recordings from individual neurons, neuromuscular co-cultures or

coverslips are denoted as (n).
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5.2 Automated high content image analysis of hiPSC-neuromuscular co-cultures in
high-throughput 96-well plates

Since the plating, imaging and analysis of the compartmentalised neuromuscular co-cultures
described in chapters 1 & 2 was time-consuming and not amenable to scalable drug-
screening, a high throughput 96-well human iPSC-neuromuscular co-culture was developed.
This format allowed far more conditions to be grown simultaneously and facilitated
automated high content image (HCI) analysis of the co-cultures. Briefly, 40k human iPSC-
myofibers were plated as a monolayer in each well of a 96-well plate. Subsequently neural
aggregates consisting of 5k MACS enriched GDNF+ expressing mESC-astrocytes and 15k MACS
enriched hiPSC-motor neurons were plated on top of the myofiber sheet, in the centre of
each well. Neuromuscular co-cultures were then grown for between 5 and 7 days, then fixed
and stained for the myofiber marker titin, the axonal marker TUBB3, the presynaptic marker
SV2 and post-synaptic ACh receptors (Figure 5.1a,c). Following this, plates were automatically
imaged using an Operetta CLS high content image (HCI) analysis system. The entire well was
imaged in 20x tiles and as such was far more representative than the individual images taken
of the compartmentalised neuromuscular co-cultures where it was not feasible to image the
entire culture (Figure 5.2a). Using Harmony 4.9 HCI analysis software an automated image
segmentation pipeline was built to create masks for: myofibers (based on the titin stain),
axonal outgrowth (based on the TUBB3 stain), presynaptic structures (based on the SV2 stain),
and post-synaptic structures (based on the AChR stain) (Figure 5.1d). Co-localisation of SV2
and AChR objects was then used to infer neuromuscular junction object numbers and
morphological parameters (Figure 5.1d). Background noise and debris were also filtered out
from the masks based on intensity and morphology — for example dead cells and debris in the
cultures often showed up as bright spots/speckles in the image, which could be eliminated
from the masks using a filter with a cut off above a certain fluorescence intensity and above
a certain sphericity (S Figure 5.7). Similarly non-specific antibody staining often shows up as
low-level background noise in the image, which can be filtered out by applying a cut-off below
a certain fluorescence intensity. An example of a sub-optimal staining with segmentation

filters applied is shown in S Figure 5.7.

139



5.3 Formation of functional neuromuscular junctions in 96-well plates

Aside from observing co-localisation of pre- and post-synaptic structures in the 96-well
neuromuscular co-cultures (Figure 5.1d), functional neuromuscular transmission and
myofiber contractility was also assessed. Optogenetic stimulation of the motor neurons
elicited robust myofiber contractions, which could be quantified using particle image
velocimetry (PIV) analysis. Treatment with the Na+ channel blocker tetrodotoxin (TTX)
abolished optogenetically evoked myofiber contractions from 6.90um/s (SE + 1.79) to
0.75um/s (SE + 0.21, n=3, T-test p=0.027), showing that pre-synaptic action potentials are
essential for optogenetically evoked myofiber contractions (Figure 5.2a). Furthermore,
treatment with the AChR blocker d-tubocurarine (DTC) also abolished optogenetically evoked
myofiber contractions from 6.05um/s (SE + 1.40) to 0.66um/s (SE £ 0.11, n=3, T-test p=0.018),
showing that optogenetically evoked myofiber contractions occur through neuromuscular
transmission at ACh receptors (Figure 5.2b). Taken together this data shows that functional

human neuromuscular junctions can form in 96-well hiPSC-neuromuscular co-cultures.

5.4 Automated HCl analysis of ALS-related phenotypes in high-throughput 96-well
neuromuscular co-cultures

Clear ALS-related phenotypes had been observed in the compartmentalized neuromuscular
co-cultures, so it was the next step to see if these phenotypes could also be recapitulated in
the 96-well neuromuscular co-cultures and form the basis of a phenotypic small molecule
screen. Initially for this, two other cell lines were used than those used in chapters 2 and 3. A
wildtype line was used alongside an ALS patient derived hiPSC-line harboring a TDP-43M337V
mutation. Both lines had been engineered to express the MACS sortable HB9::hCD14
construct and the optogenetic actuator CHR2-YFP as described in chapter 2 and differentiated
and MACS enriched into motor neurons. First, functional neuromuscular transmission and
myofiber contractility was assessed by optogenetically stimulating the motor neurons and
quantifying myofiber contraction velocity. The pathogenic TDP-43M337V mutation caused a
significant decrease in optogenetically evoked peak myofiber contraction velocity 1.49um/s
(SE £ 0.31) compared to 2.55um/s (SE + 0.21, n=5, T-test p=0.023) in the wildtype conditions
(Figure 5.3a). Next, automated high content image analysis (HCI) was carried out on wildtype,

TDP-43M337V and TDP-43M337V + Necrostatin treated conditions as described in Figure 5.1. The
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pathogenic TDP-43M337V mutation caused a significant decrease in the total number of
myofibers per well 40318 (SE + 153.7) compared to 5060 (SE + 187.9, n=8, One-way-ANOVA
with Dunnet’s test p=0.0059) in the wildtype conditions (Figure 5.3b,c). TDP-43M337V 3lso
caused a significant reduction in total axon outgrowth 6.12E+06pm? (SE + 2.04E+05)
compared to 7.12E+06um? (SE + 2.25E+05, n=8, One-way-ANOVA with Dunnet’s test p=0.035)
in the wildtype condition. Necrostatin moderately improved axon outgrowth to 6.86E+06um?
(SE + 3.79E+05, n=8, One-way-ANOVA with Dunnet’s test p=0.1306) although this was not
significant. TDP-43M337V 3lso caused a decrease in the number of pre-synaptic SV2 objects
19,518 (SE £ 930) compared to 24,269 (SE + 681, n=8, One-way-ANOVA with Dunnet’s test
p=0.0003) in the wildtype condition. Necrostatin treatment significantly increased the
number of SV2 objects to 22,422 (SE + 535, n=8, One-way-ANOVA with Dunnet’s test
p=0.0201). TDP-43M337V 3lso caused a moderate but non-significant decrease in the total
number of NMJs: 1388 (SE + 94.59) compared to 1471 (SE + 73.02, n=8, One-way-ANOVA with
Dunnet’s test p=0.72) in the wildtype. Necrostatin treatment significantly increased the total
number of NMJs to 1874 (SE + 88.41, n=8, One-way-ANOVA with Dunnet’s test p=0.0013).
Taken together these results show that ALS-related neuromuscular phenotypes can be
effectively modelled in high-throughput 96-well hiPSC-neuromuscular co-cultures and high
content image analysis can be used to quantify them in a rapid and automated manner.
Furthermore, these results show that the RIPK1 inhibitor, necrostatin, can partially rescue

ALS-related neuromuscular phenotypes.

5.5 Automated HCl analysis of DMD-related phenotypes in high-throughput 96-well
neuromuscular co-cultures

In addition to modelling ALS disease phenotypes relating to motor neuron dysfunction it was
also interesting to see if this high-throughput 96-well neuromuscular co-culture platform
could be used to model other neuromuscular disease phenotypes relating to myofiber
dysfunction as opposed to motor neuron dysfunction. Through a collaboration with Amaia
Paredes and Yung-Yao Lin (QMUL) hiPSC-myofibers derived from patients with Duchenne
muscular dystrophy (DMD) were co-cultured with wildtype motor neurons in the 96-well co-
culture platform. These myofibers had a truncating dystrophin®33 X mutation. First, functional

neuromuscular transmission and myofiber contractility was assessed by optogenetically
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stimulating the motor neurons and quantifying myofiber contraction velocity. The pathogenic

dystrophinR3381X

mutation caused a significant decrease in optogenetically evoked peak
myofiber contraction velocity 1.059um/s (SE + 0.23, n=4) compared to 2.55um/s (SE + 0.21,

n=5, T-test p=0.0023) in wildtype conditions (Figure 5.4a). Next automated high content

R3381X R3381X 4

image analysis was carried out on wildtype, dystrophin and dystrophin

R3381X mutation

Necrostatin conditions as described in Figure 5.1. The pathogenic dystrophin
caused a significant reduction in the total number of myofibers 2716 (SE + 93.19) compared
to 5060 (SE £+ 197.9, n=8, One-way-ANOVA with Dunnet’s test p=<0.0001) in the wildtype

conditions (Figure 5.4b,c). DystrophinR338X

also caused a significant reduction in myofiber size
407um? (SE + 13.9) compared to 651.8 um? (SE + 20.83, n=8, One-way-ANOVA with Dunnet’s
test p=<0.0001) in the wildtype conditions. Necrostatin treatment significantly increased
myofiber size to 480.1um? (SE + 26.1, n=8, One-way-ANOVA with Dunnet’s test p=0.04),
although still not up to wildtype levels. It was found that the decrease in myofiber size was
due to a reduction in myofiber length, while there was no change in myofiber width.

Interestingly the dystrophin?3381X

myofibers had a significant impact on axon outgrowth,
reducing axon outgrowth from 7.12E+06um? (SE + 2.25E+05) to 5.74E+06 um? (SE + 2.67E+05,
n=8, One-way-ANOVA with Dunnet’s test p=0.0013). Necrostatin treatment rescued axon
outgrowth back to wildtype levels 7.04E+06pum? (SE + 2.44E+05, n=8, One-way-ANOVA with

Dunnet’s test p=0.0023). Finally, the pathogenic dystrophin?338X

mutation significantly
reduced the total number of neuromuscular junctions from 1471 (SE £+ 73.02) in the wildtype
conditions to 691.5 (SE + 54.04, n=8, One-way-ANOVA with Dunnet’s test p=<0.0001).
Necrostatin treatment significantly increased the number of neuromuscular junctions to 1159
(SE+110.7, n=8, One-way-ANOVA with Dunnet’s test p=0.0013). Taken together these results
show that it is possible to model contrasting neuromuscular disease phenotypes relating to
muscle dysfunction as opposed to motor neuron dysfunction. Specifically, Duchenne
muscular dustrophy (DMD) phenotypes can be effectively modelled in high-throughput 96-
well hiPSC-neuromuscular co-cultures and high content image analysis can be used to
qguantify them in a rapid and automated manner. Furthermore, these results show that the
RIPK1 inhibitor necrostatin can partially rescue DMD-related neuromuscular phenotypes. In
additional collaborative work it was shown that the TGFB inhibitor SB431542 could also
rescue neuromuscular phenotypes, including myofiber morphology, NMJ morphology and

axon outgrowth. The results are published in (Paredes-Redondo et al. 2021)
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5.6 Manufacturing suspended biobased elastomer nanofiber scaffolds in 96-well
imaging plates.

Long-term maintenance of 96-well neuromuscular co-cultures (past 5-7 days) proved
challenging since contractile myofibers would collapse and detach from the 2D-tissue culture
plastic. This was not so much of a problem in the compartmentalized microdevice cultures,
since myofibers were embedded in a 3D hydrogel and could anchor to the PDMS chamber
walls and the NOA coating. To overcome this limitation in the 96-well plate formats a
collaboration with Aimee Cheesbrough (KCL/UCL) and Wenhui Song (UCL) was set up. Custom
built 96-well plates with suspended elastomer nanofiber scaffolds were manufactured by
Aimee Cheesbrough. Bottomless 96-well plates were placed between electrodes and well-
aligned nanofibers were electrospun by a moving spinneret needle controlled by a step-motor
across the plate between two collecting electrodes for 30 minutes (Figure. 5.5a,b). A glass
base with the same dimensions as the 96-well plate was adhered to the plate using a custom
laser-cut acrylic stamp and cured at 60EC overnight (Figure. 5.5a,c). Nanofibers were
deposited uniformly across each well with minimal defects (Figure. 5.5d). In preparation for
cell culture, plates were plasma-treated, UV sterilised and coated with GFR Matrigel overnight
(Figure. 5.5a). In addition to this a 3D seeding mask was designed and printed to ensure

uniform placement of neural aggregates in the centre of the wells (Figure 5.5¢).

5.7 Electrospun suspended elastic nanofibers support long term stability, alignment
and maturation of contractile myofibers in 96-well neuromuscular co-cultures
hiPSC-derived neuromuscular co-cultures were then grown on suspended biobased
elastomer nanofiber scaffolds in custom built 96-well plates (Figure 5.6a). Elastomer
nanofibers significantly improved myofiber alignment —a crucial step for myofiber maturation
- as determined by fourier transformation analysis based on titin immunofluorescence
labelling (Figure 5.6a). Furthermore, the direction of myofiber contractions was also aligned
along the axis of the elastomer nanofibers (y-axis) and the predominant contribution to
myofiber contraction force came from this axis (Figure 5.6b). Long term-stability of the

neuromuscular co-cultures was also significantly improved by the elastomer nanofibers
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compared to control plates. By D14 83.33% (SE + 4.17) of the control plate wells had shown
significant myofiber detachment (defined as >30% detachment within the central field of view
within the well — Figure 5.6c), while only 15.625% (SE + 7.86, n=4, T-test p=0.001) of the
nanofiber wells had shown myofiber detachment (Figure 5.6c). This meant that by D14 there
were significantly more myofibers still present in the nanofiber plates 5589 (SE + 410.1, n=5)
compared to 2911 (SE + 114.4, n=7, T-test p<0.0001) in the control plates (Figure 5.6d).
Furthermore, myofiber volume was also higher in the nanofiber plates 11,668um? (SE + 733.2,
n=5) compared to 10,326pum? (SE + 372, n=7, T-test p=0.041) in the control plates, indicating
that the remaining myofibers were also more mature in the nanofiber plates (Figure 5.6c).
Furthermore, axonal outgrowth was increased in the nanofiber plates from 6.6x108 (SE + 1.5°
n=7) in the control plates to 14.7x10° (SE + 8.8, n=5, T-test p<0.0001) and NMJ size was also
increased in the nanofiber plates from 27.06 (SE + 3.76, n=7) to 199.4 (SE + 11.49, n=5, T-test
p<0.0001), indicating increased maturation of the neuromuscular co-cultures. Taken together
these results show that custom nanofiber plates support long-term neuromuscular co-culture

stability, maturation, and alignment in 96-well plates.

5.8 Necrostatin rescues ALS-related phenotypes in long-term neuromuscular co-
cultures grown on 96-well nanofiber plates

Finally, to show that the 96-well neuromuscular co-cultures on nanofiber plates could be used
as a phenotypic screen to test candidate ALS drugs, a small proof-of-principle screen was set
up to look at the effect of the ALS-related TDP-43%298 mutation and to carry out a dose
response of the RIPK1 inhibitor necrostatin. The pathogenic TDP-43%2%85 mutation caused a
significant reduction in optogenetically evoked peak myofiber contraction velocity 4.34um/s
(SE £ 0.44) relative to 8.97um/s (SE £ 0.57, n=8, One-way-ANOVA with Dunnet’s test p<0.0001)
in corrected conditions, and 7.33um/s (SE + 0.38, n=8, One-way-ANOVA with Dunnet’s test
p=0.0007) in wildtype conditions (Figure 5.7a,b). Necrostatin treatment improved
optogenetically evoked contractions to 6.98um/s (SE + 0.27, n=10, One-way-ANOVA with
Dunnet’s test p=0.041) (Figure 5.7a,b). Automated high content image analysis also showed
that the pathogenic TDP-43%2%8% mutation caused a significant reduction in axon outgrowth
6.597um3 (1.09%) relative to wildtype 8.407um?3 (SE + 2.28% n=8, One-way-ANOVA with
Dunnet’s test p<0.0001) and corrected 7.617um3 (SE + 2.49%, n=8, One-way-ANOVA with
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Dunnet’s test p=0.0043) conditions (Figure 5.7c,d). Necrostatin treatment showed a dose-
dependent increase on axon outgrowth, with 10uM significantly improving axon outgrowth to
7.727um?3 (SE + 1.50°, n=4, One-way-ANOVA with Dunnet’s test p=0.0008) (Figure 5.7c,d). TDP-
436295 3|50 caused a significant reduction in the number of pre-synaptic SV2 objects 169,979 (SE
+ 2988) relative to 212,470 (SE + 8638, n=8 One-way-ANOVA with Dunnet’s test p=0.0009) in
wildtype and 219,055 (SE + 8848, n=8, One-way-ANOVA with Dunnet’s test p=0.0018) in
corrected conditions. Again, 10uM necrostatin treatment significantly increased the number of
presynaptic SV2 objects to 218,950 (SE + 8333, n=4, One-way-ANOVA with Dunnet’s test
p=0.0019) (Figure 5.7c,d). TDP-4352% caused a significant reduction in the number of NMJs from
912.1 (SE + 112.1) relative to corrected 1457 (SE + 124.2, n=8, One-way-ANOVA with Dunnet’s
test p=0.022) conditions. 10uM necrostatin treatment significantly increased the number of
NMlJs to 2104 (SE £ 230.4, n=4, One-way-ANOVA with Dunnet’s test p<0.0001) (Figure 5.7c,d).
Finally, treatment with 10uM necrostatin also increased NMJ size from 247.5um3 (SE + 5.28) in
TDP-4362%85 conditions to 300.2um? (SE + 15.74, n=4, One-way-ANOVA with Dunnet’s test
p=0.0074) (Figure 5.7c,d). Taken together these results show that the 96-well neuromuscular co-
culture platform with custom-built nanofiber plates can be used as a phenotypic assay to screen
candidate ALS-drugs. PIV analysis revealed that the pathogenic TDP-43%2%85 mutation caused a
reduction in optogenetically evoked myofiber contraction velocity. Automated high content image
analysis showed that TDP-4352%8 caused a reduction in axon outgrowth, presynaptic SV2 and total
number of NMlJs. Furthermore, a dose response of the RIPK1 inhibitor necrostatin showed that
treatment with 10uM could significantly rescue these neuromuscular phenotypes.

Supplementary movie QR codes can be found in supplementary figure 5.10.
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Figure 5.1. Automated high content image analysis of hiPSC-neuromuscular co-cultures

in high-throughput 96-well plates.

A, Schematic showing co-culture of hiPSC-motor neurons and hiPSC-myoblasts in 96-well
assay plates. B, shows an example of a whole-well composite image compiled of individual
20x tiles, taken on an operetta CLS high content imaging system (Scale bar = 2500um) and
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an individual 20x composite image (Scale bar = 200um). C, example of the individual
channels that make up a 20x composite image: Titin, TUBB3, SV2 and AChR (Scale bar =
200um). D, automated high content image analysis of the individual channels. Automated
segmentation generates masks for each channel, which are used to derive morphological
and object number quantifications. Colocalisation of the SV2 and AChR objects is used to
define NMJ objects.
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Figure 5.2. Formation of functional neuromuscular junctions in 96-well plates.

A, Particle image velocimetry (PIV) analysis of optogenetically evoked myofiber
contractions in 96-well plates before and after treatment with the Na+ channel blocker
tetrodotoxin (TTX), (N=1, iN=1, n=3) (Scale bar = 200um). B, Particle image velocimetry (PIV)
analysis of optogenetically evoked myofiber contractions in 96-well plates before and after
treatment with the AChR blocker d-Tubocurarine (DTC), n=3 (Scale bar = 200um). Error bars
represent the SEM. Unpaired, non-parametric t-tests used to determine statistical
significance. *p<0.05.
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Figure 5.3. Automated HCI analysis of ALS-related phenotypes in high-throughput 96-
well neuromuscular co-cultures.

A, Particle image velocimetry (PIV) analysis of optogenetically evoked myofiber
contractions 96-well neuromuscular co-cultures containing in wildtype and TDP-4
hiPSC-motor neurons, (N=1, iN=1 n=5) (Scale bar = 200um). B, Representative whole-well
(Scale bar = 2500um) and individual field of view (Scale bar = 200um) composite images
for wildtype, TDP-43M337V and TDP-43M337V +Necrostatin neuromuscular co-cultures. C,
Automated high content image analysis quantification of myofiber number, total axon
outgrowth, SV2 object number and NMJ object number across conditions. Error bars

3M337V
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represent the SEM. One-way-ANOVA with Dunnet’s multiple comparison and unpaired,
non-parametric t-tests used to determine statistical significance. *p<0.05, **p<0.01,
**%p<0.001.
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Figure 5.4. Automated HCI analysis of DMD-related phenotypes in high-throughput 96-
well neuromuscular co-cultures.

A, Particle image velocimetry (PIV) analysis of optogenetically evoked myofiber

contractions 96-well neuromuscular co-cultures containing in wildtype and dystrophin

R3381X

hiPSC-myofibers, (N=1, iN=1 n=5) (Scale bar = 200um). B, Representative whole-well (Scale
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bar = 2500um) and individual field of view composite images(Scale bar = 200um) for
wildtype, dystrophin®f3381X and dystrophin®338X +Necrostatin neuromuscular co-cultures. C,
Automated high content image analysis quantification of myofiber number, myofiber area,
myofiber length, myofiber width, total axon outgrowth, and NMJ object number across
conditions. Error bars represent the SEM. One-way-ANOVA with Dunnet’s multiple
comparison and unpaired, non-parametric t-tests used to determine statistical significance.
*p<0.05, **p<0.01, ****p<0.0001.
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Step 1: Electrospinning
Aligned suspended

Motorised x
nanofiber sheet

displacement
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Figure 5.5. Manufacturing suspended biobased elastomer nanofiber scaffolds in 96-well

imaging plates.

A, Schematic outlining the manufacturing process. In step 1 elastomer nanofibers are
electrospun onto bottomless 96-well microplates. In step 2 glass bottoms are attached to
the plates, plasma treated and coated with GFR-matrigel. B, Manufacture of custom built
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96-well plates. Aligned nanofibers deposited on bottomless-96-well plate between two
charged electrodes. C, Acrylic stamp used to glue glass base to plate. D, Examples of
different nanofiber wells in a 96-well plate. The majority of wells had uniform alignment,
whilst some, typically at the edges of the plate, had minor defects. Wells were inspected
before use and only uniform wells were seeded with cells. E, CAD model and actual 3D
printed seeding mask used to rapidly seed neural aggregates at the centre of each
elastomer nanofiber well.
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Figure 5.6. Electrospun suspended elastic nanofibers support long term stability,
alignment and maturation of contractile myofibers in 96-well neuromuscular co-
cultures.

A, Mpyofiber alignment on control and nanofiber plates (N=1, iN=1, n=8).
Immunofluorescence images of TTN staining (Scale bar = 50um). Alignment quantified using
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Fourier transformation. B, Myofiber contraction direction based on PIV analysis. Compass
plots show angle of contraction against velocity. Calculated peak XY, Y-specific and X-
specific forces from PIV velocity values and comparison of XY, Y and X axis contribution to
muscle contraction force. C, Brightfield, whole well and single field of view images showing
examples of collapsed myofiber sheets on control plates vs intact sheets on nanofiber
plates. Scale bars: 200um, 2500um, 50um. Quantification of myofiber collapse overtime on
control vs nanofiber plates. D, Quantification of neuromuscular parameters: myofiber
number, myofiber volume, axon outgrowth and NMJ size on control vs nanofiber plates.
Error bars represent the SEM, T-test used to ascertain statistical significance. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5.7. Necrostatin rescues ALS-related phenotypes in long-term neuromuscular co-
cultures grown on 96-well nanofiber plates.

A, PIV analysis of optogenetically evoked myofiber contractions in 96-well neuromuscular
co-cultures containing wildtype, TDP-43%2985 CRISPR corrected, TDP-4352%85 (N=1, iN=1, n=8)
and TDP-4352%8 tNecrostatin (n=4) treated hiPSC-motor neurons. Scale bar = 200um. B,
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Quantification of myofiber contractions across different conditions. Contraction peaks for
cultures containing wildtype, CRISPR corrected and TDP-43%2°%> motor neurons.
Contraction peaks comparing TDP-43%2%85 cultures treated with and without necrostatin.
Peak velocity values and peak force values. C, Whole-well and single field of view images
taken using an automated operetta CLS HCl system. Scale bars = 2500um, 200um. D,
Automated quantification of axon outgrowth, SV2 number, NMJ number and NMJ size
across different conditions. Error bars represent the SEM, T-tests and one-way-ANOVA with
Dunnet’s multiple comparisons used to ascertain statistical significance. *p<0.05, **p<0.01,
***¥p<0.001, ****p<0.0001.
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Supplementary Figure 5.8. Example of filtering background noise in automated high
content image analysis.

A, Input image of titin contains significant background noise. The first segmentation of the
myofiber mask picks up this background noise. Subsequently a filter with a cut-off above a
certain sphericity and below a certain fluorescence intensity rejects background objects
(red) and keeps myofibers (green). The final segmentation mask only segments
morphologically distinct myofibers and removes background noise (Scale bar = 200um).
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Supplementary Figure 5.9. The TGFB inhibitor SB431542 partially rescues DMD-related
neuromuscular phenotypes.

A, Representative whole-well (Scale bar = 2500um) and individual 20x field of view (Scale
bar = 200um) images for neuromuscular co-cultures containing wildtype, dystrophin®3381X
myofibers and, dystrophin®338X +gentamycin, dystrophin®338X+SB431542 conditions (N=1,
iN=1, n=8). B, Automated high content image analysis quantification of myofiber number,
myofiber volume, axon outgrowth, NMJ number and NMJ volume across conditions. Error
bars represent the SEM. One-way-ANOVA used to determine statistical significance.
*p<0.05, ***p<0.001, ****p<0.0001.

158



Figure 6.5. Supplementary Movies - QR Codes:

[m] =¥ [m]

SMovie 6.1. SMovie 6.1.
Myofiber Myofiber stabilised
detatchment nanofiber 96-well
control 96-well plate
plate

Figure 6.6. Supplementary Movies - QR Codes:

SMovie 6.3. SMovie 6.4. SMovie 6.5.

TDP-43G298s TDP-43G298S TDP-43G298s

Corrected evoked evoked contraction +Necrostatin
contraction (96-well (96-well nanofiber) evoked contraction
nanofiber) (96-well nanofiber)

Supplementary Figure 5.10. QR codes for supplementary movies.

Supplementary Movie 6.1. Control plate myofiber collapse
(https://youtu.be/xk6Nylzhpso). Supplementary Movie 6.2. Nanofiber plate no myofiber
collapse (https://youtu.be/vCA2uHpEcdc). Supplementary Movie 6.3. TDP-43G298S
Corrected evoked contraction (96well - nanofiber) (https://youtu.be/F8Xu8nANR_Q).
Supplementary Movie 6.4. TDP-43G298S evoked contraction (96-well nanofiber)
(https://youtu.be/R1bzBO0Cwvs). Supplementary Movie 6.5. TDP-43G298S +Necrostatin
evoked contraction (96-well nanofiber) (https://youtu.be/erynZ_hUy5s)

5.8 Discussion
This chapter describes the development of a high-throughput 96-well human iPSC-
neuromuscular co-culture platform and automated high content image analysis pipeline to
guantify human neuromuscular disease phenotypes. This represents a step toward a scalable

drug screening assay that could be used to screen hundreds to thousands of small molecules
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to identify novel treatments aimed at targeting peripheral pathological events in various

neuromuscular diseases such as ALS or DMD.

The approach developed here is more scalable, rapid and amenable to automation than any
human iPSC-derived neuromuscular co-culture platform previously developed, including our
own compartmentalised microdevice (Chapter 3,4), (Machado et al. 2019, Osaki et al. 2018,
Uzel et al. 2016, Abd Al Samid et al. 2018, Dittlau et al. 2021, Martins et al. 2020). Although
some previous studies have developed 96-well myogenic only cultures for longitudinal study
of muscle strength (Afshar et al. 2020). The fact that the neuromuscular co-cultures
developed here were grown in 96-well imaging plates meant it was possible to use an
Operetta CLS high content image analysis system to automatically image the entire plate and
quantify neuromuscular parameters such as: myofiber number and morphology (based on
Titin), axon outgrowth (based on TUBB3), pre- and post-synaptic structures (SV2 and AChR),
and colocalization of these structures to infer neuromuscular synapse number and
morphology (Figure 5.1). Typically, an entire 96-well plate took between 3-6 hours to image
and would generate up to 100,000 images and 300Gb worth of data that could then be
automatically analysed using a high content image analysis pipeline in Harmony in around 2
hours. This was substantially faster than the image acquisition and analysis of the
compartmentalised neuromuscular co-culture in chapters 3 & 4, which would take a similar
amount of time of manual confocal imaging and analysis in Imaris/ImageJ to analyse a mere
fraction of the conditions. While the segmentation masks were not perfect a significant
degree of care was taken to use fluorescence intensity and morphological classifiers to filter
out background noise and non-specific staining (S Figure 5.8). Finally, owing to technical
constraints, i.e. lack of specialist equipment, it was not possible to automate the myofiber
contraction recordings and analysis — all of which were carried out manually as in chapters 3
& 4 (Figure 5.2). Despite this it would in theory be possible to do this using more recent high
content image analysis systems by PerkinElmer that can carry out high-speed video recording.
In future it may also be possible to combine PIV analysis matlab scripts into a custom pipeline
within Harmony so that contraction analysis and NMJ high content image analysis could be
combined. This would make it possible to correlate areas of high contractility with areas of
high axon outgrowth or neuromuscular synapse formation and look for discrepancies

between the two. Alternatively, Ca2+ imaging could be used to live image neuromuscular
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transmission. For example, several genetically encoded acetylcholine indicators have recently

been developed that could be used to achieve this (Jing et al. 2018, Xia et al. 2021).

Using this co-culture platform, it was possible to automatically quantify contrasting
neuromuscular disease phenotypes by incorporating hiPSC-motor neurons from patients with
ALS (Figure 5.3) and by incorporating hiPSC-myofibers from patients with Duchenne muscular
dystrophy (DMD) (Figure 5.4). This highlights the versatility of this approach to model distinct
neuromuscular diseases. Encouragingly similar ALS-related phenotypes were observed in this
co-culture platform as those that had been observed in the compartmentalised microdevice
platform (Chapter 4), and necrostatin was shown to improve neuromuscular phenotypes as
demonstrated in Chapter 3. Furthermore necrostatin also improved DMD-related phenotypes
(Figure 5.4), which is interesting since necroptosis has been implicated in muscle
degeneration in various muscular dystrophies (Morgan et al. 2018). This possibly highlights
RIPK1 as an even broader target for the treatment of contrasting neuromuscular diseases that
differ in disease mechanism and cell types affected. Interestingly, the high content image
analysis also revealed the occurrence of muscle-related phenotypes in the ALS co-cultures
and axon outgrowth related phenotypes in the DMD co-cultures — highlighting how non-cell
autonomous effects of diseased cell types can more broadly impact the neuromuscular circuit
as a whole. This was evidenced quite nicely by the work carried out with our collaborators
Amaia Paredes and Yung-Yao Lin on DMD (Paredes-Redondo et al. 2021). Here it was found
that the dystrophin®338X mutation caused reduced expression of axon guidance genes such
as Slit2, Slit3, Robo — possibly explaining the reduced axon outgrowth observed in the co-
cultures. Furthermore it was found that TGFB inhibition could rescue expression of these
genes and axon outgrowth (Paredes-Redondo et al. 2021) (S Figure 5.9). It’s possible that
similar mechanisms also account for the reduction in myofibers observed in the ALS-related
co-cultures. Indeed, perturbed expression of axonal and synaptic genes was observed in the
bulk RNA-sequencing data, which may impact axonal trophic support for the myofibers

(Figure 5.4).

Finally, this chapter demonstrates a novel approach to stabilise contractile neuromuscular co-
cultures in 96-well culture formats using suspended electrospun elastomer nanofibers

previously developed in (Cheesbrough et al.). Stabilising contractile myofibers in vitro is a
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major obstacle for in vitro disease modelling and drug screening for neuromuscular diseases.
Without mechanical support myofibers will detach from 2D tissue culture surfaces following
contraction (Figure 5.6) (Abd Al Samid et al. 2018), making longitudinal studies difficult as well
as precluding contraction based phenotypic assays. A number of studies have used cantilevers
to support bundles of contractile myofibers in vitro (Uzel et al. 2016, Osaki et al. 2018) and
also in 96-well assay plates (Afshar et al. 2020). However suspended bundles of myofibers are
difficult to image and require additional tissue processing to carry out immunofluorescence
staining, precluding high content image analysis. A number of studies have developed
electrospun aligned nanofiber scaffolds to support contractile cardiomyocytes in 2D (Ding et
al. 2020). However previous systems have used rigid nanofibers, which have been shown to
exhibit material stiffness (Sheets et al. 2013) and not necessarily support myofiber
contractions in a dynamic way . The method developed here and initially in (Cheesbrough et
al.) was to suspend the nanofibers across the well so that they could dynamically stretch and
contract with the contracting myofibers owing to the elastic properties of the biobased
elastomer. Using this approach 96-well neuromuscular co-cultures were stable for much
longer periods and showed improved myofiber stability compared to control plates.
Furthermore, the nanofibers supported alignment, contraction and maturation of the
myofibers. In future work it would be interesting to see if this approach could be further
miniaturised into 384-well plate formats to further increase the throughput. In theory this
should be feasible although precise loading of the neural spheroids at this scale could be

problematic and require robotic precision.

Taken together this chapter shows that human iPSC derived neuromuscular co-cultures can
be grown in a high throughput 96-well plat format, allowing automated high content image
analysis of distinct neuromuscular disease phenotypes. Furthermore, suspended aligned
elastomer nanofibers can support long-term culture of contractile myofibers in this format.
Future work should seek to carry out small molecule screens using this platform to identify
novel compounds aimed at targeting peripheral neuromuscular phenotypes in ALS and DMD.
Furthermore, future work should aim to incorporate muscle contraction readout into the

automated analysis pipeline rather than having to be carried out manually.
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6. Pathogenic TDP-43%2%8 disrupts neuronal excitability and
axon initial segment structure and plasticity

6.1 Hypothesis and aims

This chapter investigates the mechanisms contributing to abnormal excitability in TDP-4362985
motor neurons. This follows from the increased spontaneous motor unit activity observed in
chapter 4. Using a combination of confocal imaging and whole-cell patch clamp
electrophysiology the effects of TDP-43%2985 mutations on neuronal excitability as well as AIS

structure and plasticity were investigated. The following aims and hypotheses were set:

Does TDP-43%2%5 jmpact intrinsic neuronal excitability?
Does TDP-43%2%85 jmpact AIS structure?

Does TDP-43%2%5 jmpact AlS plasticity?

P W Noe

What are the transcriptional changes associated with altered AlS structure, plasticity
and neuronal excitability?
5. How do AIS and electrophysiological parameters change over the course of motor

neuron maturation?

As previously discussed, indicative statistics have been performed on these single lines, in line
with similar studies characterising single ALS-related hiPSC lines in neuromuscular co-cultures
(Osaki et al. 2018) and using electrophysiology (Devlin et al. 2015), despite the true biological
N being 1. To make this clear, biological replicates (separate hiPSC lines) are denoted as (N),
induction replicates (complete differentiations from hiPSCs) are denotes as (iN) and technical
replicates, such as recordings from individual neurons, neuromuscular co-cultures or

coverslips are denoted as (n).

6.2 TDP-43%298 causes hyperexcitability in early (6 week) motor neurons

Since the neuromuscular co-cultures harbouring TDP-43629%5 motor neurons displayed
increased spontaneous activity, whole-cell patch clamp recordings were made of single motor
neurons to characterise their intrinsic excitability. To do this, MACS enriched hiPSC-motor

neurons were cultured on MACS enriched mESC-Astrocytes and grown for 2 weeks so they
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were at an equivalent maturation stage as in the neuromuscular co-cultures. From the start
of hiPSC-differentiation this meant they were 6-week-old motor neurons (Figure 6.1a). When
carrying out whole-cell patch clamp recordings, motor neurons were distinguished from the
supporting astrocytes by morphology and CHR2-YFP expression (Figure 6.1b). Current clamp
recordings showed that the ALS-related pathogenic TDP-43%2%8> mutation caused a significant
reduction in the current threshold for AP-spiking with an average threshold of 44.29pA (SE
4.0, n=28) compared to 71.43pA (SE + 10.47, n=21, One-way-ANOVA with Dunnet’s test
p=0.014) in the wildtype and 65.36pA (SE + 6.14, One-way-ANOVA with Dunnet’s test
p=0.045) in the corrected conditions (Figure 6.1c). Furthermore TDP-43%2% caused a
significant upward shift in the relationship of injected current to AP firing (Figure 6.1d)
(Repeated one-way-ANOVA with Dunnet’s test: TDP-4362%85 n=28 vs. Wildtype n=21 p=0.026,
TDP4362985 ys, corrected n=25 p=0.083). This led to an overall increase in the maximum firing
frequency at 10.65Hz (SE + 1.62, n=28) compared to 3.25Hz (SE £ 0.56, n=21, One-way-ANOVA
with Dunnet’s test p=0.0003) in the wildtype and 4.52Hz (SE + 1.13, n=28, One-way-ANOVA
with Dunnet’s test p=0.0012) in the corrected conditions (Figure 6.1d). Similarly, TDP-436285
also caused an increase in the spontaneous firing frequency at 1.03Hz (SE + 0.43, n=8)
compared to 0.1Hz (SE + 0.05, n=4) in the wildtype and 0.07Hz (SE + 0.01, n=4, Mann-Whitney
U p=0.022) in the corrected conditions. In voltage clamp recordings it was found that TDP-
4362985 caused an increase in the minimum fast inward currents (putative Na+ currents — see
Figure 6.7c) and a modest increase in the average steady state outward currents (putative K+
currents) (Figure 6.1f). Furthermore, current clamp recordings showed that TDP-4362985
modified AP properties —increasing AP amplitude and rate of rise, while reducing the AP half-
width. Other passive electrophysiological properties, such as membrane resistance,

capacitance and resting voltage were comparable across culture conditions (S Table 6.1)

6.3 TDP-43%298 causes increased AlIS length in early (6 week) motor neurons

Morphological characteristics, including structural changes to the axon initial segment (AIS)
have been shown to modulate intrinsic neuronal excitability. To this end, morphological
features and structural changes to the AlS, based on Ankyrin-G staining, were measured in 6-
week hiPSC-motor neurons grown on GDNF+ mESC-Astrocytes. Most notably TDP-436285
caused an increase in the length of the AlIS —56.29um (SE £ 3.46, n=26) compared to 39.37um
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(SE £2.10, n=21, One-way-ANOVA with Dunnet’s test p=0.0002) in wildtype and 41.69um (SE
+ 2.56, n=25, One-way-ANOVA with Dunnet’s test p=0.0008) in corrected conditions (Figure
6.2b,c). 3D-reconstructions of Ankyrin-G showed that this increased length led to an increase
in AIS volume and surface area and was associated with an overall increase in Ankyrin-G
fluorescence intensity along the AIS (Figure 6.2d). AlS start position on the other hand was
comparable across all culture conditions, as was AIS diameter (Figure 6.2d). Similarly, soma
size and the number of dendrites was also comparable across culture conditions (Figure 6.2e).
Taken together these results show that TDP-43%2%85 causes an increase in the length of the

AlS.

6.4 TDP-43%298 impairs activity-dependent AlIS plasticity and excitability homeostasis
in early (6 week) motor neurons

Activity-dependent fine tuning of AIS position and/or length is a mechanism by which neurons
modulate their intrinsic excitability. Numerous studies have reported shortening of the AIS in
response to elevated activity is associated with a compensatory reduction in excitability
(Evans et al. 2015, Sohn et al. 2019, Jamann et al. 2021, Pan-Vazquez et al. 2020, Kuba et al.
2010, Galliano et al. 2021), while other studies have shown a similar homeostatic modulation
of excitability associated with a distal relocation of the AIS (Grubb and Burrone 2010a,
Wefelmeyer et al. 2015, Lezmy et al. 2017, Hatch et al. 2017). To date, AIS plasticity in human
spinal motor neurons has not been investigated, nor the effect of ALS-related pathogenic TDP-

43 mutations.

AlS length was strongly reduced in response to short-term optogenetic stimulation in early 6-
week hiPSC-motor neurons, while AlS position was unchanged (Figure 6.3a,b). However,
although TDP-43%2°85 motor neurons displayed a modest shortening of the AIS (No
stimulation: 56.29um SE + 3.46, n=26; Plus stimulation: 46.51um SE * 3.136, n=21, Two-way-
ANOVA with Tukey’s test p=0.126), the mean change in length (AL) was less pronounced (AL -
9.776um + 4.770) than in wildtype (No stimulation: 39.37um SE + 2.09, n=21; Plus stimulation:
19.65um SE £ 2.12, n=21, Two-way-ANOVA with Tukey’s test p=<0.0001; AL-19.72um + 2.974)
and corrected conditions (No stimulation: 41.69um SE + 2.56, n=25; Plus stim: 22.56um SE +
2.69, n=21, Two-way-ANOVA with Tukey’s test p<0.0001; AL -19.14um * 3.726). As a result,
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the mean difference in AIS length already present in baseline conditions (14.60um * 4.329)
was even more pronounced after stimulation (23.96um * 4.129). Since paired measurements
were not made owing to the lack of live AlS-labelling, statistics have not been performed on
the AL measurements. In conjunction with this, the current threshold for AP spiking was
significantly increased in the CRISPR-corrected motor neurons in agreement with a shortening
of the AIS following optogenetic stimulation (No stimulation: 65.36pA SE + 6.14, n=28; plus
stimulation 94pA SE = 10.6, n=20, Two-way-ANOVA with Tukey’s test p=0.0209). Conversely,
TDP-4352%85 motor neurons did not show a statistically significant increase in current
threshold following optogenetic stimulation (No stimulation: 44.29pA SE * 3.9 n=28; Plus
stimulation: 59.41pA SE + 7.35 n=17, Two-way-ANOVA with Tukey’s test p=0.4521) (Figure
6.6c). Although changes in voltage threshold were not seen, diverging voltage thresholds
across genotypes following optogenetic stimulation were observed; in this instance TDP-
4362985 motor neurons displayed a lower voltage threshold relative to CRISPR-corrected motor
neurons, further contributing to neuronal hyperexcitability (TDP-43%2%85 +Stim: -29.4mV SE +
1.69, n=17; TDP-4352%8 Corrected: -23.47mV SE * 1.98, n=14, T-test p=0.029) (Figure 6.3c).
Finally, a significant downward shift in the relationship between injected current and AP
spiking was observed in the corrected motor neurons but not in the TDP-4362%85 motor
neurons (Figure 6.3d). Again, these differences in excitability could not be explained by
changes in passive electrical properties (S Table 6.1). Taken together these results suggest AlS
plasticity is reduced in TDP-43%2%% motor neurons, a feature that further contributes to

dysregulation of neuronal excitability.

6.5 TDP-43%298 causes differential expression of AlS and synaptic genes in early (6
week) motor neurons

To uncover potential molecular mechanisms by which TDP-43%2%8 drives changes in AlS
structure, plasticity and neuronal excitability, bulk RNA sequencing and differential gene
expression analysis was performed on corrected and TDP-43%2°%% samples taken at 6-weeks.
Principle component analysis showed distinct clustering of the TDP-43%2%8 and corrected
samples (S Figure 6.1a). Overall, 469 genes were differentially expressed (Log2FoldChange
>1.5 in either direction, adjusted p-value <0.05), of which 73% were expressed higher in the

corrected condition (S Figure 6.1b). Top enriched GO terms upregulated in the TDP-4362985
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conditions included calcium channel activity and ion channel activity, while top enriched GO
terms upregulated in corrected conditions included muscle structure development and actin-

myosin filament sliding.

TARDBP expression was lower in TDP-43%2%85 motor neurons than in corrected neurons, and
neurofilament heavy chain expression was higher in TDP-43%2%85 motor neurons than
corrected controls (Figure 6.4a). Both are expected molecular hallmarks of ALS. Differential
expression of AlS genes (>1.3 Log2FoldChange in either direction) showed upregulation of the
voltage gated sodium channel alpha subunit 1 —NAV1.1 (SCN1A) and voltage gated potassium
alpha subunit — Kv1.1 (KCNA1) as well as upregulation of the neural cell adhesion molecule
(NRCAM) enriched at the AIS (Figure 6.4b). Furthermore, there was downregulation of genes
involved in AIS plasticity including the L-type calcium channel Cavl.1 (CACNA1S) and the
Ca2+/calmodulin-dependent protein kinase Il (CAMK2), (Figure 5.4b). Furthermore, there was
significant differential expression for the GO terms “axon + synapse” and “motor neuron”
(Figure 6.4c). Taken together these results show downregulation of TARDBP in the TDP-4362985
motor neurons is associated with upregulation of voltage-gated sodium and potassium
channels that are enriched at the AlS, and downregulation of genes involved in AlS plasticity
— hinting at possible molecular mechanisms driving the altered AIS structure and plasticity
previously observed. It should be noted however that the upregulation of muscle-related
genes in the corrected samples (S Figure 6.9b) indicates a possible myogenic contamination

in the cultures and as such these results are interpreted with caution.

6.6 TDP-4362985 causes AlS shortening, hypoexcitability and impaired plasticity in late
(10 week) motor neurons

Neuronal excitability has been shown to change over the course of ALS in both patient, animal
and human iPSC studies. To this end AlS length and plasticity were measured alongside whole-
cell patch clamp recordings of late (10-week) hiPSC-motor neurons cultured on GDNF+ mESC-
astrocytes. At this later-stage TDP-43%298 caused a relative shortening of the AIS - 32.35um
(SE + 1.55, n=25) relative to 46.59um (SE + 3.10, n=25, T-test p=0.0002) in corrected controls
(Figure 6.5a,b). Whole-cell patch clamp recordings also showed that TDP-43%2%8 caused a

corresponding downward shift in the relationship of injected current to AP firing, as well as a
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reduction in maximum firing frequency from 20.4Hz (SE £ 2.15, n=20) in corrected controls to
8.48Hz (SE +1.79, n=21, T-test p=0.0001) in TDP-4362%% conditions (Figure 6.5c¢,d). TDP-4362985
also caused a significant reduction in putative Na* and K* currents at this later stage (Figure
6.5e). Furthermore, activity-dependent AIS length plasticity was now completely abolished in
TDP-43523%985 motor neurons at this later stage (No stimulation: 32.35um SE + 1.55, n=25, Plus
stim: 30.49um SE * 1.61, n=25, Two-way-ANOVA with Tukey’s test p=0.9328) (Figure 6.5f),
while corrected control neurons were able to reduce the length of the AIS in response to
short-term optogenetic stimulation (No stimulation: 46.59um SE % 3.09, n=25; Plus
stimulation 34.97um SE % 2.2, n=25, Two-way-ANOVA with Tukey’s test p=0.0018).
Interestingly, at this later time-point all motor neurons showed a distal relocation of the AIS
in response to optogenetic stimulation (Figure 6.5f). This occurred in both TDP-43%2%85 gnd
CRISPR-corrected neurons. Taken together this data shows that pathogenic TDP-4362985
triggers an abnormal switch from hyper to hypoexcitability, which is accompanied by

shortening and impaired plasticity of the AlS.

6.7 Changes in axon initial segment properties overtime

Since TDP-4362%% had produced contrasting structural phenotypes at the AIS at different
timepoints, the next objective was to track and compare how AIS and morphological
characteristics of the motor neurons changed over the course of maturation. To do this MACS
enriched hiPSC-motor neurons were cultured on MACS enriched GDNF+ mESC-astrocytes and
samples fixed and stained for ankyrin-g at 6-, 8- and 10-week timepoints. Data was obtained
from independent populations and not longitudinal analysis of the same cells. As previously
described, TDP-43%295 caused an increase in the length of the AIS at the early 6-week
timepoint, and conversely a shortening of the AIS at the later 10-week timepoint. At the mid
8-week timepoint AlS length was comparable between TDP-43%2%8 gnd corrected conditions
(Figure 6.6a,b,c). In conjunction with this, AlS start position from the soma was reduced over
the course of maturation from 27.68um (SE + 3.32, n=25) at the 6-week timepoint to 8.11um
(SE + 2.04, n=25) at the 10-week timepoint in the corrected conditions. TDP-43%2%%5 had no
effect on AIS start position at any timepoint. Conversely AlS diameter moderately increased
over the course of maturation from 1.80um (SE + 0.06, n=25) at the 6-week timepoint to

2.15um (SE + 0.08, n=25) at the 10-week timepoint in the corrected conditions. Again TDP-

169



4362985 had no effect on AIS diameter at any timepoint. Soma size more than doubled over
the course of maturation from 648.32um? (SE + 52.17, n=25) at the 6-week timepoint to
1944.36pm? (SE + 120.06, n=25) at the 10-week timepoint in the corrected conditions. TDP-
4362985 had no effect on soma size at any timepoint. Finally, the number of dendrites also
dramatically increased over the course of maturation, from 13.72 (SE + 0.62, n=25) at the 6-
week timepoint to 24.89 (SE + 1.35, n=25) at the 10-week timepoint. Again TDP-4362985 had
no effect on the number of dendrites at any timepoint. Taken together these results show
that the ALS-related pathogenic TDP-43%2%%5 mutation has a specific effect on AIS length over
the course of maturation. At the early 6-week timepoint TDP-43%2985 causes AlS extension,
while conversely at the later 10-week timepoint TDP-43%2%8 causes AIS shortening. All other
AlIS parameters including start position and diameter were comparable at all stages.
Furthermore, other morphological parameters, including soma size and the number of
dendrites were comparable at all stages. In general, the reduction in AlS start position, and
the increase in AlS diameter, soma size and number of dendrites indicates comparable

morphological maturation overtime for both TDP-43%2%85and corrected motor neurons.

6.8 Changes in electrophysiological properties overtime

Since TDP-43%2%8 had produced contrasting electrophysiological phenotypes at different
timepoints, the next objective was to track and compare how electrophysiological
characteristics of the motor neurons changed over the course of maturation. Here, data was
obtained from independent populations and not longitudinal analysis of the same cells. In
general motor neurons from both TDP-43%2%8 and corrected conditions exhibited
electrophysiological maturation between the 6- and 10-week timepoints. Passive properties
indicated maturation: for example, there was an increase in capacitance, roughly proportional
to cell size (S Table 6.1,2) and a decrease in resistance (S Table 6.1,2), inversely proportional
to the quantity of ion channels. Neurons also exhibited a robust transition to mature
repetitive firing patterns. In corrected conditions only 3.23% of neurons were capable of
repetitive firing at the 6-week timepoint. This increased to 60% at the 10-week timepoint.
TDP-43%2%85 motor neurons initially showed a similar trend, increasing from 9.68% at the 6-
week timepoint to 34.48% at the 8-week timepoint, however this dropped down again at the

later 10-week timepoint to 14.29% (Figure 6.7a). In the corrected conditions there was also a
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linear increase in the amplitude of the minimum fast inward (putative Na+) currents and
average steady state outward (putative K+) currents. Inward currents increased from 1519pA
(SE + 145.13) at the 6-week timepoint to 7442.47pA (SE + 389.20) at the 10-week timepoint
and K+ currents increased from 3984.28pA (SE + 237.33) at the 6-week timepoint to
6647.52pA (SE + 238.84) at the 10-week timepoint (Figure 6.7b,c). For the TDP-436298
conditions there was an initial increase in the inward and outward currents from 6- to 8-
weeks, however both currents dropped at the later 10-week timepoint (Figure 6.7b,c). Action
potential (AP) parameters also showed significant maturation between 6- and 10-weeks. In
corrected conditions AP-amplitude increased from 43.07mV (SE = 3.15) at the 6-week
timepoint to 79.60mV (SE * 2.83) at the 10-week timepoint. TDP-43%2%85 motor neurons also
showed an initial increase in AP amplitude from 58.07mV (SE + 3.36) at the 6-week timepoint
to 72.56mV (SE + 3.23) at the 8-week timepoint, however this dropped at the 10-week
timepoint to 59.28mV (SE + 5.10) (Figure 6.7d,e). AP rate of change also increased in the
corrected conditions from 0.39mV/ms (SE + 0.06) at the 6-week timepoint to 2.30mV/ms (SE
+ 0.29) at the 10-week timepoint. TDP-43%29% motor neurons showed an initial increase in
rate of change from 0.847mV/ms (SE + 0.11) at the 6-week timepoint to 1.5mV/ms (SE + 0.17)
at the 8-week timepoint, however this again dropped at the 10-week timepoint to 1.13mV/ms
(SE £ 0.20) (Figure 6.7d,e). AP half-width decreased in the corrected conditions from 6.12ms
(SE £ 0.44) at the 6-week timepoint to 2.64ms (SE £ 0.28) at the 10-week timepoint, while the
half -width in the TDP-43%2%8 motor neurons remained relatively similar at 3.95ms (SE + 0.37)
at the 6-week timepoint and 3.77ms (SE + 1.42) at the 10-week timepoint (Figure 6.7d,e).
Taken together this data shows that corrected motor neurons show considerable
electrophysiological maturation between 6- and 10 weeks, while TDP-43%2%85 motor neurons
show initially similar electrophysiological maturation between 6- and 8-weeks but an overall

decline by 10-weeks.

6.9 TDP-43 pathology in early (6-week) and late (10-week) motor neurons

TDP-43 pathology, characterised by loss of nuclear TDP-43 and abnormal cytoplasmic
aggregation, is seen in the vast majority of patients with ALS. To this end hiPSC-motor neurons
were immunostained for TDP-43 and nuclear and cytoplasmic fluorescence intensities

guantified. In the early 6-week motor neurons there was limited evidence of TDP-43
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pathology, with TDP-4362%%% and corrected motor neurons displaying similar levels of nuclear
and cytoplasmic TDP-43, while wildtype motor neurons did show slightly higher levels of both
(Figure 6.8a,b). TDP-43%2%8 neurons had an average nuclear intensity of 10547 (SE + 604.9),
corrected motor neurons 11029 (SE + 605.2) and wildtype neurons 14044 (SE + 1099). TDP-
4362985 neyrons had an average cytoplasmic intensity of 10916 (SE + 1311), corrected motor
neurons 5910 (SE + 506.9) and wildtype neurons 10916 (SE + 1311). Cytoplasmic to nuclear
ratio of TDP-43 was comparable for all cell lines, with TDP-43 predominantly residing in the
nucleus for all lines. TDP-43%2985 motor neurons showed a cytoplasmic/nuclear ratio of 0.59
(SE + 0.06), corrected motor neurons a ratio of 0.55 (SE + 0.05) and wildtype neurons a ratio

of 0.76 (SE + 0.10).

Interestingly however there was evidence of TDP-43 pathology in the TDP-43%2%85 motor
neurons at the later 10-week timepoint (Figure 6.8c,d). TDP-43%2%5 motor neurons showed a
loss of nuclear TDP-43 15590 (SE + 1923) compared to 23602 (SE + 1688) in the corrected
neurons and 23039 (SE + 1992) in the wildtype neurons. Conversely TDP-4352%8% motor
neurons showed a modest increase in cytoplasmic TDP-43 19348 (SE + 3429) compared to
14197 (SE + 1179) in the corrected neurons and 12442 (SE + 2208) in the wildtype neurons.
Furthermore, the ratio of cytoplasmic to nuclear TDP-43 had also shifted in the TDP-4362985
neurons to a point where there was more cytoplasmic TDP-43 than nuclear TDP-43. TDP-
436298 motor neurons showed a cytoplasmic to nuclear ratio of 1.22 (SE + 0.18), while
corrected neurons showed a ratio of 0.63 0.06 and wildtype neurons a ratio of 0.55 (SE +
0.09). However, no evidence of cytoplasmic aggregates was observed. Taken together these
results suggest that overt TDP-43 protein pathology becomes evident in the TDP-4362985

motor neurons at the later 10-week timepoint but not at the early 6-week timepoint.
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Figure 6.1. Pathogenic TDP-43%2%85 causes hyperexcitability in early MNs.

A, Schematic of hiPSC-motor neuron differentiation, MA

CS enrichment and maturation on

GDNF+ mESC-astrocytes. B, Brightfield images showing whole-cell patch clamp recordings
of 6-week CHR2-YFP positive wildtype (N=1, iN=3, n=21), CRISPR corrected (N=1, iN=3,
n=28) and TDP-4362985 (N=1, iN=3, n=28) MNs. Scale bar = 50um. C, Current threshold for
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AP firing and representative single AP traces taken from current clamp recordings. D,
Relationship between injected current and firing frequency and maximum evoked AP firing
frequency taken from current clamp recordings. E, Spontaneous AP firing frequency taken
from passive membrane recordings of all spontaneously firing neurons. F, Voltage clamp
recordings of minimum fast inward (Na+ currents) and average stead state outward (K+)
currents. G, Current clamp recordings showing single AP properties. Error bars represent
the SEM. One-way ANOVA (+with repeated measures for D) test with Dunnet’s comparison
used to determined statistical significance, except 2d: Mann Whitney test. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 6.2. Pathogenic TDP-4352%8 causes increased AIS length in early MNs.

A, Schematic showing differentiation of hiPSCs into early MNs. B, Reconstructions of the
AlS (red) in 6-week wildtype (N=1, iN=3, n=21), TDP-43%2985 CRISPR-corrected (N=1, iN=3,
n=25), TDP-4362%% (n=26) MNs based on ankyrin-G immunofluorescence staining.
Counterstained against CHR2-YFP (Cyan). Scale bar = 50um. C, Quantification of the average
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ankyrin-G intensity profile along the AIS and total AIS length. D, Quantification of AlS
surface area, volume, ankyrin-G intensity, AIS start position and AIS diameter across
conditions. E, Quantification of soma size and number of dendrites across conditions. F,
Schematic outlining main findings: TDP-43%2% increases AlS length in 6-week early MN
cultures. Error bars represent the SEM. One-way ANOVA with Dunnet’s comparison used
to determine statistical significance. *p<0.05, **p<0.01, ***p<0.001.

176



a TDP-4362%85 Corrected  © ek MNs: TDP-4362088

Control

3D-reconstruction Ankyrin-G 3D-reconstruction Ankyrin-G

CHR2-YFP/Ankyrin-G

AIS length AIS start position 130pA 0 VL
_ m
80 g 80 —— Wildtype 90pA 25ms
— g 60 —o— Corrected 70pA
%7 tins 3 - G298S S0pA
s 3 £
2 40 £ 40 ns
3 g g,,{ OpA OpA OpA
%’ 20 > £ 20 —
5
0 a N
-1 T < - T T
ctrl  Opto Ctrl Opto Control Control  Opto
Current threshold Voltage threshold
d 120+ 0
* >
Ctrl 100 E ~+- Corrected
I g, 10 e G298S
2 804 L, 4 B
20mv £ S 20- .
E 60 % ] 3
3 - g
Opto © wd ¥ “ns 2 30 —3
s
20 T T -40 T T
TDP-43G298S Corrected ~ TDP-43G2988 Ctrl  Opto Ctrl  Opto
Corrected Input-Output G298S Input-Output e 6-week: Early MNs
45 — Corrected 15, — G298S )
Corrected +Opto G298S +Opto Wildtype TDP-436G298S
N N
T z Ctrl - I
z 197 2 107 — AlS
5 - . 5 / l I Reduced
3 // . .
s 5 | z‘; sl / plasticity
é;- E. / Opto = —
/
0 T T 1 0 T T 1
0 50 100 150 0 50 100 150 3 hours: 20Hz
Injected current (pA) Injected current (pA) burst
1s

Figure 6.3. Pathogenic TDP-43%2%8 reduces activity-dependent plasticity of the AlS in early
MNs.

A, Reconstructions of the AIS (red) in 6-week wildtype (N=1, iN=3, n=21), TDP-4362%85
CRISPR corrected (N=1, iN=3, n=25), and TDP-43%2%85 (N=1, iN=3, n=26) MNs and with 3
hours 5Hz 488nm optogenetic stimulation: wildtype (n=21), TDP-4352°85 CRISPR corrected
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(n=21), and TDP-43%52%8 (n=21) based on ankyrin-G immunofluorescence staining,
counterstained against CHR2-YFP (cyan). Scale bar = 50um. B, Quantification of AIS length
change and start position in response to optogenetic stimulation. Two-way ANOVA: effect
of genotype ****p<0.0001, effect of stimulation ****p<0.0001. Individual p-values from
non-parametric, unpaired t-tests. C, Whole-cell current clamp recordings showing current
and voltage thresholds for 6-week TDP-43%2985 CRISPR corrected (n=28), and TDP-436298>
(n=28) MNs and with 3 hours 5Hz 488nm optogenetic stimulation: TDP-43%2%85 CRISPR
corrected (n=20), and TDP-43%2%%% (n=17). Current threshold two-way ANOVA: effect of
genotype **p=0.005, effect of stimulation **p=0.0046, voltage threshold two-way ANOVA:
effect of genotype *p=0.025. Individual p-values from non-parametric, unpaired t-tests.
Representative single AP traces and current steps. D, Relationship between injected current
and firing frequency with and without optogenetic stimulation taken from current clamp
recordings, representative AP firing traces at 100pA current injection. E, Schematic showing
reduced activity-dependent length plasticity of the AIS in 6-week early TDP-43%2985 MNs and
the optogenetic stimulation protocol used. Two-way-ANOVAs with Tukey’s multiple
comparisons and T-tests with multiple unpaired measures for D were used to ascertain
statistical significance. Error bars represent the SEM. *p<0.05, **p<0.01, ***p<0.001,
***%p<0.0001.
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Figure 6.4. TDP-4362985 causes differential expression of AIS and synaptic genes in early

(6 week) motor neurons.

A, Differential expression analysis from bulk RNA sequencing of genes known to be
differently expressed in ALS — TARDBP and NEFH. B, Z-Scores showing differential
expression of genes that encode proteins enriched at the axon initial segment. Higher

1
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expression (red), lower expression (blue). Transcripts per million for AIS genes: SCN1A,
KCNA1, NRCAM, CAMK2, and CACNA1S. C, Additional Z-score differential gene expression
analysis for specific gene ontology (GO) search terms “axon + synapse” and “motor
neuron”. Error bars represent the SEM, adjusted p-values from DGE analysis shown
*p<0.05.
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staining, counterstained against CHR2-YFP (cyan). Scale bar = 50um. B, Quantification of
AlS length based on ankyrin-G staining in baseline unstimulated conditions. C, Relationship
between injected current and firing frequency taken from whole-cell current clamp
recordings of 10-week TDP-43%2%85 CRISPR-corrected (N=1, iN=3, n=20), and TDP-4362985
(N=1, iN=3, n=21) MNs. D, Maximum evoked AP firing frequency (Hz) taken from current
clamp recordings. E, Quantification of AIS length change in response to optogenetic
stimulation. Two-way ANOVA: effect of genotype *p<0.04, effect of stimulation **p<0.004,
interaction *p<0.029. F, Quantification of AIS start position change in response to
optogenetic stimulation, measured as start position from the soma. G, Schematic showing
shortening and impaired plasticity of the AIS in 10-week late TDP-43%2%8 MNs and the
optogenetic stimulation protocol used. T-tests (with multiple unpaired comparisons for C)
and Two-way-ANOVAs with Tukey’s test used to ascertain statistical significance. Error bars
represent the SEM. p-values from non-parametric, unpaired t-tests:*p<0.05, **p<0.01,
**%p<0.001.
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Figure 6.6. Changes in axon initial segment properties overtime.
A, Quantification of AlS length, start position and diameter at 6, 8 and 10 weeks maturation
in TDP-43%2%985 and TDP-43%2%% Corrected MNs. B, Immunofluorescence images and 3D-
reconstructions of the AIS of TDP-43%2%8> Corrected MNs, based on ankyrin-G staining at 6-
, 8- and 10-weeks maturation. White arrows indicate AlS length, yellow arrows indicate AIS
start position relative to the soma (Scale bar — 50um). C, Immunofluorescence images and



3D-reconstructions of the AIS of TDP-4352%85 MINs, based on ankyrin-G staining at 6-, 8- and
10-weeks maturation. White arrows indicate AIS length, yellow arrows indicate AIS start
position relative to the soma. Corrected: 6-weeks (N=1, iN=3, n=25), 8-weeks (N=1, iN=3,
n=25), 10-weeks (N=1, iN=3, n=25). TDP=436¢2%5 g-weeks (N=1, iN=3, n=26), 8-weeks (N=1,
iN=3, n= 25), 10-weeks (N=1, iN=3, n=25). Data taken from independent populations and
not longitudinal analysis of the same cells. ****p<0.0001 error bars represent the SEM.
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Figure 6.7. Changes in electrophysiological properties overtime.

A, Characterisation of firing patterns between TDP-43%2%8% gand CRISPR-corrected isogenic
control lines taken at 6, 8 and 10 weeks maturation from whole cell patch clamp recordings.
Firing types include: no AP, single AP, adaptive trains of APs and mature repetitive AP firing.
B, Quantification of inward (Na+), and outward (K+) currents 6-, 8- and 10-weeks
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maturation. C, Representative inward (Na+) and outward (K+) current traces overtime
taken at 0,10, and 20mV pulses. D, Representative single AP traces overtime and
corresponding AP phase plots. The pink arrow indicates the AIS contribution to the rising
phase of the action potential, while the black arrow indicates the somatodendritic
contribution to the action potential. E, Quantification of AP amplitude, AP half-width and
rate of change at 6-, 8- and 10-weeks maturation. Corrected: 6-weeks (N=1, iN=3, n=21), 8-
weeks (N=1, iN=3, n=39), 10-weeks (N=1, iN=3, n=25). TDP=43%2%5 g-weeks (N=1, iN=3,
n=28), 8-weeks (N=1, iN=3, n= 29), 10-weeks (N=1, iN=3, n=25). Data taken from
independent populations and not longitudinal analysis of the same cells. Error bars
represent the SEM. Non-parametric, unpaired t-tests used to determine statistical
significance **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 6.8. TDP-43 pathology in early (6-week) and late (10-week) motor neurons.

A, Immunofluorescence images of TDP-43 (red) counterstained with TUBB3 (green) and
DAPI (blue) in early (6-week) MACS enriched hiPSC-derived wildtype (N=1, iN=1, n=10),
corrected (N=1, iN=1, n=18) and TDP-4352%%5 (N=1, iN=1, n=16) motor neurons (Scale bar =
25um). B, Quantification of nuclear and cytoplasmic TDP-43 fluorescence intensity
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(integrated density) and the ratio of cytoplasmic to nuclear fluorescence intensity in early
(6-week) motor neurons. C, Immunofluorescence images of TDP-43 (red) counterstained
with TUBB3 (green) and DAPI (blue) in late (10-week) MACS enriched hiPSC-derived
wildtype, corrected and TDP-43%2985 motor neurons (Scale bar = 25um). B, Quantification
of nuclear and cytoplasmic TDP-43 fluorescence intensity (integrated density) and the ratio
of cytoplasmic to nuclear fluorescence intensity in late (10-week) motor neurons. Error bars
represent the SEM. One-way-ANOVA with Dunnet’s multiple comparisons used to
determine statistical significance. *p<0.05, **p<0.01, ***p<0.001.

2 weeks: |Wildtype |TDP-4362985 |TDP-43G298S \TDP-43G2985 ' TDP-436295 |One-way

Corrected Corrected |+Opto ANOVA
+Opto
RS 16.28 + 16.70 £ 16.94 £ 14.58 + 14.28 + p=0.87
1.67MQ 3.84MQ 1.48MQ 1.54MQ 2.07MQ
RM 1063 + 714 £ 69MQ) |786 * 1207 911+ p=0.09
141MQ 106MQ 314MQ 176 MQ
CcM 20.67 = 2349 + 19.79 25.96 £ 30.10 p=0.13

2.49pF 2.02pF 3.51pF 2.71pF +3.60pF

Resting -35.95 % -38.71+ -3891+ -35.78 + -34.09 + p=0.64
2.85mV 1.20mV 2.84mV 2.25mV 2.90mV

voltage
Current [5143% 4536 + 2429+ 74.00 + 45.56 + DR
Threshold |10-47PA  |6.14pA 3.20pA 10.60pA  |9.26pA p=0.0007

Voltage |2507+ |-2511% |-2655% [2347+  [29.40%  |p=0.20
Threshold |212mV  [132mV  |140mV  |198mV  |169mV

Holding |-3368t |32.14% | 2903+ |-37.71% [3667%  |P=0.77
current | +78PA 5.08pA 6.81pA 5.59pA 6.29pA
Holding |-5977+ 6043+ |-60.69% |-60.27+  |60.90%  |P=0.92
voltage 076V 09ImV  j079mV  111mV  |052mv

Supplementary Table 6.1. Passive membrane properties and other electrophysiological
parameters.

Access resistance (RS), membrane resistance (RM), capacitance (CM), resting voltage,
current threshold, voltage threshold, holding current and holding voltage in wildtype (N=1,
iN=3, n=21), Corrected (N=1, iN=3, n=28) and TDP-43%2%85 (N=1, iN=3, n=28) MNs at 6 weeks
with and without optogenetic stimulation. P-values from one-way ANOVA. *p<0.05,
*%p<0.01, ***p<0.001.
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4 weeks: |TDP-4362%8 TDP-436285 |Unpaired T- | |6 weeks: |TDP-4362°%5 ' TDP-436295 \Unpaired T-
Corrected test Corrected test

RS 10.54 + 9.80 % P=0.27 RS 9.06 ¢ 1157+ **p=0.007
0.47MQ 0.42MQ 0.40MQ 0.78MQ

RM 497 + 42MQ |357 £ 28MQ | *P=0.013 RM 320 +36MQ (427 + 72MQ |p=0.20

cM 70.78 & 84.8+ P=0.10 c™M 88.67 + 53.11% *%p=0.001
5.73pF 6.10pF 7.40pF 6.43pF

Resting |51.62+  |-4375+  |*P=0.01 Resting | 53.66+  |-43.44%  |**p=0.002

voltage 1.58mV 2.91mVv voltage 2.30mV 3.96mV

Current |57.57% 69.23 £ P=0.22 Current (80.00+ 5471+ p=0.073

Threshold 5.96pA 7.19pA Threshold 9.67pA 9.59pA

Voltage |349% -32.65+  |P=0.27 Voltage [3195¢ |29.11% p=0.248

Threshold 1.40mV 1.37mV Threshold 1.11mV 2.3mV

Holding |3141% -51.07 + **p=0.0094 Holding [26:25% -47.62 + p=0.08

current |*39PA 6.16pA current  |7-36PA 9.28pA

Holding |-60.77% -60.42 + P=0.51 Holding [-60-29% -60.55 + p=0.87

voltage 0.34mV 0.39mV voltage 1.17mV 1.10mvV

Supplementary Table 6.2. Passive membrane properties and other electrophysiological
parameters.

Access resistance (RS), membrane resistance (RM), capacitance (CM), resting voltage,
current threshold, voltage threshold, holding current and holding voltage in wildtype,
Corrected and TDP-43%29% MNs at 8 and 10 weeks maturation. Corrected: 6-weeks (N=1,
iN=3, n=21), 8-weeks (N=1, iN=3, n=39), 10-weeks (N=1, iN=3, n=25). TDP=43%2% g-weeks
(N=1, iN=3, n=28), 8-weeks (N=1, iN=3, n= 29), 10-weeks (N=1, iN=3, n=25). P-values from
unpaired nonparametric t-tests *p<0.05, **p<0.01, ***p<0.001.
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Supplementary Figure 6.9. Additional bulk RNA-sequencing analysis.

A, Principal component analysis of TDP-4362%% and TDP-43%2%%° corrected sample
clustering. B, differential gene expression analysis - Log2FoldChange >1.5 in either
direction, adjusted p-value <0.05. C, Top enriched gene ontology (GO) terms for genes
upregulated in the TDP-43%2%%5 samples. D, Top enriched gene ontology (GO) terms for
genes upregulated in the TDP-43%2%85 corrected samples.
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6.10 Discussion

This chapter reports a previously unreported pathophysiological mechanism associated with
excitability changes in human ALS-related motor neurons. Specifically, it was found that the
pathogenic ALS-related TDP-43%295 mutation altered the structure and activity-dependent
plasticity of the axon initial segment in hiPSC motor neurons, which was linked to abnormal
levels of neuronal excitability. Specifically, early (6-week) motor neurons showed an increase
in the length of the axon initial segment and hyperexcitability (Figure 6.1, 6.2), while late (10-
week) motor neurons showed a shortening of the axon initial segment and hypoexcitability
(Figure 6.5). At both stages, activity-dependent plasticity of the axon initial segment was

impaired, likely contributing to further dysregulated neuronal excitability (Figure 6.3, 6.5).

Altered neuronal excitability is a key pathological hallmark of ALS and has widely been
reported in patient studies, as well as in animal and cell culture models. Patient studies have
shown the occurrence of both cortical (Vucic et al. 2008, Van den Bos et al. 2018) and
peripheral hyperexcitability affected lower motor neurons, with muscle fasciculations being
one of the most obvious clinical signs of hyperexcitability in patients (Vucic and Kiernan 2006,
Kanai et al. 2006, Bashford et al. 2020). With regards to cortical hyperexcitability in patients
with ALS, there is evidence for both an increase in intrinsic excitability as demonstrated
through transcranial magnetic stimulation studies looking at intracortical facilitation (ICF)
(Vucic et al. 2008), and a decrease in inhibitory function as demonstrated through short
interval intracortical inhibition (SICI) studies (Van den Bos et al. 2018). Studies into peripheral
hyperexcitability have generally shown an imbalance of Na+ and K+ conductances (Kanai et
al. 2006, Vucic and Kiernan 2010) likely due to altered ion channel expression (Howells et al.
2018). Other studies have also linked peripheral hyperactivity to increased drive from
corticospinal inputs (Park et al. 2017). The SOD1 mouse model of ALS also shows clear
evidence of hyperexcitability early on in the progression of the disease, characterised by
increased persistent Na+ currents, reduced current and voltage thresholds, a shift in the
relationship of injected current to AP firing, and an increase in the overall maximum firing
frequency (Kuo et al. 2004, Kuo et al. 2005). Interestingly the SOD1 mouse model also shows
evidence of a transition to hypoexcitability in the later stages of the disease (Martinez-Silva
et al. 2018). Furthermore a mouse model of TDP-43 mis-localisation shows cortical

hyperexcitability, characterised by reduced current thresholds and a shift in the relationship
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of injected current to AP firing (Dyer et al. 2021). Human iPSC models of ALS have also shown
evidence of both hyperexcitability (Devlin et al. 2015, Wainger et al. 2014) and
hypoexcitability (Naujock et al. 2016, Sareen et al. 2013, Devlin et al. 2015). Interestingly one
study looking at TARDBP and C9orf72 mutations in patient hiPSCs showed early
hyperexcitability and later hypoexcitability (Devlin et al. 2015), brining apparently

contradictory findings into agreement.

The whole-cell patch clamp recordings carried out on TDP-4362985 hiPSC-motor neurons in this
chapter seem to agree well with the wider literature (Devlin et al. 2015, Dyer et al. 2021). It
was found that TDP-43%2°85 caused early hyperexcitability, characterised by increased
putative Na+ currents, reduced current thresholds, an upward shift in the relationship of
injected current to AP spiking, increased maximum firing frequency and increased
spontaneous firing frequency (Figure 6.1). It should also be noted that this early timepoint is
the same as in the neuromuscular co-cultures from chapter 4, where increased motor unit
excitability, as evidenced by increased spontaneous myofiber contraction frequency, was also
observed (Figure 4.8). Subsequently it was found that TDP-43%2%%° motor neurons declined in
function at the later (10-week) timepoint (Figure 6.5). This was evidenced by reduced putative
Na+ and K+ currents, reduced maximum firing frequency and a large downward shift in the
relationship of injected current to AP spiking. Passive properties were also significantly
different at this stage (Supplementary table 6.2). First the access resistance was slightly higher
in the TDP-43%298 neurons, although still well below the 25MQ threshold for analysis and
unlikely to have a major impact on the recordings, but potentially indicates reduced health of
the neurons. Secondly capacitance was significantly lower, which could indicate a smaller
soma size and possibly reduced maturation which could partially account for the reduction in
Na+ and K+ currents. On the other hand, neurons with a lower capacitance should in theory
respond faster to inputs leading to increased AP velocity, however conversely a reduction in
AP rate of rise, firing rate, amplitude, and half-width was observed (Taylor 2012). Finally, the
resting voltage was significantly higher in the TDP-43%2°85 neurons suggesting that they would
be more excitable however no change in current and voltage threshold was observed and in
contrast the neurons exhibited a large reduction in the relationship of injected current to AP
spiking and maximum firing frequency. Alternatively, the higher membrane potential could

be explained by the neurons being less mature.
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The experimental set up in this chapter has several advantages compared to previous
electrophysiology studies on ALS-related hiPSC motor neurons. First, this is the first study of
its kind to incorporate CRISPR Cas9 gene corrected isogenic control lines — providing a much
higher degree of confidence that this phenotype is specific to the TDP-43%2°8% mutation and
not due to variation between individual hiPSC lines. Secondly, this is the first study to use
highly MACS enriched populations of hiPSC-motor neurons and as such the likelihood of
recording other contaminating neuronal cell types such as interneurons or immature
progenitors is much lower. Indeed, this was a potential issue identified by Devlin and
colleagues (Devlin et al. 2015). A major future improvement would be to accurately record
specific Na+ and K+ currents by treating the cultures with specific Na+ channel blockers (TTX),
K+ channel blockers (TEA) during the voltage clamp recordings. In the present study putative
Na+ currents based on the minimum fast inward current and putative K+ currents based on
the average steady state output were estimated from voltage clamp recordings. Furthermore,
additional electrophysiological measures such as rheobase current threshold should be
determined. It would also be interesting to quantify synaptic activity by measuring excitatory
and inhibitory post synaptic potentials (EPSP/IPSPs) in response to glutamate, GABA and
glycine treatment — indeed a similar experimental approach carried out by Devlin and
colleagues (Devlin et al. 2015) found evidence for reduced synaptic activity in hiPSC-motor
neurons harbouring ALS related TDP-43 and C9orf72 mutations. In a more complex
experimental set up it would be intriguing to carry out paired recordings of pre- and post-
synaptic neurons/or myofibers to precisely measure synaptic transmission at different classes
of synapse (cortical, corticomotor, neuromuscular). Recent studies have identified abnormal
splicing of presynaptic proteins, most notably UNC13a, upon knockdown of TDP-43 (Ma et al.
2022, Brown et al. 2022) and it would be interesting to see if restoring normal splicing of these

synaptic proteins could rescue normal synaptic transmission.

Previous studies have implicated the axon initial segment as a possible target in ALS.
Significant swelling of the axon initial segment has been reported in early electron microscopy
studies of post-mortem ALS lumbar spinal motor neurons (Sasaki and Maruyama 1992). In
this study neurofilament accumulations were associated with increased axon initial segment

diameter, while the soma, axon hillock and dendrites remained normal. Later work also
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demonstrated neurofilament accumulation and impaired axon transport at the axon initial
segment in the SOD1 mouse model of ALS (Sasaki et al. 2005). Other studies in the SOD1
mouse model have demonstrated altered axon initial segment length in pre-symptomatic and
symptomatic stages of the disease (Bonnevie et al. 2020, Jorgensen et al. 2021). Interestingly
(Jorgensen et al. 2021) observed extension of the AlIS at symptom onset in SOD1 mice was
associated with increased Na+ conductance, the first study to link changes at the AIS with
changes in neuronal excitability in a model of ALS. However, since patients with SOD1
mutations do not exhibit TDP-43 pathology (Mackenzie et al. 2007), a feature seen in the
majority of ALS patients (Neumann et al. 2006), the aim of this chapter was to investigate how
pathogenic TDP-43 mutations would impact both AIS structure and homeostatic plasticity in

a representative human model of the disease.

The results described in this chapter are the first to characterize structural and functional
changes at the axon initial segment in a human iPSC model of ALS and the first to explore a
possible link between pathogenic TDP-43 mutations, changes to the AIS, and abnormal
neuronal excitability in ALS motor neurons. It was found that the pathogenic TDP-4362985
mutation caused an increase in the length of the AlS in early (6-week) motor neurons (Figure
6.2), which was associated with a corresponding increase in neuronal excitability
characterized by lower current thresholds, a shift in the relationship of injected current to AP
spiking, increased maximum firing frequency and increased spontaneous firing frequency
(Figure 6.1). Furthermore, putative Na+ currents were also higher as well as AP amplitude and
rate of rise, while AP half-width was lower. Taken together these results suggest that
increased AIS length may be a contributing factor for early hyperexcitability in motor neurons
harbouring ALS-related pathogenic TDP-43 mutations. Indeed, many experimental and
computational studies have shown that modulation of AlS length greatly influences neuronal
excitability primarily by increasing sodium channel density and conductance (Kole et al. 2008,
Evans et al. 2015, Galliano et al. 2021, Jamann et al. 2021, Pan-Vazquez et al. 2020, Sohn et
al. 2019, Gulledge and Bravo 2016, Goethals and Brette 2020). Computational studies predict
that increasing AlS length would primarily decrease current and voltage thresholds (Goethals
and Brette 2020, Gulledge and Bravo 2016), although current threshold is a less direct
measure as it can be influenced by other factors such as neuronal morphology (Goethals and

Brette 2020). The results in this chapter showed that increased AIS length was associated
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strongly with reduced current threshold, however voltage threshold was only moderately
reduced — a result that was not significant. It’s possible that this was due to inaccuracies and
large variation in the measurements of voltage threshold, particularly in the immature
neurons where the inflection point was typically much broader. At the later 10-week
timepoint it was found that the pathogenic TDP-43%2985 mutation caused a shortening of the
AlS and a decline in electrophysiological function characterized by reduced putative Na+ and
K+ currents, a downward shift in the relationship of injected current to AP firing and reduced
maximum firing frequency. This decline in electrophysiological function was also observed by
Devlin and colleagues in hiPSC-motor neurons harbouring pathogenic TDP-43 mutations
(Devlin et al. 2015). It should be noted that the link between AIS shortening and neuronal
hypoexcitability is less clear at this later timepoint since no significant changes in current or
voltage threshold were observed. It’s possible that the reduction in putative Na+/K+ currents,
firing frequency and AlIS shortening reflect a broader decline in neuronal function at this stage.
It should be noted that the TDP-43%2% motor neurons were much harder to patch than the

isogenic controls at this later stage, perhaps reflecting increased vulnerability.

The results described in this chapter also showed that activity-dependent structural plasticity
of the AIS in response to short term optogenetic stimulation was impaired in both early (6-
week) and late (10-week) motor neurons (Figure 6.3, 6.5). Indeed, AIS shortening in response
to increased activity or extension in response to sensory deprivation has been documented
as a homeostatic mechanism to maintain neuronal excitability within a set range. The results
here showed that AIS length was strongly reduced in response to short-term optogenetic
stimulation in early 6-week hiPSC-motor neurons, while AIS position was unchanged. TDP-
4362985 motor neurons did display significant shortening of the AIS, however the change in
length (AL) was less pronounced (AL -9.776um * 4.770) compared to wildtype (AL -19.72um
t 2.974) and corrected (AL -19.14um * 3.726) conditions. As a result, the difference in AIS
length already present in baseline conditions (14.60um * 4.329) was even more pronounced
after stimulation (23.96um = 4.129). Theoretically this would contribute even further to
hyperexcitability. Indeed, it was found that the current threshold was significantly increased
following optogenetic stimulation in the corrected neurons but not in the TDP-436298
neurons. Furthermore, a significant downward shift in the relationship of injected current to

AP spiking was observed in the corrected neurons but not in the TDP-43%2%8 motor neurons.
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Finally diverging current thresholds following optogenetic stimulation meant that the voltage
threshold was significantly lower in the TDP-43%2985 motor neurons relative to the CRISPR
corrected motor neurons following stimulation. Taken together these results suggest that
impaired AIS plasticity contributes further to dysregulated excitability homeostasis in TDP-
4362985 motor neurons. At the later 10-week timepoint AIS shortening in response to
optogenetic stimulation was completely abolished in the TDP-43%2°%° motor neurons but not
in the corrected neurons. Interestingly however at this stage the AIS showed a distal
relocation in response to optogenetic stimulation in both corrected and TDP-43%2985 motor
neurons — possibly indicating different forms of AIS plasticity at different stages of
electrophysiological maturation. Finally, while we did see impaired AlS plasticity in response
to optogenetic stimulation, it is possible that this response could be specific to this
experimental model and stimulation approach. As such future studies should seek to
stimulate ALS-related motor neurons in a more physiological manner by specifically driving
pre-synaptic neurons and measuring AIS changes in post-synaptic neurons. This could be
achieved by selectively expressing CHR2 in mixed neuronal populations and only measuring
AIS changes in CHR2 negative neurons. Alternatively, for longer time scales DREADDs could

be used to specifically activate pre-synaptic neurons over days-weeks (Roth 2016).

How TDP-43 modulates axon initial segment structure and plasticity is unclear. To elucidate
possible molecular mechanisms, bulk RNA sequencing was performed on early (6-week) TDP-
4362985 gand CRISPR corrected neuronal cultures. Interestingly it was found that several AIS
genes were differentially expressed (Figure 6.4). Most notably SCNA1, which encodes the
voltage-gated sodium channel, Navl.1, was upregulated, which could possibly account for
more ankyrin-g being trafficked to the AlS, leading to an overall increase in AlS length as well
as the increase in putative Na+ currents observed. Similarly, KCN1A encoding the voltage-
gated potassium channel KV1.1 was upregulated as was the neuronal adhesion molecule —
NRCAM. Conversely CAMK2 encoding the Ca2+/calmodulin-dependent protein kinase Il was
downregulated, and the CACNA1S encoding the Cavl.1 L-type calcium channel - both of which
are important for AlS plasticity - possibly explaining impaired activity-dependent plasticity of
the AIS (Evans et al. 2013, Grubb and Burrone 2010a). Despite these interesting molecular
clues, the RNA-sequencing showed large upregulation of myogenic genes in the corrected

samples (Supplementary figure 6.9) — indicating a possible myogenic contamination in the
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cultures as has previously been documented in hiPSC neuronal differentiations (Quadrato et
al. 2017). Despite the MACS enrichment, there are still a small percentage of contaminating
cells present in the cultures, which likely contributed to this contamination. As such the data
here is interpreted with a significant degree of caution. Other studies, however, have shown
that TDP-43 can bind and modulate the splicing of numerous AIS genes, including ANK3 and
SCNA1 (Narayanan et al. 2013, Lagier-Tourenne et al. 2012). Two very recent studies both
identified alternative splicing of ANK3 (Ankyrin-G), SCN1A (Nav1.1), SCN2A (Navl.2), SCN8A
(Nav1.8) and several other key AlS genes following TDP-43 depletion in hiPSCs and ALS patient
samples (Brown et al. 2022, Ma et al. 2022). One of these studies found alternative splicing
of exon 41 in the ANK3 gene (Brown et al. 2022), which is differentially spliced in the short
190kDa, 270kDa and long 480kDa isoforms of Ankyrin-G. Since the long 480kDa isoform is
found at the AlS, while the shorter isoforms are found at the dendrites and nodes of Ranvier
(Nelson and Jenkins 2016) it’s possible that differential splicing of these isoforms leads to
increased accumulation of Ankyrin-g at the AIS in the 6-week TDP-43%2°85 motor neurons and
possibly depletion of the other isoforms at the dendrites and nodes of ranvier, which could
partly account for defects seen at the dendrites and nodes of ranvier in other studies of TDP-
43 associated ALS (Chang et al. 2021, Herzog et al. 2017). Non-conserved cryptic exons have
also been discovered in the AlS-specific KCNQ2 channel following TDP-43 depletion. This
channel generates an M-type potassium current that alters the membrane potential and
voltage threshold at the AIS. The cryptic exon in this gene would predict loss of one of the
transmembrane domains, which could impair KCNQ2 localisation to the AIS and lead to
hyperexcitability by repression of the M-current. Indeed KCNQ2 mutations are a common
cause of infantile epilepsy (Lee et al. 2019) and a possible link between TDP-43 pathology,
KCNQ2 splicing, KCNQ2 localisation to the AIS and hyperexcitability should be explored in
future studies. Indeed, the results here show evidence of TDP-43 depletion in both RNA
expression at the early timepoint (Figure 5.4) and reduced nuclear/cytoplasmic ratio at the
later timepoint (Figure 6.8). Taken together these may indicate a possible link between TDP-
43 depletion, altered splicing of AlS genes, and abnormal AIS structure and plasticity. It’s also
possible that neurofilament accumulation mitochondrial accumulation and impaired axon
transport could cause increased accumulation of structural proteins at the AIS. Indeed,
impaired axon transport and neurofilament accumulation have been observed at the AlS in

the SOD1 mouse model of ALS (Sasaki et al. 2005) and impaired axon transport has been
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documented in TDP-43 mutant hiPSC-motor neurons (Alami et al. 2014). Finally, it’s possible
that reduced synaptic input may contribute to plasticity of the axon initial segment as a
homeostatic response to lower levels of network activity, which could explain the initially
increased length. Indeed, previous studies have shown evidence of reduced synaptic activity
in TDP-43 mutant hiPSC-motor neurons (Devlin et al. 2015), and future work should seek to

also address this by performing paired-recordings of pre- and post-synaptic neurons.

7. Conclusions and future perspectives

The compartmentalised neuromuscular co-cultures developed in chapters 3 and 4 open a
great deal of opportunities for future experiments on the function and dysfunction of nerve-
muscle connectivity. First, the three-compartment design allows for the co-cultures to be
reconfigured. For instance, it would be possible to generate cortico-spinal neuromuscular co-
cultures, with cortical neurons plated in the first compartment, spinal motor neurons in the
central compartment and muscle in the third compartment. Such a reconfiguration would
make it possible to assess regional specific ALS-related phenotypes and help contribute to
answering the ‘dying forward vs dying back’ hypotheses of motor neuron degeneration in ALS.
Such an experiment would be relatively straightforward to set up by generating cortical
neurons using a forward programming approach via forced expression of hNGN2 (Pawlowski
et al. 2017). Furthermore, it would also be interesting to incorporate other cell types from
patient-derived hiPSCs, including astrocytes, microglia, myofibers and terminal Schwann cells.
Deriving these different cell types from patient hiPSC with different ALS-related mutations
such as SOD1, FUS, C9orf72 and VCP would also help uncover new mutation specific and non-
cell autonomous disease processes. Another interesting line of experiments would be to try
and develop fast vs. slow motor units in the neuromuscular co-cultures. This would be
particularly interesting since patients with ALS show differential degeneration of fast and slow
motor neurons, with motor neurons innervating fast-twitch myofibers degenerating first. It
was recently shown that DLK1 is required for fast motor neuron biophysical signature so
modulation of notch signalling during hiPSC-motor neuron differentiation may be a potential
route to generating fast and slow circuits (Muller et al. 2014). Looking at muscle specific
expression of fast MHC lla,b and slow MHC | fibers could be used along with contractile

properties to assess the generation of fast vs slow motor units.
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It would also be possible to set up new assays in the compartmentalised neuromuscular co-
cultures. For instance, the long micro-channels containing the motor axons would be ideally
suited to axon transport assays to measure anterograde and retrograde axon transport
defects caused by ALS-related or indeed other disease related mutations (Alami et al. 2014).
This could be achieved by using genetically encoded photoconvertible reporters such as
dendra2 fused to cargo proteins of interest. For example, a TDP-43-dendra2 construct could
be used to directly measure axonal transport of TDP-43. This could also link with the axon
initial segment phenotypes detailed in chapter 6 since the axon initial segment acts as a
diffusion barrier between somatodendritic and axonal compartments, it would be interesting
to see if structural changes at the AlS are associated with impaired transport of cargo proteins
or whether impaired transport of AlS cargo proteins leads to the accumulation of ankyrin-g at
the AIS in the first instance (Li et al. 2011, Sasaki et al. 2005). Furthermore, using the
compartmentalised neuromuscular co-cultures would make it possible to carry out regional
specific transcriptomic and proteomic analysis of somatodendritic and axonal compartments.
Since TDP-43 plays a critical role in mRNA splicing it would be interesting to compare how
splicing of proximal and distal genes is affected and how translation is affected at different
neuronal compartments. Indeed recent evidence suggests that synaptic mRNAs are actively

translated at synapses (Biever et al. 2020).

With regards to the high-throughput 96-well neuromuscular co-culture platform developed
in chapter 5, there are several key experiments and future improvements that could be made.
First a proof of principle drug screen could be carried out to identify novel targets that
improve peripheral ALS-related neuromuscular phenotypes. Indeed, this was the original
intention for the PhD project, and a list of 137 annotated AstraZeneca compounds had been
finalised based on our own RNAseq dataset, previous publicly available RNAseq datasets (Klim
et al. 2019, Melamed et al. 2019) and ALS-related gene ontology terms, including “Synapse
assembly”, “Neuromuscular junction”, “Axon guidance”, “Autophagy”, “Reactive oxygen
species”, “Action potential” and “Motor neuron”, with hits appearing in multiple datasets and
those with at least 10 available compounds with a potency above 1uM being prioritised (See
appendix). Carrying out this initial screen at a single dose would be entirely feasible with the

96-well co-culture platform and the Operetta CLS available at KCL. Another set of
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improvements that could be made to the 96-well co-culture platform would be to incorporate
piezoelectric materials, such as polyvinylidene difluoride (PVDF) into the nanofiber sheets
using co-axial electrospinning (Dang et al. 2015). Piezoelectric materials produce an electric
current when they experience mechanical stress and as such could be used to directly
calculate the mechanical force of the contracting myofibers (Jarkov et al.). In theory a custom-
built 96-well plate could be engineered with microelectrodes to directly measure these
changes in voltage, negating the need for high throughput video recordings of muscle
contractions and PIV analysis that requires extensive amounts of data storage. Piezoelectric
nanofibers would also be able to directly produce voltage and as such could also be used to
stimulate/entrain the neuromuscular co-cultures — providing a constant feedback loop to
generate electrically mature co-cultures (Ribeiro et al. 2018). Combining this with live

synaptic/axonal reporters would greatly increase the potential throughput of the assay.

Finally, with regards to the axon initial segment and excitability phenotypes detailed in
chapter 6 there are several key experiments that could be carried out to further understand
this interesting ALS-related phenotype. First it would be crucial to determine whether the
structural and plasticity phenotypes are conserved across a range of different ALS-related
mutant hiPSC-lines such as SOD1, C9orf72, VCP and FUS. Second it would be interesting to
confirm the phenotypes in other model systems such as TDP-43 knockdown cell culture
models, TDP-43 mouse models and post-mortem ALS samples. Indeed, previous work has
shown AIS related phenotypes in patient samples, however this work was done prior to the
establishment of AIS specific antibodies such as ankyrin-g and so repeating this work with
these antibodies would be incredibly informative. In addition to this, uncovering molecular
mechanisms linking pathogenic ALS-related mutations to the AIS phenotypes would be
important. Repeating bulk RNA sequencing on samples without myogenic contamination
would be a starting point to identify key molecular targets. Furthermore, carrying out de-novo
alternative splicing analysis alongside differential expression analysis could help uncover
whether TDP-43 dependent alternative splicing of AIS genes is occurring. Indeed, two recent
papers both showed TDP-43 knockdown leads to aberrant splicing of Ankyrin-G and various
voltage gated sodium channels enriched at the AlS, including Nav1.1, Navl.2, and Navl.6
(Brown et al. 2022, Ma et al. 2022). Indeed, alternative splicing has been shown to play a

critical role in AIS function (Zheng 2020). It would also be interesting to see how neuronal
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activity impacts alternative splicing of AIS genes and whether this might be important for
activity-dependent plasticity of the AIS. Furthermore, super-resolution imaging such as
STORM could be employed to uncover how pathogenic ALS-related mutations impact the
nanoscale structure of the AIS. Other interesting experiments would be to live-label the AIS
while carrying out whole-cell patch clamp recordings using neurofascin-186 antibodies or
genetically encoded reporters such as CHR2-YFP Navll-lll (Grubb and Burrone 2010b,
Dumitrescu, Evans and Grubb 2016). This way activity-dependent AlS plasticity and whole cell
patch clamp recordings could be measured at the same cell before and after stimulation and
precise measurements of the fold change in length individual AIS’s could be determined to
accurately quantify aberrant changes in plasticity . Finally It would also be interesting to carry
out super-resolution imaging such as STORM, to determine if nanoscale organization of the

AIS is also abnormal, as was found in a hiPSC-model of Tau-FTD (Sohn et al. 2019).

Taken together the work here provides new insights into pathological processes that occur in
ALS-related TDP-43%2%85 motor neurons. Most notably, structural changes to the axon initial
segment, combined with impaired activity-dependent plasticity of the AIS are linked with
aberrant hyperexcitability of TDP-4352%85 motor neurons as well as increased spontaneous
activity of TDP-43%2%85 hiPSC-derived motor units, mirroring changes in excitability and muscle
fasciculations seen in patients with ALS (Bashford et al. 2020). An aberrant increase in AlS
length and impaired ability to reduce intrinsic excitability in response to increased activity
would have serious consequences on homeostatic maintenance of normal network
excitability. An inability to maintain normal network homeostasis could lead to increased
metabolic demands and excitotoxicity of motor neurons and neuromuscular synapses. This
hyperexcitability-driven excitotoxicity could be a key driver of neuromuscular synapse loss
and weaker evoked contractions observed in this model and in patients with ALS (Bashford et
al. 2020). Furthermore, loss of neuromuscular transmission has been shown to trigger an
increase in AlS length, suggesting that loss of NMJs could feedback to further dysregulate AIS
function and excitability (Jensen et al. 2020), which could further exacerbate this pathological
process. Hyperexcitability has also been shown to directly exacerbate TDP-43 pathology
(Weskamp et al. 2020), which would lead to dysregulation of TDP-43-dependent processes in
RNA processing and metabolism, as well as TDP-43-dependent dysregulation of neuronal

excitability. This could lead to a vicious cycle of TDP-43 driving hyperexcitability, which in turn
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further drives TDP-43 pathology, which further drives hyperexcitability. Indeed, Riluzole,
which targets neuronal hyperexcitability is one of the only available treatments for ALS that
can extend life. As such a clearer understanding of the molecular, cell-intrinsic and circuit-
level mechanisms leading to abnormal neuronal excitability in ALS could lead to better and
more precise treatments for patients with ALS, with reduced adverse side-effects (Inoue-
Shibui et al. 2019). The 96-well neuromuscular co-culture platform developed in chapter 5
could be used to screen drugs that restore normal levels of neuronal excitability and
spontaneous activity. It would be interesting to see if such compounds could also rescue the
loss of neuromuscular synapses and evoked contractile output observed, providing a causal
link between these pathological processes. Overall, the neuromuscular co-culture models
developed in this thesis will hopefully serve as a useful human in vitro platform to disentangle
the mechanisms driving and interlinking complex peripheral neuromuscular phenotypes

observed in patients with ALS.
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In Vitro Modeling of Nerve—Muscle Connectivity
in a Compartmentalized Tissue Culture Device
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Victoria Gonzalez Sabater, Danielle C. Stevenson, Stephanie Hynes, Andrew Lowe,
Juan Burrone, Virgile Viasnoff, and Ivo Lieberam*

1. Introduction

Motor neurons project axons from the hindbrain and spinal cord to muscle,

where they induce myofibre contractions through neurotransmitter release

at neuromuscular junctions. Studies of neuromuscular junction formation
and homeostasis have been largely confined to in vivo models. In this study,
three powerful tools have been merged—pluripotent stem cells, optogenetics,
and microfabrication—and an open microdevice is designed in which

motor axons grow from a neural compartment containing embryonic stem
cell-derived motor neurons and astrocytes through microchannels to form
functional neuromuscular junctions with contractile myofibres in a separate
compartment. Optogenetic entrainment of motor neurons in this reductionist
neuromuscular circuit enhances neuromuscular junction formation more than
twofold, mirroring the activity-dependence of synapse development in vivo.
An established motor neuron disease model is incorporated into the system
and it is found that coculture of motor neurons with SOD7%%3A astrocytes
results in denervation of the central compartment and diminishes myofibre
contractions, a phenotype which is rescued by the receptor interacting serine/
threonine kinase 1 inhibitor necrostatin. This coculture system replicates

key aspects of nerve—-muscle connectivity in vivo and represents a rapid and
scalable alternative to animal models of neuromuscular function and disease.
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The central nervous system (CNS) relays
motor commands to skeletal muscle
through motor neurons (MNs), special-
ized nerve cells located in the brainstem,
and spinal cord. The degeneration of
MNs and their synaptic connections with
muscle underlies several paralyzing and
often fatal neuromuscular diseases. Con-
sequently, understanding nerve-muscle
connectivity is key to developing medical
interventions which preserve or restore
vital motor functions in humans.

During embryonic development in
vertebrates, MNs emerge from ven-
tral progenitor domains in the caudal
neural tubell and project axons into
the surrounding mesenchyme.” Motor
axon growth cones then navigate toward
their specific target muscle in a series of
binary pathway choices, guided by local
positional cues.P’! As they approach their
synaptic targets, the release of agrin and
acetylcholine from motor axons induces
a redistribution of nicotinic acetylcho-
line receptors (AChRs) on myofibres through interactions
that involve the activation of the Lrp4/Musk/Rapsyn receptor
complex on the postsynaptic side.! This leads to an align-
ment of postsynaptic AChR clusters with presynaptic sites, the
exclusion of AChRs from areas not occupied by axonal con-
tacts, and the formation of the postsynaptic specialization at
the neuromuscular junction (NMJ).’l As NMJs mature, they
stabilize and increase in size, a process that is dependent on
neural activity and cholinergic neurotransmission between
motor axon and myofibre.l’) The outgrowth of peripheral
motor axons and the establishment of NMJs are crucial steps
in connecting the CNS to muscles throughout the body and
are essential for motor functions such as locomotion, posture,
and breathing.

Loss of NM]J stability is an early pathological feature of
amyotrophic lateral sclerosis (ALS), a fatal adult-onset neuro-
degenerative disease caused by the selective degeneration of
MNs. About 15-20% of all ALS cases are familial, and some
of the most common genetic defects associated with ALS are
point mutations in the superoxide dismutase-1 (SOD1) gene.”)

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Duchenne muscular dystrophy (DMD) is caused by dystrophin gene mutations leading to skeletal muscle weakness
and wasting. Dystrophin is enriched at the neuromuscular junction (NMJ), but how NMJ abnormalities contribute
to DMD pathogenesis remains unclear. Here, we combine transcriptome analysis and modeling of DMD patient-
derived neuromuscular circuits with CRISPR-corrected isogenic controls in compartmentalized microdevices. We
show that NMJ volumes and optogenetic motor neuron-stimulated myofiber contraction are compromised in
DMD neuromuscular circuits, which can be rescued by pharmacological inhibition of TGFp signaling, an observation
validated in a 96-well human neuromuscular circuit coculture assay. These beneficial effects are associated with
normalization of dysregulated gene expression in DMD myogenic transcriptomes affecting NMJ assembly (e.g.,
MUSK) and axon guidance (e.g., SLIT2 and SLIT3). Our study provides a new human microphysiological model for
investigating NMJ defects in DMD and assessing candidate drugs and suggests that enhancing neuromuscular

connectivity may be an effective therapeutic strategy.

INTRODUCTION

Duchenne muscular dystrophy (DMD), caused by mutations in the
gene encoding dystrophin (DMD) on the X chromosome, is a fatal and
the most common inherited neuromuscular disorder in childhood,
affecting 1 in 3500 to 5000 live male births (I). The dystrophin-
glycoprotein complex (DGC) maintains the integrity of skeletal
muscle by linking the intracellular cytoskeleton to the extracellular
matrix and participates in cellular signaling processes (2). Patients
with DMD suffer from progressive skeletal muscle weakness and
wasting that lead to eventual loss of ambulation with reduced life
expectancy (3). Current standard of care for DMD is based on the
palliative effect of corticosteroids, which increase muscle mass and
strength while reducing inflammation and necrosis. Nevertheless,
prolonged corticosteroid treatment is associated with side effects,
including weight gain, osteoporosis, and cataracts (4). To date, only
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two types of curative medicines have received approval for treating
DMD. Ataluren is a compound that induces ribosomal readthrough of
premature termination codons to restore dystrophin protein expres-
sion, suitable for approximately 13% of patients with DMD, and ap-
proved by European Medicines Agency (5). Eteplirsen, golodirsen,
viltolarsen, and casimersen are antisense oligonucleotides that me-
diate pre-mRNA exon skipping to restore the open reading frame in
patients with DMD with eligible mutations (6, 7), camulatively allow-
ing targeting approximately 30% of patients with DMD. Despite these
existing drugs, there is still no cure or effective treatment for DMD.

The formation of neuromuscular circuits is critical for generating
voluntary movement, in which skeletal muscle contraction is induced
by motor neurons (MNs) through neurotransmitter release at neuro-
muscular junctions (NM]Js), where motor axons form synaptic con-
tacts with myofibers. The DGC is enriched at the plasma membrane
of myofibers and NMJs (8). While research in DMD primarily
focused on muscle wasting, studies have shown that both patients
with DMD and dystrophin-deficient mdx mice have structural
alterations at the NM]Js and aberrant electrophysiological changes
(9-12), suggesting that NMJ abnormalities may contribute to patho-
physiology of DMD. Although dystrophin-deficient mice have been
extensively used as an animal model to investigate mechanisms
underlying DMD, the genetic and physiological differences between
rodents and humans highlight the need to improve translatability of
preclinical studies using the mdx mice for evaluating potential thera-
peutics. For example, in contrast to patients with DMD, the mdx
mice have relatively mild muscle pathology, possibly due to com-
pensatory or species-specific mechanisms in mice (13). Furthermore,
human and mouse NMJs differ substantially in their cellular anatomy
and synaptic proteomes (14). To reduce the use of animals and facil-
itate the selection of the most promising therapies for DMD clinical
trials, it is important to develop human-specific and physiologically
relevant models for preclinical studies of neuromuscular circuits
in health and disease, as well as for assessing the efficacy of thera-
peutic strategies.
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Biobased Elastomer Nanofibers Guide Light-Controlled
Human-iPSC-Derived Skeletal Myofibers

Aimee Cheesbrough, Fabiola Sciscione, Federica Riccio, Peter Harley, Lea R’Bibo,
Georgios Ziakas, Arnold Darbyshire, Ivo Lieberam,* and Wenhui Song*

Generating skeletal muscle tissue that mimics the cellular alignment,
maturation, and function of native skeletal muscle is an ongoing challenge

in disease modeling and regenerative therapies. Skeletal muscle cultures
require extracellular guidance and mechanical support to stabilize contractile
myofibers. Existing microfabrication-based solutions are limited by complex
fabrication steps, low throughput, and challenges in measuring dynamic con-
tractile function. Here, the synthesis and characterization of a new biobased
nanohybrid elastomer, which is electrospun into aligned nanofiber sheets

to mimic the skeletal muscle extracellular matrix, is presented. The polymer
exhibits remarkable hyperelasticity well-matched to that of native skeletal
muscle (=11-50 kPa), with ultimate strain =1000%, and elastic modulus

=25 kPa. Uniaxially aligned nanofibers guide myoblast alignment, enhance
sarcomere formation, and promote a =32% increase in myotube fusion and
=50% increase in myofiber maturation. The elastomer nanofibers stabilize
optogenetically controlled human induced pluripotent stem cell derived
skeletal myofibers. When activated by blue light, the myofiber-nanofiber
hybrid constructs maintain a significantly higher (>200%) contraction velocity
and specific force (>280%) compared to conventional culture methods. The
engineered myofibers exhibit a power density of =35 W m~. This system is

1. Introduction

Advances in the field of skeletal muscle
tissue engineering depend on generating
stable and life-like skeletal muscle micro-
tissues in vitro. This requires an inter-
disciplinary approach, whereby cells are
incorporated into a biological or synthetic
mechanical microenvironment. Such work
enables accurate modeling of skeletal
muscle function and disease, and progress
in the generation of transplantable tissues
to treat muscle trauma and degeneration.
Skeletal muscle is a highly organized com-
plex organ composed of connective tissue,
blood vessels, and aligned contractile
myofiber bundles, which are innervated
by motor neurons (MNs); the output layer
of the central nervous system. This com-
plex network of different cell types and
extracellular structures work in synergy
to contribute to muscle force generation,
transmission, maintenance, and repair.l'

a promising new skeletal muscle tissue model for applications in muscular

disease modeling, drug discovery, and muscle regeneration.
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Scalable  nanostructured  biomate-
rial substrates are required to mimic the
native skeletal muscle extracellular matrix
(ECM) in vitro. These have the potential
to interact with tissues on a cellular and
molecular level by imitating mechanical and biochemical cues.
Typically, they guide myotube alignment, provide anchorage to
contractile myotubes,?) and enhance cellular maturity. In the
absence of a supporting scaffold, developing myofibers cul-
tured on rigid tissue culture (TC) surfaces are unstable and
detach from their substrate as they contract.’l Both natural
and synthetic polymers have been used to fabricate substrates
for skeletal muscle tissue engineering. These include encapsu-
lating myofibers in biopolymer hydrogels such as collagen,*°]
fibrin,[®7] gelatin,®®] and biopolymer mixtures or nanocom-
posites.-12 Synthetic polymers such as poly(vinyl alcohol),
poly(lactic acid), and poly(caprolactone)** have been fabricated
into sheets, porous sponges, and fibers!'*"% to guide skeletal
muscle organization. Thermoset silicones such as polydi-
methylsiloxane (PDMS) have been used to cast flexible tendon-
like microstructures, which provide structural supports, such as
uniaxial tension across attachment sites.] These are often used
in neuromuscular biosystem applications.'*¥] Unlike syn-
thetic polymers, most natural biopolymer hydrogels are prone
to rapid degradation by the proteases secreted by cells.'") As a
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Abstract

Dysregulated neuronal excitability is a hallmark of amyotrophic lateral sclerosis (ALS). We
sought to investigate how functional changes to the axon initial segment (AlS), the site of
action potential generation, could impact neuronal excitability in a human iPSC model of ALS.
We found that early (6-week) ALS-related TDP-43G298S motor neurons showed an increase

in the length of the AIS, relative to CRISPR-corrected controls. This was linked to neuronal
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[Abstract] Human neuromuscular diseases represent a diverse group of disorders with unmet clinical
need, ranging from muscular dystrophies such as Duchenne muscular dystrophy (DMD) to
neurodegenerative disorders such as amyotrophic lateral sclerosis (ALS). In many of these conditions,
axonal and neuromuscular synapse dysfunction have been implicated as crucial pathological events,
highlighting a need for in vitro disease models that accurately recapitulate these aspects of human
neuromuscular physiology. The protocol reported here describes the co-culture of neural spheroids
composed of human pluripotent stem cell (PSC)-derived motor neurons and astrocytes, and human
PSC-derived myofibers in 3D compartmentalised microdevices to generate functional human
neuromuscular circuits in vitro. In this microphysiological model, motor axons project from a central

nervous system (CNS)-like compartment along microchannels to innervate skeletal myofibers plated in
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PLAU PLAU
ATP1B1 ATP1B1
ADAM10 ADAM10
RIPK1 RIPK1

OFFICIAL_NAME

phosphodiesterase 2A

tubulin beta class |

F2R like trypsin receptor 1

toll like receptor 4

glycine receptor beta

integrin subunit alpha V

Itage-gated channel

glutamate metabotropic receptor 7

calcium voltage-gated channel subunit alphal |

estrogen related receptor gamma

calcium voltage-gated channel subunit alphal G
neuropeptide Y receptor Y2

integrin subunit alpha 4

ATPase Na+/K+ transporting subunit alpha 1

translocator protein

solute carrier family 9 member A1

plasminogen activator, urokinase

ATPase Na+/K+ transporting subunit beta 1

ADAM metallopeptidase domain 10

receptor interacting serine/threonine kinase 1

Jmember 8
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167 19
21 14
61 19
240 13
371 13
33 13
21 12
201 12
28 17
49 12
32 11
102 11
16 11
101 1
18 1(
12 1q
32 1(
18 1q
15 14
51 29
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