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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 (AIS), 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-43%2%% motor neurons showed an increase in
the length of the AIS, relative to CRISPR-corrected controls. This was linked to neuronal
hyperexcitability and increased spontaneous contractions of hiPSC-myofibers in
compartmentalised neuromuscular co-cultures. In contrast late (10-week) TDP-43%2%85 motor
neurons showed reduced AIS length and hypoexcitability. At a molecular level aberrant
expression of the AIS master scaffolding protein Ankyrin-G, and the AlS-specific voltage-gated
ion channels SCN1A (Nav1l.1) and SCN8A (Navl.6) mirrored these dynamic changes in
excitability. Finally, at all stages, TDP-43%2985 motor neurons showed compromised activity-
dependent plasticity of the AlS, further contributing to abnormal excitability. Our results point
toward the AIS as an important subcellular target driving changes to neuronal excitability in
ALS.

Figure 1. Pathogenic TDP-43%2%85 causes increased AlS length and neuronal hyperexcitability
in early MNs

Figure 2. Pathogenic TDP-43%2%8 reduces activity-dependent plasticity of the AIS in early MNs
Figure 3. hiPSC-derived neuromuscular circuits containing TDP-43%2°8> MINs display increased
spontaneous myofiber contractility

Figure 4. Pathogenic TDP-43%298 causes AIS truncation, impaired plasticity, and
hypoexcitability in late MNs

Figure 5. Pathogenic TDP-4352%8 drives aberrant expression of AlS genes in early and late MNs

Supplementary Figure 1. Generation of genetically engineered hiPSC lines.

Supplementary Figure 2. Additional AIS and neuromuscular co-culture parameters
Supplementary Figure 3. Changes in electrophysiological parameters overtime
Supplementary Table 1. Passive membrane properties and other electrophysiological
parameters
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Supplementary Figure 4. Altered Ankyrin-G isoform expression in early and late MNs
Supplementary Figure 5. Nuclear to cytoplasmic ratio of TDP-43 in early and late MNs

Supplementary Movie 1. TDP-43%2%85 CRISPR corrected evoked contraction
Supplementary Movie 2. TDP-43%2985 CRISPR corrected spontaneous contraction
Supplementary Movie 3. TDP-43%2%8 Eyoked contraction

Supplementary Movie 4. TDP-43%298 Spontaneous contractions

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neuromuscular disease, characterised by
progressive degeneration of motor neurons (MNs) in the brain and spinal cord (Hardiman et
al.,, 2017). In the majority of patients with ALS, TAR DNA-binding protein (TDP-43) mis-
localises to the cytoplasm and forms ubiquitinated and hyperphosphorylated aggregates
(Neumann et al., 2006; Sreedharan et al., 2008), which has been linked to abnormal RNA
metabolism and stability, as well as changes to RNA splicing and gene expression (Hardiman
et al.,, 2017; Narayanan et al., 2013). Dysregulated neuronal excitability is another key
pathological hallmark of ALS (Gunes et al., 2020). Peripheral axonal and motor unit
hyperexcitability, associated with spontaneous muscle fasciculations, are often observed in
the early stages of the disease and have been shown to correlate with increased disease
severity and reduced survival time (Kanai et al., 2006; Piotrkiewicz et al., 2008; Shimizu et al.,
2014; Vucic and Kiernan, 2006). Conversely, neuronal hypoexcitability has been reported at
later stages of the disease (Devlin et al., 2015; Gunes et al., 2020; Martinez-Silva et al., 2018).
However, it remains unclear how pathogenic TDP-43 drives these changes to neuronal
excitability.

The axon initial segment (AIS) is a specialised region of the proximal axon where action
potentials are initiated (Kole et al., 2008). This subcellular domain is characterised by a high
density of voltage gated sodium and potassium channels, particularly Nav1.1 (SCN1A), Nav1.2
(SCN2A), Nav1.6 (SCN8A) and KCNA1 (Kv1.1) that are anchored to the membrane by a unique
cytoskeletal arrangement of scaffolding proteins including BIV-Spectrin and the master
organiser Ankyrin-G (ANK3) (Hu et al., 2009; Leterrier, 2018). ANK3 can be alternatively
spliced into an AlS-specific 480kDa isoform or shorter non-AlIS 270kDa and 190kDa isoforms
that play critical roles in myelination and dendritic spine morphology respectively (Nelson and
Jenkins, 2016). Previous work has shown that both the length and position of the AlS can be
modulated in an activity-dependent manner to fine-tune neuronal excitability (Evans et al.,
2015; Grubb and Burrone, 2010; Jamann et al., 2021; Kuba et al., 2010; Sohn et al., 2019;
Wefelmeyer et al., 2015). Modulation of AIS structure has been proposed as a homeostatic
form of plasticity that acts to stabilise neuronal output and prevent abnormal levels of
network activity. In this context, the AIS stands out as an attractive subcellular target for
driving abnormal neuronal excitability in ALS.

In this study we sought to determine whether pathogenic TDP-43 could alter neuronal
excitability by disrupting the AIS at a molecular, structural and functional level. We
differentiated ALS patient-derived TDP-43%285 hiPSCs into MNs and employed CRISPR-Cas9
to generate gene-corrected isogenic controls. We found that in early (6-week) MNs,
pathogenic TDP-4362%5 triggered an increase in the expression of ANK3 (Ankyrin-G), SCN1A
(Nav1.1) and SCN8A (Nav1.6) as well as increasing in the ratio of the AlS-specific 480kDa ANK3
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94  isoform relative to shorter non-AlS isoforms. These molecular changes were linked to
95 increased AIS length, neuronal hyperexcitability and increased spontaneous myofiber
956  contractions in compartmentalised microfluidic neuromuscular co-cultures. In contrast, in
97  late (10-week) MNs, pathogenic TDP-43%29% caused TDP-43 mis-localisation, and reduced
98  expression of ANK3, SCN1A and SCN8A, as well as an increase in the ratio of the non-AlS
99  190kDa ANK3 isoform over the AlS-specific 480kDa isoform. These changes were linked to
100  reduced AIS length and neuronal hypoexcitability. Finally, at all stages, activity dependent
101 plasticity of the AIS was compromised, further destabilising neuronal excitability. Taken
102 together our findings point toward a unique and dynamic role of the AIS in modulating
103 changes to neuronal excitability in ALS.
104
105  Results:
106
107 1. Pathogenic TDP-43%2%8 causes increased AlS length and neuronal hyperexcitability in
108 early MNs
109
110  We set out to determine whether pathogenic TDP-43%2%8 could alter MN excitability by
111 disrupting AlS structure and plasticity. We generated synchronised cultures of hiPSC-derived
112 MNs by using Magnetic Activated Cell Sorting (MACS) to purify post-mitotic HB9+ MNs and
113 matured them in defined co-cultures with GDNF-expressing astrocytes (Machado et al., 2019)
114 (Figure 1b, Supplementary figure 1d). We employed CRISPR-Cas9 to generate TDP-436298>
115  corrected hiPSCs (Fig. 1b, Supplementary Figure 1a). We then reconstructed the AIS of early
116 6-week MNs based on immunofluorescence staining of Ankyrin-G (Fig. 1c). We found that
117  TDP-43%2%8 triggered an increase in the length of the AIS relative to corrected and wildtype
118  MNs (Fig. c,d). AIS diameter and start position from the soma remained constant
119  (Supplementary figure. 2a,b).
120
121 Spatial extension of the AIS has been shown to increase neuronal excitability by lowering the
122 current and voltage thresholds for AP spiking (Goethals and Brette, 2020; Gulledge and Bravo,
123 2016;Jamann et al., 2021; Kole and Brette, 2018; Kuba et al., 2010). By performing whole-cell
124 patch clamp recordings on early 6-week MNs we found that pathogenic TDP-43%2°8 caused
125  increased neuronal excitability. This was evidenced by a reduction in the current threshold
126 for AP-spiking (Fig. 1f) as well as a shift in the input-output relationship of injected current to
127 AP firing, and an increase in the maximum firing frequency (Fig. 1g). There was no significant
128  change in voltage threshold (Supplementary Table 1). We also observed an increase in
129  spontaneous firing frequency (Fig. 1h) as well as increased inward currents (most likely
130  representing Na+) and AP amplitude (Supplementary Figure. 3b,c). These changes in
131  excitability could not be explained by changes in passive properties (Supp. Table 1). Taken
132 together our findings suggest that pathogenic TDP-43%2%% causes increased AlS length, which
133 islinked to hyperexcitability of early 6-week hiPSC MNs (Figure 1i).
134
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135

136 Figure 1. Pathogenic TDP-43%29 causes increased AIS length and neuronal hyperexcitability in early MNs. A,
137 Schematic showing differentiation of hiPSCs into early MNs. B, Sanger sequencing showing CRISPR-Cas9
138  mediated correction of TDP-43%2%8 mutation in hiPSCs. C, Reconstructions of the AIS (red) in 6-week wildtype
139 (n=21), TDP-43%2%8 CRISPR-corrected (n=25), TDP-43%2°% (n=26) MNs based on Ankyrin-G immunofluorescence
140 staining. Counterstained against CHR2-YFP (Cyan). Scale bar = 50um. D, Quantification of the average Ankyrin-
141 G intensity profile along the AIS and total AIS length. E, Brightfield images showing whole-cell patch clamp
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142 recordings of 6-week CHR2-YFP positive wildtype (n=21), CRISPR corrected (n=28) and TDP-43%2%5 (n=28) MNs.
143 Scale bar = 50um. F, Current threshold for AP firing and representative single AP traces taken from current clamp
144 recordings. G, Relationship between injected current and firing frequency and maximum evoked AP firing
145 frequency taken from current clamp recordings. H, Spontaneous AP firing frequency taken from passive
146 membrane recordings of all spontaneously firing neurons. I, Schematic outlining main findings: TDP-4362%8
147 increases AlS length in 6-week early MN cultures. Error bars represent the SEM. p-values from one-way ANOVA
148  tests with Dunnet’s comparison, except 1h: Mann Whitney test. *p<0.05, **p<0.01, ***p<0.001.

149

150

151

152 2. Pathogenic TDP-43%2%8 reduces activity-dependent plasticity of the AlS in early MNs
153

154 Activity-dependent fine tuning of AlS position and/or length is a mechanism by which neurons
155  modulate their excitability. Numerous studies have reported shortening of the AlS in response
156  to elevated activity is associated with a compensatory reduction in excitability (Evans et al.,
157  2015; Galliano et al., 2021; Jamann et al., 2021; Kuba et al., 2010; Pan-Vazquez et al., 2020;
158  Sohn et al., 2019), while other studies have shown a similar homeostatic modulation of
159  excitability associated with a distal relocation of the AIS (Grubb and Burrone, 2010; Hatch et
160 al, 2017; Lezmy et al., 2017; Wefelmeyer et al., 2015). To our knowledge, AIS plasticity in
161 human spinal MNs has not yet been investigated, nor the effect of ALS-related pathogenic
162  TDP-43 mutations.

163

164  We found AIS length was strongly reduced in response to short-term optogenetic stimulation
165 in early 6-week hiPSC-MNs, while AIS position was unchanged (Figure 2a,b). However,
166  although TDP-43%2%5 MINs displayed a shortening of the AIS, the change in length (AL) was
167  less pronounced (AL-9.776um * 4.770) than in wildtype (AL -19.72um + 2.974) and corrected
168  (AL-19.14um £ 3.726) MNs. As a result, the difference in AIS length already present in baseline
169  conditions (14.60um * 4.329) was even more pronounced after stimulation (23.96um *
170 4.129). In conjunction with this we found that the current threshold for AP spiking was
171 significantly increased in the CRISPR-corrected MNs in agreement with a shortening of the AIS
172 following optogenetic stimulation. Conversely, TDP-4329% MNs did not show a statistically
173 significant increase in current threshold following optogenetic stimulation (Fig. 2c), even
174 though a trend was observed. Although we did not see changes in voltage threshold, we did
175  observe diverging voltage thresholds across genotypes following optogenetic stimulation; in
176  this instance TDP-43%2°%> MINs displayed a lower voltage threshold relative to CRISPR-
177  corrected MNs, further contributing to neuronal hyperexcitability (Fig. 2c). Finally, we
178  observed a significant downward shift in the relationship between injected current and AP
179  spiking in the corrected MNs but not in the TDP-43%2%85 MNs (Fig. 2d). Again, these differences
180 in excitability could not be explained by changes in passive electrical properties
181  (Supplementary Table 1). Taken together our findings suggest AlS plasticity is reduced in TDP-
182 4352985 MINs, a feature that further contributes to dysregulation of neuronal excitability.

183

184
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185

186 Figure 2. Pathogenic TDP-43%2%%5 reduces activity-dependent plasticity of the AIS in early MNs. A,
187 Reconstructions of the AlS (red) in 6-week wildtype (n=21), TDP-43%2985 CRISPR corrected (n=25), and TDP-436298
188  (n=26) MNs and with 3 hours 5Hz 488nm optogenetic stimulation: wildtype (n=21), TDP-43%2%% CRISPR corrected
189 (n=21), and TDP-43%%%8 (n=21) based on Ankyrin-G immunofluorescence staining, counterstained against CHR2-
190 YFP (cyan). Scale bar = 50um. B, Quantification of AlS length change and start position in response to optogenetic
191 stimulation. Two-way ANOVA: effect of genotype ****p<0.0001, effect of stimulation ****p<0.0001. Individual
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192 p-values from non-parametric, unpaired t-tests. C, Whole-cell current clamp recordings showing current and
193 voltage thresholds for 6-week TDP-43%295 CRISPR corrected (n=28), and TDP-43%2%5 (n=28) MNs and with 3
194 hours 5Hz 488nm optogenetic stimulation: TDP-435%2%5 CRISPR corrected (n=20), and TDP-43%2%8 (n=17). Current
195 threshold two-way ANOVA: effect of genotype **p=0.005, effect of stimulation **p=0.0046, voltage threshold
196  two-way ANOVA: effect of genotype *p=0.025. Individual p-values from non-parametric, unpaired t-tests.
197 Representative single AP traces and current steps. D, Relationship between injected current and firing frequency
198 with and without optogenetic stimulation taken from current clamp recordings, representative AP firing traces
199 at 100pA current injection. E, Schematic showing reduced activity-dependent length plasticity of the AIS in 6-
200  week early TDP-43%2%5 MNs. Error bars represent the SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

201

202

203

204 3. hiPSC-derived neuromuscular circuits containing TDP-43%2%5 MNs display increased
205 spontaneous myofiber contractility

206

207  We set out to understand how changes at the AlS would impact motor unit excitability. In the
208  early stages of ALS, motor units are hyperexcitable, leading to spontaneous muscle
209  fasciculations (Piotrkiewicz et al., 2008; Shimizu et al., 2014). We generated an in vitro model
210  of ALS motor units by co-culturing 6-week TDP-43%2%8% MNs with wildtype hiPSC-myofibers in
211  compartmentalised microdevices. Motor axons projected from outer compartments, through
212 micro-channels to innervate myofibers in a central compartment, mimicking the spatial
213 separation occurring in vivo (Figure. 3a). Motor unit functionality was confirmed through
214 optogenetic stimulation of MNs, which induced robust myofiber contractions that could be
215  abolished by the acetylcholine receptor (AChR) blocker d-tubocurarine (DTC) (Fig. 3d.,f,
216 Supplementary figure 2c).

217

218  We found that co-cultures containing TDP-43%2985 MNs displayed increased spontaneous
219  myofiber contraction frequency and velocity (Fig. 3b,c,f, Supplementary Movies 2,4). In
220  contrast, optogenetically evoked contractions were weaker in the TDP-43%2%5 co-cultures
221 relative to the CRISPR-corrected and wildtype co-cultures (Fig. 3d,e,f, Supplementary Movies
222 1,3). We saw a reduction in axon coverage and neuromuscular synapses in the TDP-4362%85
223 cultures, despite axon outgrowth being initially normal (Fig. 3g,h; Supplementary Figure. 2d).
224 This suggests that fewer neuromuscular synapses in the TDP-43%2%% co-cultures is responsible
225  for the reduced maximal contractile output. Taken together this data shows that pathogenic
226 TDP-4362%% causes increased motor unit excitability, while reducing maximal contractile
227  output by reducing the total number of functional motor units.

228
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Figure 3. hiPSC-derived neuromuscular circuits containing TDP-43%295 \MINs display increased spontaneous
myofiber contractility. A, Schematic showing generation of neuromuscular co-cultures in compartmentalised
microdevices. B, Particle image velocimetry (PIV) analysis of spontaneous myofiber contractions co-cultures
containing wildtype (n=6), CRISPR-corrected (n=9) and TDP-43%29 (n=10) MNs. Velocity vectors shown in green,
scale bar = 200um. C, Overlayed spontaneous contraction traces in. D, PIV analysis of optogenetically evoked
myofiber contractions. E, Combined traces of optogenetically evoked myofiber contractions. F, Quantification
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of spontaneous and optogenetically evoked myofiber contraction velocity with and without addition of the AChR
blocker d-Tubocurarine (DTC), and quantification of spontaneous myofiber contraction frequency (Hz). G,
Immunofluorescence staining of neuromuscular co-cultures for TTN (cyan), TUBB3 (green), SV2 (red) and AChR
(magenta), and SV2/AChR colocalization channel in black. Scale bar = 50um. h, Quantification based on
immunofluorescence staining of axon outgrowth and neuromuscular synapse number and morphology based
on SV2/AChR colocalization. Error bars represent the SEM. p-values from one-way ANOVA tests with Dunnet’s
comparison: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

4. Pathogenic TDP-43%298 causes AlS truncation, impaired plasticity, and hypoexcitability
in late MNs

While neuronal hyperexcitability is a feature in the early stages of ALS, several studies have
also observed a transition to hypoexcitability (Devlin et al., 2015; Martinez-Silva et al., 2018).
We wanted to assess whether this occurred in our model system and whether it might be
associated with changes to the AIS. We matured hiPSC-MNs for up to 10 weeks and observed
a robust transition to mature repetitive firing patterns, stronger inward and outward currents
and mature AP properties (Supplementary Figure. 3), as well as more mature passive
membrane properties (Supplementary Table 1).

We found that pathogenic TDP-4362%85 caused truncation of the AIS in late MNs relative to
CRISPR-corrected controls (Figure. 4a,b). This was accompanied by neuronal hypoexcitability
as evidenced by a large downward shift in the input-output relationship of injected current to
AP spiking and a reduction in the maximum firing frequency (Fig. 4c,d). We also observed a
significant reduction in putative Na* and K* currents in the TDP-43%2%5 MNs at this stage
(Supplementary Figure. 3b,c). Furthermore, activity-dependent AIS length plasticity was
completely abolished in TDP-43%23%95 MNs (Fig. 4e). While CRISPR-corrected control neurons
were able to reduce the length of the AIS in response to short-term optogenetic stimulation,
TDP-4352%85 MNs showed no reduction (Fig. 4b,e). In addition to length changes, at the later
time-point MNs also showed a distal relocation of the AIS in response to optogenetic
stimulation (Fig. 4f). This occurred in both TDP-43%2%8 and CRISPR-corrected neurons. Taken
together this data shows that pathogenic TDP-4352%85 triggers an abnormal switch from hyper
to hypoexcitability, which is accompanied by truncation and impaired plasticity of the AlS. It
is possible that this switch was related to a shift in the ratio of nuclear to cytoplasmic TDP-43
in the TDP-43%2985 INs at this later stage (Supplementary Figure. 4b).
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current and firing frequency taken from whole-cell current clamp recordings of 10-week TDP-435%2%5 CRISPR-
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corrected (n=20), and TDP-43%2%5 (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
AlIS start position change in response to optogenetic stimulation, measured as start position from the soma. G,
Schematic showing truncation and impaired plasticity of the AIS in 10-week late TDP-43%2%% MNs. Error bars
represent the SEM. p-values from non-parametric, unpaired t-tests:*p<0.05, **p<0.01, ***p<0.001.

5. Pathogenic TDP-43%2%8 drives aberrant expression of AIS genes in early and late MNs

Since we had observed dynamic changes to the structure of the AIS in early and late MNs, we
sought to investigate whether altered expression of AlS specific genes could account for these
changes. Indeed, TDP-43 is known to play a pivotal role in global gene expression, RNA
splicing, as well as RNA stability and transport (Alami et al., 2014; Fukushima et al., 2019;
Lagier-Tourenne et al., 2012; Tank et al., 2018) and a number of studies have found evidence
that TDP-43 can bind and modulate splicing of a number of key AIS genes including Ankyrin-
G (Brown et al., 2022; Fukushima et al., 2019; Lagier-Tourenne et al., 2012; Ma et al., 2022;
Narayanan et al., 2013). We found that pathogenic TDP-43%29 caused an increase in the
expression of several AlS related genes in early (6-week) MNs (Figure 5a and Supplementary
Figure 5a), including the AIS master scaffolding protein ANK3 (Ankyrin-G) as well the voltage
gated sodium channels SCN1A (Navl.1) and SCN8A (Nav1.6) responsible for AP initiation
(Figure. 5a). Moreover, we found an increase in the ratio of the AlS-specific 480kDa Ankyrin-
G isoform relative to the shorter non-AIS 270kDa isoform (Figure. 5b). This change in
expression pattern was also associated with increased Ankyrin-G protein at the AIS
(Supplementary figure. 4c). At the later (10-week) timepoint pathogenic TDP-43%2%5 caused
a decrease in overall ANK3, SCN1A and SCN8A expression (Figure. 5c) as well as an increase
in the ratio of the short non-AlIS 190kDa isoform relative to the 480kDa AlS specific isoform of
Ankyrin-G (Figure. 5d). This change was associated with reduced Ankyrin-G protein at the AIS
(Supplementary Figure. 5c). Taken together these results show that pathogenic TDP-4362985
causes dysregulated expression of AIS specific genes, correlating with the structural and
electrophysiological changes observed at the AlS in early and late MNs.
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Figure 5. Pathogenic TDP-43%2%% drives aberrant expression of AIS genes in early and late MNs. A, gRT-PCR
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expression, ANK3 isoform expression, AlS structure and neuronal excitability in early and late MNs. Error bars
represent the SEM. p-values from one-way ANOVA tests with Dunnet’s comparison. *p<0.05, **p<0.01,
***%p<0.001, ****p<0.0001.

Discussion

Here we report a new pathophysiological mechanism driving dysregulated neuronal
excitability in human ALS MNs. We found that the ALS-related pathogenic TDP-4362985
mutation caused abnormal expression of AlS specific genes, including the scaffolding protein
Ankyrin-G (ANK3) and the voltage gated sodium channels Navl.1 (SCN1A) and Navl.6
(SCN8A), leading to structural changes at the AIS - the site of action potential generation in
neurons as well as changes to neuronal excitability. Early TDP-43%2%8% MNs showed increased
expression of Ankyrin-G, leading to increased Ankyrin-G protein at the AlS, increased AlS
length and neuronal hyperexcitability. Furthermore, when co-cultured with hiPSC-myofibers
in compartmentalized microdevices, TDP-43%298 MNs triggered spontaneous myofiber
contractions, mirroring muscle fasciculations observed in patients with ALS. In contrast, late
TDP-4362%85 MNs showed reduced expression of Ankyrin-G, leading to reduced Ankyrin-G
protein at the AIS, reduced AIS length and neuronal hypoexcitability. Finally at all stages,
pathogenic TDP-43%2%%5 compromised activity dependent plasticity of the AIS, further
contributing to dysregulated neuronal excitability. Taken together these results point toward
the AIS as an important subcellular target driving excitability changes in ALS MNs.

Structural plasticity of the AIS plays an integral role in maintaining normal levels of neuronal
excitability. Previous studies have implicated the AlS as a possible target in ALS. Significant
swelling of the AIS has been reported in electron microscopy studies of post-mortem ALS
lumbar spinal MNs (Sasaki and Maruyama, 1992) and studies in SOD1 mice have shown
altered AIS length in pre-symptomatic and symptomatic stages of the disease (Bonnevie et
al., 2020; Jorgensen et al., 2021). Interestingly Jorgensen and colleagues (Jorgensen et al.,
2021) found that extension of the AIS at symptom onset in SOD1 mice was associated with
changes in Na+ currents. 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), we wanted to investigate how pathogenic TDP-43 mutations would impact both
AlS structure and homeostatic plasticity in a representative human model of the disease.

We found that pathogenic TDP-43%298 caused increased length of the AlS in early hiPSC-MNs
(Figure. 1c,d). This increased length was associated with stronger Na+ currents and AP
amplitude (Supplementary Figure. 2d), and neuronal hyperexcitability, characterized by a
shift in the input-output relationship of injected current to AP spiking, and a reduction in the
current threshold for AP firing (Figure. 1f,g). Taken together with findings by Jorgensen
(Jorgensen et al., 2021) and Sasaki (Sasaki and Maruyama, 1992) our findings implicate
increased AIS size as a novel pathophysiological mechanism for modulating neuronal
excitability across divergent subsets of ALS. In addition to structural changes at the AlS, we
also observed reduced activity dependent plasticity of the AIS, particularly in late MN cultures
(Figure. 2b, Figure. 4e). This finding has not previously been reported and has significant
implications since activity-dependent fine-tuning of AIS length is an important homeostatic
mechanism to prevent abnormal levels of network activity in neurons (Evans et al., 2015;
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Grubb and Burrone, 2010; Jamann et al., 2021; Kuba et al., 2010; Sohn et al., 2019;
Wefelmeyer et al., 2015).

Several studies have reported hyperexcitability of hiPSC derived MNs harbouring ALS-related
mutations (Devlin et al., 2015; Wainger et al., 2014) as well as mouse models (Jorgensen et
al., 2021; Pambo-Pambo et al., 2009) and patient studies (Shimizu et al., 2014). Our study is
the first to link pathogenic TDP-43 to structural and functional changes at the AIS and
downstream changes in neuronal excitability. By using CRISPR-Cas9 gene correction to rescue
these phenotypes we can be confident that the TDP-43%2%5 mutation accounts for these
changes rather than variability between hiPSC-lines (Figure. 1b; Supplementary Figure 1a).
Furthermore, we generated synchronized cultures of highly MACS enriched MNs to prevent
inadvertent recordings from immature progenitors and unrelated contaminating neuronal
subtypes (Supplementary Figure. 1d). By using wildtype astrocytes and myofibers in our co-
cultures, we can be confident that the effects we observe are cell autonomous.

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 fasiculations 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. This led us to investigate how TDP-43-dependent alterations to AlS structure
and function would impact motor unit excitability. Based on our previously published work
(Machado et al., 2019; Paredes-Redondo et al., 2021) and other similar models (Osaki et al.,
2018; Rao et al., 2018) we generated a model of ALS motor units by co-culturing hiPSC-MNs
and wildtype iPAX7 hiPSC-myofibers in compartmentalized microfluidic devices (Figure. 3a).
We found that neuromuscular circuits containing TDP-43%2%%> MNs showed an increase in
spontaneous myofiber contractions (Figure 3.b,c,f,g). Conversely these cultures showed a
reduction in the maximal evoked contractile output, (Figure. 3d,e,f) a finding linked to a
reduction in the total number of neuromuscular synapses (Figure. 3h,i). The combination of
these two phenotypes closely resembles the simultaneous occurrence of muscle
fasciculations and muscle weakness that occurs in patients with ALS (Hardiman et al., 2017,
Shimizu et al., 2014). We believe this platform has great potential for developing drugs to
target these common features of ALS.

In later MNs we observed a switch from early hyperexcitability to hypoexcitability (Figure. 4;
Supplementary Figure 2d). Hypoexcitability has previously been reported in hiPSC models of
ALS (Naujock et al., 2016; Sareen et al., 2013), and a switch from hyper to hypoexcitability has
also been demonstrated in hiPSC-MNs harbouring TDP-43 mutations and C9orf72
hexonucleotide expansions (Devlin et al., 2015) and in the SOD1 mouse model (Martinez-Silva
et al., 2018). Here, we found that this switch was linked to structural changes and impaired
activity-dependent plasticity of the AIS (Figure. 4c,f,g). Specifically, we observed truncation of
the AIS and complete abolishment of activity dependent AlS length plasticity at this stage. We
also observed a large reduction in putative Na+ and K+ currents (Supplementary Figure. 3b,c).
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Finally, we uncovered a molecular basis explaining the switch from early AlS extension and
hyperexcitability to later AIS truncation and hypoexcitability. We found that early TDP-4362985
MNs showed increased expression of the AlS master scaffolding protein Ankyrin-G (ANK3), as
well increased expression of the voltage gated ion channels Navl.1 (SCN1A) and Navl.6
(SCN8A) that are important for AP initiation. Furthermore, we also observed an increase in
the ratio of the long 480kDa AIS specific isoform of Ankyrin-G relative to shorter non-AlS
isoforms. In conjunction with this we observed a corresponding increase Ankyrin-G protein at
the AIS which could directly account for the increase in AIS length and hyperexcitability
observed at this stage. In contrast we found that late TDP-43 MNs expressed less Ankyrin-G,
Nav1l.1 and Navl1.6 and showed an increase in the ratio of the short non-AIS 190kDa Ankyrin-
G isoform that typically localizes to synapses relative to the longer 480kDa AlS isoform. This
was associated with reduced Ankyrin-G at the AIS, reduced AIS length and neuronal
hypoexcitability. Indeed, several studies have identified Ankyrin-G as a downstream target of
TDP-43, indicating that our observed data could be a direct result of abnormal TDP-43
regulation of Ankyrin-G expression and splicing (Lagier-Tourenne et al., 2012; Ma et al., 2022;
Narayanan et al., 2013). It’s also possible that TDP-43 modifies expression of upstream
transcription factors that control larger networks of AlS-specific genes such as RBFOX (Jacko
et al.,, 2018). Alternatively, it is possible that TDP-43 differentially regulates AIS mRNA
transcript stability, degradation and transport in the early and late MN cultures (Fukushima
et al., 2019). Interestingly it was only at the later timepoint we observed direct evidence of
TDP-43 mis-localisation, possibly accounting in the switch in phenotypes observed. The early
phenotype may be related specifically to the mutant TDP-43 protein, while the later switch in
phenotype may be a result of TDP-43 mis-localisation that takes longer to develop, and
perhaps more representative of a later disease stage.

In summary, we report that the ALS-related pathogenic TDP-43%2%8% mutation causes
abnormal expression of AlS specific genes including the scaffolding protein Ankyrin-G, leading
to disrupted structure and activity-dependent plasticity of the AIS in hiPSC-MNs. In early
neurons increased expression Ankyrin-G led to increased AIS length, neuronal
hyperexcitability, and increased spontaneous myofiber contractions in compartmentalised
neuromuscular co-cultures. Conversely in late MNs reduced expression of Ankyryin-G was
associated with reduced AIS length and hypoexcitability. Taken together these results
highlight the AIS as an important target driving excitability changes in ALS.
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Methods

Experimental model and subject details

Engineering hiPSC-lines:

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’).

hiPSC cell clones intended for MN differentiation and enrichment were engineered to express
the HB9::hCD14 MACS sortable construct using TALENS based insertion into the AAVS1 safe-
harbour locus (SFigure. 1d) (Hockemeyer et al., 2009) using a NEPA-21 electroporator
(Sonidel). 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 (SFigure. 1le). Inducible iPAX7 hiPSC-lines to forward program
hiPSCs into myoblast progenitors were generated by TALENS based integration the
Doxycycline-inducible PAX7 construct into the CLYBL safe-harbour locus (Cerbini et al., 2015)
of the publicly available HiPSCi line PAMV1 (www.hiPSCi.org) , via electroporation.

Cell culture and differentiation:

hiPSCs/ESCs were maintained on 0.4ug/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.

MN differentiation was based on (Du et al., 2015) with minor modifications. hiPSCs were
grown until 100% confluent on 0.4ug/cm? LN521 basement matrix (BioLamina) in StemMACS
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 (dO0),
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)
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(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.

Myoblast differentiation was based on (Rao et al., 2018) with minor modifications, using the
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 1 pg/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.

GDNF+ mESC astrocyte differentiation was performed as described in (Machado et al., 2019).

Method details

Magnetic -activated cell sorting (MACS):

Motor neuron progenitors (MNPs) 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/cm? 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 then washed 3x in DMEM +10U/ml DNase. Cells
were then filtered using a 40um nylon strainer (BD Falcon) and re-suspended in MACS buffer
comprising PBS (Gibco), 10% BSA (ThermoFisher), +10U/ml DNase and 3ug/ml anti-CD14
antibody (clone 26ic, DSHB), and transferred to a MACSmix tube rotator (Miltenyi Biotec) at
4°C for 15 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 15 min. Cells were then
resuspended in 1ml MACS buffer and applied to a MS magnetic column mounted to an
OctoMACS magnet (Miltenyi Biotec). Cells were washed 3x with 500ul MACS buffer then the
positive fraction eluted in 1ml MACS buffer.

Targeted gene editing:

Targeted gene editing in hiPSCs was achieved using CRISPR-Cas9 mediated homology directed
repair to correct the endogenous TDP-4352%8 mutation. 3pug TrueCut CAS9 v2 (ThermoFisher)
was combined with 90uM sygRNA (5’ - GGATTTGGTAATAGCAG AGGGGG 3’) (Merck) at RT
for 15 minutes to form an RNP complex. This complex was then electroporated using a NEPA-
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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-43%2%8 mutation and also with a silent Xho1 restriction site in
the seed region of the sgRNA. Clones were then screened for the presence of the Xhol
restriction site and positive clones sequenced using sanger sequencing (SourceBioscience).
Subsequently we sequenced ~1000bp upstream and downstream of exon 6 of TARDBP and
the top 5 predicted off-target sgRNA binding sites to confirm no off-target genome editing.
We then carried out g-banding to confirm a normal karyotype (CellGuidanceSystems)
(SFigure. 1b), and Western blot analysis of TDP-43 using an n-terminal TDP-43 antibody
(MAB7778 - Biotechne) to confirm normal protein expression (SFigure. 1c).

Immunofluorescence:

For imaging, 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 were additionally permeabilised using 10% DMSO. Cells were
incubated overnight with mouse IgG2a anti-AnkG (N106/36 NeuroMab), rabbit anti-GFP
(A11122 Invitrogen), rabbit anti-isl1 (ab109517 Abcam), mouse IgG2a anti-Tubb3 Tujl
(MAB1995 R&D systems), mouse IgG1 anti-SV2 (DSHB), rat anti-Mab35 (DSHB) and mouse
igM anti-Titin (9D10 DSHB) in blocking buffer at 4°C. Cells were then washed 3x in 0.1% Triton
X-100in PBS and incubated with the secondary antibodies: anti-mouse IgG2a 647 (Alexa Fluor
R&D systems), anti-mouse 1gG2a 488 (Alexa Fluor R&D systems), anti-rabbit 488 (Alexa Fluor
R&D systems) anti-rabbit 647 (Alexa Fluor R&D systems), anti-mouse IgM 405 (Alexa Fluor
R&D systems), anti-mouse 1gG1 647 (Alexa Fluor R&D systems, anti-rat 555 (Alexa Fluor R&D
systems) and DAPI (Sigma) for 2hr at RT. Cells were final washed 3x in PBS. Cells were then
imaged using a Leica TCS SP8 confocal inverted laser scanning microscope at a 63x oil
objective.

qRT-PCR

Total RNA was extracted using a pure link RNA kit (Invitrogen) according to manufacturer’s
instructions, and subsequently reverse transcription was performed using a GoScript reaction
kit (Promega) to produce cDNA. 5ng of cDNA was loaded per gRT-PCR reaction using fast SYBR
master mix and reactions run on a CFX96 RT-PCR detection system (Bio-Rad). The following
primers were used:

Target F-primer R-primer

ANK3 (generic) AAAGGACTGCCTCAAACAGCGG CTAAGGATGCGAAGCTCTGTCG
ANK3 (Exon 37 long) | TCCCATAAAGGCCACTTCAC CGGATTGACTAACCTGCTTCA
ANK3 (Exon 37 short) | TCTACAAGACCATACCAGTCCT CTTGATAAGGAAGTGAAGCCTGA
ANK3 (Exon 37 skip) | TAAGCGCTACAGCTACTTGAC GGCTACTATTGCCATCCTGATA
SCN1A GGACTGTATGGAGGTTGCTGGT GCAAGGTTGTCTGCACTAAATGAG
SCN2A CTAGCCTCACTGTGACAGTACC TCAACCGTGCTGCCTTCAGATG
SCNSA GGATTGAGACCATGTGGGACTG ATCTGTGGCAGCCAGGTTGTCT
KCNA1 CATCTTTTGCCTGGAGACGCTC GGAGAACCAGATGATACACAGCG
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

19



659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704

Electrophysiology:

For patch clamp recordings 50k MACS sorted MNs 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, KCI 2.5 mM, HEPES 10
mM, MgCl2 1.3 mM, CaCl2 2 mM, Glucose 10 mM, pH adjusted to 7.3 and osmolarity adjusted
to 300 mOsm. The chamber was mounted on an inverted epifluorescence microscope
(Olympus I1X71) and visualised using a 60x oil objective. Pipettes were pulled from borosilicate
glass (O.D. 1.5mm, I.D. 0.86mm, Sutter instruments) to a resistance of between 3-5MQ.
Intracellular solution contained the following: 125 mM KMeSO4, 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+ MNs 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. 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 close to -60 mV (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 applied using a CoolLED pE-100 illumination system and AP traces
recorded in current clamp with membrane potential set to -60 mV.

Microdevice fabrication and neuromuscular co-cultures:

Microdevices were made according to our previously published work (Machado et al., 2019)
with slight modifications. A thin layer of NOA-73 resin (Norland products) was applied to
plastic bottom dishes (diameter, 35 mm; ibidi, 81156) 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. Following UV-sterilization of the devices, two neural spheroids comprising 10k
MACS sorted MNs and 5k MACS sorted astrocytes formed in lipidure coated (Amsbio) U-
bottom 96 well plates were loaded into each of the two outer-compartments. Co-cultures
were optogenetically entrained using 5Hz 450nm optogenetic stimulation for 1hr a day for 4
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days, 3 days after plating 20k myoblasts in the central compartment, in order to enhance
neuromuscular synapse formation.

Optogenetic 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.

Quantification and Statistical analysis

Analysis of AIS morphology:

AIS 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 traced. AlS diameter was measured at the mid-point of the
AIS. Reconstructions of the AIS were carried out using IMARIS 9.1.2 software by generating a
surface map based on the Ankyrin-G fluorescence. Gating thresholds for this were kept
constant between samples.

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 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 coloc function was used to automatically generate a colocalization 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 gating
thresholds. From this surface map the total number of colocalised objects as well as the
volume and surface area of these objects could be calculated.

Particle image velocimetry (PIV) analysis of myofiber contractions:

Video recordings of spontaneous and optogenetically evoked myofiber contractions were
analysed by Particle Image Velocimetry using the PIVIab package in Matlab. 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. To show that contractions were dependent on synaptic transmission at
NMJs, 50uM of the AChR agonist d-Tubocurarine (DTC) (Sigma) was added to the co-cultures.

Analysis of electrophysiological measurements:

Electrophysiological measurements were analysed with custom MatlLab scripts. 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
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stimulation. Individual AP properties in current clamp were obtained using sequential
injection of 100 ms current steps of increasing amplitude (10 pA increments). 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 heigth. Input-Output parameters were obtained using
sequential injection of 500 ms current steps of increasing amplitude (50 pA increments).
Location of AP were extracted using MATLAB’s findpeaks function with minimum peak
Amplitude O 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). Cells with a series resistance greater than 30MQ or
a holding current lower than -100pA were rejected.

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 used to infer statistically significant differences between samples
and groups of samples. 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.
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Supplementary Figure 1. Generation of genetically engineered hiPSC lines. A, CRISPR-Cas9 mediated genome
correction of TDP-43%2%5 mutation. Schematic showing editing strategy and Sanger sequencing showing
integration of corrected allele and silent Xho1 restriction site. B, G-banding showing normal karyotype following
CRISPR editing C, Western blot showing comparable protein expression of TDP-43. D, hiPSC-lines engineered to
stably express HB9::CD14 MACS sortable construct. Immunofluorescence staining and quantification for MN-
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specific ISL1 enrichment following MACS enrichment. Flow cytometry analysis showing MACS enrichment of
HB9::CD14 MNs. Scale bar = 50um. E, hiPSC-lines engineered to stably express the optogenetic construct CHR2-
YFP. Flow cytometry and immunofluoresence quantification showing comparable CHR2-YFP expression across
cell lines. hiPSC-MNs expressing CHR2-YFP reliably fire trains of action potentials in response to blue light
(488nm) stimulation. Quantification of proportion of cells that fire APs in reponse to optogenetic stimulation.
Scale bar = 50um. F, hiPSC-lines engineered to stably express DOX-inducible PAX7 overexpression construct for
forward programming hiPSCs into myoblasts. Immunofluorescence images of myoblast progenitors expressing
PAX7 and MYOD at D21, followed by Titin expression and myoblast fusion at D34. Quantification of early and
mature myogenic markers from immunofluorescence images. Scale bar = 50um. ***p<0.001, error bars
represent SEM.
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Supplementary Figure 2. Additional AIS and neuromuscular co-culture parameters. A, Quantification of AIS
length, start position and diameter at 6, 8 and 10 weeks maturation. B, Immunofluorescence images and
reconstructions of the AlS based on Ankyrin-G staining at different timepoints. White arrows indicate AlS length,
while yellow arrows indicate AIS start position relative to the soma. Scale bar = 50um. C, PIV analysis of
optogenetically evoked myofiber contractions in TDP-43%2%8 corrected neuromuscular co-cultures before and
after addition of d-Tubocurarine (DTC). Scale bar = 200um. D, Quantification of D1 axon outgrowth in the
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neuromuscular co-cultures based on CHR2-YFP expression across genotypes. Scale bar = 50um. Error bars

represent the SEM. p-values from non-parametric, unpaired t-tests: **p<0.01, ***p<0.001, ****p<0.0001.
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Supplementary Figure 3. Changes in electrophysiological parameters overtime. A, Characterisation of firing
patterns between TDP-435%2%5 and 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 maturation.
C, Representative inward (Na+) and outward (K+) current traces overtime taken at 0,10, and 20mV pulses. D,
Representative single AP traces and AP phase plots overtime. E, Quantification of AP amplitude, AP half-width
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and rate of change at 6, 8 and 10 weeks maturation. Error bars represent the SEM. p-values from non-

parametric, unpaired t-tests: **p<0.01, ***p<0.001, ****p<0.0001.
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6 weeks: |Wildtype |TDP-4362985 \TDP-4362985 |TDP-43G2%85 ' 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 23.49 + 19.79 25.96 30.10 p=0.13
2.49pF 2.02pF 3.51pF 2.71pF +3.60pF
Resting |-3595¢  |-3871%  |3891%  |-3578+  |-34.09%  |p=0.64
voltage 2.85mV 1.20mV 2.84mV 2.25mV 2.90mV
Current |[71.43% 65.36 + 44.29 + 94.00 + 65.56 + e
Threshold 10.47pA 6.14pA 3.20pA 10.60pA 9.26pA p=0.0007
Voltage | 2507+ |-25.11%  |-26.55%  [23.47+% 29.40 + p=0.20
Threshold 2.12mV 1.32mV 1.40mV 1.98mV 1.69mV
Ho|ding -33.68 -32.14 £ -29.03% -37.71 % 36.67 + P=0.77
current 4.78pA 5.08pA 6.81pA 5.59pA 6.29pA
Holding |59.77+ |-6043%  |-60.69%  |-60.27% -60.90 + P=0.92
voltage 0.76mV 0.91mV 0.79mV 1.11mV 0.52mV
8 weeks: |TDP-4362%85 \TDP-43629S |Unpaired T- | |10 weeks: [TDP-4362985 |TDP-4362%8S \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 CcMm 88.67 + 5311+ *%p=0.001
5.73pF 6.10pF 7.40pF 6.43pF
Resting -51.62 -43.75 *P=0.01 Resting -53.66 + _43.44 + *%=0.002
voltage 1.58mV 2.91mV voltage 2.30mV 3.96mV
Current |77.57% 89.23 ¢ P=0.22 Current |100.00+ |74.71% p=0.073
Threshold |°-26PA 7.19pA Threshold 2-67PA 9.59pA
Voltage -349+ -32.65¢ P=0.27 Voltage -31.95 + 29.11+ p=0.248
Threshold 1.40mV 1.37mV Threshold 1.11mV 2.3mV
Holding -31.41 £ -51.07 £ **p=0.0094 Holding -26.25 + -47.62 + p=0.08
current |#3%A  |6.16pA current  |736PA  [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 1.10mV

Supplementary Table 1. Passive membrane properties and other electrophysiological parameters. Access
resistance (RS), membrane resistance (RM), capacitance (CM), resting voltage, current threshold, voltage
threshold, baseline voltage, holding current and holding voltage in wildtype, Corrected and TDP-436298 MNs at
6, 8 and 10 weeks maturation with and without optogenetic stimulation. P-values from unpaired nonparametric
t-tests and one-way ANOVA tests. *p<0.05, **p<0.01, ***p<0.001.
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946  Supplementary Figure 4. Nuclear to cytoplasmic ratio of TDP-43 in early and late MNs. A, Inmunofluorescence
947 images of TDP-43 (red) counterstained with Tubb3 (green) and DAPI (blue) in early (6-week) MACS enriched
948 hiPSC-derived wildtype, corrected and TDP-43%2%5 MNs (Scale bar = 25um). Quantification of the ratio of
949 cytoplasmic to nuclear fluorescence intensity in early (6-week) MNs. B, Immunofluorescence images of TDP-43
950 (red) counterstained with Tubb3 (green) and DAPI (blue) in late (10-week) MACS enriched hiPSC-derived
951  wildtype, corrected and TDP-43%2%5 MNs (Scale bar = 25um). Quantification of the ratio of cytoplasmic to nuclear
952 fluorescence intensity in late (10-week) MNs. Error bars represent the SEM. One-way-ANOVA with Dunnet’s
953 multiple comparisons used to determine statistical significance. ***p<0.001.
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Supplementary Figure 5. Additional AIS gene expression and Ankyrin-G protein intensity analysis. A, gRT-PCR
analysis of SCN2A (Nav1.2), and KCNA1 (Kv1.1) expression in early (6-week motor neurons. B, gRT-PCR analysis
of SCN2A, and KCNA1 expression in late (6-week motor neurons. C, Ankyrin-G staining intensity at the AIS in
early and late MNs. Error bars represent the SEM. p-values from one-way ANOVA tests with Dunnet’s
comparison. **p<0.01, ***p<0.001, ****p<0.0001.

31



977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021

References

10.

11.

12.

Alami, N.H., Smith, R.B., Carrasco, M.A., Williams, L.A., Winborn, C.S., Han, S.S.W.,
Kiskinis, E., Winborn, B., Freibaum, B.D., Kanagaraj, A., et al. (2014). Axonal Transport
of TDP-43 mRNA Granules Is Impaired by ALS-Causing Mutations. Neuron 81, 536-543.
10.1016/j.neuron.2013.12.018.

Barton, S.K., Dario, M., James, O.G., Livesey, M.R., Selvaraj, B.T., James, O.T., Perkins,
E.M., Gregory, J.M., Cleary, E.C., Rosanne M Ausems, et al. (2021). Transactive
response DNA-binding protein-43 proteinopathy in oligodendrocytes revealed using
an induced pluripotent stem cell model. . Issue 4 ed. Brain Communications.
Bonnevie, V.S., Dimintiyanova, K.P., Hedegaard, A., Lehnhoff, J., Grondahl, L.,
Moldovan, M., and Meehan, C.F. (2020). Shorter axon initial segments do not cause
repetitive firing impairments in the adult presymptomatic G127X SOD-1 Amyotrophic
Lateral Sclerosis mouse. Scientific Reports 10, 1280. 10.1038/s41598-019-57314-w.
Brown, A.-L., Wilkins, O.G., Keuss, M.J., Hill, S.E., Zanovello, M., Lee, W.C., Bampton,
A, Lee, F.C.Y., Masino, L., Qi, Y.A,, et al. (2022). TDP-43 loss and ALS-risk SNPs drive
mis-splicing and depletion of UNC13A. Nature 603, 131-137. 10.1038/s41586-022-
04436-3.

Cerbini, T., Funahashl, R, Luo, Y.Q,, Liu, C.Y., Park, K., Rao, M., Malik, N., and Zou, J.H.
(2015). Transcription Activator-Like Effector Nuclease (TALEN)-Mediated CLYBL
Targeting Enables Enhanced Transgene Expression and One-Step Generation of Dual
Reporter Human Induced Pluripotent Stem Cell (iPSC) and Neural Stem Cell (NSC)
Lines. Plos One 10, e0116032. 10.1371/journal.pone.0116032.

Devlin, A.C., Burr, K., Borooah, S., Foster, J.D., Cleary, E.M., Geti, |., Vallier, L., Shaw,
C.E., Chandran, S., and Miles, G.B. (2015). Human iPSC-derived motoneurons
harbouring TARDBP or C9ORF72 ALS mutations are dysfunctional despite maintaining
viability. Nature Communications 6, 12, 5999. 10.1038/ncomms6999.

Doble, A. (1996). The pharmacology and mechanism of action of riluzole. Neurology
47,5233-S241. 10.1212/WNL.47.6_Suppl_4.233S.

Du, Z.W., Chen, H,, Liu, H.S,, Lu, J.F., Qian, K., Huang, C.L., Zhong, X.F., Fan, F., and
Zhang, S.C. (2015). Generation and expansion of highly pure motor neuron progenitors
from human pluripotent stem cells. Nature Communications 6, 9, 6626.
10.1038/ncomms7626.

Evans, M.D., Dumitrescu, A.S., Kruijssen, D.L.H., Taylor, S.E., and Grubb, M.S. (2015).
Rapid Modulation of Axon Initial Segment Length Influences Repetitive Spike Firing.
Cell Reports 13, 1233-1245. 10.1016/j.celrep.2015.09.066.

Fukushima, M., Hosoda, N., Chifu, K., and Hoshino, S. (2019). TDP-43 accelerates
deadenylation of target mRNAs by recruiting Cafl deadenylase. Febs Letters 593, 277-
287.10.1002/1873-3468.13310.

Galliano, E., Hahn, C., Browne, L.P., Villamayor, P.R., Tufo, C., Crespo, A., and Grubb,
M.S. (2021). Brief Sensory Deprivation Triggers Cell Type-Specific Structural and
Functional Plasticity in Olfactory Bulb Neurons. Journal of Neuroscience 41, 2135-
2151. 10.1523/jneurosci.1606-20.2020.

Goethals, S., and Brette, R. (2020). Theoretical relation between axon initial segment
geometry and excitability. Elife 9, €53432. 10.7554/elife.53432.

32



1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

Grubb, M.S., and Burrone, J. (2010). Activity-dependent relocation of the axon initial
segment fine-tunes  neuronal excitability. Nature 465, 1070-U1131.
10.1038/nature09160.

Gulledge, A.T., and Bravo, J.J. (2016). Neuron Morphology Influences Axon Initial
Segment Plasticity. DOI: 10.1523/ENEURO.0085-15.2016 ed. eNeuro.

Gunes, Z.I., Kan, V.W.Y., Ye, X.Q., and Liebscher, S. (2020). Exciting Complexity: The
Role of Motor Circuit Elements in ALS Pathophysiology. Frontiers in Neuroscience 14,
573. 10.3389/fnins.2020.00573

Hardiman, O., Al-Chalabi, A., Chio, A., Corr, E.M., Logroscino, G., Robberecht, W.,
Shaw, P.J., Simmons, Z., and van den Berg, L.H. (2017). Amyotrophic lateral sclerosis.
Nature Reviews Disease Primers 3, 17071. 10.1038/nrdp.2017.71.

Hatch, R.J., Wei, Y., Xia, D., and Gotz, J. (2017). Hyperphosphorylated tau causes
reduced hippocampal CA1 excitability by relocating the axon initial segment. Acta
Neuropathologica 133, 717-730. 10.1007/s00401-017-1674-1.

Hockemeyer, D., Soldner, F., Beard, C., Gao, Q., Mitalipova, M., DeKelver, R.C.,
Katibah, G.E., Amora, R., Boydston, E.A., Zeitler, B., et al. (2009). Efficient targeting of
expressed and silent genes in human ESCs and iPSCs using zinc-finger nucleases.
Nature Biotechnology 27, 851-U110. 10.1038/nbt.1562.

Hu, W.Q., Tian, C.P., Li, T., Yang, M.P., Hou, H., and Shu, Y.S. (2009). Distinct
contributions of Na(v)1.6 and Na(v)1.2 in action potential initiation and
backpropagation. Nature Neuroscience 12, 996-U961. 10.1038/nn.2359.

Jacko, M., Weyn-Vanhentenryck, S.M., Smerdon, J.W., Yan, R., Feng, H.J., Williams,
D.J., Pai, J., Xu, K., Wichterle, H., and Zhang, C.L. (2018). Rbfox Splicing Factors Promote
Neuronal Maturation and Axon Initial Segment Assembly. Neuron 97, 853-+.
10.1016/j.neuron.2018.01.020.

Jamann, N., Dannehl, D., Lehmann, N., Wagener, R., Thielemann, C., Schultz, C,,
Staiger, J., Kole, M.H.P., and Engelhardt, M. (2021). Sensory input drives rapid
homeostatic scaling of the axon initial segment in mouse barrel cortex. Nature
Communications 12, 23. 10.1038/s41467-020-20232-x.

.Jorgensen, H.S., Jensen, D.B., Dimintiyanova, K.P., Bonnevie, V.S., Hedegaard, A.,

Lehnhoff, J., Moldovan, M., Grondahl, L., and Meehan, C.F. (2021). Increased Axon
Initial Segment Length Results in Increased Na+ Currents in Spinal Motoneurones at
Symptom Onset in the G127X SOD1 Mouse Model of Amyotrophic Lateral Sclerosis.
Neuroscience 468, 247-264. 10.1016/j.neuroscience.2020.11.016.

Kanai, K., Kuwabara, S., Misawa, S., Tamura, N., Ogawara, K., Nakata, M., Sawai, S.,
Hattori, T., and Bostock, H. (2006). Altered axonal excitability properties in
amyotrophic lateral sclerosis: impaired potassium channel function related to disease
stage. Brain 129, 953-962. 10.1093/brain/aw|024.

Kole, M.H.P., and Brette, R. (2018). The electrical significance of axon location
diversity. Current Opinion in Neurobiology 51, 52-59. 10.1016/j.conb.2018.02.016.
Kole, M.H.P., llschner, S.U., Kampa, B.M., Williams, S.R., Ruben, P.C., and Stuart, G.J.
(2008). Action potential generation requires a high sodium channel density in the axon
initial segment. Nature Neuroscience 11, 178-186. 10.1038/nn2040.

Kuba, H., Oichi, Y., and Ohmori, H. (2010). Presynaptic activity regulates Na+ channel
distribution at the axon initial segment. Nature 465, 1075-U1136.
10.1038/nature09087.

33



1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lagier-Tourenne, C., Polymenidou, M., Hutt, K.R., Vu, A.Q., Baughn, M., Huelga, S.C.,
Clutario, K.M., Ling, S.C., Liang, T.Y., Mazur, C., et al. (2012). Divergent roles of ALS-
linked proteins FUS/TLS and TDP-43 intersect in processing long pre-mRNAs. Nature
Neuroscience 15, 1488-1497. 10.1038/nn.3230.

Leterrier, C. (2018). The Axon Initial Segment: An Updated Viewpoint. Journal of
Neuroscience 38, 2135-2145. 10.1523/jneurosci.1922-17.2018.

Lezmy, J., Lipinsky, M., Khrapunsky, Y., Patrich, E., Shalom, L., Peretz, A., Fleidervish,
I.LA., and Attali, B. (2017). M-current inhibition rapidly induces a unique CK2-
dependent plasticity of the axon initial segment. Proceedings of the National Academy
of Sciences of the United States of America 114, E10234-E10243.
10.1073/pnas.1708700114.

Ma, X.R., Prudencio, M., Koike, Y., Vatsavayai, S.C., Kim, G., Harbinski, F., Briner, A.,
Rodriguez, C.M., Guo, C., Akiyama, T., et al. (2022). TDP-43 represses cryptic exon
inclusion in the FTD—-ALS gene UNC13A. Nature 603, 124-130. 10.1038/s41586-022-
04424-7.

Machado, C.B., Pluchon, P., Harley, P., Rigby, M., Sabater, V.G., Stevenson, D.C,,
Hynes, S., Lowe, A., Burrone, J., Viasnoff, V., and Lieberam, I. (2019). In Vitro Modeling
of Nerve-Muscle Connectivity in a Compartmentalized Tissue Culture Device.
Advanced Biosystems 3, 1800307. 10.1002/adbi.201800307.

Mackenzie, I.R.A., Bigio, E.H., Ince, P.G., Geser, F., Neumann, M., Cairns, N.J., Kwong,
L.K., Forman, M.S., Ravits, J., Stewart, H., et al. (2007). Pathological TDP-43
distinguishes sporadic amyotrophic lateral sclerosis from amyotrophic lateral sclerosis
with SOD1 mutations. Annals of Neurology 61, 427-434. 10.1002/ana.21147.
Martinez-Silva, M.D., Imhoff-Manuel, R.D., Sharma, A., Heckman, C.J., Shneider, N.A.,
Roselli, F., Zytnicki, D., and Manuel, M. (2018). Hypoexcitability precedes denervation
in the large fast-contracting motor units in two unrelated mouse models of ALS. Elife
7, €30955. 10.7554/elLife.30955.

Narayanan, R.K., Mangelsdorf, M., Panwar, A., Butler, T.J., Noakes, P.G., and Wallace,
R.H. (2013). Identification of RNA bound to the TDP-43 ribonucleoprotein complex in
the adult mouse brain. Amyotrophic Lateral Sclerosis and Frontotemporal
Degeneration 14, 252-260. 10.3109/21678421.2012.734520

Naujock, M., Stanslowsky, N., Bufler, S., Naumann, M., Reinhardt, P., Sterneckert, J.,
Kefalakes, E., Kassebaum, C., Bursch, F., Lojewski, X., et al. (2016). 4-Aminopyridine
Induced Activity Rescues Hypoexcitable Motor Neurons from Amyotrophic Lateral
Sclerosis Patient-Derived Induced Pluripotent Stem Cells. Stem Cells 34, 1563-1575.
10.1002/stem.2354.

Nelson, A.D., and Jenkins, P.M. (2016). The Splice Is Right: ANK3 and the Control of
Cortical Circuits. Biological Psychiatry 80, 263-265. 10.1016/j.biopsych.2016.06.006.
Neumann, M., Sampathu, D.M., Kwong, L.K., Truax, A.C., Micsenyi, M.C., Chou, T.T.,
Bruce, J., Schuck, T., Grossman, M., Clark, C.M., et al. (2006). Ubiquitinated TDP-43 in
frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science 314,
130-133. 10.1126/science.1134108.

Osaki, T., Uzel, S.G.M., and Kamm, R.D. (2018). Microphysiological 3D model of
amyotrophic lateral sclerosis (ALS) from human iPS-derived muscle cells and
optogenetic  motor neurons. Science  Advances 4, 15, eaat5847.
10.1126/sciadv.aat5847.

34



1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Pambo-Pambo, A., Durand, J., and Gueritaud, J.P. (2009). Early Excitability Changes in
Lumbar Motoneurons of Transgenic SOD1(G85R) and SOD1(G93A-Low) Mice. Journal
of Neurophysiology 102, 3627-3642. 10.1152/jn.00482.2009.

Pan-Vazquez, A., Wefelmeyer, W., Sabater, V.G., Neves, G., and Burrone, J. (2020).
Activity-Dependent Plasticity of Axo-axonic Synapses at the Axon Initial Segment.
Neuron 106, 265-+. 10.1016/j.neuron.2020.01.037.

Paredes-Redondo, A., Harley, P., Maniati, E., Ryan, D., Louzada, S., Meng, J.H., Kowala,
A., Fu, B.Y., Yang, F.T., Liu, P.T., et al. (2021). Optogenetic modeling of human
neuromuscular circuits in Duchenne muscular dystrophy with CRISPR and
pharmacological corrections. Science Advances 7, eabi8787. 10.1126/sciadv.abi8787.
Piotrkiewicz, M., Kudina, L., Mierzejewska, J., and Hausmanowa-Petrusewicz, |. (2008).
Analysis of double discharges in amyotrophic lateral sclerosis. Muscle & Nerve 38, 845-
854.10.1002/mus.20997.

Rao, L.J., Qian, Y., Khodabukus, A., Ribar, T., and Bursac, N. (2018). Engineering human
pluripotent stem cells into a functional skeletal muscle tissue. Nature Communications
9,126.10.1038/s41467-017-02636-4.

Sareen, D., O'Rourke, J.G., Meera, P., Muhammad, A., Grant, S., Simpkinson, M., Bell,
S., Carmona, S., Ornelas, L., Sahabian, A., et al. (2013). Targeting RNA Foci in iPSC-
Derived Motor Neurons from ALS Patients with a COORF72 Repeat Expansion. Science
Translational Medicine 5, 208ra149. 10.1126/scitransimed.3007529.

Sasaki, S., and Maruyama, S. (1992). INCREASE IN DIAMETER OF THE AXONAL INITIAL
SEGMENT IS AN EARLY CHANGE IN AMYOTROPHIC-LATERAL-SCLEROSIS. Journal of the
Neurological Sciences 110, 114-120. 10.1016/0022-510x(92)90017-f.

Shimizu, T., Fujimaki, Y., Nakatani-Enomoto, S., Matsubara, S., Watabe, K., Rossini,
P.M., and Ugawa, Y. (2014). Complex fasciculation potentials and survival in
amyotrophic lateral sclerosis. Clinical Neurophysiology 125, 1059-1064.
10.1016/j.clinph.2013.10.052.

Sohn, P.D., Huang, C.T.L., Yan, R., Fan, L., Tracy, T.E., Camargo, C.M., Montgomery,
K.M., Arhar, T., Mok, S.A., Freilich, R., et al. (2019). Pathogenic Tau Impairs Axon Initial
Segment Plasticity and Excitability Homeostasis. Neuron 104, 458-+.
10.1016/j.neuron.2019.08.008.

Song, J.H., Huang, C.S., Nagata, K., Yeh, J.Z.,, and Narahashi, T. (1997). Differential
action of riluzole on tetrodotoxin-sensitive and tetrodotoxin-resistant sodium
channels. Journal of Pharmacology and Experimental Therapeutics 282, 707-714.
Sreedharan, J., Blair, I.P., Tripathi, V.B., Hu, X., Vance, C., Rogelj, B., Ackerley, S.,
Durnall, J.C., Williams, K.L., Buratti, E., et al. (2008). TDP-43 mutations in familial and
sporadic amyotrophic lateral sclerosis. Science 319, 1668-1672.
10.1126/science.1154584.

Tank, E.M., Figueroa-Romero, C., Hinder, L.M., Bed, K., Archbold, H.C., Li, X.,
Weskamp, K., Safren, N., Paez-Colasante, X., Pacut, C., et al. (2018). Abnormal RNA
stability in amyotrophic lateral sclerosis. Nature Communications 9, 2845.
10.1038/s41467-018-05049-z.

Vucic, S., and Kiernan, M.C. (2006). Axonal excitability properties in amyotrophic
lateral sclerosis. Clinical Neurophysiology 117, 1458-1466.
10.1016/j.clinph.2006.04.016.

Wainger, B.J., Kiskinis, E., Mellin, C., Wiskow, O., Han, S.S.W., Sandoe, J., Perez, N.P.,
Williams, L.A,, Lee, S., Boulting, G., et al. (2014). Intrinsic Membrane Hyperexcitability

35



1161 of Amyotrophic Lateral Sclerosis Patient-Derived Motor Neurons. Cell Reports 7, 1-11.
1162 10.1016/j.celrep.2014.03.019.

1163 53. Wefelmeyer, W., Cattaert, D., and Burrone, J. (2015). Activity-dependent mismatch
1164 between axo-axonic synapses and the axon initial segment controls neuronal output.
1165 Proceedings of the National Academy of Sciences of the United States of America 112,
1166 9757-9762. 10.1073/pnas.1502902112.

1167

36



