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Abstract

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are progressive
neurodegenerative diseases, part of a spectrum with overlapping pathology, impacting
multiple brain regions and non-neuronal cell types beyond the characteristic motor and

cortical neuron degeneration.

The striatum, an important integrative hub in the brain crucial for functions often impaired
in FTD (e.g. behavioural and cognitive regulation, speech and language defects), exhibits
dysfunction in FTD/ALS patients. Electrophysiological analysis revealed the first evidence
of impaired medium spiny neuron (MSN) function. C9ORF72%¢ MSNs, harbouring the most
common genetic mutation in FTD/ALS, displayed progressive hypoexcitability, abnormal
action potential waveforms, impaired function of slow outwardly rectifying potassium (lx)
channels and a potential shift in axon initial segment (AIS) positioning. MSN dysfunction
may disrupt communication in brain networks, potentially explaining cognitive and
behavioural symptoms in FTD/ALS patients. Targeting the discovered I« channel
dysfunction and potential AIS changes offers promise for novel pharmaceutical

intervention.

Astrocytes, essential for neuronal support, contribute to motor neuron death in ALS
through a non-cell autonomous mechanism. The loss-of-protective-function and gain-of-
toxic-feature are likely caused by dysfunctional astrocyte membrane properties.
Electrophysiological characterisation of C9ORF72% astrocytes reveals membrane
dysfunction due to connexin 43 (Cx43) dysregulation, mechanism which leads to astrocyte-
mediated motor neuron toxicity, orchestrated in part by DPRs, and enhanced by
environmental factors. This dysfunction expands to sporadic ALS, FTD and AD patients.
Targeting astrocyte connexin dysfunction serves as a potential therapeutic target and

biomarker for ALS and other neurodegenerative diseases.
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Figure 3-4. Increased expression of DARPP32 at day 40. A. Representative images highlight the expression of [
llI-tubulin and DARPP32, specific MSN marker. Scale bar, 50um. B,C,D,E. Graphs showing the mean + SEM
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PAGE. ...ttt ettt ettt e ettt e et et e e e eaahatteeeeeeeaaaanttteeaeeeeaa e hanteeaeeeeaaaanhtteeeeeeeeaannnneeeaeeeaaaas 82
Figure 3-6. Representative AP traces of whole-cell current clamp recordings reveal a loss-of-function phenotype
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(purple). The matrix format displays responses to sequential 500ms current injections from -20pA to 50pA in 10pA
increments from a holding potential of -74mV (including liquid junction potential correction [-14mV])........... 84
Figure 3-7. Decreased firing capability in GABAergic MSNs. A. Example traces of the three categories of action
potential firing observed; no response (no bona fide AP that either did not reach threshold or cross 0 mV), single
AP or multiple APs. B. Percentage of cells exhibiting each firing category throughout the course of differentiation
at day 20, 40 and 60 for Con-1, C9-1 and C9-A1 MSNs. Note the increase in activity over time for each lines
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Percentage of total cells showing firing patterns at day 60. Note the lower overall activity of all CO9ORF72% MSNs
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n=13, N=4; day 60, n=9, N=4; Con-2, day 60, n=11,N=4; C9-2, day 60, n=16, N=4; C9-3, n=18, N=4. .................. 86
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analysis was determined by using One-way ANOVA or Student’s t-test (*, p<0.05; ** p<0.01; **** p<0.0001).
Data: Con-1, day 20, n=14, N=7; day 40, n=19, N=6; day 60, n=13, N=5; C9-1, day 20, n=29, N=8; day 40, n=24,
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Figure 3-10. C90RF72%€ MSNs show impaired AP waveform. Caption on the next page. ..............ccccecevveveennnns 93
Figure 3-11. Altered AP properties are observed in C9ORF72% MISN. Caption on the next page. ...................... 95

Figure 3-12. Phase plot analysis of AP waveforms shows disturbed C90ORF72%¢ MISN waveforms. A. Schematic
showing the distinct phase plot components corresponding to the AP waveform components, as highlighted in
Figure 3-10, including Vrest (RMP), Vinres (threshold membrane potential), Vmex (maximal voltage peak of AP or
amplitude), Vrepol (repolarization potential or AHP). B. The mean AP waveforms presented in Figure 3-10 were
taken and replotted according to the rate of membrane potential change (dV/dt) versus membrane potential (V)
for Con-1, C9-1 and C9-A1 MSNs at day 20, 40 and 60. Note the progressive impairment in the ‘shape’ of the C9-
1 AP waveform over time, and that this is notably impacted in the depolarisation and repolarisation phases...98
Figure 3-13. Voltage-gated Na*-channel current density measurements are consistent in MSNs. Caption on the
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Figure 3-14. A-type (1,) voltage-gated K* channel activity is not impaired. Caption on the next page. ........... 102
Figure 3-15. Delayed outwardly rectifying K* channel (Ix) current density is altered in COORF72%E MISNs. A. A
two-step depolarizing protocol was utilised to isolate Ix channel activity. First, the Ix channels were activated via
a depolarization step of the membrane potential from a holding potential of -70mV to + 30mV (activation). The
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same step was repeated in the presence of TEA (30 mM). The TEA-sensitive current was yielded by subtracting
the current response in the absence of TEA from the TEA-containing trace, to yield TEA-sensitive Ix channel
activity. B,C, D. Representative traces at day 40 were selected to highlight each step of the protocol for each line
investigated, Con-1 (blue), C9-1 (black) and C9-A1 (purple). Current amplitudes were determined from the peak
of the IK-sensitive deflections. E. Mean +SEM Ix current density of Con-1, C9-1 and C9-A1 at day 40. Note increase
in C9-1 Ix current density compared to C9-A1. Statistical analysis was assessed Student’s t-test (**, p<0.001).
Data: Con-1, n=12, N=3; C9-1, n=11, N=2; C-AL, N=6, N=2. ....c.oesieeeeteeieieiesie ettt 104
Figure 4-1. iAstrocytes were generated from fibroblasts via a direct reprogramming protocol and express
specific astrocytic markers at day 7. Caption on the NEXt PAGE. ........cccueeevueeeiveeiieesiiieeieesiieeiiesssveeseaessaesans 118

Figure 4-2. Passive membrane properties are impacted in COORF72%E ALS iAstrocytes. Caption on the next page.

Figure 4-3. C9ORF72RE ALS iAstrocytes display enlarged membrane currents. Individual iAstrocytes were
examined using whole-cell patch-clamp in the voltage-clamp configuration. Cells were held at potential of -84
mV (including LIP of -14 mV) and a voltage-step protocol was initiated to investigate the evoked membrane
current response. The protocol is depicted in the upper panel and consisted of stepped voltages (from -124 mV
to 16 mV) for 200 ms from -84 mV every 10s. The panels below the protocol show representative current traces
from individual day 7 and day 14 from Con-1, Con-2, C9-1 and C9-2 iAstrocytes evoked by the described protocol.
Note the enhanced current response in the C9-1 and C9-2 lines particularly at day 14. .........ccceeevevevvvesvvvennnnnn. 123
Figure 4-4. Membrane currents in COORF72RE ALS iAstrocytes are enlarged. A, B. Mean + SEM current (1) versus
voltage (V) plot of day 7 and day 14, respectively, iAstrocytes derived from Con-1 (day 7, n=9, N=3; day 14, n=20,
N=4), Con-2 (day 7, n=8, N=3; day 14, n=15, N=5), C9-1 (day 7, n=9, N=3; day 14, n=32, N=7) and C9-2 (day 7,
n=6, N=2; day 14, n=19, N=7). Note the increased amount of current evoked by the voltage protocol at each given
potential for COORF72%E ALS iAstrocytes. C, D. As in A, B, but for current density, which takes into account the
WCC data for each individual iAstrocyte. Note that at day 14, COORF72% ALS iAstrocytes show an enhanced
passage of current in their membranes. Note that SEM bars are hidden by the mean data points................... 125
Figure 4-5. Rectification of membrane currents are not impaired. A,B. Mean + SEM normalised current
[11(—104mV)] versus potential (V) plots of day 7 and day 14, respectively, Con-1, Con-2, C9-1 and C9-2
iAstrocytes. C, Mean + SEM rectification index for each of the iAstrocyte lines. Rectification was determined by
dividing the normalised current data obtained at 16 mV by -124 mV for each cell. Students’ t-test was used to

determine statistical significance between day 7 to day 14 for each line; *, p<0.05; **, p<0.01; ***, p<0.001.

Figure 4-6. Membrane currents in C9ORF72RE ALS iAstrocytes are not blocked by BaCl,. Caption on the next
POGE. ..ttt ettt ettt e ettt et e et e e e atteeeeeeeaaaauhbtteeteeeaaauatteeteeeeeaaabattaeeeeeeaaannaeneaeeeaaans 128
Figure 4-7. Membrane currents in C9ORF72RE ALS iAstrocytes are not blocked by CsCl. A. The panel shows
representative voltage-step evoked current traces from individual day 14 healthy control, Con-2, iAstrocytes
recorded in the presence of K-gluconate-based and a CsCl-based intracellular patch-pipette solution. B. Mean +
SEM current density (pA.pF) versus voltage (V) plot of day 14 Con-2 iAstrocytes in K*-gluconate-based intracellular
(n=6, N=2) and CsCl-based intracellular (n=6, N=2). C. The panel shows representative current traces from
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individual day 14 C9-2 ALS iAstrocytes in the presence of K*-gluconate-based intracellular patch-pipette solution
and CsCl-based solution. D. Mean + SEM current density (pA.pF) versus voltage (V) plot of day 14 C9-2 iAstrocytes
in K-gluconate-based intracellular (n=3, N=1) and CsCl-based intracellular (n=9, N=2). ........ccccccevvvvevivvrevrveenen. 130
Figure 4-8. Membrane currents in COORF72% ALS iAstrocytes are not blocked by TRPV4 antagonist, HC067047.
A. The panel shows representative voltage-step evoked current traces from an individual day 14 Con-1 Astrocyte
before and after the addition of extracellular-applied HC067047. B. As in A, but for C9-1 iAstrocytes. C, Mean +
SEM current density (pA.pF) versus voltage (V) plot of day 14 Con-1 and C9-1 iAstrocytes in the presence and
absence of HC067047 (Con-1, N=7, N=2; C9-1, N=9, N=2).......oeccereeieeieiesieesttesiieesiieessieesstassssessssssssssesssssseans 131
Figure 4-9. Connexin blocker CBX attenuates membrane current dysfunction in C9ORF72%E ALS iAstrocytes.
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Figure 4-10. Hemichannel partial blocker Gap19 blocks membrane currents in C9ORF72RE ALS iAstrocytes.
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Figure 4-11. Membrane current dysfunction in COORF72%E ALS iAstrocytes is sensitive to SRSF1 knock down.
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Figure 4-12. Schematic diagram illustrating the main steps for the co-culture experiment. MNs were kept in
culture until the end of differentiation. At day 37, iAstrocytes were plated on top of the MNs. Treatments were
added 6 hours after plating. The co-cultures were fixed with 3.8% PFA after 72 hours of incubation. ICC staining
was performed to demonstrate co-culture of MAP2+ motor neurons and Vimentin+ iAstrocytes. Caspase3+ MNs
were quantified as a measurement of neuronal death. Imaging was performed using the wide-field In-Cell
Analyzer and quantification was done using Columbus ANGIYSiS SYSEEM. .........cueecvuiesiueesiiiesiieesiiiesseesiieseseeaans 139
Figure 4-13. Preliminary data indicate that CBX causes a reduction in C9ORF72%€ ALS iAstrocytes-mediated
motor neuron death. A. Figure shows co-culture of MNs with iAstrocytes. ICC demonstrated cultures displayed
Vimentin+ iAstrocytes and MAP2+ MNs. Caspase-3+ immunopositive MNs were quantified to determine
percentage of neuronal death. B. Preliminary data depicts reduction in MN death in co-cultures in the presence
Of CBX. SCAIE DAI SEE 10 T00 UM ...ttt ettt ettt ettt ettt et e et e e e e e e aeenaes 140
Figure 5-1.Passive membrane properties are impacted in sporadic ALS iAstrocytes. A,B,C, Day 7 and day 14
mean * SEM data of passive membrane properties, WCC, Rin and RMP, respectively, for Con-2 (day 7, n=10, N=4;
day 14, n=15, N=5; Note Con-2 data includes previously presented data in Chapter 4), sALS-1 C9-1 (day 7, n=7,

=2) and sALS-2 (day 7, n=10, N=2; day 14, n=2, N=1). Statistical significance for A,B,C was assessed using One-
way ANOVA (*, p<0.05; **, p<0.01; ***; P<0.001; **** p<0.0001)........ccceeeveeseecreeireecreeireeieseeseeeeesreasseessens 151

Figure 5-2. Membrane currents in sporadic ALS iAstrocytes are abnormally enlarged. Caption on the next page.

Figure 5-3. Passive membrane properties are impacted in CO9ORF72%E FTD iAstrocytes. A,B,C. Day 14 mean #
SEM data of passive membrane properties, WCC, Rin and RMP, respectively, for Con-2 (n=10, N=2), FTD-1 (n=13,
N=3), FTD-2 (n=14, N=3) and FTD-3 (n=14, N=3). Statistical significance for A,B,C was assessed using One-way
ANOVA (*, p<0.05; **, p<0.01; ***; ***% p<0.0001). ...cc.eeeeeeeieeeeeeeeeeeeeeete ettt 153
Figure 5-4. Membrane currents in C90ORF72% FTD iAstrocytes are abnormally enlarged. A. The panels show

representative voltage-step evoked current traces from individual day 14 Con-2, FTD-1, FTD-2 and FTD-3
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iAstrocytes. Note the enhanced current response in the C9ORF72%€ FTD iAstrocytes. B. Mean + SEM current
density (pA.pF) versus voltage (V) plot of day 14 iAstrocytes derived from Con-2 (n=10, N=2), FTD-1 (n=13, N=3),
FTD-2 (n=14, N=3) GNd FTD-3 (N=14, NZ3). ..cueeueeeeieeeeee ettt ettt ettt ettt sttt tease st aeeae s 155
Figure 5-5. Passive membrane properties are impacted in Alzheimer’s Disease iAstrocytes. A,B,C. Day 14 mean
+ SEM data of passive membrane properties, WCC, Rin and RMP, respectively, for Con (n=6, N=2), Alzheimer’s

disease (n=11, N=3). Statistical significance for A,B,C was assessed using Students’ t-test (*, p<0.05; **, p<0.01).

Figure 5-6. Membrane currents in Alzheimer’s Disease iAstrocytes are abnormally enlarged. A. The panels show
representative voltage-step evoked current traces from individual day 14 Con and Alzheimer’s disease
iAstrocytes. Note the enhanced current response in the AD iAstrocytes. B,C. Representative current trace in the
same Alzheimer’s disease iAstrocyte in A in the presence of CBX. C. Mean + SEM current density (pA.pF) versus
voltage (V) plot of day 14 iAstrocytes derived from Con (n=6, N=2), AD (n=11, N=3) and Alzheimer’s disease in
the PreSeNCe Of CBX (=5, INZ2). c..oveeeeeeieeeeee ettt e st e ettt e st e et e et e e sttt e s ataesateeeseasteasnseaeastaesssaesssasssseans 157
Figure 5-7. COORF72"E family iAstrocytes express specific astrocytic markers at day 7. Figure depicts iAstrocytes
at day 7 in culture from a family harbouring C90ORF72" mutation. ICC staining demonstrates cultures derived
from the unaffected father and twin, and the affected twin at two samples points (early and late) are highly
enriched for cells harbouring key astrocyte markers CD44 (yellow) and Vimentin (red). DAPI stain is presented in
blue. Scale bar set to 50um. Stainings and images were performed/obtained by members of the Ferraiuolo/Shaw
laboratories and presented With PEIrMISSION. ...........cccueeciiesiieesiiesiieesieeesteesttessteesiaesteestaesseesssaessseassssasssees 159
Figure 5-8. Passive membrane properties are impacted in C9ORF72%E family iAstrocytes. A,B,C. Day 14 mean #
SEM data of passive membrane properties, WCC, Rin and RMP, respectively, for unaffected father (n=15, N=5),
unaffected twin (n=11, N=5), affected twin (early sample; n=17, N=5) and affected twin (late sample; n=17, N=5).
Statistical significance for A,B,C was assessed using Students’ t-test (*, p<0.05; **, p<0.01; ***, p<0.001).....160
Figure 5-9. Membrane currents in C9ORF72%t family iAstrocytes are abnormally enlarged in symptomatic
patients. A. The panels show representative voltage-step evoked current traces from individual day 14 unaffected
father, unaffected twin, symptomatic twin (early sample) and symptomatic twin (late sample) iAstrocytes. Note
the enhanced current response in the symptomatic COORF72%E ALS iAstrocytes. B. Mean + SEM current density
(pA.pF) versus voltage (V) plot of day 14 iAstrocytes derived from the unaffected father unaffected father (n=15,
N=5), unaffected twin (n=11, N=5), affected twin (early sample; n=17, N=5) and affected twin (late sample; n=17,
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Figure 5-10. Membrane currents in the symptomatic CO9ORF72%E twin iAstrocytes are sensitive to CBX. A. The
panel shows representative voltage-step evoked current traces from individual day 14 symptomatic (late sample)
C9ORF72%E twin iAstrocytes. B. The same iAstrocyte in A in the presence of CBX. C. The CBX-sensitive current for
the iAstrocyte presented in A. D. Mean + SEM current density (pA.pF) versus voltage (V) plot of day 14 iAstrocytes
derived from the symptomatic COORF72% twin in the presence and absence of CBX (n=4, N=1). ..................... 162
Figure 5-11. Passive membrane properties are impacted in pre-symptomatic CO9ORF725E iAstrocytes. A,B,C. Day
14 mean * SEM data of passive membrane properties, WCC, Rin and RMP, respectively, for Con-2 (n=15, N=5;
Note Con-2 as previously presented data in Chapter 4), pre-symptomatic PreSx-1 (n=11, N=3), PreSx-2 (n=11,
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=3) and PreSx-3 (n=7, N=2). Statistical significance for A,B,C was assessed using One-way ANOVA (*, p<0.05;
** p<0.01)
Figure 5-12. Membrane currents in C90RF72RE pre-symptomatic iAstrocytes are variably impacted. A. The
panels show representative voltage-step evoked current traces from individual day 14 Con-2, PreSx-1, PreSx-2
and PreSx-3 iAstrocytes. Note the variable current response in the pre-symptomatic C9 ALS iAstrocytes. B. Mean
+ SEM current density (pA.pF) versus voltage (V) plot of day 14 iAstrocytes derived from the unaffected Con-2
(n=15, N=5; Note Con-2 data as previously presented data in Chapter 4), pre-symptomatic PreSx-1 (n=11, N=3),
PreSx-2 (N=11, N=3) QNG PreSxX-3 (N7, NZ2).....uuu ettt eettee e ttte e ettt e e e eaaaa e st aeeatsaseessssaaesssssaaaas 165
Figure 5-13. KCl-mediated induction of connexin dysfunction in pre-symptomatic iAstrocytes. Caption on the
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bvFTD Behavioural variant FTD
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Kruppel-like factor 4

Voltage-gated K* channels
Low-complexity domains

Liquid-liquid phase separation

Lower MN

Liquid junction potential

Lentivirus

Microtubule-associated protein 2
Microtubule-associated protein tau
Magnetencephalography

Miniature excitatory postsynaptic currents
Magnesium

Motor neuron

MN progenitor

Magnetic resonance imaging

Medium spiny neuron

Millivolts

Sodium

Nicotinamide adenine dinucleotide
Voltage-gated Na* channels
N-methyl-D-aspartic acid or N-methyl-D-aspartate
Neuronal progenitor cell
Neuropeptide Y

XXV



PBS
PFA
PNFA
PolyP
PR
PTX
PUR
RA
RAN
RE

RI

Rin
RMP
RNA
RNAI
ROCK
ROS
SALS
SCNT
SD
SEM
SHH
SICI
SOD1
SOD1-ALS
SOX2
SN
SRSF1
SV2
TARDBP
TDP-43
TEA
TMS
TNF-a
TREM106B
TTX
UMN
UPS
Vv

VPA
WCC

Phosphate buffered saline
Paraformaldehyde

Progressive non-fluent aphasia
Inorganic phosphate
Proline-arginine

Picrotoxin

Purmorphamine

Retinoic acid

Repeat-associated non-AUG

Repeat expansion

Rectification index

Input resistance

Resting membrane potential
Ribonucleic acid

RNA interference

Rho-associated protein kinase
Reactive oxygen species

Sporadic ALS

Somatic cell nuclear transfer
Semantic dementia

Standard error of the mean

Sonic hedgehog

Short-interval intercortical inhibition
Cu/Zn Superoxide dismutase 1

ALS patients with a mutation in the SOD1 gene
SRY-related HMG-Box Gene 2
Substantia nigra pars reticulata
Serine and Arginine Rich Splicing Factor 1
Synaptic vesicle protein 2
Transactive response DNA binding protein 43 kDa
Transactive response DNA binding protein 43 kDa
Tetraethylammonium

Transcranial magnetic stimulation
Tumour necrosis factor alpha
Transmembrane protein 106 B
Tetrodotoxin

Upper MN

Ubiquitin/Proteasome System
Voltage

Valproic acid

Whole-cell capacitance

XXVi



CHAPTER 1: Introduction

1.1. Introduction to amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is an incurable and progressive neurodegenerative
disease characterised by the loss of upper and lower motor neurons (MNs) within the spinal
cord and motor cortex. Degeneration of the motor neurons leads to a disruption of
neuromuscular junctions resulting in muscular atrophy, paralysis and death usually by
respiratory failure within 2-5 years of first symptoms (Yang et al., 2014, Renton et al., 2014).
Age is a major contributor for ALS, as it is for other neurodegenerative diseases like
Alzheimer’s and Parkinson’s diseases. ALS typically affects adults between the ages of 40
and 60 (Kiernan et al., 2011). The incidence of ALS varies significantly across different
regions of the world, suggesting a role for both genetic and environmental factors (Xu et al.,
2020). The aetiology of ALS is thought to be due to a combination of risk-genotypes that
interact with environmental risk factors over time, enhancing the neurodegenerative
cascade (reviewed in (Chapman et al., 2023)). Men are at a slightly higher risk of developing
ALS compared to women, particularly at younger ages. However, this gender disparity
diminishes as people get older (Yamashita et al., 2023). While ALS can affect people from all
ethnicities, some studies suggest a higher prevalence among individuals of European
descent (Logroscino and Chio, 2020, Kiernan et al., 2011). Although multiple reports
attempted to delineate the environmental risk factors predisposing the development of
ALS, no clear delimitation of specific gene-environmental interaction were found (reviewed
in (Chapman et al.,, 2023)). The identification of environmental factors and the
predisposition to the development of ALS could play an important role in disease
prevention and the future of personalized medicine approaches.

ALS presents with two main subtypes defined by the initial symptom location:
spinal-onset (~66%) with extremity weakness and bulbar-onset (~33%) with
speech/swallowing difficulties (Al-Chalabi et al., 2012). These reflect the initial site of motor
neuron degeneration (spinal cord versus corticobulbar tract) (Al-Chalabi et al., 2012).
Bulbar-onset patients have worse disease prognosis due to respiratory complications and

increased cognitive decline (Chio et al., 2009, Shellikeri et al., 2017).



Currently there are no beneficial treatments for ALS, with only one available disease
modifying drugin Europe, Riluzole, which extends life expectancy by 1-3 months (Hardiman
et al.,, 2017). Other medication has showed promising results in mildly prolonging
functional independence in selective patients using Edaravone, an antioxidant drug
(Bhandari et al., 2018). More recently, toferson, an antisense oligonucleotide for Cu/Zn
Superoxide dismutase 1 gene (SOD1) familial ALS, which was shown to reduce mRNA
production from mutated SOD1 genes, effectively reducing the synthesis of toxic SOD1

protein, was approved in the United States of America (Blair, 2023).

1.2. Introduction to frontotemporal dementia
Frontotemporal dementia (FTD) is a group of neurodegenerative diseases defined by
atrophy of frontal and temporal lobes often in conjunction with other subcortical brain
regions (Englund et al., 1994, Neary et al., 1998, Rascovsky et al., 2011). FTD presents with
alteration to behaviour and character, with relative presentation of memory loss in the
early phases of the disease. In patients aged 65 and above, FTD is the third most common
cause of dementia, and itis second most common cause of early onset dementia (age below
65) and usually ranges from 45 to 65 (Logroscino et al., 2023). Recent studies have indicated
that individuals of Black/African American descent may experience higher disease severity
in FTD compared to their White and Asian counterparts. However, no significant difference
in disease severity was observed between White and Asian individuals (Jin et al., 2023).
Different subtypes of FTD are distinguished by their clinical manifestations (Lashley
et al., 2015, Woollacott and Rohrer, 2016). FTD can be defined by three main subtypes:
behavioural variant (bvFTD), semantic dementia (SD) and progressive non-fluent aphasia
(PNFA). The most common subtype is bvFTD, accounting for 70% of patients, which present
with progressive behavioural changes and inappropriate social behaviour, whereas the
other two forms are primarily language disorders (Neary et al., 1998, Snowden et al., 2002).
In bvFTD, behavioural changes manifest as a significant shift in character, marked
by emotional blunting, apathy, speech and language impairments and social disinhibition
(Snowden et al., 2002, Snowden et al., 2012). Patients often lack awareness of these
changes, with limited insight being an early indicator (Neary et al.,, 1998). Dietary

modifications are also present with increased craving for sugary and fatty foods (Woolley et
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al., 2007a, Woolley et al., 2007b). Disease progression leads to heightened disinhibition.
These characteristics are crucial for differentiating FTD from other forms of dementia,
particularly Alzheimer’s disease (Miller et al., 1997). Psychosis and repetitive behaviours are
also observed in these patients, especially with the COORF72% mutation (Snowden et al.,
2012). Interestingly, sex is a potential factor in determining the clinical phenotype of FTD,
with bvFTD being more prevalent in men and PNFA being more common in women.
However, sex does not influence survival rates in FTD (Pengo et al., 2022).

Currently, there are no specific drugs or cure for FTD. Treatment usually focuses on
improving the quality of life of patients via speech therapy, decreasing behavioural

symptoms using antidepressants and antipsychotics (Tsai and Boxer, 2014).

1.3. Overlap between clinical features of ALS and FTD
ALS and FTD were initially characterised as two distinct diseases. However, clinical, genetic
and pathological evidence suggests that they belong to a continuous disease spectrum
(Kato et al., 1993, Talbot et al., 1995, Lomen-Hoerth et al., 2002).

Although the presentation of ALS varies between individuals, cognitive decline and
behavioural disturbances are increasingly recognised are defining characteristics of ALS.
ALS has been linked with FTD, as 50% of ALS patients meet the clinical diagnostic criteria
for FTD and up to 30% of FTD patients exhibit motor impairments (Christidi et al., 2018).
Survival after diagnosis is decreased in patients with distinct onset of ALS/FTD and even
more severe in patients which simultaneously develop motor and cognitive symptoms (Hu
et al., 2009). A large number of genes have been reported to be implicated in ALS and FTD
(section 1.4), but also both diseases share a pathological hallmark: protein misfolding and
aggregation (section 1.5). A comprehensive understanding of the clinical and
epidemiological factors associated with ALS and FTD can reveal shared pathogenic

mechanisms, leading to more targeted treatments and improved patient care.



1.4. Genetic landscape of ALS and FTD

ALS and FTD are primarily sporadic diseases, however disease causing mutations appear de
novo and with familial history. The genetics of ALS and FTD are highly heterogeneous,
mirroring the wide range of clinical and pathological features. Determining genetic origins
has facilitated insights into the mechanisms of these diseases thought to underlie neuronal
degeneration.

Although the majority of patients diagnosed with ALS (~90%) are sporadic (sALS), a
smaller (~10%) of cases have a familial form (fALS), often inherited in a dominant pattern
from a parent (Renton et al., 2014). Despite the different origins, the clinical manifestations
of sALS and fALS are very similar (Al-Chalabi et al., 2010). The advances in sequencing
technologies in the recent years have identified over 50 causative or disease-modifying
genes for ALS (Boylan, 2015). Interestingly, around 15% of sALS cases may be caused by
genetic mutations. C90ORF72% is the most frequent genetic cause of ALS and accounts for
approximately 25-40% of familial cases and about 7% of SALS (Renton et al., 2014). SOD1
was the first ALS-causative mutation identified to have a pathological role in ALS (Rosen et
al., 1993) and accounts for 15-20% of fALS and 2% of sporadic cases (Renton et al., 2014).
Mutations in FUS are responsible for about 5% of inherited cases and 1% of SALS (Renton et
al., 2014). Mutations in TAR DNA binding protein (TARDBP) gene have been linked to 4% of
fALS and 1% of sALS cases (Renton et al., 2014).

FTD exhibits a highly heritability compared with ALS, with 40-50% of cases being
familial (Rohrer et al., 2009). Over 50 genes have been linked to FTD (Sirkis et al., 2019).
Similar to ALS, C9ORF72% contributes to approximately a third of familial cases and 4-21%
of sporadic FTD (Devenney et al., 2014). Mutations in microtubule-associated protein tau
(MAPT) are responsible for approximately 30% of familial FTD cases around 17% sporadic
cases (van Swieten and Spillantini, 2007). Mutations in granulin (GRN) account for 20-25 of
familial cases and about 10% of sporadic cases (Wang et al., 2021).

A key pathological hallmark found in almost all ALS patients (~98%) of ALS cases and
approximately 50% of FTD patients is the presence of neuronal and glial cytoplasmic
inclusions containing the 43kDa transactive response DNA binding protein, TDP-43

(Neumann et al., 2006a).



I will discuss in further detail the SODI and C9ORF72% mutations. SODI was the first
gene to be associated with ALS (Rosen et al.,, 1993) and important insight into the
pathogenesis of ALS has been drawn from models harbouring this mutation. COORF72
mutation is the most common genetic cause of both ALS and FTD (Renton et al., 2011,
DeJesus-Hernandez et al., 2011) and important insight into the mechanisms has been
drawn from this mutation. The majority of the cells studied in this project harboured this

mutation.

1.4.1. SODI

SOD1 is an ubiquitously expressed cytosolic and mitochondrial antioxidant enzyme that
converts reactive oxidative species (ROS) into oxygen and hydrogen peroxide, but it is also
involved in repression of respiration and immunomodulation (Saccon et al., 2013). Early
research proposed that SODI1 mutations mediated ALS through a loss-of-function
mechanism, resulting in decreased radical scavenging activity (Rosen et al., 1993). SODI
mutations have been shown to destabilize protein folding, leading to the formation of
intracellular aggregates (Bendotti et al., 2001). Gain-of-function mechanisms have emerged
as an alternative. SODI mutations have been shown to destabilize protein folding, leading
to the formation of intracellular aggregates. These protein aggregates are implicated in
neurotoxicity through mechanisms potentially involving oxidative stress and mitochondrial
dysfunction (Crown et al., 2019, Hadano et al., 2010). It is therefore possible that both loss-
and gain-of-function contribute to SODI-ALS, but variation is caused by different mutation
types. SODI-ALS accounts for approximately 15-20% of fALS patients and 2% sALS cases
harbour the SODI mutation (Renton et al., 2014). SODI-ALS patients often exhibit clinical
and pathological features that differ from the broader ALS spectrum, classically lacking the
characteristic TDP-43 inclusions and cognitive decline (Robertson et al., 2007). These
clinical and pathological differences might explain the limited success in translating
findings from SODI animal models to effective clinical therapies for wider ALS populations.
However, mouse models harbouring SODI mutations have offered important mechanistic

insight for two decades.



The first animal model of ALS was the SOD1%** mouse (Gurney et al., 1994), which
overexpresses human mutant SOD1 randomly inserted into the genome. This transgenic
mouse model remains the most widely used animal model of ALS. The SOD1%%* mice
presents with hind limb weakness at approximately 90-110 days, neurodegeneration that
closely resembles that of ALS patients and death occurs at 135-150 days (Synofzik et al.,
2010, Zang and Cheema, 2002).

Studies utilizing the mutant SOD1%* mouse have significantly advanced our
understanding of ALS. This model improved the understanding of various pathological
changes and mechanisms in the disease including mitochondrial abnormalities (Kong and
Xu, 1998, Méndez-Lépez et al., 2021, Cassina et al., 2008), oxidative stress (Hall et al., 1998,
Ferrante et al., 1997b, Mahoney et al., 2006), glutamate toxicity (Bendotti et al., 2001,
Howland et al., 2002, Foran and Trotti, 2009), cytoskeletal dysfunction (Wong et al., 1995,
Tu et al., 1996, Morrison et al., 1996), defective axonal transport (De Vos et al., 2007) and

progressive denervation of the neuromuscular junction (Dupuis et al., 2009).

1.4.2. C9ORF72%¢

In 2011, a landmark discovery in ALS/FTD genetics identified a hexanucleotide (GGGGCC)
repeat expansion in the C9ORF72 gene (C9ORF72%) as a critical factor for ALS/FTD
pathogenesis (DeJesus-Hernandez et al., 2011, Renton et al., 2011). While pathogenic
expansions are typically hundreds to thousands of repeats in length in COORF72%¢ ALS/FTD
patients, smaller expansions (20-30 repeats) may also increase the risk of ALS (lacoangeli et
al., 2019). The size of the C9ORF72% hexanucleotide expansion has been suggested to
correlate with the age and onset of ALS (Gijselinck et al., 2016, Beck et al., 2013), although
some studies fail to replicate this (Chen et al., 2016, Dols-Icardo et al., 2014). The disparities
may appear due to the somatic instability of the expansion, specifically that the repeat size
is highly variable between tissue types, often with a significant increase in size in the CNS in
comparison to blood-derived DNA, which most studies are based on (Nordin et al., 2015). A
second factor is the variety of testing modalities that make determining the size of the
expansion often unreliable or incomparable (Breevoort et al., 2022). Because

asymptomatic expansion-positive relatives and asymptomatic expansion carriers are
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unlikely to be tested, the frequency if the C9ORF72%is not yet clear (Murphy et al., 2017).
The repeat length and somatic repeat instability may contribute to the reduced disease
penetrance of C9ORF72% ALS/FTD, differences in age of onset and the wide-range clinical
symptoms observed in patients (Chio et al., 2012, Murphy et al., 2017).

C90RFT72% is present in around 40% of fALS individuals, 7% of sALS cases, 25% of
familial FTD and 6% of sporadic FTD individuals making it the most common genetic cause
of ALS/FTD (Majounie et al., 2012). The pathogenic mechanism of C9ORF72% are considered
to involve a combination of loss-of-C9ORF72-function (haploinsufficiency) and gain-of-
function mechanisms (Balendra and Isaacs, 2018) relating to the formation of RNA foci and
the potentially 5 dipeptide repeat proteins (poly GA, GR, PR, AP, GP). The mechanisms by

which these act are focused on in section 1.7.

1.5. Neuropathological features of ALS and FTD

ALS is characterized by the degeneration of motor neurons in the motor cortex,
corticospinal tract and atrophy of the skeletal muscles (Brooks et al., 2000). Post-mortem
macroscopic examination reveals depletion of more than 50% of spinal motor neurons,
diffuse astrocytic gliosis and microglia infiltration in both grey and white matter of the
spinal cord (Hardiman et al., 2017).

FTD is characterised by bilateral atrophy that primarily affects the frontal and
temporal lobes, but other brain areas are also targeted, such as the striatum (Neary et al.,
1998). The pattern of atrophy exhibits variability, reflecting the clinical heterogeneity of the
disease. Each clinical subtype of FTD is associated with a distinct topographical distribution
of atrophy (Neary et al., 1998, Snowden et al., 2002). bvFTD is characterised by symmetrical
atrophy in the frontal and anterior temporal lobes (Snowden et al., 2002, Seelaar et al.,
2011). In PNFA, the predominant pattern of atrophy involves the left frontotemporal
hemisphere, while SD is characterised by selective atrophy of the anterior temporal cortex
(Snowden et al., 2002). Additional atrophy is observed in the posterior brain as the disease
progresses (Neary et al., 1998).

Both diseases are characterised by the formation, aggregation and accumulation of

misfolded proteins within neurons and glial cells. Subtype classification within this
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spectrum is based on the predominant protein component found within these inclusions.
FTD can be further classified into four main proteinopathies: FTD-tau, which accounts for
40-45% of familial cases; FTD-TDP, the most predominant proteinopathy in familial FTD,
accounting for 50-60%; FTD-FUS, present in 5-10% of familial FTD patients; FTD-UPS
pathological proteinopathy is observed in 1% of FTD (Mackenzie et al., 2010, Urwin et al.,
2010). Similarly, ALS is mainly classified into three sub-categories: ALS-SOD1, presentin 2%
of familial ALS patients; ALS-TDP proteinopathy, present in almost all (98%) fALS; ALS-FUS,
accounting for less than 1% of fALS cases (Al-Chalabi et al., 2012). Mutations in all of the
genes that encode these major aggregating proteins in ALS and FTD cause a subset of
familial ALS and FTD cases. The discovery of the TDP-43 as a ubiquitin positive protein
inclusion in both ALS and FTD provided a clear pathological link between these two

diseases (Neumann et al., 2006a).

1.6. Pathology of COORF72%¢ ALS/FTD
C9ORF72% ALS/FTD patients exhibit classical molecular pathology manifestations, which
set apart repeat expansion carriers from non-C9ORF72%*-related FTD/ALS cases. All
C9ORF72% ALS patients exhibit the loss of motor neurons in the motor cortex and spinal
cord, ubiquitinated TDP-43 cytoplasmic inclusions in neurons and glia, Bunina bodies and
pyramidal tract degeneration (Cooper-Knock et al., 2012). However, a key difference for
C90ORFT72%€ ALS lies in the presence of p62-positive inclusions outside motor neurons in
C90RF72% individuals, prominent in the hippocampus (CA3, CA4) (Cooper-Knock et al.,
2012). These inclusions were identified in all cortical layers with few dystrophic neurites,
corresponding to FTD-TDP type 2 which is associated with COORF72%-mediated bvFTD and
ALS/FTD (Cooper-Knock et al., 2012, Mackenzie et al., 2011). MRI studies reveal significant
atrophy in the thalamus and cerebellum of C9ORF72% FTD carriers compared to non-
carriers (Irwin et al., 2013, Mahoney et al., 2012), areas with increased COORF72f expression.
Besides TDP-43 pathology and p62-positive inclusions, dipeptide repeat (DPR)-
containing cytoplasmic inclusions, rising from non-canonical translation of the GGGGCC
repeat, were found in pyramidal cells (hippocampus) and cerebellar layers (Mahoney et al.,

2012, Cooper-Knock et al., 2012, Hsiung et al., 2012, Al-Sarraj et al., 2011, Mackenzie et al.,
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2014). Importantly, these DPR inclusions have since been found in the frontal and motor
cortices (Cooper-Knock et al., 2012, Hsiung et al., 2012, Al-Sarraj et al., 2011, Troakes et al.,
2012) and are thought to be involved in proteasomal degradation and autophagy
(Brettschneider et al., 2012). DPRs appear in at low levels in glial cells and even skeletal
muscle (Schludi et al., 2015, Cykowski et al., 2019).

Beyond DPRs, another pathological hallmark of COORF72% ALS/FTD is the presence
of RNA foci. These abnormal aggregations of RNA transcripts have been identified in motor
neurons (DeJesus-Hernandez et al., 2011) and neurons of the frontal cortex, hippocampus
and cerebellum (Mizielinska et al., 2013, Lagier-Tourenne et al., 2013). RNA foci are not
exclusive to neurons, with a small number detected in microglia and astrocytes (Mizielinska
etal.,, 2013, Lagier-Tourenne et al., 2013). RNA foci comprise both sense and antisense RNA
transcripts derived from the GGGGCC repeat expansion (Lee et al., 2013), but are not equally
distributed. Sense transcripts appear more frequently in cerebellar Purkinje neurons and
motor neurons compared to antisense transcripts are more prevalent in cerebellar granule
neurons in C9ORF72%E ALS patients (Cooper-Knock et al., 2015). Despite interacting with
similar proteins, mislocalization of TDP-43 in motor neurons was observed in the presence
of antisense RNA foci (Cooper-Knock et al., 2015). This suggests that different RNA
transcripts arising from the C9ORF72%F might have distinct toxicities and play various roles

in neurodegeneration.

1.7.  Molecular mechanisms by which C9ORF72% induces neurodegeneration
in ALS/FTD patients

1.7.1. C90RFT2 protein loss-of-function

Normal physiological function of C9ORF72 has been linked with the autophagy pathway.
C90RF72 depletion leads to impaired autophagosome formation and protein aggregation
clearance and impaired lysosomal biogenesis (Farg et al., 2014, Webster et al., 2016, Diab et
al., 2023). As such, these pathways have become a central hypothesis in ALS/FTD disease
mechanisms. Studies have reported reduced mRNA and protein levels in C9ORF72%¢
ALS/FTD carriers, suggesting a loss-of-function mechanism by haploinsufficiency to cause

neurodegeneration (Belzil et al., 2014, Ciura et al., 2013, DeJesus-Hernandez et al., 2011,
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Waite et al., 2014). Loss-of-function mouse exhibit inflammatory and autoimmune
response, suggesting a role of C9ORF72 in immune homeostasis in microglia (Burberry et
al., 2016). However, the C9ORF72% knockout mice lack of neurodegeneration and TDP-43
pathology argues against haploinsufficiency being the primary cause of neurotoxicity
(Koppers et al., 2015), but may be acting as a contributing factor, potentially amplifying the
toxic effects of RNA foci and DPRs (gain-of-function mechanisms) in a non-cell autonomous
manner (Jiang et al., 2016). Emphasising this, no truncation or missense mutations in

C90RF72 have been found in ALS/FTD patients (Harms et al., 2013).

1.7.2. RNA aggregation and gain-of-function

The C9ORF72Ris transcribed bidirectionally in sense and antisense direction producing RNA
prone to forming atypical secondary structures- sense RNA (hairpins and G-quadruplexes)
and antisense RNA (i-motifs and protonated hairpins) (Fratta et al., 2012, Kovanda et al.,
2015). In vivo, such secondary structures are likely to mediate the sequestration and,
consequently, the depletion of RNA-binding proteins (RBPs) (Fratta et al., 2012), providing
the potential route to RNA toxicity (reviewed in (Balendra and Isaacs, 2018, Geng and Cai,
2024)). These accumulations are called RNA foci and represent a hallmark of ALS/FTD
pathology and are predominantly observed in the frontal cortex, and to a lesser extent in
glial cells (Mizielinska et al., 2013, Lagier-Tourenne et al., 2013). The correlation of sense
and antisense RNA foci with other pathological hallmarks of ALS/FTD is unclear (Mizielinska
et al., 2013, Peters et al., 2015), however, disparities between the two forms are being
identified. The antisense CCCCGG, but not sense GGGGCC repeat expanded RNAs activate
PKR/elF2a-dependent integrated stress response and contributes to neurodegeneration in
C9ORF72*ALS/FTD patients (Parameswaran et al., 2023).

In C9ORF72F¢ ALS patients, RNA foci co-localize and interact with hnRNPA1l
(heterogeneous nuclear riboprotein) and Pur-a, but not other RNA binding proteins, such
as TDP-43 and FUS (Sareen et al., 2013, Xu et al., 2013). However, TDP-43 binds hnRNPA1,
therefore, this does not rule out that RNA foci contribute to TDP-43 pathology indirectly
(Buratti et al., 2005). RNA foci interact with RNA splicing and transporter proteins disrupting
gene regulation, translation and splicing (Sareen et al., 2013, Xu et al., 2013, Buratti et al.,

2005). Previously C9ORF72%ERNA foci have been reported in repeat expansion diseases, like
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myotonic dystrophy type 1 and 2, changing gene expression and disrupting the function of
RNA binding proteins (Ranum and Day, 2004).

In order to investigate toxicity caused by RNA foci as an independent mechanism,
without the effect of DPRs, the effect of GGGGCC repeat sequences was interspaced with
stop codons to prevent translation in every frame (Mizielinska et al., 2014). Drosophila
models showed drastically reduced lifespan upon expression of (G4C,)se, (G4C2)103and G4Cy)ass
repeats was not toxic (Mizielinska et al., 2014, Baldwin et al., 2016).

Sense and antisense RNA foci are pathological hallmarks of C9ORF72%¢ ALS/FTD
(DeJesus-Hernandez et al., 2011). These expanded RNAs are unlikely to be the main drives
of neurotoxicity but contribute to the sequestration of a variety of RNA binding proteins,
which may interrupt RNA metabolism and cellular homeostasis (DeJesus-Hernandez et al.,

2017, Mizielinska et al., 2013).

1.7.3. RAN translation and DPR toxicity

Expansion repeat C90RF72% sense and antisense transcripts are translated in all reading
frames via the phenomenon of repeat associated non-AUG (RAN) translation, leading to the
production of DPRs. RAN translation is a pathologic mechanism in which repeat expansion
sequences are translated into aggregation-prone proteins from multiple reading frames,
even without the AUG start codon. The RAN translation of the sense RNA produces two
DPRs: glycine-alanine (GA) and glycine-arginine (GR), whilst the antisense produces proline-
arginine (PR), alanine-proline (AP), and both produce glycine-proline (GP) (Mori et al.,
2013a, Zu et al., 2013).

Studies employing Drosophila models expressing codon-optimised DPR constructs
reveal that arginine-rich DPRs (poly-GR and poly-PR) induce several retinal degeneration
and reduced lifespan, suggesting their potential neurotoxic potential, while poly-GA
displayed moderate neurotoxic effect and no toxicity was associated with poly-PA
(Mizielinska et al., 2014). GA, PR and GR have been widely reported to have toxic effects in
various models, including mice, zebrafish, Drosophila primary neurons and iPSC-derive
neurons (Kwon et al., 2014, Bennion Callister et al., 2016, Liu et al., 2016, Mizielinska et al.,

2017, Tao et al., 2015). However, these DPRs can potentially interact with each other and
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act synergistically to contribute to the neurotoxic effects. Studies suggest that DPR species
compared to RNA foci are a greater source of toxicity (Tran et al., 2015). However, this
mechanism by which DPRs exert toxicity are still investigated, but may involve nucleolar
dysfunction, altered splicing, impaired protein homeostasis and DNA damage (Freibaum
and Taylor, 2017). Importantly, DPRs can be transmitted intercellularly, potentially
propagating pathology (Westergard et al., 2016).

Arginine-rich DPRs interact with proteins containing low-complexity domains
(LCDs). These interactions disrupt the formation and function of membranelles organelles
like nucleoli and stress granules, impairing RNA processing and homeostasis (Bennion
Callister et al., 2016, Kwon et al., 2014, Mizielinska et al., 2017, Tao et al., 2015). Poly-GR and
poly-PR can aggregate and interact with LCD proteins in nucleoli and stress granules,
interfering with liquid-liquid phase separation (LLPS) and sequester RNA at high
concentrations, further disrupting RNA metabolism (Lee et al., 2016, Lin et al., 2016, Zhang
et al., 2018, Boeynaems et al., 2017) providing another mechanism by which arginine-rich
DPRs cause neurodegeneration. DPRs interact with translation initiation and elongation
factors inhibiting global protein synthesis in vitro and in vivo (Green et al., 2017, Moens et
al., 2019). Moreover, poly-GR and poly- PR DPRs contribute to DNA damage, vesicle
trafficking and mitochondrial dysfunction, neuronal excitability and axonal outgrowth
(Bennion Callister et al., 2016, Dafinca et al., 2016, Farg et al., 2014, Freibaum et al., 2015b,
Lopez-Gonzalez et al., 2016, Selvaraj et al., 2018). Importantly a sequential interacting set
of phenotypes might contribute to COORF72% ALS/FTD.

Interestingly, limited immunohistochemical evidence of DPR pathology in affected
brain regions in ALS/FTD patients (Sakae et al., 2018, Saberi et al., 2018), but more recently,
soluble and insoluble DPRs have been quantified and poly-GR levels are associated with
clinical parameters of disease and highlight the potential role not only in disease models,
butin human patients (Quaegebeur et al., 2020).

In conclusion, DPRs are important players in C9ORF72% ALS/FTD with various
potential disease mechanisms, some of which include impaired RNA metabolism,
translation and DNA damage. DPR pathology precedes TDP-43 pathology (Proudfoot et al.,
2014, Baborie et al., 2015, Vatsavayai et al., 2016a), suggesting DPRs act upstream in the
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disease cascade. This spatial disconnect may rise because DPRs initiate the

neurodegenerative process, but other factors are necessary.

1.8. TDP-43 pathology
Mislocalization of hyperphosphorylated and ubiquitinated TDP-43 in the cytoplasm is a
common hallmark of ALS and FTD (Neumann et al., 2006b). Almost all ALS post-mortem
brain tissue exhibits TDP-43 pathology, while half are present in FTD cases in neurons and
glia (Neumann et al.,, 2006a, Arai et al.,, 2006). TDP-43 is a ubiquitously expressed
ribonucleoprotein that is predominantly located in the nucleus, where it is involved in
functions linked to RNA metabolism including transcription, mRNA splicing, RNA transport,
stress granule dynamics (Buratti and Baralle, 2012). The mislocalization of TDP-43 from the
nucleus to the cytoplasm and formation of TDP-43 cytoplasmic inclusions is recognised as
a pathological hallmark in almost all ALS cases and half of FTD patients (Sreedharan et al.,
2008, Neumann et al., 2006a). TDP-43 is present in most of ALS/FTD spectrum, including
sporadic and C9ORF72% form, indicating that either different disease mechanisms converge
on TDP-43 pathology or that TDP-43 pathology is a generally important mechanisms
contributing to neurodegeneration (Neumann et al., 2006a). it is unclear whether TDP-43
causes toxicity though a gain- and/or loss-of function mechanism, but several groups have
reported loss of nuclear TDP-43 causes splicing deficits in cellular and animal models, as
well as in motor neurons from TARDBP-ALS patients (De Conti et al., 2015, Highley et al.,
2014). Additionally, other suggest that the pathological effect is due to loss of
autoregulation leading to TDP-43 overexpression (White et al., 2018).

TDP-43 pathology correlates with clinical degeneration independent of C9ORF72
DPRs and RNA foci localization (Davidson et al., 2016). Post-mortem studies indicate that
C90RF72 pathology precedes TDP-43 mislocalization, implying a cascade of events
(Vatsavayai et al., 2016a). DPR expression caused cytoplasmic accumulation of TDP-43in a
Drosophila model (Solomon et al., 2018). Further, TDP-43-related pathology can cause
downstream events. TDP-43 regulates a cryptic exon-splicing event in the ALS/FTD gene

UNC13A, one of the strongest genetic risk factors for ALS and ALS/FTD (Ma et al., 2022). The
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loss of TDP-43 from the nucleus results in inclusion of a cryptic exon in UNC13A mRNA,

leading to decreased UNC13A protein production (Ma et al., 2022).

1.9. ALS/FTD pathological mechanisms

1.9.1. Oxidative stress

Oxidative stress occurs due to an increased production of reactive oxidative species (ROS)
and decrease in the body’s inability to remove or repair oxidative damage through effective
antioxidant defences (Sies, 2015). Although ROS may not be the triggering factor, this
imbalance can promote tissue damage and interact with other disease mechanisms,
ultimately leading to motor neuron degeneration (Liu and Wang, 2017). High levels of
radical damage and abnormal free radical metabolism have been observed in the spinal
cord (Shaw et al., 1995) and motor cortex (Ferrante et al., 1997a) of ALS patients. Increased
levels of oxidative stress markers have been reported in early disease stages in CSF samples
from ALS patients (Ihara et al., 2005, Simpson et al., 2004). These markers indicate various
downstream effects of oxidative stress including axonal health, DNA oxidation and lipid
peroxidation (Devos et al., 2019). Also, ROS inhibits the release of neurotransmitters and an
increase in ROS levels leads to inhibition in the neuromuscular junction function
(Naumenko et al., 2011). In response to oxidative stress, cells with the COORF72% increase
levels of RAN translation of DPRs (Westergard et al., 2019), which can lead to increased
pathology and accelerating neurodegeneration. Stress granules are form as a response to
the exposure to oxidative stress. In COORF72%F ALS, pathological TDP-43 aggregates are

recruited to stress granules, potentially contributing to the disease (Kim et al., 2014).

1.9.2. Mitochondrial dysfunction

Mitochondria primarily acts as a source of energy for the majority of cellular processes.
Mitochondrial defects in ALS are linked to impaired ATP production, calcium buffering,
redox balance, respiratory complexes and mitochondria-dependent apoptosis (Cozzolino
and Carri, 2012). C9ORF72% patient fibroblasts exhibit altered mitochondrial morphology

compared to healthy controls (Onesto et al., 2016). C9ORF72% motor neurons exhibit
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reduced mitochondrial Ca* buffering (Dafinca et al., 2020) and the loss of mitochondrial
function leads to axonal dysfunction (Mehta et al., 2021). Impaired mitochondrial function
increases ROS production, leading to a positive feedback loop defined by enhanced
oxidative stress due to mitochondrial component and greater mitochondrial impairments
(Zhao et al., 2022a). These pathways play a significant role in the onset and development of

ALS.

1.9.3. Axonal transport impairments

Axonal transport maintains neuronal homeostasis by ensuring long-range delivery of
several cargos, including cytoskeletal components, organelles, signalling molecules and
RNA between proximal and distal neuronal components (Vargas et al., 2022). Therefore,
defects in axonal transport are associated with impaired neuronal homeostasis and
function (Sleigh et al., 2019). Deficits in in vivo axonal transport have been proposed in
several different ALS backgrounds (Sleigh et al., 2019, Bilsland et al., 2010, Sleigh et al.,
2020, Tosolini et al., 2022) and is proposed to represent one of the first pathological signs
of motor neuron dysfunction and have been reported in SOD1%** presymptomatic mice
(Bilsland et al., 2010). In C9ORF72% ALS/FTD, DPRs have been linked with the axonal
transport machinery. Single molecule tracking revealed that arginine-rich DPRs associated
with the C-terminal tubulin tails of microtubules caused reduced axonal transport

(Fumagalli et al., 2021).

1.9.4. Disrupted protein metabolism

The presence of insoluble protein aggregates within degenerating neurons and glial cells
across various brain regions, including the brainstem, spinal cord, cerebellum
hippocampus, and frontal and temporal lobes have been defining pathological features of
ALS (Ramesh and Pandey, 2017, Montibeller et al., 2020). Intracellular protein aggregates
are hallmark pathological features of ALS. Several studies indicate ER stress in ALS
pathology, suggesting an inability properly manage misfolded proteins (Parakh and Atkin,
2016). Numerous genes associated with ALS, such as SOD1, TARDBP, FUS and C9ORF72, are
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associated with protein trafficking and degradation via the ubiquitin-proteasome and

autophagy (Webster et al., 2017).

1.9.5. Disrupted RNA metabolism

Aberrant RNA metabolism is a key player in the pathophysiology of ALS. The main ALS genes
(SOD1, TARDBP, FUS and C90RF72) have functional roles in multiple features of RNA
metabolism including mRNA transcription, alternative splicing, RNA transport, mRNA
stabilization and miRNA biogenesis (Butti and Patten, 2019). As mentioned before, the
C9ORF72% mutation leads to the accumulation of RNA foci which directly exert RNA toxicity
by disrupting RNA metabolism (Konopka et al., 2020). RNA foci facilitate the recruitment,
mislocalization and impaired function of RNA binding proteins (Donnelly et al., 2013, Lee et
al., 2013). The sequestration of RNA binding proteins to C90RF72 RNA foci permits nuclear
export, allowing the pathological transcripts to escape to the cytoplasmic ribosomal
machinery, resulting in the production of DPRs (Hautbergue et al., 2017). Current advances
led to the potential therapeutic intervention by inhibiting the nuclear export protein

adaptor SRSF1 (Castelli et al., 2021, Hautbergue et al., 2017).

1.10. Neurophysiology of ALS/FTD

Neurophysiological impairment is a well-established and prominent hallmark of ALS/FTD
(reviewed by Pasniceanu et al., 2021). These impairments are though to contribute to the
pathological progression and the systematic loss of function through a complex interplay
of neuronal and synaptic loss. These perturbations are core contributors to disease
pathogenesis through excitotoxicity and impaired neurotransmission. Further, studies on
pre-symptomatic non-degenerative patients, including C9ORF72%¢ ALS/FTD, suggest that
neurophysiological perturbations may be detectable even before the emergence of notable
clinical symptoms (Benussi et al., 2016, Geevasinga et al., 2016b, Styr and Slutsky, 2018).
This early detection of neurophysiological dysfunction presents a potential target
intervention to slow or prevent disease progression based early drivers of disease.
Understanding the origins of neurophysiological dysfunction and the mechanisms directly

linking these features to molecular pathogenesis of COORF72% is important for advancing
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our understanding of ALS/FTD. Neuronal physiology is considered to be underpinned by
their general excitability, which is dependent on a complex interplay of factors such as
synaptic function, morphology and intrinsic excitability. The latter, is, in turn, contingent
on the functional expression of ion channels associated with action potential generation.
To date, ALS/FTD research, to which study of the COORF72% has been central, has focused

on cortical and motor neurons, the key sites of degeneration.

1.10.1. Cortical dysfunction in C9ORF72**ALS/FTD

Cortical dysfunction in both sALS and fALS, including those with CO9ORF72%, is a well-
recognised clinical pathophysiological hallmark (Geevasinga et al., 2016b, Williams et al.,
2013, Benussi et al., 2016, Schanz et al., 2016, Nasseroleslami et al., 2019). Transcranial
magnetic stimulation (TMS) and magnetoencephalography (MEG) studies consistently
demonstrate early cortical network dysfunction in ALS (Govaarts et al., 2022, Vucic et al.,
2013, Eisenetal., 2017, Proudfoot et al.,2017) and FTD patients (Lindau et al., 2003, Nishida
et al., 2011), potentially preceding lower motor neuron degeneration. This suggests a
staged progression of pathology with cortical dysfunction potentially driving
neurodegeneration in a feed-forward manner (Geevasinga et al., 2016b, Menon et al., 2015).
Similar to other neurodegenerative diseases (Styr and Slutsky, 2018), early-stage functional
synaptic perturbations are thought to contribute to cortical synapse loss (Henstridge et al.,
2018), potentially explaining the severe cognitive impairments observed in C9ORF72%¢
ALS/FTD patients. Structural and functional magnetic resonance imaging (MRI) studies in
ALS/FTD further support this notion, demonstrating correlations between cortical
changes/atrophy and behavioural/cognitive impairments (Agosta et al., 2016, Consonni et
al., 2018, Ahmed et al., 2021). Collectively, these findings suggest a pivotal role for cortical
dysfunction in the early pathogenesis of ALS/FTD. Several physiological studies have
investigated the implications of C9ORF72%F in cortical dysfunction using various

experimental models and techniques.
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1.10.2. Synaptic dysfunction in C9ORF72% ALS/FTD

An emerging body of literature appears to converge on abnormalities in synaptic
function and structure associated with COORF72%. For instance, altered gene expression in
synaptic signalling pathways was observed in C9ORF72%¢ post-mortem cortical tissue
(Prudencio et al., 2015). Similarly, electron microscopy and array tomography revealed a
decrease in synaptic density in C9ORF72%¢ post-mortem material, potentially linking this to
the cognitive decline observed in patients (Henstridge et al., 2018). Additionally, using
patch-clamp electrophysiology in a DPR mouse model, a reduction in the frequency of
miniature excitatory postsynaptic currents (mEPSCs) was revealed, indicative of impaired
synaptic function (Choi et al., 2019). Furthermore, studies employing calcium imaging and
vesicular staining techniques in primary rat cortical neurons and C9ORF72% patient-derived
iPSC cortical neurons demonstrated reduced levels of synaptic vesicle protein 2 (SV2),
disrupted calcium homeostasis, and impaired vesicle release, all potential contributors to
cortical dysfunction in COORF72% pathology (Jensen et al., 2020). In contrast, Perkins et al.
(2021) reported increased network burst activity and synaptic density in COORF72F% patient-
derived iPSC cortical neurons, alongside impaired synaptic potentiation and reduced
vesicular pools (Perkins et al., 2021). A decrease in SV2 and synaptophysin levels in
C9ORF72% post-mortem cortex was observed, suggesting a disease modifier-mediated
effect on these synaptic proteins (Barbier et al., 2021b). C9ORF72% haploinsufficiency plays
a central role in the regulation of neurotransmission at excitatory synapses by interaction
with pre-synaptic vesicle localisation protein synapsin and modulation of synaptic vesicle

pools (Bauer et al., 2022a).

1.10.3. Network and synaptic plasticity

Homeostatic network and synaptic plasticity, serve as a modulator of synaptic strength in
order to prevent excessive potentiation or depression of synapses within a network,
maintain the efficient signalling and neuronal function (Li et al., 2019). Synaptic plasticity,
the process by which synapses modify their strength based on activity, is crucial for learning
and memory. Functional impairments in network and synaptic plasticity are recognized as

prominent early features of neurodegenerative diseases, including ALS/FTD (Styr and
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Slutsky, 2018, Starr and Sattler, 2018). Severe impairments are thought to reflect altered
cellular homeostasis that precedes and potentially contributes to further neuronal
dysfunction and death (Styr and Slutsky, 2018, Starr and Sattler, 2018). Studies using paired
associative stimulation with TMS have revealed deficits in LTP-like network plasticity in
asymptomatic COORF72% individuals, suggesting early and widespread cortical dysfunction
with potential synaptic origins (Benussi et al., 2016). It is proposed that synaptic/network
plasticity impairments may occur 15 years before symptom onset, making them some of
the earliest detectable pathological changes in ALS/FTD. Further evidence for impaired
synaptic plasticity comes from studies using iPSC-derived cortical neurons from C9ORF72%¢
patients, which exhibited impaired potentiation of miniature excitatory postsynaptic
currents (mEPSCs), a feature that was restored in gene-corrected lines (Perkins et al., 2021).

Similar findings of impaired synaptic plasticity have been observed in various
animal models of ALS/FTD, including SOD1%** UBQLN2™ TDP-43 transgenic mice, MAPT
and GRN knockout mice (Rei et al., 2020, Koza et al., 2019, Wu et al., 2019, Spalloni et al.,
2011, Petkau et al., 2012, Biundo et al., 2018, Ho et al., 2021, Handley et al., 2022, Liu et al.,
2022). Drosophila overexpressing C9ORF72%F and FUS mutations also exhibit impaired
synaptic plasticity (Perry et al., 2017b, Sahadevan et al., 2021).

Broader cellular disruptions affecting molecules and signalling pathways essential
for synaptic plasticity are evident from transcriptional disturbances observed in both
C90ORFT72% patient-derived cortical neurons and post-mortem cortical tissue (Perkins et al.,
2021, Prudencio et al., 2015). However, the precise molecular mechanisms underlying
altered cortical synaptic plasticity in ALS/FTD remain unclear. However, studies using a
C90RF72 knockout mouse model have demonstrated reduced LTP and LTD in cortico-
hippocampal connections, suggesting a role for the C9ORF72 protein in synaptic plasticity
mechanisms within the hippocampus. These findings also raise the possibility that
haploinsufficiency of C9ORF72 may contribute to synaptic plasticity deficits (Ho et al., 2020).

The close association between plasticity and neuronal homeostasis suggests that
impairments in plasticity may represent very early markers of disease onset. These
impairments may reflect the inability of neurons to adapt to chronic disease-mediated

changes (Benussi et al., 2016, Starr and Sattler, 2018, Styr and Slutsky, 2018).
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1.10.4. Cortical hyperexcitability

A plethora of studies using TMS suggest a reduction of short-interval intercortical inhibition
(SICI) in ALS patients (Geevasinga et al., 2016b, Vucic et al., 2008), including C9ORF72%¢
patients (Wainger and Cudkowicz, 2015, Schanz et al., 2016, Nasseroleslami et al., 2019).
SICI reflects decreased inhibitory activity that appears pre-symptomatically preceding
lower motor neuron degeneration (Menon et al., 2015, Geevasinga et al., 2016b), worsening
with disease progression (Menon et al., 2020). This suggests a potential role for reduced
inhibition in the development and course of ALS/FTD. Cortical hyperexcitability is thought
to be a pathogenic driver of motor neuron dysfunction in ALS/FTD because cortical circuits
control upper motor neurons within the cortico-spinal tract. Increased excitability is
associated with excitotoxicity, which can damage motor neurons (Khademullah et al., 2020,
Timmins et al., 2023). This link is further supported by the observation that the degree of
cortical hyperexcitability in ALS patients correlates with their disease progression (Shibuya
et al., 2016). Cognitive dysfunction associated more intense SICI (Higashihara et al., 2021,
Agarwal et al., 2021). Further, hyperexcitability in FTD is subtly different to that of other
neurodegenerative diseases, suggesting it can be used as a biomarker (Wang et al., 2016).
Understanding the physiological mechanism behind cortical hyperexcitability
centre on the interplay between excitatory and inhibitory neurons. Studies suggest a loss
of function of the inhibitory input mediated by inhibitory neurotransmitter GABA. However,
to date, no observations have been reported in C9ORF72% disease models and our
knowledge comes from other genetic models of ALS. This dysfunction may be particularly
pronounced for parvalbumin interneurons, a vulnerable class reduced in TDP-43%% model
of ALS/FTD and C9ORF72%¢ ALS patient post-mortem (Lin et al., 2021). Cortical interneuron
dysfunction might occur early to cortical hyperexcitability, and subsequent interneuron
degeneration contributes to an increase in excitability as the disease progresses. Impaired
inhibitory neuron function has been reported in pre-symptomatic SOD1%** mouse model,
where layer 5 parvalbumin interneurons were hypoactive and increasing their activity was
effective in delaying the onset of ALS-mediated motor deficits, slowing symptom
progression and increasing the lifespan of these animals (Khademullah et al., 2020).

However, anatomical differences between primates and rodents should be carefully
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considerate as rodent models lack the direct cortico-motor neuron connection observed in
humans (Lemon, 2008). Other studies report increased intrinsic excitability of parvalbumin
interneurons in neonatal and symptomatic SOD1%** model (Kim et al., 2017a), while
hypoexcitability in parvalbumin neurons and hyperexcitability of somatostatin
interneurons was observed in a TDP-43%*"mouse model (Zhang et al., 2016b). Also,
pronounced decrease of inhibitory synapses was reported in FUS*“* mouse model
(Sahadevan et al., 2021, Scekic-Zahirovic et al., 2021). Selective dysfunction of inhibitory
synapses occurs in early pathological stages in tau mouse model, leading to neuronal loss,
hyperexcitability and excitotoxicity (Shimojo et al., 2020).

Studies suggest that COORF72%¢ ALS/FTD patient-derived cortical neurons exhibit
early increase in excitatory synaptic activity, possibly due to enhanced synaptic density
(Perkins et al., 2021). This finding aligns with observations in pre-symptomatic TDP-
43%3% mice and SOD**** mice, showing increased excitatory synaptic activity of cortical
neurons (van Zundert et al., 2008, Fogarty et al., 2016a, Saba et al., 2016). These findings
suggest an increased excitatory synaptic activity may be an early feature of cortical
hyperexcitability in ALS/FTD patients. However, this effect seems to be transient as later
stages showing a shift towards synaptic loss in TDP-43%*" mice (Handley et al., 2017). While
the mechanisms underlying increased cortical synaptic density in C9ORF72% ALS/FTD
remain elusive, evidence suggests involvement of transcriptional dysregulation affecting
synaptic architecture proteins (Prudencio et al., 2015, Perkins et al., 2021). In contrast,
mechanisms for later-stage synaptic loss use aged C9ORF72% (GRso) mice prefrontal cortical
synaptic loss (Choi et al., 2019). (GRs) and (PRso) knock-in mice recapitulate cortical
hyperexcitability and spinal motor neuron loss which was associated with a decrease in
synapse proteins and increase in extracellular matrix, potentially offering neuroprotective
properties (Milioto et al., 2024). Moreover, C9ORF72 knockout mice display reduced
synaptic density in the hippocampus, potentially due to the effects of haploinsufficiency on
synaptic health (Frick et al., 2018; Xiao et al., 2019). In line with these observations,
C90ORF72% plays a role in the regulation of synaptic vesicle pools through the interaction
with Synapsin via a loss-of-function mechanism, impacting on synaptic function, vesicle
trafficking and neuronal function (Bauer et al., 2022a). Microglia might play a central role in

dysfunctional synaptic pruning and synaptic loss. Microglia specific C9ORF72 knockout
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mice indicates decreased synaptic branching, loss and cognitive decline (Lall et al., 2021).
More recently, a significant increase in neuropeptide Y (NPY) expression in the ALS post-
mortem cortex was reported. In vitro and in vivo experiments using SOD1%* mouse
demonstrated that NPY can improve motor function and survival specifically during the
symptomatic phase of ALS, suggesting NPY Y1 receptor antagonist as a promising

therapeutic target (Clark et al., 2023).

1.10.5. Upper motor neuron hyperexcitability and morphological defects

Layer V cortical projection neurons (or upper motor neurons) represent the main efferent
pathway of the cortex to the spinal cord, and their role in propagating pathophysiology in
ALS is fundamental. Early intrinsic hyperexcitability of these neurons has been observed in
TDP-43"1*T and TDP”NS mouse models (Zhang et al., 2016b, Dyer et al., 2021). Chronic
chemogenetically driven hyperexcitability of upper motor neurons induces motor
symptoms and neurophysiological hallmarks of ALS, including upper and motor neuron
degeneration, reactive gliosis and TDP-43 pathology (Haidar et al., 2021). No data is
available on C9ORF72%, but observations in ALS patient post-mortem tissue (Geng et al.,
2017) and TDP-43%%T (Handley et al., 2017), SOD1%* (Fogarty et al., 2016b, Fogarty et al.,
2017), and FUS®*¢ (Sephton et al., 2014) indicate that upper motor neuron
hyperexcitability may drive functional synaptic degeneration, dendritic spine loss and
pathology in these neurons. Upstream changes to upper motor neurons likely play an
important role in disease pathology, but more information is needed to understand their

activity in ALS/FTD.

1.10.6. Early cortical dysfunction and homeostatic adaptation in COORF72%ALS/FTD

Early cortical dysfunction in ALS/FTD likely reflects a preclinical ‘homeostatic adaptation’
phase, where disease-induced network changes are initially tolerated before ultimately
leading to network failure (Frere and Slutsky, 2018). Studies in SOD1°*** mouse suggest a
pre-symptomatic, fluctuating pattern of altered intrinsic excitability and synaptic input in
upper motor neurons. This dynamic shift may reflect the functional adaptation at

prodromal stages of disease. Similarly, although C9ORF72%¢ ALS/FTD cortical neurons
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exhibit increased synaptic density, consistent with increased excitability, neurons display a
reduced readily releasable pool of synaptic vesicles, hindering sustained synaptic
transmission (Perkins et al., 2021). This suggests a potential homeostatic response to
counter theinitial increase in synaptic density. The COORF72 protein is involved in vesicular
trafficking and reduced protein function may contribute to the limited vesicular pool
release (Aoki et al., 2017, Frick et al., 2018). Supporting this notion, mice engineered to
express (GAw) DPRs indicate reduced expression of synaptic vesicle protein and impaired
vesicle release (Jensen et al., 2020). Early cortical dysfunction in C9ORF72%¢ ALS/FTD thus
appears to involve a multifaceted interplay between potentially pathological increases in
synaptic density, homeostatic responses to dampen excitability, and underlying vesicular
trafficking dysfunction driven by CO9ORF72%-mediated mechanism. Interestingly, genetic
modifiers influencing disease onset seem linked to synaptic vesicle function (Barbier et al.,
2021a), further highlighting this intricate interplay. Since cortical function can be
monitored in patients, identifying the earliest physiological disruptions in COORF72% holds
immense value for understanding disease progression and potentially developing earlier

interventions.

1.10.7. Lower motor neuron dysfunction in C9ORF72%ALS/FTD

Lower motor neuron, receiving monosynaptic input from upper motor neurons, represent
the final pathway for controlling skeletal muscle. Their dysfunction is detected in patients
by electromyogram (EMG) and nerve conduction studies, serving as a diagnostic tool for
ALS (Joyce and Carter, 2013). Lower motor neuron dysfunction follows cortical dysfunction,
mirroring clinical progression of muscle weakness, atrophy, fasciculations and cramps .
Interestingly, lower motor neurons initially experience a phase of hyperexcitability,
potentially contributing to early symptoms like fasciculations and cramps (Bae et al., 2013).
This is followed by a progressive decline in function (hypoexcitability) before concluding in
degeneration and death. The mechanisms underlying these changes in lower motor
neurons and the neurophysiological processes leading to excitotoxicity and cell death are

summarized in Table 1-1.
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(Catanese COORFT72RE
etal, Loss of excitatory synapses iPSC motor
2021) neurons

COORFT72RE
. . . . iP
Impaired synaptic release at the Disruption of IPSC motor

(Zhang et . - neurons
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(Freibaum Impaired synaptic release at the Disruption of

. . (C4Gy)ss
etal, neuromuscular junction normal RNA Drosonhila
2015a) Reduction in active zones number processing p

(Perry et Impaired synaptic plasticity at the Poly-GR (100 C9ORFT72%E
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Drosophila
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Table 1-1. Lower motor neuron dysfunction in C9ORF72%t models. The table summarizes
key physiological findings from various sources, potential link to mechanism of
C90ORF72% pathology and specific disease model used.

1.10.8. The loss of synaptic innervation from upper motor neurons to lower motor neurons

Glutamate excitotoxicity is considered a key pathogenic mechanism that contributes to
motor neuron degeneration in ALS/FTD (Cleveland and Rothstein, 2001). The established
observation of synaptic loss in lower motor neurons during later stages of ALS aligns with
the hypothesis that this loss disrupts motor neuron function . This aligns with findings in
C9ORF72% patient-derived iPSC motor neurons, where prolonged culture resulted in
synaptic loss accompanied by changes in gene expression regulated by CREB (cAMP
response element-binding protein) (Catanese et al., 2021). In line with the notion that
disruptions in glutamate signalling and altered excitability significantly contribute to

synaptic loss and other lower motor neuron injury.
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Lower motor neurons respond to glutamate through AMPA and NMDA receptors
(Van Den Bosch et al., 2006). Early studies pointed toward a potential intrinsic vulnerability
of LMNs to AMPA receptor-mediated excitotoxicity (Rothstein et al., 1996, Rothstein et al.,
1992, Rothstein et al., 1995, Cleveland and Rothstein, 2001). This vulnerability is likely
enhanced by elevated synaptic glutamate levels predicted due to increased excitability of
upper motor neurons in ALS/FTD. However, the presence of pre-synaptic deficits in
glutamate release from upper motor neurons remains unclear. Astrocytes play a crucial role
in clearing glutamate from the synaptic cleft via the glutamate transporter EAAT2. Reduced
expression of EAAT2 has been observed in various ALS models, suggesting a potential
reduction in glutamate uptake (Rosenblum and Trotti, 2017). However, this observation
appears inconsistent with C9ORF72% ALS/FTD, where patient-derived astrocytes do not
consistently show reduced EAAT2 expression or function (Allen et al., 2019b, Zhao et al.,
2020).

iPSC-derived motor neurons from C9ORF72% ALS/FTD patients exhibit enhanced
vulnerability to glutamate excitotoxicity (Donnelly et al., 2013, Selvaraj et al., 2018, Shi et
al., 2018, Bursch et al., 2019), which can be potentially rescued by specific drugs and
antisense oligonucleotides (Shi et al., 2018, Donnelly et al., 2013). The underlying
mechanism seems linked to increased expression of calcium-permeable AMPA receptors
due to higher levels of the GluAl subunit in C9ORF72% lower motor neurons compared to
the cortex (Selvaraj et al., 2018, Gregory et al., 2020). Furthermore, C9ORF72 protein
haploinsufficiency is proposed as a potential mechanism for GluAl upregulation (Shi et al.,
2018, Xiao et al., 2019) and the knockout of Rab39b-C90ORF72 protein interactor in primary
cultures results in increased GluAl trafficking to dendrites (Mignogna et al., 2021).The
observed dysregulation of GluAl appears in other ALS subtypes, including those associated
with TDP-43 and FUS proteinopathies, as well as in sporadic ALS patients (Bursch et al.,
2019, Udagawa et al., 2015, Gregory et al., 2020). Interestingly, upregulation of the NMDA
receptor subunit GluN1is also observed in C9ORF72% lower motor neurons (Shi et al., 2018).
Recently, CO9ORF72%¢ FTD mouse primary neurons show susceptibility of neurons to
glutamate-induced excitotoxicity, morphological changes at dendritic spines and
hyperexcitation phenotype mediated by increased activity of extrasynaptic GluN2B NMDA

receptors (Huber et al., 2022).
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1.10.9. Changes in excitability in lower motor neurons

Altered neuronal excitability in COORF72% ALS/FTD patients is linked to changes in intrinsic
expression of ion channel function that impact on the generation of action potentials
(Geevasinga et al., 2015). In vitro investigations utilizing iPSC-derived motor neurons from
C9ORF72%= ALS/FTD patient fibroblasts have extensively explored the physiological
mechanisms underlying lower motor neuron excitability (summarised in Table 1.1). Patch-
clamp recordings revealed hyperexcitability during early stages of motor neuron
differentiation (2-6 weeks in culture) (Devlin et al., 2015, Wainger et al., 2014, Burley et al.,
2022). Extended culture periods (7-10 weeks) allowed neurons to transition to a state of
hypoexcitability (Sareen et al., 2013, Zhang et al., 2013, Devlin et al., 2015, Naujock et al.,
2016, Guo et al., 2017). Notably, no significant changes in cell survival were observed
throughout this excitability shift. This finding strengthens the hypothesis that altered
excitability represents an early marker of lower motor neuron functional decline preceding
overt neurodegeneration, a notion further supported by clinical studies of motor function
decline in ALS patients (lwai et al., 2016). Moreover, these in vitro observations align with
the established pattern of shifting excitability observed in motor neurons of mutant SOD1
mice models of ALS (Leroy and Zytnicki, 2015). These mice also exhibit an initial phase of
hyperexcitability followed by hypoexcitability, ultimately leading to motor neuron
denervation (Martinez-Silva et al., 2018). This shared pattern across models suggests
potential convergence of disease mechanisms in different ALS subtypes.

Key mechanisms driving these changes in excitability are starting to emerge. Studies
suggest that early-stage hyperexcitability in lower motor neurons may be driven, at least
partially, by upstream cortical and upper motor neuron dysfunction. Selective modulation
of cortical inhibition in SOD1°®** mice, aimed at reducing potential cortical
hyperexcitability, demonstrated a protective effect on lower motor neurons (Khademullah
et al., 2020). This suggests a potential causal link between cortical dysfunction and altered
excitability in lower motor neurons. Further, multiple studies show progressive loss of
glycinergic inputs to lower motor neurons (Allodi et al., 2021, Chang and Martin, 2009,

Sunico etal.,2011), which is thought to appear before motor neuron death and is paralleled
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by the development of locomotor deficits in SOD1%***mice (Allodi et al., 2021, Cavarsan et
al., 2023).

Furthermore, increased depolarization of motor neurons, has been shown to
promote the formation of pathological TDP-43 aggregates (Weskamp et al., 2020) and the
production of DPRs (Westergard et al., 2019). These findings suggest a vicious cycle where
hyperexcitability can contribute to the development of C9ORF72%¢ ALS/FTD pathology,
potentially leading to further excitotoxicity and neurodegeneration.

The use of improved protocols for generating enriched motor neuron cultures from
iPSCs has not consistently observed altered excitability in these models (Selvaraj et al.,
2018; Zhao et al., 2020). This seemingly contradicts earlier studies. However, Zhao et al.
(2020) suggest that the presence of astrocytes in previous studies, due to heterogeneous
cellular differentiation protocols, may have influenced the observed hyperexcitability.
Their research demonstrates that co-cultures of motor neurons with C9ORF72% astrocytes
exhibit hypoexcitability. This highlights the critical non-cell autonomous roles astrocytes
play in modulating motor neuron excitability. The influence of astrocytes will be discussed

further in section 1.12.

1.10.10. Impaired neurotransmitter release due to the neuromuscular junction in ALS

Motor neuron denervation from the neuromuscular junction occurs before motor neuron
loss. Reduced motor unit activity is a hallmark of symptomatic ALS patients and consistent
with pre-synaptic dysfunction of motor neurons (Maselli et al., 1993). This dysfunction
appears to affect neuromuscular junctions innervating fast-twitch motor neurons in
SOD1%** mice (Cappello and Francolini, 2017). Similar observations of reduced synaptic
function have been extended to Drosophila and zebrafish models (Cappello and Francolini,
2017, Butti et al., 2021).

Studies in Drosophila model overexpressing C9ORF72 hexanucleotide repeats (58/30
repeats) demonstrate impaired neurotransmitter release and a reduction in active zones at
the neuromuscular junction (Freibaum et al., 2015a, Zhang et al., 2015). Furthermore,
C90ORF72% iPSC-derived motor neurons exhibit a progressive decrease in spontaneous

post-synaptic current activity, directly linked to hypoexcitability rather than motor neuron
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loss (Devlin et al., 2015). This suggests a potential inability of these neurons to generate
sufficient action potential activity for proper synaptic release. Recently, the presence of
poly-GA DPRs at the neuromuscular junction causes muscle weakness, impaired synaptic
transmission and altered synaptic function (Tu et al., 2023), highlighting potential early
therapeutic intervention for ALS.

Jensen et al. (2020) implicate aberrant vesicle dynamics in ALS pathogenesis. They
observed a loss of the synaptic vesicle protein SV2 preceding motor neuron loss in both a
poly-GA transgenic mice and C9ORF72%¢ motor neurons. Interestingly, these observations
extend beyond motor neurons, with similar reductions in vesicular dynamics observed in
cortical neurons, suggesting a potential shared mechanism (Jensen et al., 2020). Coyne et
al. (2017) reported that synaptic vesicle cycling defects due to deficits in the post-
transcriptional inhibition of Hsc70-4/HSPA8 expression are common to C9ORF72% and
mTDP-43 Drosophila models, suggesting a role for vesicle depletion at the neuromuscular
junction. Importantly, this mechanism is linked to dynamin function, a key player in axonal
transport, potentially connecting synaptic vesicle impairments with established axonal

transport deficits in ALS (Gunes et al., 2020).

1.11. Multiple brain areas are impacted in FTD/ALS
As described in Section 1.5, ALS and FTD are characterised by selective structural and
functional alterations. However, it has been widely accepted that ALS impacts upon
cerebral extra-motor parts of the brain, such as the frontotemporal region, which are
equivalently pathologically and degenerative impacted leading to behavioural and/or
cognitive deficits (Agosta et al.,, 2016, Turner and Verstraete, 2015). Cognitive and
behavioural manifestations are observed in 65% of ALS patients, while 15% exhibit
dementia in early stages of disease manifestation (Goldstein and Abrahams, 2013, Rusina
et al.,2021).

Despite substantial progress that has been made in understanding the molecular
and genetic pathways involved in FTD/ALS disease spectrum, the precise mechanisms of
disease progression and degeneration remain unknown. Immunohistological studies

propose the pattern of degeneration in FTD/ALS is initiated in the motor cortex, then
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advances to the motor neuron circuitry and subsequently to other sub-cortical nuclei

including the striatum (Brettschneider et al., 2013, Riku et al., 2016).

1.11.1. The striatum has been greatly overlooked in FTD/ALS

Importantly, the striatum is an important integrative hub, that has central roles in selecting,
planning and executing motor functions, but is involved in higher cognitive functions such
as social behaviour, cognition, language generation, receiving inputs from cerebral cortices
(Crinion et al., 2006, Crittenden and Graybiel, 2011). These roles strikingly overlap with the
cognitive impairments observed in FTD/ALS patients (Pauli et al., 2016). Therefore,
impairments of the striatum might be involved in the aberrant cognitive and behavioural
perturbations associated with FTD/ALS.

Post-mortem examinations in FTD/ALS patients consistently reveal significant
neuronal loss within the striatum (Kato et al., 1994). In vivo neuroimaging using MRI and
diffusion tensor imaging corroborate these observations. Striatal atrophy and altered
diffusivity are observed in ALS patients, including those harbouring the C9ORF72%¢
mutations (Bede et al.,2013b, Lee and Huang, 2017). MRl and vertex analysis reveal a critical
role of the striatum, demonstrating a strong correlation between striatal dysfunction and
disrupted frontostriatal networks in C9ORF72% patients (Bede et al., 2013b, Bertoux et al.,
2015). The presence of severe TDP-43 pathology expands to the striatum of FTD/ALS
patients, affecting medium spiny neurons (MSNs), the most abundant neuronal cell type in
the striatum, making up to 90% of the total neuronal population (Graveland and DiFiglia,
1985, Gerfen et al., 1990a, Gerfen and Surmeier, 2011). These neurons reduce the striatal
input to the behavioural motor system by hampering an adequate response to external
stimuli linked to emotionally mediated motor responses (Brettschneider et al., 2013). TDP-
43 accumulations are evident in axon terminals of striatal neurons and their projections in
substrantia nigra and globus pallidus, supporting the idea that neurotoxic inclusions
extend to the targets of striatal neurons in FTD/ALS (Riku et al., 2016).

Itisimportant to note, striatal degeneration represents the main neuropathological
feature of Huntington’s Disease (HD). However, FTD/ALS patients present degeneration in

the ventral striatum (nucleus accumbens) (Vatsavayai et al., 2016a, Pauli et al., 2016),
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responsible for behavioural cognitive functions, such as decision making, reward-related
behaviour and fluidity of language (Baez-Mendoza and Schultz, 2013), while in HD the
degeneration of the dorsal striatum (caudate nucleus and putamen) is favoured, which is
involved predominantly in motor function (executive function) (Morigaki and Goto, 2017,
Balleine et al., 2007). Despite the strong link of atrophy, TDP-43 pathology and physiology
to the cognitive impairments identified in FTD/ALS, the striatum has been greatly
overlooked as a contributor to FTD/ALS and functional evidence of striatal contribution in
FTD/ALS disease spectrum remains limited.

Neurodegenerative diseases, including ALS and FTD, are characterised by neuronal
dysfunction that precedes neuronal loss (Geevasinga et al., 2016b). In this regard,
neurophysiological impairments in FTD/ALS represent hallmarks of the disease thought to
be prominent early in the disease contributing to pathological mechanisms and
underpinning disease symptoms (as described in section 1.10). However, given the
rationale of striatal involvement, there remains no direct evidence that striatal neurons are
dysfunctional in FTD/ALS. Striatal function likely leads to impaired cognitive function,

commonly seen in FTD/ALS patients. This project will address this unmet need.

1.11.2. Aims and hypothesis:

Hypothesis: | hypothesise that striatal neurons - medium spiny neurons - are
dysfunctional in the context of FTD/ALS.

To address this hypothesis, | will generate in vitro MSNs from induced pluripotent
stem cells (iPSC) obtained from C9ORF72% patients using an established methodology. The
usage of iPSC-derived neurons is discussed in detail in Methods section 2.2.1, but in short,
this methodology enables the routine generation of enriched populations of human MSNs
to be examined in detail. Importantly, | have chosen the C90RF72%¢ mutation because this
mutation is the most common mutation giving rise to FTD/ALS. To examine MSN function,
| will use patch-clamp electrophysiology. Its usage is highly appropriate to the assessment
of neuronal function, as discussed in detail in Methods section 2.4, however, here | highlight
its powerful use in being able to directly examine the excitability of individual neurons. A

key objective therefore is to demonstrate whether other neuronal types in other brain
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regions away from the cortex and spinal cord also demonstrate neurophysiological
dysfunction. This is critical for two reasons; FTD/ALS is increasingly described as a
multisystem disorder (Zago et al., 2022), however only limited evidence is around to show
that neuronal physiology is impacted beyond cortical and motor neurons in FTD/ALS.
Further, as demonstrated by research into motor neuron’s function (Wainger et al., 2014,
Wainger et al., 2021), electrophysiological studies have the ability to highlight future

therapeutic targets. If FTD/ALS is a multisystem disorder, then it must be treated as such.

1.12. Astrocyte toxicity in ALS/FTD
ALS and FTD share disrupted pathways involving oxidative stress, excitotoxicity, RNA
processing problems, as above mentioned. This impairment may extend beyond neurons,
potentially affecting glial cells as well. The contribution of glial cells to disease progression
in ALS has been widely investigated (Vahsen et al., 2021) and is an emerging conceptin FTD
research as well (Ghasemi et al., 2021). Glial cells are classified into four types: astrocytes,
oligodendrocytes, microglia and ependymal cells, of which astrocytes are the most
abundant population (Verkhratsky et al., 2019). Here, | focus on astrocytes. Astrocytes in
ALS typically exhibit a pathological burden similar to that of neurons. ALS pathology
triggers significant morphological changes in astrocytes (Rossi et al., 2008). These changes
represent hallmark observations in ALS post-mortem tissue, transgenic models and human
cell cultures and include enlargement, increase proliferation and a reactive state (Peng et
al., 2020, Haidet-Phillips et al., 2011, Rossi et al., 2008). Some of these changes may precede
symptom onset (Howland et al., 2002), while others might be specific to later stages
(Haidet-Phillips et al., 2011). Astrocytes can also harbour pathological protein inclusions
linked to ALS pathology, like TDP-43 and FUS (Nishihira et al., 2008, Kia et al., 2018), DPRs
and RNA foci (Zhao et al., 2020, Varcianna et al., 2019).

Astrocytes are crucial for brain function and are versatile cells in the nervous system,
regulating ion balance, clear neurotransmitters, supply energy to neurons, regulate blood
flow, and contribute to the blood-brain barrier (Verkhratsky et al., 2019). However, in ALS

they play a pathogenic role.
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Multiple studies have established the non-cell autonomous contribution of ALS
astrocytes to motor neuron degeneration (Taha et al., 2022, Van Harten et al., 2021).
Initially, in vitro co-culture of mouse embryonic stem cell-derived motor neurons and
purified astrocytes from human mutant SOD1 transgenic mice demonstrated a significant
detrimental effect of ALS astrocytes on motor neuron viability (Nagai et al., 2007).
Subsequent in vitro experiments have replicated the toxic effect of ALS astrocytes on motor
neuron survival in the context of sporadic ALS and other ALS-linked genetic mutations,
including C9ORF72R | TDP-43, and FUS, utilising both transgenic mice and patient derived
motor neurons and astrocytes (Nagai et al., 2007, Di Giorgio et al., 2007, Bilsland et al., 2008,
Ferraiuolo et al., 2011, Phatnani et al., 2013, Kia et al., 2018, Provenzano et al., 2022, Meyer
et al., 2014, Gatto et al., 2021, Haidet-Phillips et al., 2011, Re et al., 2014). This proposes a
broad spectrum of ALS astrocyte-mediated motor neuron toxicity, specific towards motor
neurons (Di Giorgio et al., 2008, Haidet-Phillips et al., 2011, Nagai et al., 2007, Re et al., 2014).
Importantly, the conditional removal of the SOD1 mutation from astrocytes in SOD16%4
animal model demonstrated a delay in disease progression without affecting disease onset
(Yamanaka et al., 2008), while the deletion of mutant SOD1 from SOD1%®® mice delayed
disease onset (Lino et al., 2002, Wang et al., 2011). ALS astrocytes promote disease
progression and possibly the onset of symptoms.

Several lines of evidence point towards the loss of supportive function and gain of
toxic properties that have a detrimental role in ALS and, at the centre of these changes, is
the astrocyte membrane, which potentially impacts onion channel functions and signalling
pathways (Verkhratsky et al., 2019). The critical loss of support of astrocytes towards motor
neurons is evidenced by the reduced expression of membrane glutamate transporter EAAT2
in ALS (Rosenblum and Trotti, 2017), leading to elevated levels of glutamate and
excitotoxicity, established hallmarks of ALS (Van Den Bosch et al., 2006). Beyond glutamate
clearance, astrocytes show impaired metabolic support to motor neurons in ALS. Impaired
lactate release from ALS astrocytes deprived motor neurons of essential energy substrates
(Allen et al., 2019a, Ferraiuolo et al., 2011). ALS astrocytes acquire toxic function that have
detrimental effects on motor neurons. These astrocytes release soluble toxic factors (Nagai
etal., 2007, Di Giorgio et al., 2008), pro-inflammatory molecules (TNF-a, IL-1a, IL-6) (Haidet-

Phillips et al., 2011), through their membranes that are damaging motor neurons.
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Contributing to their neurotoxic effect is the disruption of ATP signalling, increased
production of reactive oxidative species (Birger et al., 2019) and electrical activity of motor
neurons by increased polyphosphate release and leading to excitotoxic cell death
(Arredondo et al., 2022). Toxic microRNAs and C90ORF72%t DPRs are released from
extracellular membrane vesicles and cause motor neuron death (Varcianna et al., 2019,
Marchi et al., 2022). The release of toxic factors through the astrocyte membrane, disrupts
critical cellular processes and causes motor neuron toxicity, contributing significantly to
ALS disease progression. The function of the astrocyte membrane therefore is a critical
component in mediating non-cell autonomous astrocyte-induced motor neuron toxicity in
ALS. Astrocyte dysfunction is therefore a major therapeutic target in ALS (Pehar et al., 2017,
Barbeito, 2018). However, a major obstacle to the development of new therapeutic
strategies targeting astrocyte dysfunction is knowing which mechanistic features are

pathophysiologically altered and how they contribute to disease.

1.12.1. Aims and hypothesis:

Hypothesis: | hypothesise that astrocyte membrane function is severely disrupted in
ALS in order to cause astrocyte dysfunction which ultimately leads to mechanisms of non-
cell autonomous mechanisms of toxicity.

To address this, | will generate in vitro ALS patient-derived astrocytes using
established directed differentiation protocols (Meyer et al., 2014), which is discussed in
detail in Methods section 2.2.8. In short, this methodology allows me to generate enriched
populations of astrocytes rapidly (~30 days from patient fibroblasts or ~ 2 weeks from iNPC
stage) and directly from patient derived fibroblasts. Beyond neuronal physiology, patch-
clamp electrophysiology offers a powerful tool to investigate the membrane physiology of
other cell types, including astrocytes (Zhou et al.,, 2021a). Remarkably, despite the
dysfunction associated with astrocytes and the level of electrophysiological evidence to
implicate electrophysiological motor neuron dysfunction in ALS, there has been no
electrophysiological characterisation of the astrocyte membrane physiology in the context
of ALS/FTD. By doing this, | expect to extend our understanding of astrocyte dysfunction in

ALS/FTD and, in doing so, this information may lead to new therapeutic strategies.
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2. CHAPTER 2: Materials and methods

2.1. Cell Culture Methods

This work will use human stem cell technology to generate in vitro neurons - medium spiny
neurons (MSNs), motor neurons (MNs) and astrocytes from ALS/FTD patients. In the first
part, | will describe the in vitro human models that | employed in my work. Later, the patch-

clamp electrophysiological technique will be introduced.

2.2. Briefintroduction to human stem cell technology
For decades, neurological research faced limitations that hindered our understanding of
human brain function and disease due to reduced access to relevant human tissues, scarce
and end of life post-mortem samples and the limited availability of adequate non-human
transgenic models. Furthermore, whilst human, convenient and widely used, non-
specialised clonal cells (e.g. human embryonic kidney cells- HEK, and Henrietta Lacks- HeLa
cell lines), lack the specificity required for studying cell types present in different brain
regions, hindering the ability to investigate region-specific diseases. The emergence of
human stem cell technology has revolutionised this landscape, offering a readily available
source of human-derived, region-specific cell populations. This technology therefore
allows the study of human brain physiology, neurological diseases and generation of
human specific platforms to establish new therapeutic strategies (Gage and Temple, 2013,
Zhao and Moore, 2018).

This research will incorporate two well-established human stem cell technology
approaches - induced pluripotent stem cell technology (iPSC) and directly-induced
differentiation to generate iPSC-derived striatal, medium spiny neurons (2.2.5), iPSC-

derived motor neurons (2.2.6) and directly-differentiated astrocytes (2.2.9).

2.2.1. Theuse of iPSCs in neurodegenerative disease modelling

The emergence of iPSC technology has revolutionized the generation of patient-specific cell
populations, reflecting the unique genetic landscape of each individual, enabling disease
modelling and translational research. iPSCs are specialised cells that indefinitely self-
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renew, meaning that they have a (theoretically) unlimited supply. They are generated from
adult somatic cells, such as skin and blood cells, and reprogrammed into a pluripotent
state, described as the ability to differentiate into all three developmental germ layers and
their derived cell lineages (Figure 2-1). To introduce the model further, | will review the
historical journey of iPSC generation, emphasizing key conceptual and practical advances
leading to their current, widespread use in research.

iPSC technology builds on significant pioneering work related to the concept of
pluripotency. Key proof that stem cells could differentiate into new cells of a defined fate

was generated by Till and McCulloch, when bone marrow (hematopoietic) cells were
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Figure 2-1. From patient to disease model. Somatic cells (e.g. fibroblasts, hematopoietic
cells, peripheral blood mononuclear cells, squamous epithelial cells, keratinocytes) are
isolated from patients or donors. The cells are reprogrammed into iPSCs via retroviral
transduction using pluripotency transcription factors also known as the ‘Yamanaka factors’
(Oct4, Sox2, c-Myc, Klf4), regaining pluripotency. iPSCs undergo differentiation into specific
cell lineages by pharmacologically manipulating signalling pathways and transcription
factors, according to defined developmental cellular specification, to progressively drive
iPSCs towards the desired cell fate. iPSCs can be induced via the tri-lineage developmental
lineages, ectoderm, mesoderm and endoderm. Neural progenitor cells are derived from
ectodermal lineage development and are differentiated to neurons. Figure created with
BioRender.
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transplanted into irradiated mice, which removed endogenous mesenchymal stem cells,
and subsequently observed colonies of cells forming in the spleen. They concluded that
these colonies originated from a single cell, which was capable of self-renewal and
differentiation, called a stem cell (Becker et al., 1963, Siminovitch et al., 1963). However, it
was only until 1981, with the establishment of the first mouse embryonic stem cell (mESC)
lines, the stem cell field had a laboratory resource which could be employed to theoretically
generate cells types of interest, and alongside, introduced the pluripotency concept (Evans
and Kaufman, 1981). In 1998, Thompson successfully isolated human embryonic stem cells
(hESCs). These hESCs are developed from pre-implantation embryos and can generate any
cell in the body (Thomson et al., 1998). However, the use of ESCs was fraught with strong
ethical concerns related to embryo destruction and this hindered its clinical applications.
Due to its source from the embryo, ESCs are limited in supply, restricting broader
therapeutic applications. Hence there was an urgent need for a new source of human stem
cells from already differentiated human cells to bypass the drawbacks of embryonic

sources of stem cells.

Induced pluripotency, a concept by which a differentiated cell could be evoked back to a
stem cell fate, offered a solution to many of the challenges of ESC-based methodologies. It
was Gurdon in the 1960s who hinted that differentiated cells might retain their potential to
revert to a pluripotent state (Gurdon, 1962). This was the first example of cellular
reprogramming by reporting the generation of tadpoles from enucleated unfertilized frog
egg cells that had been transplanted with the nucleus from already specialized cells. This
remarkable method of reprogramming somatic cells to the pluripotent embryonic state
with the same genetic background was termed somatic cell nuclear transfer (SCNT). This
method led to the birth of cloning. Three decades later, lan Wilmut and his team used the
same SCNT strategy of cellular reprogramming in the cloning of Dolly the sheep, the first
mammalian generated by somatic cloning (Wilmut et al., 1997). These two scientific
breakthroughs in somatic cloning proved that the nuclei of differentiated cells contain all
the necessary genetic information to generate a whole organism and that the egg cell
contains the necessary factors to bring about such reprogramming. Substantially refining

these concepts at the experimental level, Yamanaka and colleagues demonstrated the
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ability to reprogram adult fibroblasts into iPSCs by introducing just four transcription
factors, the ‘Yamanaka factors’, Oct3/4, KIf4, Sox2, and c-Myc (Takahashi and Yamanaka,
2006, Takahashi et al., 2007). Subsequently, Yamanaka and Gurdon jointly received the
Nobel Prize in Physiology or Medicine in 2012 for their discovery that mature cells can be
reprogrammed into a pluripotent state. This innovative method, with its non-invasive
nature, opened the path for generating theoretically unlimited cell populations from
patients, providing a new, easily accessible human disease model, offering an alternative

to animal models in research.

2.2.2. Brief introduction to direct reprogramming: induced neuronal progenitor cells

(iNPCs)

Direct lineage reprogramming offers a rapid and reproducible approach to generate
clinically relevant cell types by bypassing the pluripotent stage of iPSC generation. Direct
reprogramming of human somatic cells, such as fibroblasts into differentiated cells in the
central nervous system has several advantages (as well as disadvantages) over human iPSC
technology for disease modelling. First, the direct conversion does not require the
generation of iPSCs, which can cause chromosomal aberrations (Araki et al., 2020) and
resets the entire epigenetic and aging signature (Yang et al., 2015). Direct reprogramming
maintains many hallmarks of aging, such as epigenetic marks and mitochondrial
dysfunction (reviewed in (Aversano et al., 2022)). Second, the availability of fibroblasts or
blood cells from individuals carrying specific mutations allows the generation, in a
relatively short time, of neurons, astrocytes or oligodendrocytes and studying their
phenotypes. Directly reprogrammed neurons, however, remain post-mitotic, limiting their
expansion. A solution was developed by converting fibroblasts to expandable neuronal
progenitor cells (Meyer et al., 2014). These iINPCs, while retain donor aging features, can be
differentiated into various cell types, including induced astrocytes (iAstrocytes) (Gatto et

al., 2021) as illustrated in Figure 2-2.
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Figure 2-2. Direct reprogramming protocol of human fibroblasts to iNPCs. Fibroblasts were
injected with a mixture of retroviral vectors expressing four reprogramming factors (Sox2,
Kfl4, Oct3/4, c-Myc). To generate iNPCs, the culture media was switched to medium containing
growth factors, such as fibroblast growth factor 2 (FGF2), epidermal growth factor 2 (EGF2)
and heparin. The iNPCs are further differentiated and can give rise to neurons,
oligodendrocytes and astrocytes. Figure created with BioRender.

2.2.3. iPSC lines maintenance

Human iPSCs were obtained from either the Cedai-Sinai biorepository or Coriell, or prior
generated ‘in house’ under full ethical guidelines and clearance (Table 2-1). All the
cultureware and reagents used for the differentiation of iPSC-derived MSNs and MNs with
their associated supplier, catalogue number are listed in section 2.2.7. 6-well culture plates
were coated with Matrigel (diluted to 0.1 pg.mL in cold KnockOut DMEM medium) for one
hour at room temperature prior to seeding. Matrigel was used as it mimics the natural
extracellular matrix (ECM) and provides an optimal environment for cell growth, survival
and differentiation. iPSCs were maintained on 6-well plates containing mTeSR™ medium, a
serum-free widely used medium for maintaining human pluripotent stem cells in culture.
Media was replaced every 2 days. Every 4-6 days, the cells were passaged as clumps using
ReLeSR™, an enzyme-free reagent that minimizes the stress of cells, thus, improving
viability and pluripotency, according to manufacturer’s instructions.
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Age at

. I ini . .
Cell line n t?Xt. . Clmlca.l Mutation Gender sampling Source
abbreviation information
(years)
Unknown .
GM23338 Con-1 Healthy M 55 Coriell
MIFF1 Con-2 Healthy Unknown M  Foetal/neonatal TUoS
C9orf72
. Age of onset: 46; hexanucleotide
CS28IALS- C9-2  Siteofonset: left  repeat M 47 Cef:lar§ ]
C9nxx . . Sinai
upper extremity. expansion (6-8
kb)
C9orf72
. Age of onset: 46; hexanucleotide
CS29IALS- C9-3  Siteofonset: left  repeat M 47 Cef:lar§ )
C9nxx . . Sinai
upper extremity. expansion (6-8
kb)
ALS, Age of C9orf72
onset: 57 hexanucleotide
CS52iALS- Co-1 months disease repeat M 49 Cedars-
CInxx duration, 48; Site p. Sinai
expansion (6-8
of onset: Left
. kb)
upper extremity
ALS, Age of .
Isogenic
onset: 57; control line of
CS52iALS- C9-AL mont.hs dlsea§e CS52IALS-nxx M 49 Cefjarf,—
C9n6.1SOxx duration, 48; Site Sinai
(C90rf72 HRE
of onset: Left
Corrected)

upper extremity
Table 2-1. Information on iPSC lines. The table highlights the identifying code for each cell
lines derived from donors/patients from their respective repository and in text abbreviation.
Included is a brief publicly available clinical description of the patients’ and diagnosis relevant
to the study (this includes the age of disease onset, site of onset); the specific genetic alteration
identified in each patient and repeat expansion length; the sex of the patient (male or female);
patient’s age at the time the samples were collected and the source from where the cells were
acquired. For the latter, the cell lines were provided by the Coriell Institute for Medical
Research, The University of Sheffield (TUoS) and the Cedar-Sinai Medical Centre. The tissue
source used to create the cell line was skin fibroblast for all line, except for MIFF1 which was
sourced from foetal foreskin fibroblasts. These iPSCs have been chosen as they have been
already mentioned in publications and have been established in the labs. Note ALS-52 also
available as iNPC (Table 2-13).
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2.2.4. iPSCto NPC differentiation

iPSC to NPC differentiation was performed by adapting an already established protocol (Du
et al., 2015). Small molecules were added at controlled times to guide iPSC differentiation
into NPCs and then promote their expansion. iPSC lines at 100% confluency were washed
with PBS to remove debris and neutralised by switching to iPSC-NPC day 1-6 media (Table
2-3) to promote neural fate commitment. Media was replaced daily. On day 7, cells were
switched to day 7-12 iPSC to NPC differentiation media (Table 2-4) supplemented with
retinoic acid and puromorphamine for further neuronal differentiation. Media changes
continued every 24 hours. Between day 7-9, cells were lifted from plate and passaged. For
passaging, cells were washed with warm HBSS, followed by incubation with 1mL Accutase,
a commonly used gentle enzyme that cleaves cell surface adhesion molecules and
extracellular matrix components, for 7 minutes at 37°C. Accutase was neutralised with an
equal volume of medium and the cell suspension was centrifuged at 200g for 4 minutes. The
cell pellet was resuspended in medium containing 10 uM Y27632 Rho-associated protein
kinase (ROCK) inhibitor for enhanced survival until the next day’s media change. ROCK
inhibition with Y27632 enhances cell survival by reducing apoptosis (Rock signalling
stimulates cell death pathways), maintains cytoskeletal integrity (Rock regulates actin and
myosin activity, crucial for cell shape and adhesion. Y27632 prevents excessive cytoskeletal
contraction, reducing cell damage and detachment) and enhances cell attachment (ROCK
inhibition promotes cell adhesion to the culture substrate after plating). Cells were replated
onto fresh Matrigel-coated 6-well plates and differentiation followed. By day 12, the cells
display neural rosettes, characteristic for NPCs and lack iPSC morphology.
Immunofluorescence confirm the expression of characteristic NPC markers (Nestin and
Pax6 - as shown in Figure 3-2). Following day 12, cells were passaged with Accutase and
replated onto new Matrigel-coated 6-well plates. The cells were maintained in NPC
expansion media (Table 2-5), which was changed every 48 hours. The NPCs were frozen with
10% DMSO and stored at -80°C until needed, or differentiation into MNs or MSNs was

started.
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Component Concentration Purpose

KnockOut 48% (V) Serum-free media specially formulated for stem cell

DMEM/F12 ° cultures.

:e;ljjric;basal 48% (v/v) Serum-free media formulated for culturing neural cells.
Serum-free mixture of antioxidants, vitamins, hormones

B-27 that support the differentiation and maturation of

1% (v/v) . .
supplement neural cell, promoting neurite outgrowth and neuronal
function.
GlutaMax™ 1% (v/) L-glutamine supplement, essential for energy

metabolism, protein synthesis and cell proliferation.
Serum-free mixture of hormones and growth factors
N-2 supplement 0.5% (v/v) that support cell survival, proliferation and metabolic
functions of neural cells.

Combination antibiotic used to prevent bacterial

1% (v/v) contamination, essential for maintaining sterile
conditions.

Table 2-2. Basal media composition. The basal media provides the basic nutrients and
energy needed for cell survival and growth, promoting neural fate and differentiation in stem
cells. The table contains information about all constituents of the basal media, their
concentration and the purpose of each component.

Penicillin/Strept
omycin

Component Concentration Purpose
Basal media
(Table 2-2)
CHIR99021 3uM GSK3-p (neural differentiation suppressor) inhibitor.

Activation of neural fate decisions.
TGF-B (neural differentiation inhibitor) inhibitor.

DMH-1 2uM Activation of neural commitment.
BMP receptor (promotes non-neuronal lineages, i.e.
SB431542 2 uM mesodermal and endodermal) inhibitor. Encourages

neural fate.
Table 2-3. iPSC to NPC (day 1-6) media composition. iPSC to NPC (Day 1-6) media provides
essential nutrients for cell survival and reagents block pathways that prevent neural
differentiation and encourage neural fate.
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Component Concentration Purpose
Provides basic nutrients like vitamins, aminoacids and
Basal media glucose for cell survival and growth. No growth factors
(Table 2-2) added to reduce proliferation and promote
differentiation by limiting cell fate options.
GSK3-B (neural differentiation suppressor) inhibitor.

M — . .
CHIR99021 lu Activation of neural fate decisions.
DMH-1 2 UM TGF-B (neL{ral f:llfferentlatlon |nh|p|tor) inhibitor.
Activation of neural commitment.
BMP receptor (promotes non-neuronal lineages, i.e.
SB431542 2 uM mesodermal and endodermal) inhibitor. Encourages
neural fate.
o Member of vitamin A family involved with development
Retinoic acid . . .
(RA) 0.1uM and cell signalling. Potent neural induces, promotes

neurite outgrowth, enhances neural fate commitment.
Purmorphamine Small molecule that activates Sonic hedgehog (Shh)
(PUR) signalling and promotes neural fate commitment.
Table 2-4. iPSC to NPC (day 7-12) media composition. iPSC to NPC (Day 7-12) contains same
core ingredients as previously described media with added retinoic acid (RA) and
purmorphamine (PUR) that promote neuronal differentiation within the NPC population.

0.5 uM

Component Concentration Purpose
Provides basic nutrients like vitamins, aminoacids and
Basal media glucose for cell survival and growth. No growth factors
(Table 2-2) added to reduce proliferation and promote

differentiation by limiting cell fate options.
GSK3-B (neural differentiation suppressor) inhibitor.

CHIR99021 SuM Activation of neural fate decisions.
DMH-1 2 UM TGF-B (neL{ral f:llfferentlatlon |nh|p|tor) inhibitor.
Activation of neural commitment.
BMP receptor (promotes non-neuronal lineages, i.e.
SB431542 2 uM mesodermal and endodermal) inhibitor. Encourages
neural fate.
o Member of vitamin A family involved with development
Retinoic acid . . . o
(RA) 0.1uM and cell signalling. Promotes neuronal differentiation,

neurite outgrowth, enhances neural fate commitment.

Purmorphamine Small molecule that activates Sonic hedgehog (Shh)

(PUR) 0.5 UM signalling and promotes neural fate commitment.
Histone deacetylase inhibitor, modifying chromatin

Valproic acid 0.5 UM structure and gene expression patterns in NPCs.

(VPA) ' Promotes NPC expansion by regulating cell cycle and

cell death pathways.
Table 2-5. NPC expansion media composition. NPC expansion media promotes proliferation
and maintenance of NPCs. NPC expansion media maintains core ingredients to support NPCs
with added valproic acid (VA) to increase NPC proliferation and survival.
43



2.2.5. NPC to medium spiny neuron (MSN) differentiation

The differentiation of MSNs from NPCs (Figure 2-3) was adapted from a previously
established protocol (Lin et al., 2015). NPCs were cultured in NPC expansion media (Table
2-5) until they reached 100% confluency. Then the media was switched to GABA 1 day 13-
24 media (Table 2-6) which was changed every 48h to create a controlled environment that
favours GABAergic MSN differentiation. On day 20-21, cells were gently dissociated with
Accutase and cell counts were determined using haemocytometer (0.1 mm depth,
Marienfield). For electrophysiological recordings, 13mm coverslips were sterilised in 70%
industrial methylated spirit (IMS) for at least 1h. The coverslips were delicately transferred
to 24-well plates using sterilised forceps. The coverslips were incubated overnight with 0.1
mg.mL polyornithine in distilled water to enhance cell attachment and adhesion to glass
coverslips, then washed 3 times with PBS before a one-hour incubation with Matrigel. For
electrophysiology recordings, 120,000-150,000 cells were replated per well, while 30,000
cells were replated per well on optical 96-well plates for immunocytochemistry (Table
2-12). On the day of plating, the medium was supplemented with 10 uM Y-27632 ROCK
inhibitor to promote survival. Cells were switched to fresh medium the next day. The media
was changed every 48h and differentiation continued. On day 25, the medium was switched
to GABA 2 media day 25-72 media (Table 2-7) to promote neuronal maturation. This media
was changed every 48 hours until day 72. Cells were characterised at day 32, day 52 and 72
of differentiation, and expressed neuronal (33-tubulin and MAP2) and, at later stages of

differentiation, mature GABAergic medium spiny neuron markers (GABA, DARPP32).
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Figure 2-3. Multi-step in vitro differentiation protocol of patient-derived MSNs, MNs and
astrocytes. This schematic illustrates a multi-step protocol for generating three cell types in
the CNS from patient fibroblasts: MSNs, MNs and astrocytes. Fibroblasts are isolated, cultured
and exposed to specific media containing a cocktail of four transcription factors, inducing
reprogramming into pluripotent iPSCs or straight into induced neuronal progenitor cells
(iNPCs), bypassing the pluripotent stem cell stage. The iPSCs undergo neural induction
through a dual-SMAD inhibition protocol to form NPCs. NPCs are exposed to MN- or MSN-
specific factors to generate precursor cells, which undergo maturation with relevant factors
to drive the acquisition of mature MNs or MSNs features. For the direct conversion, the
expanded iNPCs are exposed to DMEM, FBS and N-2 to promote astroglial lineage
commitment. Differentiating iAstrocytes exhibit mature astrocyte morphology and
functionality. Figure created with BioRender.
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Component

Basal media
(Table 2-2)

Brain-derived
neurotrophic
factor (BDNF)

DKK-1

SHH

Concentration

Media base

30 ng/mL

100 ng/mL

200 ng/mL

Purpose
Provides basic nutrients like vitamins, aminoacids and
glucose for cell survival and growth. No growth factors
added to reduce proliferation and promote
differentiation by limiting cell fate options.

TrkB receptors activator, triggering signalling pathways
that promote neuronal survival and neurite outgrowth.
GABAergic marker (GAD67 and GAT-1) enhancer,
contributing to GABA synthesis and uptake.
Increases synaptic formation and connectivity between
GABAergic neurons.

Secreted protein that inhibits Wnt signalling (Wnt can
suppress neuronal differentiation and favour other cell
fates)

DKK-1 binds to Wnt receptors and blocks their activity by
preventing the inhibition of GABAergic differentiation.
Allows pro-differentiation factors like SHH to exert their
function more effectively.

Signalling molecule that promotes neural development.
Promotes patterning of the ventral neural tube, where
GABAergic neurons originate.

SHH induces ventral identity in neuronal progenitors to
enhance GABAergic neuronal fate commitment.
Upregulates expression of Pax6 and Nkx2.1, essential for
GABA neuron development.

Table 2-6. GABA 1 media day 13-24 composition. A combination of factors was used with
basal media to create a controlled environment that favours GABAergic neuron
differentiation. Table contains information about the essential components used, the
concentration they were used at and the purpose of each reagent. Each reagent provides
essential support for neuronal fate commitment, promoting survival and neurite outgrowth.
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Component Concentration Purpose
Provides basic nutrients like vitamins, aminoacids and
glucose for cell survival and growth, optimised for
Neurobasal Media base neuronal cells. No growth factors added to reduce
media proliferation and promote differentiation by limiting cell
fate options.
Specialized support for mature neuronal function.
Rich source of antioxidants that reduce reactive
oxidative species, protecting neurons and facilitating
healthy development.
2% (v/v) Contains nutrients (selenium, iron) important for neurite
growth and synaptic formation.
Promotes cell survival and neurite outgrowth by
supporting protein synthesis and iron transport.
Antibiotic combination that prevents bacterial
1% (v/v) contamination and ensures sterile environment,

B-27
supplement

Penicillin/Stre

ptomycin minimizing stress or damage to differentiating neurons.
TrkB receptors activator, triggering signalling pathways
that promote neuronal survival and neurite outgrowth.
Enhances GABAergic neuron maturation by increasing
Brain-derived expression of GABAergic markers like GAD67 and GAT-1,
neurotrophic 50 ng/mL facilitating GABA synthesis and uptake for mature
factor (BDNF) neuronal function.

Stimulates neurite growth and branching and promotes
long-term survival and maintenance of GABAergic
neurons.
Table 2-7. GABA 2 media day 25-72 composition. The table contains information about
component used for GABAergic neuron maturation media, including concentration and
purpose. The combined effect of these reagents fosters a supportive environment for
GABAergic neuron maturation.

2.2.6. NPC to motor neuron (MN) differentiation

NPC differentiation into motor neurons (Figure 2-3) was adapted from Du et al. (2015). At
100% confluence, NPCs were transitioned from NPC expansion media (Table 2-5) to motor
neuron day 13-18 differentiation media (Table 2-8), changed every 48 hours. At day 19 of
differentiation, the cells were switched to motor neuron day 19-28 differentiation media
(Table 2-9), also changed every 48 hours. On days 20-21, cells underwent gentle enzymatic
dissociation with Accutase, followed by cell counting using a haemocytometer. The cells
were resuspended and replated onto Matrigel-coated plates supplemented with 10uM

Y27632 ROCK inhibitor to promote survival and adhesion. 20,000-30,000 cells per well were
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plate on optic 96-well plate for co-culture experiments, followed by immunofluorescence

staining assays. Fresh medium was added 24h after replating and differentiation continued.

Media was changed every 48 hours. On day 29 of differentiation, the media was swapped to

day 29-40 media (Table 2-10), which was replaced every 48h, with differentiation continuing

until or beyond day 40.

Component Concentration

Basal media

(Table 2-2) Media base
All-trans retinoic
acid (RA) 0-5uM
Puromorphamine 0.1 uM

(PUR)

Purpose
Provides basic nutrients like vitamins, aminoacids and
glucose for cell survival and growth. No growth factors
added to reduce proliferation and promote
differentiation by limiting cell fate options.
Promotes neural fate commitment by suppressing
alternative lineages, enhancing motor neuron
specification within the neutralized population.
Upregulates key neural progenitor genes, like SOX1 and
PAX6, essential for obtaining neural identity.
Patterns the ventral neural tube, where motor neurons
originate, providing spatial cues for motor neuron
specification.

SHH signalling agonist that induces ventral identity, a
prerequisite for motor neuron specification.
Upregulates motor neuron-specific genes, like HB9 and
Islet1/2, key transcription factors for establishing motor
neuron fate and identity.

Promotes survival and proliferation of early motor
neuron precursors.

Table 2-8. MN day 13-18 media. This combination of reagents provides a supportive
environment for initial motor neuron differentiation. The table highlights the key components,

their concentration and purpose.
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Component Concentration Purpose
Provides basic nutrients like vitamins, aminoacids and
Basal media . glucose for cell survival and growth. No growth factors to
Media base . . . . e o
(Table 2-2) reduce proliferation, promoting differentiation by limiting
cell fate options.
Promotes neural fate commitment by suppressing other
lineages, enhancing motor neuron specification.
All-trans retinoic 0.5 UM Upregulates key neural progenitor genes, like SOX1 and
acid (RA) ' PAX6, essential for obtaining neural identity.
Patterns the ventral neural tube, the origin of motor
neurons.

SHH signalling agonist that induces ventral identity, a
prerequisite for motor neuron specification.
Upregulates ventral motor neuron-specific genes, like HB9
and Isletl/2, key for establishing motor neuron fate.
Promotes survival and proliferation of early motor neuron
precursors.

Bone morphogenic protein (BMP) signalling inhibitor (BMP
can suppress motor neuron differentiation in favour of
other lineages) preventing this inhibitory effect.
Compound-E 0.1 uM Enhances motor neuron specification, allowing SHH and
RA signalling to promote motor neuron commitment.
Potentiates SHH signalling, further promoting motor
neuron specification.

Neurotrophic factor providing essential support for
survival, growth, and maturation of differentiating motor
neurons.

Puromorphamine

(PUR) 0.1 uM

Brain-derived

neurotrophic 10 ng.ml TrkB and LIF receptors activator, triggering pathways that
factor (BDNF) . .
protect against cell death and promote survival of motor
neuron precursors.
Neurotrophic factor providing essential support for
survival, growth, and maturation of differentiating motor
Ciliary neurons.
neurotrophic 10 ng.ml TrkB and LIF receptors activator, triggering pathways that
factor (CNTF) protect against cell death and promote survival of motor
neuron precursors.
Promotes neurite outgrowth and connectivity.
Insulin-like Neurotrophic factor providing essential support for
survival, growth, and maturation of differentiating motor
growth factor-1 10 ng.ml
(IGF-1) neurons.

Promotes neurite outgrowth and connectivity.
Table 2-9. MN day 19-28 media. The table highlight media composition used in the middle
stages of motor neuron differentiation, including each factor and their concentration,
alongside with their purpose in the media. This combination of factors aids in the
differentiation of motor neurons.
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Component = Concentration Purpose
Provides basic nutrients like vitamins, aminoacids and
Neur.obasal Media base glucose for cell survival and growth, optimised for
media neuronal cells.
Specialized support for mature neuronal function.
Rich source of antioxidants that reduce reactive
oxidative species, protecting neurons and facilitating

healthy development.

B-21 2% (v/v) Contains nutrients (selenium, iron) important for
supplement . . .
neurite growth and synaptic formation.
Promotes cell survival and neurite outgrowth by
supporting protein synthesis and iron transport.
Antibiotic combination that prevents bacterial
Penicillin/ 1% (v/\) contamination and ensures sterile environment,
Streptomycin minimizing stress or damage to differentiating
neurons.

Neurotrophic factor providing essential targeted
Brain-derived support for motor neuron maturation.
neurotrophic 10 ng.ml TrkB receptors activator, promoting survival, axonal
factor (BDNF) outgrowth and expression of mature motor neuron

markers like ChAT and MAP2.

Neurotrophic factor providing essential targeted
Ciliary support for motor neuron maturation.
neurotrophic 10 ng.ml GP130 receptor modulator, enhancing neuronal
factor (CNTF) survival, axonal branching and neuromuscular junction

formation.

Insulin-like Neurotrophic factor providing essential.targeted
growth factor-1 10 ng.ml support for motqr neuron matu.ratlon. .
(IGF-1) PI3K/Akt pathway activator, promoting survival,

axonal transport and synaptic refinement.

Table 2-10. MN day 29-40 media. The table contains information about the media
composition used in the final stages of motor neuron differentiation to support motor neuron
maturation, including concentration and purpose. The combined effect of all elements
supports an environment efficient for maturation of the motor neurons, triggering specific
maturation pathways to generate functional neurons and synapses.
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2.2.7. Reagents and cultureware information relevant for the differentiation of iPSC-

derived MNs and MSNs

. Catalogue

Reagent Supplier Number
Accutase Sigma-Aldrich A6964-100ML
B-27 supplement Gibco 11530536
CHIR99021 Merck Millipore SML1046-25MG
I()S;I:(klc;pf related protein 1 Peprotech 120-30
DMEM Gibco 11520416
DMH-1 Merck Millipore D8946-25MG
Glutamax™ Gibco 35050061
HBSS Thermo Fisher Scientific 14170112
Human Recombinant Brain
derived neurotrophic factor Peprotech AF-450-02
(BDNF)
Knockout DMEM Gibco 10829018
KnockOut DMEM/F12 Gibco 12660012
Matrigel Corning 356230
N-2 supplement Gibco 15410294
Neurobasal media Gibco 11570556
Penicillin/Streptomycin Lonza DE17-603E
Polyornithine Sigma-Aldrich P3655-100MG
Purmorphamine (PUR) Merck Millipore SML0868-25MG
ReLeSR StemCell Technologies 05872
Retinoic acid (RA) StemCell Technologies 72264
SB431542 Peprotech 3014193
Sonic hedgehog (SHH) Peprotech 100-45
Valproic acid (VPA) Merck Millipore PHR1061-1G
Y27632 Rock inhibitor Peprotech 1293823

Table 2-11. Cell culture reagents used for the differentiation of MNs and MSNs from iPSCs.
The table includes the specific chemical or reagent used in this study, the commercial supplier
form which the reagent was obtained and the manufacturer’s identifier for the specific
product.
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Reagent Supplier Catalogue Number Purpose

Corning 6-well plate Corning 3506 iPSC/MSN plating
24-well plate Greiner 662 160 MSN/iA plating
Optic 96-well plate Greiner G655090 Plating for ICC
13mm coverslips Scientific MIC3336 MSN plating

Laboratory Supplies
Table 2-12. Information about cultureware. The table highlights the specific culture used in
this project, the commercial supplier, the manufacturer’s identifier for the specific product
and purpose of each cell cultureware. The table mentions a selection of cell cultureware,
including dishes, multiwell plates used to plate the iNPC-astrocytes (iAstrocytes) and iPSC-
derived medium spiny neurons (MSNs) and/or motor neurons (MNs). Optic 96-well plates were
used for immunocytochemistry (ICC) and co-culture experiments.

2.2.8. Direct conversion of fibroblast to iNPC

Induced neuronal progenitor cell (iNPC) lines (Table 2-13) were previously reprogrammed
from control and patient fibroblasts obtained from skin biopsies according to an already
established protocol (Meyer et al., 2014). Patient fibroblasts were obtained under full
ethical guidelines and clearance. All skin biopsy donors provided informed consent before
sample collection (University of Sheffield, Study number STH16573, Research Committee
reference 12/YH/0330; MODEL-AD study, Yorkshire and Humber Research and Ethics
committee number: 16/YH/0155). Cultureware and reagents mentioned in this section are
listed in 2.2.11. The transduction of skin fibroblasts with four reprogramming retroviral
vectors expressing Kruppel-like factor 4 (Klf4), POU transcription factor Oct-3/4, SRY-related
HMG-Box Gene 2 (Sox2), and c-Myc (Takahashi and Yamanaka, 2006) and growth factors
FGF2, EGF and heparin to generate iNPC was done by the Shaw/Ferraiuolo laboratories.
After 48 hours, iINPCs were cultured into iNPC expansion culturing media (Table 2-14). The
morphological changes were apparent after 48 to 72h from fibroblast-like to a sphere-like
form or proliferation in rosettes characteristic to NPCs. Cell proliferation occurred quickly,
and cells were split at 100% confluency. iINPCs were lifted and cells collected using Accutase
and, depending on the rate of growth, they were transferred to 10 cm dishes coated with
human plasma fibronectin over a period of 18-21 days. Above 95% of cells express neuronal
progenitor cells specific markers, such as Nestin and PAX6 (already established in the
Ferraiuolo lab/SITraN). These iNPC populations are expanded and stored multiple

passages. These lines are thought to retain aging properties of donors (Gatto et al., 2021).
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Cellline In t(-?xt‘ . Cllmca.l Mutation Gender Age a.\t Source
abbreviation information sampling
155v2 Con-2 Healthy - M 40 STH/Genomics
CS142 Con-1 Healthy - F 30-35 Cedars
ALS52 Co-1 ALS C90RF72 M 49 TUoS
78 C9-2 ALS C90RF72 M 66 TUoS
SHF-077 SALS-1 ALS Sporadic F 58 STH/Ambrosia
(slow)
SHF-196 SALS-2 ALS Sp(?arjt‘;'c 83  STH/Ambrosia
SHF-142 FTD-1 FTD C90RF72 F 64 STH/Ambrosia
3009 FTD-2 FTD C90RF72 F 60 STH
3682 FTD-3 FTD/MND C90ORFT72 M ?(~72) STH
. MODEL-AD
F
M8 AD AD Sporadic 63 Study
MODEL-AD

M12 Con Healthy - F 100 Study
3q10vp  AffectedTwin ) o L90RFT2 M 37 STH

Early
3410y AffectedTwin ) o c90rFT2 M 43 STH

Late
3441 Father C9-Carrier M 69 STH
3475 Unaffected Co-Carrier M 37 STH

Twin
3679 PreSx-1 C9-carrier F 50 STH
3797 PreSx-2 C9-carrier M 31 STH
3763 PreSx-3 C9-carrier F 36 STH

Table 2-13. Information on iNPC lines. The table highlights the cell line sample code for the
cultured cell lines derived from donors/patients and in text abbreviation; clinical information
which features the patient’s known medical condition; the specific genetic alteration
identified in each patient and, when appropriate, the sporadic form of disease; the sex of the
patient (male or female); patient’s age at the time the samples were collected and the source
from where the cells were acquired. For the latter, the cell lines were provided by the Sheffield
Teaching Hospital (STH) (Genomics Department or AMBRoSia, A multicentre Biomarker
Resource Strategy in ALS), the Cedar-Sinai Medical Centre and the University of Sheffield
(TUOS). Sporadic Alzheimer’s Disease and matched control lines were recruited as part of
MODEL-AD study. The tissue source used to create all cell lines was skin fibroblast. These iNPCs
have been chosen as they have been already mentioned in publications and have been
established in the labs. Note Con-1, Con-2, C9-1, C9-2 different from iPSC lines mentioned
above. Note ALS52 also available as iPSC (Table 2-1). Note median survival time from onset to
death for sporadic ALS lines depicted in two categories: slow (decreased within 2 years after
disease onset) and fast (deceased 2-5 years after onset).
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Component Concentration Purpose
Serum-free nutrient base that provides vitamins,
aminoacids, and glucose to ensure survival and energy
DMEM/F12 . supply for iNPCs.
Glutamax™ Base media Glutamax supplementation fuels the TCA cycle for
energy production, important for metabolically active
iNPCs undergoing reorganisation and growth.
Rich source of antioxidants that reduce reactive
oxidative species, protecting neurons and facilitating
healthy development.
1% (v/v) Contains nutrients (selenium, iron) important for
neurite growth and synaptic formation.
Promotes cell survival and neurite outgrowth by
supporting protein synthesis and iron transport.
Inhibitory effect of fibroblast growth factors (FGFs) and
platelet-derived growth factors (PDGF) found in
N-2 1% (v/) DMEM/F12 medium which could alter iNPCs towards
supplement unwanted lineages.
Allows activation of signalling pathways specific for
neuronal differentiation.
Stimulates proliferation and early neuronal
FGF-2 40 ng/mL differentiation by activating pathways like MAPK/ERK
for early neuronal network formation
Antibiotic combination that prevents bacterial
1% (v/v) contamination and ensures sterile environment,
minimizing stress or damage to iNPCs.
Table 2-14. iNPC expansion media composition. Media composition of iINPC expansion cells
included in table highlights the concentration and purpose of each element. These
components provide essential nutrients and energy for the expansion and initial maturation
of INPCs, preventing premature specialization.

B-27
supplement

Penicillin/Stre
ptomycin

2.2.9. Differentiation of iINPCs to iNPC-astrocytes (iAstrocytes)

iNPC lines were expanded and maintained on 10-cm dishes or 6-well plates for 5 minutes at
room temperature with 5 ug.mL fibronectin diluted in phosphate-buffered saline (PBS). To
generate differentiated astrocytes, iNPCs were differentiated as previously described
(Meyer et al., 2014) by switching the medium composition (Table 2-14) to astrocyte
differentiation media (Table 2-15). Astrocytes were allowed to differentiate for 7 or 14 days.
Cells were inspected for confluence and morphology. Cells were previously characterised

at day 7 for differentiation by Ferraiuolo lab and were found to express typical astrocytic
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markers (Vimentin and CD44 - Figure 4-1B). For experiments performed at day 7, iAstrocytes
were replated onto Thermanox plastic coverslips at day 5 (unless otherwise stated). For
recordings at day 14, iAstrocytes were plated on coverslips in 24-well plates at day 7.
iAstrocytes were lifted from the plates using Accutase, which was inactivated by adding
PBS. Cells were then centrifuged for 4 minutes at 200g. The supernatant was discarded, and
the pellet was resuspended in a volume of astrocyte differentiation medium appropriate
for counting using haemocytometer. Cells were plated at 30,000 cells/well onto 24-well
plate containing Thermanox coverslips coated for 5 minutes at room temperature with 2.5

ug/mL fibronectin diluted in PBS. Media changes were performed at day 3 and 10.

2.2.10. SRSF1 lentivirus transduction

RNA sequestration of the splicing factor and nuclear export factor SRSF1 (serine/arginine-
rich splicing factor 1) initiates the nuclear export of intron-1-retaining C9ORF72 repeat
expansion which leads to the cytoplasmic RAN translation of DPRs (Hautbergue et al., 2017).
The splicing process itself appears to play a key role, as it induces transfer of the mRNA
through remodelling of NXF1 to adopt a high RNA-binding conformation. The depletion of
SRSF1 or prevention of its interaction with NXF1 specifically inhibits the nuclear export of
pathological C90RF72 transcripts, the production of DPRs and alleviates neurotoxicity in
Drosophila, patient-derived neurons and neuronal cell models. Astrocytes were transduced
with lentivirus expressing control lentivirus (LV) expressing GFP or human LV-SRSF1
expressing GFP. Multiplicity of infection (MOI) represents the number of virus particles to
the number of host cells. MOl was 5 at 30,000 cells. For experiments performed at day 7, the
cells were replated onto coverslips at day 4 in the morning and treatment was added the
same day after approximately 6 hours. For recordings performed at day 14, the cells were
replated at day 7 as normal and lentivirus treatment was added at day 11. The astrocytes
were transduced with the control-LV or SRSF1-LV overnight. The next day, the media was
changed with fresh Astrocyte media (Table 2-15) and patch-clamp electrophysiology was

performed after 72 hours from initial incubation.
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Component

DMEM
N-2

0,
e ement 0.2% (v/v)
Foetal bovine

[0)
serum (FBS) ot
Penicillin/Stre 1% (v/v)

ptomycin

Concentration

Purpose
Balanced nutrient base providing essential nutrients like
vitamins, aminoacids and glucose for basic cellular
function.
Supportive role for neural cell types.

Offers essential nutrients with reduced complexity (no
complex growth factors or hormones as seen in other
supplements like B-27) which could interfere with desired
astrocyte differentiation signals.

Contains selenium and iron important for cellular
processes in astrocytes.

Complex mixture of growth factors, hormones and
attachment proteins that support initial survival and
enhance astrocyte differentiation.

Mimic extracellular milieu encouraged by astrocytes in
the brain.

Fine tune cell growth and differentiation
Antibiotic combination that prevents bacterial
contamination and ensures sterile environment,
minimizing stress or damage to iNPCs.

Table 2-15. iAstrocyte differentiation media composition. The table illustrates the
components of the media, their concentration and their role. The combined effect of these
components creates a supportive environment for both survival and proliferation of iNPC-

derived astrocytes.

2.2.11. Reagents and cultureware information relevant for the generation of iAstrocytes

Reagent

Accutase

B-27 supplement
Fibronectin!

Fibronectin?

Foetal bovine serum (FBS)

KnockOut DMEM/F12

N-2 supplement

Penicillin/Streptomycin

. Catalogue
Supplier Number
. . A6964-
Sigma-Aldrich 100ML
Gibco 11530536
Merck Millipore FC010-10MG
1918-FN-
R&D Systems 02M
Life Science Production 5_00;3_'_'1_
Gibco 12660012
Gibco 15410294
Lonza DE17-603E

Table 2-16. Cell culture reagents used for the generation of iAstrocytes. The table mentions
the specific chemical or reagent used in this part of the study, the commercial supplier and the
catalogue number for each product.

56



Reagent Supplier Catalogue Purpose

Number
10 cm dishes Thermo Fischer 172931 iAstrocyte plating
Scientific
Greiner 6-well plate Greiner 657 160 iAstrocyte plating
24-well plate Greiner 662 160 MSN/iA plating
Optic 96-well plate Greiner G655090 Plating for

immunocytochemistry
co-cultures and
astrocyte conditioned
media experiments
Optic 96-well plate Perkin Elmer 6055308 Plating for
immunocytochemistry
of co-cultures and
astrocyte conditioned
media experiments
13mm Thermanox Coverslips Thermo Fischer 150067 iAstrocyte plating
Scientific
Table 2-17. Information about cultureware. The table highlights the specific cultureware
used in this project, the commercial supplier, the catalogue number for the specific product
and associated role of each component. The table lists a selection of cell cultureware,
including dishes, multiwell plates used to plate the iAstrocytes. Optic 96-well plates were used
forimmunocytochemistry (ICC) of co-culture and astrocyte conditioned media experiments.

2.3. Fluorescence Assays

2.3.1. Immunocytochemistry (ICC)

Primary and secondary antibodies were used for immunocytochemistry experiments.
Primary antibodies (Table 2-18) were chosen for different target antigens or proteins of
interest. Primary antibody concentration, dilution, incubation time and temperature were
optimised for each antibody and sample to achieve specific staining and low background.
Secondary antibodies (Table 2-19) can detect the immunoglobulin (IgG) domain of the
primary antibodies, increase the signal and create a more sensitive assay. A secondary
antibody is usually conjugated to a molecule (chromogenic or fluorescent) that allows for

the antibody to be detected.
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Cell fixation was initiated by removing culture media and incubating the plates with warm
3.8% paraformaldehyde (PFA) for 10 minutes at room temperature, ensuring complete
fixation of cells and preservation of cellular architecture. Three subsequent washes with
PBS for 5 minutes followed and the plates were stored at 4°C until staining was performed.

To permeabilize cell membranes and access intracellular epitopes, cells were
incubated with 0.3% Triton X-100 in PBS solution for 5 minutes at room temperature. Non-
specific antibody binding was blocked by incubating the cells with 5% donkey serum (DS)
for one hour. Both primary and secondary antibodies were diluted in 5% DS to further
minimize non-specific interactions. Primary antibody incubation occurred overnight,
followed by three washes with PBS for 5 minutes. Cells were incubated with Alexa Fluor
secondary antibodies for 1h at room temperature in the dark, minimizing photobleaching
of fluorescent probes. Three subsequent washes were performed. Nuclear counterstaining
was achieved by incubating the cells with Hoechst (1:10,000) for 5 minutes in the dark at
room temperature, permitting overall nuclear morphology. Three final washes with PBS

were performed and the plates were kept in PBS at 4°C until fluorescent imaging was

performed.

Marker Species Supplier Catalogue Number Concentration
Tubulin 3 (TUBB3)  Mouse BioLegend 801201 1:500
Cleaved Caspase-3 Rabbit  Cell Signalling 9664 1:400
Active Caspase-3 Rabbit  Merck Millipore AB3623 1:200
DARPP-32 Rabbit Abcam Ab40801 1:100
GABA Guinea Pig Abcam Ab17413 1:1000
GFAP Rabbit Invitrogen 13-0300 1:500
MAP2 Rabbit Synaptic 188 003 1:1000

Systems
Pax6 Rabbit Abcam Ab5790 1:500
Nestin Mouse Abcam Ab18102 1:200
Vimentin Chicken Merck Millipore AB5733 1:2500

Table 2-18. Primary antibodies information. Immunocytochemistry (ICC) experiments
employed a variety of primary antibodies targeting specific antigens of interest. Detailed
information about each antibody, including the target marker, host species, supplier,
catalogue number and concentrations used are provided in the table above.
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Target species Host Supplier Catalogue Concentration

Number
Anti-rabbit Donkey Invitrogen A21206 1:400
Anti-rabbit Goat Invitrogen A11036 1:400
Anti-mouse Donkey Invitrogen A10037 1:400
Anti-guinea pig Goat Invitrogen A21450 1:400
Anti-chicken Goat Invitrogen A11039 1:400

Table 2-19. Secondary antibody information. Secondary antibodies were used to bind to
primary antibodies, above mentioned, to aid the indirect detection of the target antigen. The
secondary antibodies have specificity for the antibody species and the isotope of the primary
antibody. Secondary antibodies have a detectable tag facilitating detection using imaging or
molecular biology technique. The secondary antibodies are generated against a pooled
population of immunoglobulin from a target species. The target species, host are highlighted
in the above table. All secondary antibodies were purchased from Invitrogen (individual
catalogue numbers mentioned) and were used at 1:400 concentration.

2.3.2. Imaging

Cells were imaged using the Opera Phenix™ High Content Screening System (Perkin Elmer)
at x40 magnification. Z-stacks of 7 or more planes were separated by 0.5 um were obtained
from a minimum of 7 fields per well from at least three technical replicates per experiment
(unless otherwise stated). The widefield In Cell Analyzer was used at x20 magnification for
co-culture experiments and quantification. A minimum of 7 field per well were analysed
from at least three technical replicates per experiment, unless otherwise stated. Different
lasers were used (488, 594 and 647 nm) along with appropriate excitation and emission

filters. Same settings were used for all wells investigated.

2.3.3. Analysis

Images captured on Opera Phenix or InCell are automatically stored on Harmony server,
from which assay files can be uploaded onto Columbus Data Storage and Analysis System
(Perkin Elmer) to allow high throughput analysis without experimental bias. For each
immunofluorescence staining plate, three technical repeat weeks, containing 7 random

fields per experimental condition at 20x or 40x magnification, were imaged and analysed.
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2.4. Whole-cell patch-clamp electrophysiology
Here, the whole-cell patch-clamp method used to characterise the electrophysiological

profile of the iPSC-derived neurons and directly converted astrocytes will be described.

2.4.1. Patch-clamp technique: a historical perspective

Patch-clamp electrophysiology is a powerful biophysical technique, granting researchers
unparalleled access to the ionic flux driving communication and function across cell
membranes. Founded on the principle of forming a high-resistance seal between a glass
micropipette and the cell membrane, the technique allows precise measurement of ionic
current across various scales, from individual ion channels conducting picoampere (pA,
pico=10"?) currents to the integrative activity of the entire cell. This resolution
revolutionized the field of electrophysiology, enabling direct observation of single-channel
behaviour for the first time. While reconstructed membrane bilayers had previously hinted
the existence of single channels, patch-clamp opened the door to studying them within the
native complexity of living cells. Beyond visualizing the individual activities of ion channels,
the real-time nature of data acquisition coupled with various patch-clamp configurations
permits various aspects of cellular and sub-cellular physiology to be directly investigated.
The advancement profoundly impacted electrophysiological research, leading to Erwin
Neher and Bert Sakmann’s Nobel Prize in Physiology or Medicine in 1991.

My research uses the patch-clamp technique to investigate the ionic currents
underlying the function and dysfunction of various cell lines, including MSNs, MNs and

astrocytes.

2.4.2. Patch-clamp configurations

Following the initial innovation, Neher, Sakmann and colleagues soon improved the
technique by modifying the pipette properties, using ‘fire-polished’ tips in filtered solutions
and applied slight pressure in the pipette. This enabled the formation of high-resistance
seals exceeding gigaohms (GQ, 10° ohms). This configuration is called cell-attached (Figure
2-4), allowing the recording of single channels while maintaining cell integrity (Hamill et al.,
1981). Three other measurement configurations were developed. The whole-cell

configuration (Figure 2-4), utilized in this study, involves rupturing the membrane patch
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under negative pressure while maintaining the gigaseal. A continuous electrical connection
between the pipette solution and the cell cytoplasm is created. By applying voltages
through the pipette, researchers can precisely control the transmembrane potential,
manipulating the driving force for ion movement through specific channels. This is called
the voltage-clamp configuration. This allows detailed investigation of voltage-gated
channel behaviour and voltage-dependent cellular processes. Alternatively, the current-
clamp configuration involves injecting current through the pipette enables researchers to
analyse the response to the current input, studying the voltage response. This provides
valuable insight into cellular excitability and network function. Further, the direct
connection to the cytoplasm allows for manipulation of the intracellular environment via
internal pipette solution composition or pharmacological agents, revealing the influence of
internal factors on channel activity and cellular signalling pathways.

Another excision can be employed, from whole-cell configuration by pulling a small
patch of membrane away from the cell (inside-out patch) to isolate specific channel
populations and their regulation by intracellular factors (Figure 2-4). The outside-out patch
can be created by gently detaching the whole-cell configuration revealing a single
membrane vesicle attached to the pipette tip (Figure 2-4). This allows rapid solution
exchange and facilitates the study of small channel populations or single channels with
high temporal resolution. The choice of patch-clamp configuration depends on the specific
research question and the desired level of control over the cellular environment.

In this study, the whole-cell configuration with current-clamp recordings was
employed to investigate neuronal excitability and voltage-clamp to interrogate different

ion channel behaviours.
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Patch-clamp configurations
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Figure 2-4. Patch-clamp configurations. Schematic showing the various methods of
establishing different patch-clamp configurations. Initially, the electrode is moved close to the
cell membrane. Negative pressure is applied so that the pipette attaches to the membrane.
The electrode passes nominal current, establishing a ‘electrically’ tight seal with high
resistance, called a GigaOhm seal. This configuration is called ‘cell-attached’ (top-left). Then,
strong acute negative pressure is required to break the cell membrane forming the whole-cell
configuration (top-right). The cytoplasm and the pipette interior are continuous and the K*-
gluconate solution floods the cell cytoplasm. It is possible to record single channels via one of
two configurations, outside-out or inside-out configurations. inside-out recordings look at
single channels, exposing the cytosolic surface of the membrane (bottom-left), while outside-
out configuration is used to investigate receptor activated ion channels (bottom-right). Figure
created using BioRender.
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2.4.3. The cell membrane and its electrical properties

The cell membrane acts as a thin insulating layer that regulates the osmolarity between the
intracellular milieu and extracellular environment. It acts as a selectively permeable
barrier, regulated by the flow of ions and creating an uneven distribution of charged
particles between its compartments. This differential ion distribution, primarily involving
sodium (Na*), potassium (K*), chloride (Cl) and calcium (Ca*) establishes a membrane
potential, a voltage difference across the membrane measured in millivolts (mV). The
Nernst equation, based on ionic concentration and permeabilities, predicts the equilibrium
potential for each ion, contributing to the overall resting membrane potential.

Beyond its role in ion selectivity, the membrane also exhibits capacitive properties.
Its phospholipid bilayer acts as an electric insulator, accumulating and storing electrical
charge across its thickness. This capacitive property contributes to the membrane potential
changes.

While the cell membrane itself is largely impermeable to charged particles,
specialized ion channels and transporters facilitate targeted ion movement. These
transmembrane proteins exhibit ion selectivity and regulate the opening and closing of
their pores in response to environmental cues, including voltage changes, ligands binding,
and phosphorylation. The flow and size of ions through these channels and transporters
depend on the driving force (voltage gradient) and the opposition (ionic conductance)
offered by the membrane. Ohm’s law, a fundamental principle in physiology, relates to
these parameters:

1=2,
where | is the current (measured in Amperes, A), V is the voltage (measured in Volts, V), and
R is the resistance (measured in ohms, Q). This equation states that the current flowing
through the membrane is directly proportional to the voltage difference across it and
inversely proportional to the membrane resistance.

By investigating and understanding these membrane properties and the governing
principles of ion transport, researchers can interpret changes in voltage and current to gain
insight into cellular function, signalling mechanisms, and ultimately, the complex

processes underlying health and disease.
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2.4.4. Recording setup

Whole-cell patch-clamp recordings were made using borosilicate glass pipettes (Harvard
Apparatus) with 1.5 mm outer diameter, 0.86mm inner diameter and 75 mm length, pulled
to a resistance of 4-7 MQ using a Sutter P-97 Horizontal Pipette Puller (Sutter Instruments,
Sarasota, FL, USA). Patch electrodes were filled with internal recording solutions as
described in the text, with the appropriate composition described in following tables (Table
2-20, Table 2-21). The liquid junction potential was calculated to be +14 mV, and holding
potentials were adjusted accordingly (JPCalc, Clampex). The micromanipulator
(Scientifica) positioned the recording pipette into the cell, controlled by a headstage (Axon
Instruments) connected to an Olympus upright microscope with a 40x submersion lens
(Figure 2-5). Recorded signals were low-pass filtered at 2 kHz, digitised at 10 kHz via a BNC-
2090A (National Instruments) interface, and acquired using WinWCP v5.7.7
Electrophysiology Data Recorder (J. Dempster, University of Strathclyde, UK).

Coverslips containing the iPSC-derived striatal neurons or NPC-derived astrocytes
were placed in the recording chamber (Figure 2-5) and perfused with extracellular solution,
also known as artificial cerebrospinal fluid (aCSF) solution (Table 2-22, Table 2-23) using a
gravity fed system at room temperature (20-23°C). Pharmacological agents were applied
using a bath-exchange system with multiple extracellular aCSF sources (‘barrels’)
containing the appropriate concentration of experimental reagent. The barrels are changed
accordingly to deliver appropriate treatment with the liquid aCSF contents to be
continuously replaced.

Whole-cell recordings were acquired at a holding potential of -70mV using Axon
Multiclamp 700B amplifier (Molecular Devices, Union City, CA, USA). Current-clamp
recordings at -74mV with bridge balance and pipette capacitance neutralisation were
employed to investigate cell membrane properties. Specific pharmacological
manipulation, holding potential, and voltage-ramp protocols are described in detail within
dedicated chapters and figure legends. The main components of the electrophysiology rig
are highlighted in Figure 2-5. Series resistance stayed below 25MQ throughout each

experiment. Recordings with Rs exceeding 20% of initial value were discarded.
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2.4.5. Analysis of action potentials (APs)

Measurements of AP number were stopped at the point of AP accommodation, which was
observed at higher current stimulation likely to be pushing the neuron into non-
physiological ranges. Datapoints corresponding to the period of stable firing (prior to
decline) were included in the analysis for all cell lines. This approach ensures only
physiologically relevant responses were measured.

Concentration

Component (mM)

Purpose

Maintains physiological [K*], ensuring stable membrane
potential and normal cell function.
Minimizes Cl contamination (Gluconate is a non-
K-gluconate 155 chloride organic anion) by limiting Cl-influx (high Cl'
alters excitability and activates Cl currents).
Gluconate maintains ionic equilibrium cellular energy

levels.
Mimics [Mg*];, supporting protein function and cellular
processes.
Co-factor for ATPase enzymes, vital for energy
production and function.
Stabilizes protein structures (ion channels and
enzymes).
Buffer that maintains physiological pH within the
Na-HEPES 10 pipette and the cell, import?nt for cell survival during
recordings.
Stabilizes membrane potential.
Energy substrate and antioxidant.
Na-PiCreatine 10 Phosphocreatine acts as a high-energy phosphate

donor, supplying ATP for cellular processes like ion
pumps and maintaining membrane potential.
Direct energy source that maintains ion gradients,
neurotransmitter release, protein synthesis.
Mg,-ATP 2 Maintains membrane pumps (ATP fuels the
Na*/K*/ATPases, responsible for maintaining K* gradient
and cellular ionic balance.
G-protein signalling activity regulator, importantin
Nas-GTP 0.3 signalling pathways in neurons.
Low concentration minimises its influence on the RMP.
pH 7.3, 320-330mOsm
Table 2-20. K-gluconate intracellular solution components in mM and their role. The
intracellular solution mimics the cell’s cytoplasm to maintain cell health and optimize
recording quality. The solution was filtered through 0.33 mm filters and snap frozen at -80°C.
The solution was aliquoted and stored at -4°C.
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Component Concentration (mM) Purpose
Cs*ions are large and mimic K* ions, readily replacing
it in K* channel pores, blocking most voltage-gated K*
CsCl 145 channels.
Contributes to the primary cationic charge carrier to
the internal solution.
Direct energy source that maintains ion gradients,
neurotransmitter release, protein synthesis
MgCl, 1 Maintains membrane pumps. ATP fuels the
Na*/K*/ATPases, responsible for maintaining K*
gradient and cellular ionic balance.
Buffer that effectively maintains physiological pH
within the pipette and the cell, important for cell
survival during recordings.
Stabilizes membrane potential.
Ca* chelator, binds free intercellular Ca% ions,
EGTA 1.1 diminishing their influence on recorded current
(important when studying Ca®*-activated K* channels)
Direct energy source that maintains ion gradients,
neurotransmitter release, protein synthesis.
Mg,-ATP 2 Maintains membrane pumps (ATP fuels the
Na*/K*/ATPases, responsible for maintaining K*
gradient and cellular ionic balance
Low Ca* concentrations allow for recording of Ca*-
independent K* channels while retaining some basal
Ca* signalling capability for channels indirectly
modulated by Ca** pathways (useful for looking at
specific activation mechanisms of different K*
channel types).
pH 7.3, 320-330mOsm
Table 2-21. Cesium Chloride (CsCl) internal solution. This intracellular solution offers
advantages for recording K* channels in whole-cell patch-clamp experiments, by blocking K*
currents and providing a stable environment to maintain cellular health and function during
recordings.

Na-HEPES 10

CaCl, 0.1
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Faraday Cage and Air/Anti-vibration table

Headstage controller
Computer with software

Micromanipulator

Amplifier

Perfusion system

Upright microscope
Objective lenses
Patch electrode

Recording chamber

Figure 2-5. Electrophysiology rig setup. These images highlight some of the important
components part of the standard whole-cell patch-clamp electrophysiology setup employed
in our laboratory. In the top image, the Faraday cage surrounds the entire setup shielding
sensitive electronic equipment from external electrical interference, ensuring accurate and
reliable recordings. The precise micromanipulator alloys the movement positions for
recording pipettes onto the cell of interest under the microscope. The main amplifier further
amplifies the signal from the headstage and filters out high-frequency noise, providing a clear
representation of the recorded membrane currents. The gravity-fed system continuously
delivers fresh extracellular solution to the recording chamber and washes away debris,
maintaining stable physiological environment for recordings. The figure below highlights the
upright microscope, the recording chamber where the coverslips are placed and the patch
electrode.
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Component Concentration (mM) Purpose
Mimics physiological ionic environment (high Na*
concentration in the extracellular milieu), providing
driving force for Na* influx.

Na* is the primary extracellular cationic charger
carrier, maintaining adequate current flow in the
bath and recorded cell, minimizing voltage artifacts.
Balances K* equilibrium potential (low K*

KClI 2.8 concentration).

Maintains cell survival and membrane stability.
Buffer that effectively maintains physiological pH
within the pipette and the cell, important for cell

NaCl 152

HEPES 10 . . .
survival during recordings.
Stabilizes membrane potential.
Supports sufficient extracellular Ca* for activation
of Ca**-dependent channels.

CaCl, 2 . .

Prevents saturating Ca* entry pathways at this

concentration.
Maintains Mg* physiological levels in the
MgCl, 1.5 extracellular space, facilitating cell health and
stability.

Energy source that promotes cell viability and

Glucose 10 ongoing cellular processes.

Maintains normal metabolic state for recorded cells.
pH 7.3, 320-330mOsm
Table 2-22. The standard extracellular solution. The specific extracellular solution
components provide a balanced environment for whole-cell patch-clamp recordings,
supporting cellular function and enabling accurate measurement of ionic currents. The
solution mimics physiological levels of key ionic concentrations enabling the study of various
ion channels and membrane excitability.
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Component Concentration (mM) Purpose
Maintains Na* gradient.
NaCl 122 Controls membrane potential, contributes to
action potential generation.
Blocks outward K* channels, including Kvs and Kv,
subfamilies, which contribute to Ik currents.
Although blocking K* channels, TEA exhibits
TEA-CI 30 affinity for different channel subtypes,
advantageous for studying specific Ik channel
populations within a cell by observing their
differential sensitivity to TEA.
Low K* concentration minimizes outward leak
currents, ensuring K* availability for essential
KCl 2.8 cellular functions.

Similar to normal extracellular solution, KCl
contributes to resting membrane potential.
Buffer that effectively maintains physiological pH
within the pipette and the cell, important for cell

HEPES 10 . . .
survival during recordings.
Stabilizes membrane potential.
Supports sufficient extracellular Ca* for activation
of Ca*-dependent channels.
CaCl, 2 U :
Prevents saturating Ca* entry pathways at this
concentration.
Maintains Mg* physiological levels in the
MgCl, 15 extracellular space, facilitating cell health and
stability.
Acts as non-competitive NMDA blocker.
Energy source that promotes cell viability and
Glucose 10 cellular processes.

Maintains normal metabolic state for recorded
cells.
pH 7.3, 320-330mOsm
Table 2-23. Irextracellular solution- equimolar substitution of NaCl with 30mM TEA. The table
highlights the components of the media, their concentration and their role. This modified
version of the extracellular solution with equimolar TEA substitution for NaCl offers a valuable
tool for selectively studying Ix currents from other channels. By reducing K* currents, TEA
allows the isolation and analysis of Ixchannels.
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2.4.6. Reagents used for patch-clamp electrophysiology recordings

All electrophysiology reagents used in this study for whole-cell patch-clamp recordings,
including for the preparation of extracellular and intracellular solutions, specific
antagonists and modulators for blocking or activating specificion channels, were prepared

using commercially available reagents from various vendors (Table 2-24).

Reagent Supplier Catalogue Number
KCl TCI Chemicals T447-40-7
D-(+)-Glucose Sigma-Aldrich G5767
HEPES Sigma-Aldrich H337
NacCl Sigma-Aldrich 793566
MgCl, SERVA 39772.02
cacl, Thermo S.cientific 163122

Solutions

K-Gluconate Sigma-Aldrich P1847
BaCl, J.T.Baker 0045
CsCl ACROS Organics 7647-17-8
Na-HEPES Sigma-Aldrich H3375
Sodium creatine
phosphate dibasic Sigma-Aldrich 27920
tetrahydrate
Mg-ATP Sigma-Aldrich A9187
Na-GTP Sigma-Aldrich G8877
Tetrodotoxin LKT Labs 18660-81-6
Citrate
CdCl, Jena Bioscience CSS-157
TEA-Cl Merck T2265
HC067047 Tocris 4100
Carbenoxolone )
(CBX) disodium Tocris 3069
Gapl9 Tocris 5353

Table 2-24. Electrophysiology reagents. The table includes information about all
electrophysiology reagents used in this study, the supplier from which these substances were
acquired and their catalogue number.
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2.5. Data and statistical analysis

Data are presented as mean + standard error of the mean (SEM). The number of
experimental replicates is indicated as ‘n’ and the number of de novo preparations of
batches from which n is obtained is called ‘N’. The decision to designate individual cells as
‘n’ and the number of experimental replicates as ‘N’ was driven by the aim to ensure that
any observed cellular phenotype in stem cell-derived material grown in vitro was not
attributed to potential ‘batch to batch’ variation. Alternatively, this approach aimed to
account for such variations detected, allowing more accurate interpretation of the effects
of any experimental intervention.

Data throughout the thesis is presented from individual cell lines to account for
variability, identify outliers and determine trends, enhancing transparency based on the
specific research questions investigated in this study and allowing more accurate
interpretation of the pathogenic disease mechanism underlying ALS/FTD.

Statistical analysis was calculated using Student’s t-tests (paired or unpaired),
ANOVA (one-way or two-way) on GraphPad Prism and specific post-hoc tests were used as

appropriate.

2.5.1. Rectification indices

lon channel rectification quantifies the directional bias of ion flux across the cell membrane.
This property is characterised by the rectification index (RI), calculated as the ratio of
outward to inward conductance at specific voltages. An Rl of 1 reflects no bias (Ohmic
behaviour), while values <1 or >1 denote inward or outward rectification, respectively. The

equation:

R] = /(6= Erev)
1/(124—Erey)’

Where I is the current amplitude and Erev is the reversal potential of currents investigated
at voltages favouring opposite current directions (inward current at 16mv; outward current
at 124mV). This ratio reflects the relative ease of ionic flow in each direction, providing a

guantitative measure of rectification.
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2.5.2. Liquid junction potential

All data presented includes liquid junction potential (LJP), unless otherwise stated. LJP
occurs when two solutions of different composition and concentration are in contact with

each other, and it is generated by the different flow of ions in the two solutions.
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3. CHAPTER 3: C90RF72%* medium spiny neurons
display hypoexcitability.

3.1. Introduction

The degeneration of motor neurons and neurons of the pre-frontal cortex and temporal
lobes are well-established key pathological hallmarks of FTD/ALS. In FTD, degeneration of
these areas leads to behavioural and cognitive deficits, with cognitive impairments
associated with FTD often additionally impacting ALS patients (Strong et al., 2017). These
impairments include mainly behavioural and/or dramatic personality changes like increase
in apathy, self-awareness deficits, loss of energy and motivation, language difficulties,
emotional withdrawal and executive function (Kumfor and Piguet, 2012, Adenzato et al.,
2010). However, such functions are not controlled solely by the pre-frontal cortex and
temporal regions. One area that appears to be overlooked in its role in FTD/ALS is the

striatum.

The striatum is the largest part of the basal ganglia and comprises two distinct regions: the
dorsal striatum (caudate and putamen) associated with sensorimotor functions, and
ventral striatum (nucleus accumbens) which is part of the limbic circuit, modulating
behaviour and memory (Alexander et al., 1986). The striatum is an important integrative
hub in the brain. Most striatal functions are mediated by inhibitory GABAergic medium-
spiny neurons (MSNs), which encompass 95% of neurons in the striatum (Graveland and
DiFiglia, 1985, Gerfen and Surmeier, 2011) with the remaining being interneurons (Tepper
and Bolam, 2004). MSNs in the dorsal part of the striatum receive information from
dopamine-producing neurons in substantia nigra pars compacta to program motor
movements, and encode cognitive behaviours (Tritsch and Sabatini, 2012), while another
set of dopaminergic neurons from the ventral tegmental area and prefrontal cortex
innervate the ventral striatum via the mesolimbic pathway to programme behaviours
(Patton et al., 2013), reward reinforcement (Delgado, 2007, Han et al., 2017, Sharot et al.,
2009) and decision-making (Hiebert et al., 2014). Excitatory glutamatergic neurons from the
cortex and thalamus project to the striatum from frontal and parietal association areas
through the dorsolateral prefrontal circuit (executive function), lateral orbitofrontal circuit
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(inhibition and impulses) and the anterior cingulate circuit (motivation) (Looi and
Walterfang, 2013, Alexander et al., 1986). Also, the amygdala receives inputs from the
thalamus and the sensory cortex and projects to the ventral tegmental area, prefrontal
cortex and ventral striatum to produce emotion-based behaviours (Phelps and LeDoux,
2005). These morphological arrangements offer the ventral striatum remarkable
importance as it regulates motivation, fear, emotional stability, cognition and other
cognitive functions (McGinty et al., 2013, Mavridis and Pyrgelis, 2022, Voorn et al., 2004,
Redgrave et al., 2010) and plays a central role in the mechanism of addiction (Volkow et al.,
2007, Mitchell et al., 2012). The ventral striatum was also associated with broader function
of assessing the value of different stimuli and actions, suggesting a crucial role not only in
experiencing reward, but also in guiding behaviour by assigning value to potential
outcomes (Paulietal., 2016). Strikingly, the cognitive roles of the striatum appear to overlap
with the cognitive impairments exhibited by FTD/ALS patients, therefore studying the
striatum is crucial to understand the disease.

Beyond these correlative observations, multiple lines of evidence implicate the
striatum in FTD, and many studies refer to FTD as a frontostriatal disorder (Bocchetta et al.,
2021a). Magnetic resonance imaging (MRI) scanning and voxel-based morphometry
correlate striatal dysfunction in FTD patients with apathy and response disinhibition (Moller
et al., 2015a, Rosen et al., 2005), binge eating (Perry et al., 2014, Woolley et al., 2007a), and
long-term memory deficits (Bertoux et al., 2018). Also, progressive atrophy in the ventral
striatum is evident in behavioural variant FTD (bvFTD) patients, with volumes ranging from
30% to 50% smaller compared to healthy control (Moéller et al., 2015a, Moller et al., 2015b,
Garibotto et al., 2011, Halabi et al., 2013, Landin-Romero et al., 2017). Given the striking
crossover of striatal roles in cognitive function, cognitive functions impacted in FTD and
evidence of striatal dysfunction in FTD patients, | believe that the striatum could be
implicated in FTD/ALS.

Anatomical pathology studies have identified frequent neuronal loss within the
striatum of patients with FTD/ALS. The loss of neurons in the nucleus accumbens, amongst
other areas in the limbic system was reported in ALS patients (Kato et al., 1994). Riku et al.
(2016) studied the striatal efferent system in post-mortem tissue revealing reduced striatal

MSNs in the caudate nucleus across all patients. ALS patients, notably, exhibited milder
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striatal loss compared to FTD patients. Immunohistochemical analysis of axon terminals
from striatal efferent neurons in the striatum revealed marked depletionin all FTD patients,
regardless of disease duration (Riku et al., 2016), suggesting that striatal loss is primarily
associated with FTD. Numerous neuroimaging studies also reveal the striatum appear to be
vulnerable in FTD/ALS. In vivo studies using MRI and diffusion tensor imaging have
consistently revealed striatal atrophy and altered diffusivity (volumetric changes) in ALS
patients, including patients harbouring the COORF72% mutation (Bede et al., 2013b, Lee and
Huang, 2017). These findings suggest microstructural changes within the striatum,
potentially contributing to the motor and cognitive deficits observed in FTD/ALS. MRI and
vertex analysis have demonstrated a strong correlation between striatal dysfunction and
the disruption of frontostriatal networks in COORF72% patients, potentially highlighting a
critical role of the striatum in FTD/ALS pathophysiology (Bede et al., 2013b, Bertoux et al.,
2015, Machts et al., 2015a). Striatal grey matter deficits have been described previously in
asymptomatic C9ORF72% cohorts (Lee et al., 2017b). The nucleus accumbens (ventral
striatum) specifically displays significant atrophy and pathological changes in FTD/ALS
patients (Taeetal., 2020, Bede et al., 2013b, Machts et al., 2015b). Interestingly, it is believed
that these alterations might precede the onset of neuropsychiatric symptoms commonly
associated with the FTD/ALS, such as apathy, executive dysfunction and social cognitive
impairments (Bede et al., 2013b). Collectively, the weight of evidence indicates that the
ventral striatum is a substrate in FTD/ALS and is primarily impacted in FTD cases (Méller et
al., 2015a, Garibotto et al., 2011, Halabi et al., 2013, Landin-Romero et al., 2017, Moéller et
al., 2015b, Bocchetta et al., 2021b). Interestingly, the striatum is a degenerative substrate
in other diseases, such as Huntington’s Disease (HD) (Waldvogel et al., 2015). However, HD
causes primary degeneration to the dorsal striatum (Rib et al., 2015) which is separated
from the ventral region by the internal capsule.

The presence of severe TDP-43 pathology, the hallmark pathology of bvFTD and ALS
(Kabashi et al., 2008, Sreedharan et al., 2008, Van Deerlin et al., 2008, Lee et al., 2017a), also
expands to the ventral striatum of FTD/ALS patients and is heavily present in MSNs in post-
mortem (Brettschneider et al., 2013). TDP-43 accumulations have been evident in axon
terminals of striatal neurons and their projections to substantia nigra and globus pallidus,

supporting the idea of neurotoxic inclusions extend to the targets of striatal neurons in
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FTD/ALS patients (Riku et al., 2016). These findings suggest a strong association between
the severity of striatal efferent system degeneration and pathology and the development
of clinical FTD. This implies that changes in the striatal MSN pathway may impact the

decline in socio-cognitive function observed in FTD/ALS patients.

Altered neuronal excitability is a well-established hallmark of the FTD/ALS disease
spectrum and can be detected in FTD/ALS patients before the onset of clinical symptoms
and any apparent degeneration (Benussi et al., 2016, Geevasinga et al., 2016b). These
perturbations are considered core contributors to disease pathogenesis either via neuronal
injury through excitotoxicity and/or reduced function by way of impaired
neurotransmission. To date, electrophysiological research has determined that both
cortical and motor neuron function in FTD/ALS are disturbed early in disease (reviewed in
(Pasniceanu et al., 2021)). Critically, the only current licensed treatment in the UK that
extends the life span of ALS patients also targets neuronal function(Bensimon et al., 1994,
Zoccolella et al., 2007). Beyond altered excitability being an important disease hallmark
that requires to be better understood, it also a tractable therapeutic target. One area that
requires to be better understood is our detailed understanding of neuronal dysfunction
that extends beyond cortical and motor neurons into other brain regions. Here | focus on

the striatum.

3.2. Hypothesis and aims of the study:
Given strong evidence of the loss-of-function phenotype described previously in the
striatum, evidenced by 1) the involvement of the ventral striatum in cognitive impairments,
strongly affected in FTD/ALS; 2) major atrophy of the ventral, not dorsal, striatum, in bvFTD
in MRI brain imaging (Bertoux et al., 2015); 3) major TDP-43 pathology in MSNs, the most
prominent neuronal population of the striatum (Brettschneider et al., 2013), and 4) that
altered neuronal excitability is a major contributor to FTD/ALS, | hypothesize that FTD/ALS
striatal MSNs display excitability impairments.

To address this hypothesis, | investigated neuronal function using patch-clamp

electrophysiology in in vitro human MSNs derived from FTD/ALS patient-iPSCs. The main
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aims were to a) derive enriched populations of striatal MSNs, from unaffected controls,
FTD/ALS patients harbouring C9ORF72%¢ mutation, the most common causal mutation
giving rise to FTD/ALS (DeJesus-Hernandez et al., 2011, Renton et al., 2011); b) characterise
the intrinsic electrophysiological excitability profile of striatal MSNs derived from

C9ORFT72% patients using whole-cell patch-clamp technique.

3.3. Methods

3.3.1. iPSC maintenance (As described in Methods Section 2.2.3)

3.3.2. MSN differentiation (As described in Methods Section 2.2.4 and 2.2.5)
3.3.3. ICC- MSN characterisation (As described in Methods Section 2.3)
3.3.4. Electrophysiology (As described in Methods Section 2.4)

3.4. Results
3.4.1. iPSCsfrom C9ORF72RE FTD/ALS patients and healthy controls were used to generate
MSN cultures.

This study derived in vitro MSNs from human iPSC lines that included two iPSC lines
previously reprogrammed from two unrelated healthy individuals (Con-1, Con-2), three
iPSC lines from FTD/ALS patients carrying the C9ORF72% mutation (C9-1, C9-2, C9-3) and
one gene-edited line was generated from C9-1 using CRISPR-Cas9 technology to remove the
GGGGCC repeat expansion mutation, named C9-Al. These iPSCs have been previously
characterised in previous publications (Castelli et al., 2021, Zhang et al., 2022b, Palminha
et al., 2022). Further details of the backgrounds of the patients from which the iPSCs have
been derived can be found in Methods section 2.2.3, Table 2-1.

To generate MSNs from iPSCs | used an established and previously reported
protocol (Lin et al., 2015), summarised in Figure 3-1. A full description of the protocol
employed to convert iPSCs to MSNs can be found in the section 2.2.4 and 2.2.5. However, in
summary, a dual SMAD inhibition protocol was employed to efficiently induce
neurogenesis. Neuronal progenitor cells (NPCs) were differentiated towards GABAergic
MSN progenitors using a cocktail of factors including BDNF, SHH and DKK-1. Subsequent
maturation into enriched populations of mature MSNs was achieved through BDNF

supplementation.
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Figure 3-1. GABAergic MSNs were generated from iPSCs. The protocol for generating
GABAergic MSNs included the differentiation of iPSCs derived from both healthy controls and
C90ORFT72%E patients, as detailed in the Methods chapter (Sections 2.2.4 and 2.2.5). Dual SMAD
inhibition was employed to trigger neural cell formation. A cocktail of BDNF, SHH and DKK-1
generated GABAergic MSN progenitors. BDNF treatment fostered their development into
mature MSNs. Timepoints mentioned throughout the thesis refer to period after neuronal
differentiation was initiated (Day 0 - 60). Figure created with BioRender.com.

3.4.2. Enriched populations of GABAergic MSNs were generated which present the

expected marker profile

To longitudinally characterize the cellular specification of the cultures, ICC was performed
at the NPC stage and at three subsequent timepoints throughout MSN differentiation (day
20,40 and 60). NPCs were characterised at day 2. At this stage, cells no longer exhibited the
characteristic rounded iPSC morphology and cells assembled into neural rosettes. Cultures
were highly enriched for NPCs as assessed by specific antibodies against Pax6, critical in
specifying neural lineage, promoting the renewal and self-differentiation of NPCs, and
Nestin, well-established marker for immature neural cells involved in the formation of
neuronal processes (Figure 3-2). At day 20, | observed neuronal-like morphology with 80%
of the cells immunopositive for B-1ll-tubulin, a well-characterized marker for early neuronal
differentiation (Mariani et al., 2015) and almost half of them expressed MAP2, a marker
typically associated with more mature neurons (Soltani et al., 2005). Negligible expression
(<5%) of Nestin and GFAP at day 20 revealed the successful neuronal differentiation and
that enriched neuronal populations were generated (Figure 3-3). At day 40, around the
same proportion of neurons expressed B-lll-tubulin (82%) and MAP2 (>50%). Importantly,
these cells now started to express DARPP32, a specific marker for MSNs in the striatum

(Ivkovic and Ehrlich, 1999). Over 66% of neurons exhibited DARRP32 at day 40 (Figure 3-4).
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At day 60, ICC confirmed the expression of neuronal markers - B-lll-tubulin, in over 85% of
cells, and MAP2, in 87% of cell populations. Striatal MSN marker, DARPP32 was expressed
in more than 77% of neuronal populations. Further, since GABA is the main
neurotransmitter in MSNs, ICC against GABA neurons and GABA transporter (vVGAT)
determined that above 81% of cells were GABAergic. Consistent differentiation efficiency of
cultures to DARPP32+ and GABA+ MSNs across all the lines employed was observed (Figure
3-5). Neuronal cell death was assessed using Caspase-3 (Figure 3-5F), a neuronal apoptotic
marker (Jelinek et al., 2015), and C9ORF72%¢ MSNs showed a modest, but insignificant,
increase in Caspase-3 staining compared to healthy and isogenic MSNs. However, overall
Caspase-3 staining was less than 10% of the cell culture and indicates that viability of MSNs

from all lines is maintained up to day 60.

DAPI Nestin Pax6 Merged

C91 Con-1

C9-A1

Figure 3-2. NPCs express specific markers (Paxé and Nestin). Representative images
highlighting the co-expression of Nestin and Pax6 in NPC at day 2 post neuronal induction.
Note the presence of neural rosettes, radially arranged groups of cells surrounding a central
lumen. Scale bar set to 50um.
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Figure 3-3. MSN progenitors express neuronal markers (f-1ll-tubulin and MAP2) at day 20.
A. Representative images highlighting the expression of MAP2, Nestin and DAPI. Scale bar set
to 50um. B,C,D,E. Graphs showing the mean + SEM percentage expression of [-lli-tubulin+,
MAP2+, GFAP+ and Nestin+ cells, respectively, in the cultures. Note that enriched neuronal
populations were generated. Note the lack of immunopositive GFAP+ and Nestin+ markers.
Data from individual de-novo preparations are depicted by circles inset into the bar graphs.
Data, f-lll-tubulin: Con-1, N=4; Con-2, N=4; C9-1, N=5; C9-2, N=5; C9-3, N=5, C9-A1, N=4; MAP2:
Con-1, N=2; Con-2, N=3; C9-1, N=4; C9-2, N=4; C9-3, N=3; C9-A1, N=2; GFAP: Con-1, N=4; Con-2,
N=2; C9-1, N=4; C9-2, N=3; C9-3, N=4; C9-A1, N=2; Nestin: Con-1, N=2; Con-2, N=3; C9-1, N=3; C9-
2, N=3; C9-3, N=4; C9-A1, N=4).
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Figure 3-4. Increased expression of DARPP32 at day 40. A. Representative images highlight
the expression of f-IlI-tubulin and DARPP32, specific MSN marker. Scale bar, 50um. B,C,D,E.
Graphs showing the mean + SEM percentage expression of f-ll-tubulin+, MAP2+, DARPP32+
and GFAP+ cells, respectively, in the cultures. Note enriched DARPP32+ neuronal populations
were generated. Data, fllI-tubulin: Con-1, N=4; Con-2, N=3; C9-1, N=3; C9-2, N=3; C9-3, N=4,
C9-A1, N=2; MAP2: Con-1, N=2; Con-2, N=1; C9-1, N=2; C9-2, N=2; C9-3, N=1; C9-A1, N=1;
DARRP32: Con-1, N=3; Con-2, N=2; C9-1, N=3; C9-2, N=3; C9-3, N=2; C9-A1, N=1; GFAP: Con-1,
N=2; Con-2, N=1; C9-1, N=2; C9-2, N=3; C9-3, N=2; C9-A1, N=1.
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Figure 3-5. Enriched populations of GABA-ergic MSNs were generated at day 60. A.
Representative images highlight the expression of f-lll-tubulin and DARPP32, j-1lI-tubulin and
GABA, GABA alone, and vGAT and MAP2 in day 60 Con-1, C9-1 and C9-A1 MSNs. Scale bar set to
50um. B,C,D,E,F. Graphs showing mean +SEM percentage expression of f-llI-tubulin+, MAP2+,
DARPP32+ and GABA+ cells, respectively, at day 60. Note enriched DARPP32+, GABA+ neuronal
populations were generated. Note that representative images and quantification data
generated by Dr Cleide DS Souza were added to my own data sets. Data, f-IlI-tubulin: Con-1,
N=7; Con-2, N=3; C9-1, N=5; C9-2, N=7; C9-3, N=7, C9-A1, N=4; MAP2: Con-1, N=4; Con-2, N=3; C9-
1, N=3; C9-2, N=5; C9-3, N=5; C9-A1, N=3; DARRP32: Con-1, N=5; Con-2, N=3; C9-1, N=4; C9-2,
N=5; C9-3, N=5; C9-A1, N=4; GABA: Con-1, N=5; Con-2, N=3; C9-1, N=3; C9-2, N=5; C9-3, N=5; C9-
Al, N=3; Caspase-3: Con-1, N=5; Con-2, N=3; C9-1, N=4; C9-2, N=5; C9-3, N=5; C9-A1, N=2.

3.4.3. C90RF72%= MSNs display hypoexcitability

To characterise the excitability of MSNs | performed whole-cell patch-clamp
electrophysiology in the current-clamp configuration. Specifically, | measured the intrinsic
excitability of MSNs, which relates to their inherent ability to generate action potentials in
response to stimulation. It encompasses the neuron's membrane properties, including ion
channel composition and distribution, membrane potential dynamics, and firing threshold
independent of extrinsic influence, such as neurotransmitters. To measure this | therefore
performed recordings utilising a cocktail of synaptic transmitter blockers including 6-
Cyano-T7-nitroquinoxaline-2,3-dione (CNQX, 5 uM), a potent antagonist of glutamate-gated
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, D(-)-2-Amino-7-
phosphonoheptanoic acid (AP-5, 50 uM), a selective antagonist of N-Methyl-D-aspartic acid
(NMDA) receptors, and picrotoxin (PTX, 50 uM) a competitive antagonist of gamma-
aminobutyric acid type A (GABA4) receptors. Whole-cell patch-clamp recordings were
performed at a holding potential of -74mV (a value that is corrected for liquid junction
potential error offset) and sequential current injections ranging from -20 to +50 pA were
applied to evoke voltage responses from individual MSNs. Individual MSNs were
investigated at day 20, 40 and 60 post-neuronal differentiation. Representative voltage
responses for individual MSNs from each line investigated across days 20, 40 and 60 are
shown in Figure 3-6. Due to time constraints, longitudinal comparisons were limited to one
control (Con-1), one C9ORF72%€ MSN (C9-1), and its matched isogenic control (C9-Al). This

analysis provided valuable insights into electrophysiological changes over time.
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Figure 3-6. Representative AP traces of whole-cell current clamp recordings reveal a loss-of-
function phenotype in C9ORF72% MSNs. Recordings were made from individual MSNs at
timepoints day 20, 40 and 60 post neuronal differentiation for healthy control lines (blue),
C9ORF72% MSNs (grey) and the isogenic control line, C9-A 1 (purple). The matrix format
displays responses to sequential 500ms current injections from -20pA to 50pA in 10pA
increments from a holding potential of -74mV (including liquid junction potential correction
[-14mV]).
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Depolarising current injections were observed to evoke action potential activity in most
cells. The C9-1 line was observed to evoke less APs compared to Con-1 and C9-Al line at day
20 and 40. Further, the comparison of representative traces at day 60 for all control lines
used in this study (Con-1, Con-2) and all C9ORF72% MSNs (C9-1, C9-2, C9-3) reveal an
apparent difference in voltage responses in the latter, evidenced by weaker AP firing. C9-1
was compared to its matched isogenic control, C9-Al, at day 60 and appeared to evoke less
APs. C9ORF72Rt MSNs lines therefore appeared hypoexcitable.

To characterise this more formally, | detailed the action potential properties in
greater detail. In response to the current injection protocol, MSNs displayed three distinct
response behaviours: multiple APs (>2), single AP and no response (Figure 3-7TA). An AP was
defined as a voltage response exceeded 0 mV. At day 20, 30% of control Con-1 MSNs fired
no APs, 20% fired one AP, and 50% fired multiple APs. This progressively shifted with culture
time with all lines exhibiting multiple APs firing by day 60 (Figure 3-7B), demonstrating
progressive maturation of intrinsic excitability (Le Cann et al., 2021). C9ORF72%¢ MSNs
showed an increase in multiple AP firing with maturation (27% at day 20 to 60% at day 60).
However, it did not reach the same levels as the control and a larger proportion of
C9ORF72% MSNs consistently fired only one AP (47% at day 20, 33% at day 60; Figure 3-7B).
Contrastingly, the isogenic control, C9-Al, largely mirrored control Con-1 MSN
development, suggesting that the CO9ORF72% directly impacts MSN excitability (Figure
3-7B). To verify this finding, | extended my data set to include more iPSC lines derived from
more healthy individuals and C9ORF72% patients and examined them at day 60. MSNs
derived from two healthy individual iPSC lines (Con-1, Con-2) exhibited only multiple APs,
while the C9ORF72% patient-derived MSN lines (C9-1, C9-2, C9-3) exhibited diverse firing
patterns in response to current injection. The majority of C9ORF72%¢ MSN cells (> 58% of
cells) showed multiple APs, while the rest exhibited either single or no APs (Figure 3-7C).
The isogenic C9-Al line demonstrated an increase in AP firing compared to C9-1 (Figure
3-7D). These data provided indication of a compromised intrinsic excitability profile in
C9ORF72% MSNs compared to healthy controls that further suggests an impaired ability to
fire APs.
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Figure 3-7. Decreased firing capability in GABAergic MSNs. A. Example traces of the three
categories of action potential firing observed; no response (no bona fide AP that either did not
reach threshold or cross 0 mV), single AP or multiple APs. B. Percentage of cells exhibiting each
firing category throughout the course of differentiation at day 20, 40 and 60 for Con-1, C9-1
and C9-A1 MSNs. Note the increase in activity over time for each lines indicating neuronal
maturation. Note the lower overall activity of C9-1 with time versus Con-1 and C9-Al. C.
Percentage of total cells showing firing patterns at day 60. Note the lower overall activity of
all C90RF72%E MSNs compared to healthy controls. D. Comparison at day 60 between C9-1 and
its matched isogenic line C9-Al. Note the lower overall activity in C9-1 compared to C9-AL.
Data: Con-1, day 20, n=14, N=7; day 40, n=19, N=6; day 60, n=16, N=5; C9-1, day 20, n=29, N=8;
day 40, n=24, N=6; day 60, n=24, N=6; C9-A1, day 20, n=18, N=5; day 40, n=13, N=4; day 60, n=9,
N=4; Con-2, day 60, n=11,N=4; C9-2, day 60, n=16, N=4; C9-3, n=18, N=4..
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To investigate a potential reduction in capability of C9ORF72%¢ MSNs to fire APs, |
next examined the ability of MSNs to respond to depolarising current stimulation (500ms)
from 0 pAto 50 pAin 5 pAincrements. Specifically, the AP number, if any, was measured for
each current stimulation and plotted. Initially, plots for Con-1, C9-1 and C9-Al1 were
obtained at day 20, 40 and 60 to investigate the shift in responsiveness of MSNs over time
(Figure 3-8A,B,C). The Con-1 line showed a statistically significant (F(10, 367)=324.7,
p<0.0001, Two-way ANOVA) increase in AP firing to current stimulation as maturation
progresses from 20 to 60 days, demonstrating normal development of intrinsic excitability
(Figure 3-8A). However, whilst AP firing increased significantly (F(10,595)=154.5, p<0.0001,
Two-way ANOVA) with time from day 20 to 60, C9-1 cells maintained low AP firing number
to current stimulation regardless of maturation stage (Figure 3-8B). Notably, the C9-A1 data
revealed a significant (F(10, 303)=221.8, p<0.0001, Two-way ANOVA) increase in AP number
to current stimulation over time, resembling the behaviour of Con-1 line (Figure 3-8C). Full
statistical analysis (Sidak’s multiple comparison test) can be found in Appendix 1. MSNs
derived from C9-1 patient iPSCs show a hypoexcitable phenotype.

To validate these findings, | extended my analysis to additional cell lines at day 60.
Both Con-1 and Con-2 lines displayed equivalent AP number profiles in response current
injection (p=0.99, Two-way ANOVA, Sidak’s multiple comparison test available in Appendix
2). These cells consistently fired multiple action potentials across the current injection
protocol, indicating robust intrinsic excitability. In contrast, all three C9ORF72% MSN lines
(C9-1, C9-2, C9-3) showed significant (F(70, 1165)= 24.81, p<0.0001, Two-way ANOVA,
Sidak’s multiple comparison results available in Appendix 2.) reductions in AP number
elicited by current stimulation compared to controls (Figure 3-8D). Further, | compared the
gene-edited isogenic line C9-Al to C9-1. C9-A1 MSNs lacking the C9ORF72%¢ mutation
displayed a significantly improved excitability profile compared to C9-1 (F(10, 238)= 135.0,
p<0.0001,Two-way ANOVA, Sidak’s multiple comparison analysis detailed in Appendix 3).
The C9-A1 MSNs fired significantly more APs across the whole current injection protocol,
indicating a restored intrinsic excitability (Figure 3-8E). These data show that COORF72%¢

MSNs demonstrate intrinsic hypoexcitability.
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Figure 3-8. C9ORF72%* MSNs are less responsive to depolarization. Figure caption on the
next page.
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Figure 3-8. C9ORF72% MSNs are less responsive to depolarization. A, B and C. The mean +
SEM AP number in response to increasing current stimulation for days 20, 40 and 60 are
presented for Con-1 (blue), C9-1 (grey) and C9-A1 (purple), respectively. Note the impaired
responsiveness of AP generation in C9-1 from Day 20 to day 60 compared to Con-1 and C9-Al.
D. Graph illustrates comparison between all three C9ORF72% lines (C9-1, C9-2, C9-3, grey) and
control lines (Con-1 and Con-2, blue) at day 60. AP generation is impaired in all COORF72%¢
lines. E. The mean + SEM AP number against current stimulation plot of C9-1 and its matched
isogenic line C9-A1 at day 60 shows C9-1 is impaired. Statistical analysis was determined using
Two-tailed ANOVA with Sidak’s multiple comparison test (****, p<0001). Data: Con-1, day 20,
n=14, N=7: day 40, n=19, N=6; day 60, n=16, N=5; C9-1, day 20, n=29, N=8; day 40, n=24, N=6;
day 60, n=24, N=6; C9-A1, day 20, n=18, N=5; day 40, n=13, N=4; day 60, n=9, N=4; Con-2, day
60, n=11,N=4; C9-2, day 60, n=16, N=4; C9-3, n=18, N=4.

To further explore the intrinsic excitability properties of iPSC-derived MSNs | also measured
the passive membrane properties of individual MSNs. The resting membrane potential
(RMP), whole-cell capacitance (WCC) and input resistance (Ri,) are important parameters in
membrane physiology, reflecting the overall developmental status, viability and
excitability of the cell’s membrane. RMP is crucial for the regulation of cell excitability. The
RMP arises from a dynamic equilibrium between ion concentrations and selective
permeability of the cell membrane. This potential difference is maintained by ion pumps
like Na*/K*-ATPase, which actively use ATP to establish appropriate Na*/K* concentration
gradients. In essence, the RMP reflects proper cellular function and establishes the
foundation for the generation of APs, which underlie neuronal excitability. RMP was
measured by placing the patch-clamp amplifier so that it was not introducing any current
(I =0), therefore allowing the MSN to dictate its natural RMP. The RMP was measured for
Con-1,C9-1 and C9-A1 at day 20, 40 and 60. Unlike, AP number vs current stimulation, these
longitudinal analyses revealed no significant changes (p>0.8, One-way ANOVA) with time
foreach line (Figure 3-9A). Both Con-1 and Con-2 were compared to all three C9ORF72"F MSN
lines at day 60 (Figure 3-9B). Only one significant difference was observed between Con-2
and C9-1 in terms of RMP (p=0.0019, One-way ANOVA), but it was not consistent across all
the lines. No statistical differences (p=0.3210, Student’s t-test) were observed when
comparing C9-1 and C9-A1 (Figure 3-9C). The RMPs measured for all the lines lie within the
expected range for in vitro iPSC-derived MSNs (Le Cann et al., 2021). These data indicate

that the RMP of MSNs remained stable across conditions and timepoints, suggesting that
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the loss-of-function phenotype observed in terms of AP number is not linked to the overall
health and RMP of MSNs. These data are consistent with the other markers of viability
(Caspase-3) described previously (Figure 3-5F).

The cell membrane’s phospholipid bilayer acts as a capacitator. The WCC is directly
proportional to cell surface area and makes the WCC a tool for estimating cell size and is a
key marker of health and integrity of the cell membrane. The longitudinal analysis showed
a consistentincrease in WCCin all lines across maturation, as expected (Gertler et al., 2008),
revealing healthy membrane development (Figure 3-9D,E,F). Only C9-1 showed statistically
different values between day 20, 40 and 60 (day 20 vs day 40, p=0.0179; day 20 vs day 60,
p=0.0001; One-way ANOVA, Figure 3-9D), suggesting the development of the WCC maybe
more advanced in C9-1. However, comparative analysis of WCC at day 60 between
C9ORF72% MSNs (C9-1, C9-2, C9-3) and control (Con-1, Con-2) lines showed one significant
difference between Con-1 and C9-1 (p=0.0498, One-way ANOVA), but further data from
other lines, including C9-1 and C9-A1 were not impacted. These data indicate that the
development of WCC across all lines was not impacted.

The Ri, reflects the membrane’s opposition to the flow of ions via channels and
pumps. Higher Ri, generally indicate less conductive membranes, leading to increased
excitability as smaller current can induce larger potential changes. Conversely, lower Ri,
suggests greater membrane conductance, potentially damping excitability. Ri» can also
reflect the morphology of the cell. Larger cells or processes with higher surface area (higher
WCC) tend to have lower Rin, while smaller neurons or processes with limited surface area
(lower WCC) exhibit higher Ri, values. The Ri, was established from the mean passive
membrane current amplitude generated at a -20pA current injection to minimize
(depolarising) voltage-gated channel activation and isolate passive membrane properties.
The Rinwas measured for Con-1 and C9-1 revealed consistent values across from day 20 to
60, but a significant decrease from day 20 to day 60 (p=0.0468, One-way ANOVA) was
observed in C9-Al (Figure 3-9G), which correlates with an increase in WCC at day 60.
Comparison of both controls (Con-1, Con-2) and C9ORF72%* MSNs revealed no consistent
changes at day 60 (Figure 3-91). Same behavioural was observed between C9-1 and C9-Al
(Figure 3-9J). Immature neurons are known to display high values of Ri,that decrease as

they reach mature developmental stages (Mongiat et al., 2009). My data confirms this
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Figure 3-9. Intrinsic membrane properties of COORF72% MSNs are not impacted. A. Mean +
SEM RMP data for Con-1, C9-1 and C9-A1 for days 20, 40 and 60. Data from individual cells are
depicted by circles inset into the bar graphs. B. Mean +SEM RMP data for Con-1, Con-2, C9-1,
C9-2 and C9-3 for day 60. C. Mean +SEM RMP data for C9-1 and respective C9-A1 for day 60.
Note that no consistent changes in RMP are observed. D, E and F. As in A, B, and C, respectively,
but for whole-cell capacitance (WCC). Note increasing WCC trend with maturation, as
expected, in all lines. G, H and I. As in A, B, and C, respectively, but for membrane input
resistance (Rin). Statistical analysis was determined by using One-way ANOVA or Student’s t-
test (*, p<0.05; **, p<0.01; ****, p<0.0001). Data: Con-1, day 20, n=14, N=7; day 40, n=19, N=6;
day 60, n=16, N=5; C9-1, day 20, =29, N=8; day 40, n=24, N=6; day 60, n=24, N=6; C9-A1, day 20,
n=18, N=5; day 40, n=13, N=4; day 60, n=9, N=4; Con-2, day 60, n=11,N=4; C9-2, day 60, n=16,
N=4; C9-3, n=18, N=4.



maturation feature, and the significant changes observed are unlikely to contribute to the
loss-of-function phenotype observed in C9ORF72f¢ MSNs. Overall, these observations
suggest that the passive membrane properties remain largely unaltered in COORF72%¢ MSNs
compared to healthy and isogenic controls, suggesting that the hypoexcitability phenotype
observed in terms of their AP number is not due to altered passive membrane properties.
Furthermore, given that passive membrane properties are linked MSN development; we
can rule out that C9ORF72% MSNs are hypoexcitable due to them being more immature.
Collectively, the data presented so far are indicative that C9ORF72% MSNs may exhibit
hypoexcitability due to altered induced AP properties, i.e., basal excitability appears

unimpacted.

Action potential waveforms form the fundamental basis for neuronal firing and feature
distinct phases, which are orchestrated by numerous voltage-gated ion channels and
transporters. A summary of the different waveform phases is provided in Figure 3-10A. The
waveform of MSNs was investigated for each line over day 20, 40 and 60 by investigating the
first AP elicited by a 30 pA depolarising current injection. This 30 pA current depolarisation
elicited APs in most cells (Con-1, day 20: 71%, day 40: 89%, day 60: 92%; C9-1, day 20: 60%,
day 40: 70%, day 60: 68%; C9-A1, day 20: 100%, day 40: 92%, day 60: 100%). Non-responder
cells were not used for this analysis. The waveform was taken up to 15 ms before and after
the peak amplitude was determined. Each plot was aligned to point at which it crossed 0
mV. The mean AP waveform (bold trace; Figure 3-10B,C,D) was determined from individual
recordings from the Con-1 and C9-Al lines (Figure 3-10B,C,D). Longitudinal analysis of the
Con-1, C9-1 and its matched isogenic line C9-Al revealed progressively sharper and higher
amplitude values over time in accordance with an expected maturation of the AP waveform
over time (Lam et al., 2017). However, the AP waveform for the C9-1 line, best observed at
day 60, shows a reduced amplitude and a ‘stunted’ appearance compared to Con-1 and C9-
Al. The C9-1 AP waveform appears disturbed and because AP waveforms directly underpin

neuronal excitability, likely underpin the hypoexcitability in COORF72%¢ MSNs.
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Figure 3-10. C9ORF72%t MSNs show impaired AP waveform. Caption on the next page.
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Figure 3-10. COORF72%¢ MSNs show impaired AP waveform. A. Schematic representation of
the stages of the action potential waveform. 1. Local potential depolarisation. 2.
Depolarization: opening of voltage-gated Na* channels. 3. Repolarization: closure of voltage-
gated Na*channels and opening of voltage-gated K* channels. 4. Hyperpolarization: voltage-
gated K" channels remain open after the potential reaches resting level. The schematic also
shows the potentials at rest (Viest), threshold (Vines), peak amplitude (Vmax) and repolarization
(Vrepo). B,C and D. The first AP evoked by 30 pA current injection was extracted from all
recordings performed for Con-1 (blue), C9-1 (black) and C9-Al (purple). The mean AP
waveform for each group of recordings are shown in the bold colour, while individual AP traces
are in a lighter colour shade (Con-1, day 20: n = 14, day 40: n =17, day 60: n = 12; C9-1, day 20:
n =18, day 40: n =17, day 60: n = 17; C9-A1, day 20: n = 15, day 40: n = 17, day 60: n = 9). The
traces are aligned to 0 mV-crossing time. Note the increase in ‘sharpness’ (dV/dt) and
amplitude (Vo) of the AP waveform for each line, as expected of maturation. Note the C9-1
waveform exhibits reduced ‘sharpness’ compared to Con-1 and C9-AL.

To explore the waveform perturbations in COORF72% MSNs, | conducted more detailed AP
waveform analysis. First, | investigated the AP recruitment current; the minimum current
depolarisation required to evoke an AP. Altered recruitment current can indicate altered
excitability. When comparing the lines longitudinally, there is a trend for each line for the
recruitment current to increase, though no significant differences were identified between
the time points for the Con-1, C9-1 and C9-A1 MSNs (p>0.99, One-way ANOVA; Figure 3-11A).
Comparison of the recruitment current between the control and C9ORF72% MSNs at day 60
showed no significant differences (p>0.063, One-way ANOVA; Figure 3-11B), nor between
the C9-1 line and isogenic control, C9-Al (p=0.219, Student’s t-test; Figure 3-11C).
C9ORF72%= MSNs hypoexcitability appears not to be explained by altered recruitment
current.

The recruitment current data suggests that AP threshold is unlikely to be impacted,
i.e.achangeinrecruitment current can reflect an altered threshold of AP initiation. To verify
this, | examined the first AP of the rheobasic current for Con-1, C9-1 and C9-A1 MSNs from
day 20 to 60. For C9-1, the threshold potential revealed one statistically significant change
from day 20 to day 60 (p=0.0423, One-way ANOVA), becoming more hyperpolarised with
time. However, the change in threshold is modest and doesn’t appear to be majorly
different from other lines. To compare between lines, | examined the threshold at day 60

and found that only a single significant difference was identified between Con-1 and C9-3
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Figure 3-11. Altered AP properties are observed in C9ORF72% MSN. Caption on the next

page.
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Figure 3-11. Altered AP properties are observed in C9ORF72% MSN. A, Mean + SEM
recruitment current data for Con-1, C9-1 and C9-A1 for days 20, 40 and 60. Data from individual
cells are depicted by circles inset into the bar graphs. B. Mean + SEM recruitment current data
for Con-1, Con-2, C9-1, C9-2 and C9-3 for day 60. C. Mean #+SEM recruitment current data for
C9-1 and respective C9-A1 for day 60. D, E and F, As for A, B and C, but for AP threshold
potential. G, H and I, As for A, B and C, but for AP amplitude. J, K and L, As for A, B and C, but
for AP AHP. Note the modest depolarisation of the AHP in COORF72% MSN lines versus controls
and C9-Al lines. M, N and O, As for A, B and C, but for AP half-width. Note the slower half-width
of C9ORF72%¢ MSN lines versus controls and isogenic line. Statistical significance was
determined using One-way ANOVA or Student’s t-test (*, p<0.05; **, p<0.01; ***, p<0.001). Data:
Con-1, day 20, n=14, N=7; day 40, n=19, N=6; day 60, n=16, N=5; C9-1, day 20, n=29, N=8; day 40,
n=24, N=6; day 60, n=24, N=6; C9-A1, day 20, n=18, N=5; day 40, n=13, N=4; day 60, n=9, N=4;
Con-2, day 60, n=11,N=4; C9-2, day 60, n=16, N=4; C9-3, =18, N=4.

(p=0.0404, One-way ANOVA; Figure 3-11C). The data remained non-significantly different
across all other comparisons between lines. Threshold data align with the rheobase data,
suggesting that alterations in AP threshold are unlikely to underpin the hypoexcitability in
C90ORFT72% MSNs.

Next, | investigated the AP amplitude (Vmax- Vinres), Which forms a key determinant of
excitability, i.e. the greater the amplitude the greater the depolarization of the MSN
membrane. | observed a gradual increase in AP amplitude from day 20 to 60 in Con-1, C9-1
and C9-Al (Figure 3-11G), which is expected with maturation (Lam et al., 2017). However, it
is clear that the C9-1 line appears to have reduced AP amplitude. | therefore extended the
amplitude dataset at day 60 to compare between other lines. Control line Con-2, but not
Con-1, exhibited significantly higher AP amplitude compared to two C9ORF72%¢ MSN lines
(Con-2vs C9-1, p=0.0216; Con2 vs C9-3, p=0.0291, One-way ANOVA,; Figure 3-11E). At day 60,
| found statistically higher (p=0.0344, Student’s t-test) amplitudes in C9-A1 compared to C9-
1 line. The data appear consistent with a modest reduction in AP amplitude in C9ORF72"¢
MSNs, however this cannot explain the hypoexcitability displayed by COORF72R MSNs.

The afterhyperpolarization (AHP) is the hyperpolarizing phase of the AP when the
neuron’s membrane potential falls below the standard RMP (Vrepol). | examined the AHP from
day 20 to day 60 for the Con-1, C9-1 and C9-A1 MSNs and each line showed a more
hyperpolarising trend, significantly changed in Con-1 MSNs (Day 20 vs Day 60, p=0.0488; Day
40 vs day 60, p= 0.0134, One-way ANOVA; Figure 3-11J) as expected as the MSNs become

more mature (Larsson, 2013). Comparative analysis at day 60 across all lines shows the AHP
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data reveals more hyperpolarizing values in Con-2 compared to all C9ORF72% MSNs (Con-2
vs C9-1, p=0.0030; Con-2 vs C9-2, p=0.0373, Con-2 vs C9-3, p=0.0006, One-way ANOVA, Figure
3-11K). Con-1 MSNs were also significantly different to C9-1 (One-way ANOVA; Figure 3-11K).
Furthermore, a statistically significant change (p=0.0376, Student’s t-test) was observed
between C9-1 and C9-Al (Figure 3-11L). Whilst the data values are relatively modest, the
AHP appears to be more depolarised in COORF72% MSNs suggesting impaired repolarization
dynamics. Similar to amplitude, this AP feature is not consistent across all lines, but could
be suggested to contribute to the observed phenotype, but not substantial enough to
explain the hypoexcitability in COORF72%¢ MSNs.

The speed of the AP was next investigated by measuring the AP half-width. The half-
width was defined as the time interval (measured in ms) between the upstroke and
downstroke of the AP at half its defined amplitude. Physiologically, the half-width shortens
as the cells become more mature (Le Cann et al., 2021), which was observed to be a trend
in the longitudinal analysis from day 20 to 60 in Con-1 and C9-1 MSNs and significantly in
C9-A1 MSNs (p=0.0493, One-way ANOVA,; Figure 3-10M). However, the longitudinal decrease
in half-width in C9-1 MSNs appears to be notably altered. To explore this further,
comparative analysis at day 60 between all lines demonstrated that the half-width was
approximately double that in C9ORF72% MSNs versus control lines and significant in the
majority of the comparisons (Con-1vs C9-1, p=0.0033; Con-2 vs C9-1, p=0.0003; Con-2 vs C9-
2, p=0.0300; Con-2 vs C9-3, p=0.0200, One-way ANOVA; Figure 3-10N). Further, a statistically
shorter half-width was evidenced in C9-A1 MSNs when compared to the C9-1 line (p=0.0186,
Student’s t-test; Figure 3-100) that is comparable to control lines. Importantly, these
findings suggest a significantly longer-lasting action potentials in COORF72 MSNs at day 60

compared to healthy controls.

Since the AP waveform half-width is impaired in C9ORF72% MSNs, | generated phase plots
from the mean AP waveforms in Figure 3-10B,C,D to depict the rate of change in membrane
potential (dV/dt) against the membrane potential of the cell (V). As illustrated in Figure
3-12A, the phase plot allows a greater resolution of waveform dynamics, particularly that of

the AP upstroke (depolarisation) and downstroke (repolarisation), which determine the AP
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Figure 3-12. Phase plot analysis of AP waveforms shows disturbed CI9ORF72%* MSN
waveforms. A. Schematic showing the distinct phase plot components corresponding to the
AP waveform components, as highlighted in Figure 3-10, including Viest (RMP), Vinres (threshold
membrane potential), Vme (maximal voltage peak of AP or amplitude), Viepor (repolarization
potential or AHP). B. The mean AP waveforms presented in Figure 3-10 were taken and
replotted according to the rate of membrane potential change (dV/dt) versus membrane
potential (V) for Con-1, C9-1 and C9-A1 MSNs at day 20, 40 and 60. Note the progressive
impairment in the ‘shape’ of the C9-1 AP waveform over time, and that this is notably impacted
in the depolarisation and repolarisation phases.
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half-width properties. Phase plots were constructed for Con-1, C9-1 and C9-A1 MSNs for day
20,40 and 60 (Figure 3-12B), which reveals C9-1 AP waveforms to be substantially disturbed
from that Con-1 and C9-Al. Specifically, both the depolarisation and repolarisation slopes
show marked disturbance as time progresses. Because the depolarisation phase is
controlled by voltage-gated Na* (Na,) channels, these data indicate Na, function is
disturbed either by impairments in function and/or by having a different cellular position in
C90ORFT72%E MSNs versus Con-1 and C9-Al. Equally, the repolarisation phase is controlled by
voltage-gated K* (K,) channels, and the disturbance in C9ORF72% MSNs indicates either a
disturbed in function and/or positioning in the MSN. The data further show that the Con-1
and C9-Al are largely similar, particularly at day 40, indicating that the waveform
disturbances are unlikely to be substantially impacted by line-dependent mechanisms. Day
60 C9-A1 MSNs show a modest deviation away from that of Con-1 in terms of kinetics but
are clearly disparate from that of C9-1. | also note that the phase plots are in agreement
with the raw waveform properties in indicating that the AP threshold (Vines) is notimpacted,
and, amplitude and AHP (Viepo)) appear to be modestly disturbed in C9-1 versus Con-1 and
C9-Al. These data are highly consistent with ion channel (Na, and K, channels) disturbances
that control the depolarisation and repolarisation phases as being disturbed in COORF72%
MSNSs.

The depolarisation phase is controlled by Na, channels; therefore, | used protocols
(Livesey et al., 2016) to directly investigate Na, activity. To do this, | examined MSNs in the
whole-cell voltage-clamp configuration, which allows the MSN to be kept at constant
voltage (-70 mV, not including LJP). To activate Na, channels, | performed a substantial
depolarising voltage-step protocol to 0 mV (detailed in Figure 3-13A) to activate Na,
channels. To isolate Na, channel-specific activity | then repeated the experiment in the
presence of maximally effective concentration of tetrodotoxin (TTX, 300nM), a selective Na,
channel blocker. The TTX-sensitive current was subtracted from the initial evoked current
to yield the TTX-(Nay)-specific current. Experiments were performed in the presence of
synaptic blockers, as described for APs. Evoked Na, currents were fast-activating and de-
activating, as expected (Figure 3-13B,C,D). Three recordings were taken for each MSN and

averaged to obtain individual MSN current data. To examine the functional expression of
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Figure 3-13. Voltage-gated Na*-channel current density measurements are consistent in
MSNs. A. A two-step depolarizing protocol was utilised to isolate Na, channel activity. First,
the Na, channels were activated via a depolarization step of the membrane potential from a
holding potential of -70mV to OmV (activation). The same step was repeated in the presence
of TTX, a specific Na, channel blocker. The TTX-sensitive current was yielded by subtracting
the current response in the absence of TTX from the TTX-containing trace, to yield TTX-
sensitive Na, channel activity. B,C,D. Representative traces at day 60 were selected to
highlight each step of the protocol for each line investigated, Con-1 (blue), C9-1 (black) and
C9-Al (purple). Current amplitudes were determined from the peak of the Na, -sensitive
deflections. E. Mean +SEM Na, current density of Con-1, C9-1 and C9-A1 MSNs over days 20, 40
and 60. F. Mean #SEM Na, current density of Con-1, C9-1, C9-2 MSNs at day 60. G. As in F, for
C9-1 and C9-1S0. Statistical significance was tested using One-way ANOVA or Student’s t-test.
Data: Con-1, day 20, n=4, N=3; day 40, n=10, N=3; day 60, n=4, N=1; C9-1, day 20, n=11, N=4; day
40, n=9, N=3; day 60, n=8, N=3; C9-A1, day 20, n=14, N=4; day 40, n=5, N=2; day 60, n=3, N=1; C9-
2, day 60, n=4,N=1.

Na, channels | measured the current density, which normalises for differences in WCC
between individual MSNs. This is determined by the current measurement divided by WCC
for each MSN. Longitudinal analysis did not reveal significant differences in the peak Na,
current density across timepoints across any of the lines (Con-1, C9-1 and C9-A1) on days
20,40 and 60, suggesting stable Na,-channel expression over time. Comparative analysis of
Na, current density at day 60 between lines revealed that no significant (p = 0.4, One-way
ANOVA and Student’s t-test; Figure 3-13F,G) and no consistent changes in current density
between MSNs derived from different lines. These data are consistent with the fact that the
depolarising phase disturbance is unlikely to be caused by reduced total functional Na,
expression.

Next, to investigate the repolarisation phase disturbance, | examined the properties
of K, channels, which control the repolarisation phase. Two key types of K, channels
determine the repolarisation phase; A-type K channels (la) rapidly activate upon
depolarisation and contribute to the initial, fast repolarization phase, shaping the AP
duration and influencing subsequent AHP. Outwardly rectifying K* channels (I) slowly
activate upon depolarisation and contribute to the sustained and slow repolarization
following the rapid drop mediated by I channels. Although they activate slower than I, they
maintain K* efflux and stabilize the membrane potential towards resting state, influencing

the total AP duration. | investigated the properties of these K, channels.
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Figure 3-14. A-type (I,) voltage-gated K* channel activity is not impaired. Caption on the
next page.

102



Figure 3-14. A-type (l.) voltage-gated K* channel activity is not impaired. A. A two-step
depolarizing protocol was utilised to isolate I, channel activity. First, the current was stepped
from -70 mV to -100 mV for 500 ms to ‘prime’ the I,-type K,channels. Then stepped to +35 mV
for 400 ms ensuring a robust activation of I.. To isolate I, I» channels were inactivated by
stepping the membrane potential to -20 mV for 500 ms before stepping to +35 mV for 400 ms.
The inactivated I, current was subtracted from the activation current to yield the isolated I,
current. B,C,D. Representative traces at day 60 were selected to highlight each step of the
protocol for each line investigated, Con-1 (blue), C9-1 (black) and C9-Al (purple). Current
amplitudes were determined from the peak of the I,-sensitive currents. E, Mean + SEM I,
current density of Con-1, C9-1 and C9-A1 MSNs over days 20, 40 and 60. F. Mean +SEM I, current
density of Con-1, C9-1, C9-2 MSNs at day 60. G. As in F, for C9-1 and C9-A1. Statistical analysis
was determined by using One-way ANOVA or Student’s t-test (**, p<0.01). Data: Con-1, day 20,
n=4, N=2; day 40, n=14, N=6; day 60, n=6, N=2; C9-1, day 20, n=17, N=5; day 40, n=13, N=5; day
60, n=13, N=4; C9-A1, day 20, n=8, N=3; day 40, n=6, N=2; day 60, n=4, N=2; C9-2, day 60,
n=4,N=1.

To investigate |4, | used a voltage-step protocol (Livesey et al., 2016); summarised in
Figure 3-14A) that introduced a 500 ms hyperpolarizing pulse (-100mV) from a holding
potential of -70 mV to facilitate complete recovery of l,-channels from inactivation,
followed by a 400 ms depolarising pulse to +35mV to activate them (activation). To isolate
I currents, another protocol used a -20mV conditioning pulse to inactivate la-type K,
current, which takes advantage of the rapid inactivation kinetics. The I--mediated current
was isolated by subtracting the inactivated-l. current from the initial evoked voltage-step
current protocol. TTX and CdCl, were present in the solution to block Na, channels and
voltage-gated Ca* channels (Ca?** modulates I4), respectively, ensuring the isolation of Ia-
channel activity. Ia current amplitude was determined by taking the peak current amplitude
and the current density determined, as described previously. Current density
measurements revealed a trending gradual increase in I channel density from day 20 to
day 60in Con-1and C9-A1 MSNs, and significantly in C9-1 MSNs (p=0.0014, One-way ANOVA;
Figure 3-14), suggesting progressive maturation of the repolarization mechanism.
Comparative analysis between lines at day 60 revealed the Ix channel current density was
statistically indistinguishable between all lines investigated and no differences were
observed. These data are not consistent with impaired functional |, expression driving the
altered repolarisation phase in C9ORF72% MSNs.

Next | investigated I function. To isolate Ik currents, | used an established voltage-

clamp protocol (Livesey et al., 2016) that stepped from -70 mV to +30 mV to activate the
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Figure 3-15. Delayed outwardly rectifying K* channel (Ix) current density is altered in
CI9ORFT72%F MSNs. A. A two-step depolarizing protocol was utilised to isolate Ix channel
activity. First, the Ix channels were activated via a depolarization step of the membrane
potential from a holding potential of -70mV to + 30mV (activation). The same step was
repeated in the presence of TEA (30 mM). The TEA-sensitive current was yielded by subtracting
the current response in the absence of TEA from the TEA-containing trace, to yield TEA-
sensitive Ik channel activity. B,C, D. Representative traces at day 40 were selected to highlight
each step of the protocol for each line investigated, Con-1 (blue), C9-1 (black) and C9-A1
(purple). Current amplitudes were determined from the peak of the IK-sensitive deflections. E.
Mean #+ SEM Ik current density of Con-1, C9-1 and C9-Al at day 40. Note increase in C9-1 Ix
current density compared to C9-Al. Statistical analysis was assessed Student’s t-test (**,
p<0.001). Data: Con-1, n=12, N=3; C9-1, n=11, N=2; C9-A1, n=6, N=2.



voltage-gated Ik channels. Then | performed this protocol in the presence of tetraethyl
ammonium (TEA, 30 mM), which blocks I« channels. | subtracted the TEA-blocked current
from the activation current to yield the TEA-sensitive current (Figure 3-15). This was
performed in the presence of TTX to block Na, channels. Peak current amplitude was
measured at 225ms after protocol initiation for analysis and the current density was
determined as described previously. At day 40, C9-1 MSNs displayed a trend towards
decreased Ik current density compared to Con-1 MSNs and a significant difference in Ik
current density was observed between C9-1 and C9-A1 (p=0.0063, Student’s t-test; Figure
3-15E). These findings collectively suggest altered functional Ik-channel expression in C9-1
compared to Con-1 and C9-Al. While the observed changes require further investigation at
day 60, they indicate dysregulation of I« in the context of COORF72% which may contribute
to the observed hypoexcitability profile of COORF72* MSNs.

3.5. Discussion

Here | exploited the tractability of induced pluripotent human stem cell technology and
whole-cell patch-clamp electrophysiology to study the excitability of in vitro medium spiny
neurons (MSNs) derived from C9ORF72% patients. | demonstrated that C9ORF72% MSNs
become progressively more hypoexcitable with time (from day 20 - day 60), whilst
maintaining viability, compared to control MSNs and an isogenic control line. All COORF72%¢
MSNs derived from all patients (C9-1, C9-2, C9-3) displayed a consistently lower AP number
against current injection at day 60 compared to both control MSNs (Con-1 and Con-2).
Collectively, these data indicate that C9ORF72%¢ MSN hypoexcitability is a persistent and
progressive feature in our in vitro system and precedes degeneration. Our experimental
assays using an isogenic line (C9-Al) gives further confidence that hypoexcitability is being
driven by the C9ORF72R mutation. The limited level of cell death observed in the C9ORF72R¢
MSNs aligns with the recognition that neuronal dysfunction often precedes neuronal death
in FTD/ALS (lwai et al., 2016), where neurophysiological impairments are considered
hallmarks of the disease, contributing to pathological mechanisms and symptoms even
before overt neuronal loss. It is expected that prolonged incubation time would lead to

neuronal cell death. However, in my study, | focused on the importance of neuronal
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dysfunction as an early marker of disease progression. It is also important to note that
neuronal cell death can be influenced by cell autonomous and non-cell autonomous
mechanisms that are not fully recapitulated fully in this in vitro model. My data indicates
that C9ORF72%F MSNs hypoexcitability is a persistent and progressive feature in this in vitro
model and precedes neurodegeneration.

These data broaden our knowledge of the impact of FTD/ALS mutations upon
neuronal excitability, providing the first direct electrophysiological evidence of impaired
function in other regional-specific neurons beyond the cortex and spinal cord. These
functional data provide additional support to the emerging research that other brain
regions are involved in the pathophysiology of FTD/ALS, particularly that of the striatum.
These data provide strong supportive evidence for observation of prominent frontostriatal
dysfunction in FTD/ALS in neuroimaging studies (Moller et al., 2015a, Moller et al., 2015b,
Rosen et al., 2005, Garibotto et al., 2011, Halabi et al., 2013, Landin-Romero et al., 2017),
which suggest a loss-of-function within these networks. Here, this study shows a loss-of-
function in the form of hypoexcitability in MSNs, the most prominent neuronal type in the
striatum. Specifically, MSNs are GABA-ergic, and | propose that MSN hypoexcitability is
consistent with a reduction of GABAergic inhibition at striatal MSN projection targets,
including the basal ganglia’s output nuclei, specifically the substantia nigra pars reticulata
(SN,r) and globus pallidus externus (GP.). Because these output nuclei are excitatory and
project to the prefrontal cortex (Lanciego et al., 2012), | hypothesise that with less GABA
inhibition, the SN, and GP. become more active and send excessive excitatory signals to
their targets in the prefrontal cortex, possibly contributing to increased overall excitation
in the prefrontal cortex of FTD/ALS patients. This increased excitation may manifest in the
cognitive disturbances presented by FTD/ALS patients and furthermore, contribute to the
process of neuronal injury and loss via excitotoxicity.

Investigation into the source of the hypoexcitability indicated that the passive
membrane properties (RMP, Ri, and WCC) were not associated to the generation of
hypoexcitability. However, using such measurements as proxy indicators of neuronal
development and maturation, these data broadly indicated C9ORF72% MSNs matured
equivalently with respect to the healthy and isogenic control data sets. The hypoexcitability

phenotype observed in COORF72% MSNs is therefore not due to an impaired maturation. |
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investigated the action potentials in greater detail. Through assessment of the AP
waveform, | discovered that COORF72%¢ MSNs hypoexcitability manifests in the evoked AP
waveform properties, predominately in the half-width, and thus a slowing of the waveform.
Supporting this, | observed that the phase plots highlighted that the depolarising and
repolarising phase of the C9ORF72% MSNs action potentials were impacted, indicating
potential functional impairment in ion channels that control these aspects of the action
potential. Minor reductions in AP amplitude and modestly more depolarised AHP, which
were consistent with hypoexcitability, were also observed in C9ORF72% MSNs. However,
these are unlikely to solely account for the hypoexcitability phenotype in C9ORF72R¢ MSNs.

Impaired excitability in MSNs can disrupt information coding within the
frontostriatal circuitry in several ways. Beyond a slower action potential waveform being
highly compatible with reduced excitability, physiologically altered APs waveforms have
considerable implications for both neuronal and circuit function. The conversion of
synaptic transmission to action potential driven activity is likely impaired, particularly for
high fidelity signalling, i.e., hypoexcitable MSNs are unable to process rapid synaptic input
into high fidelity action potential firing (Gjorgjieva et al., 2014). Importantly, MSNs are
known to mediate high fidelity signalling which is thought to drive specific cognitive
behaviours (Tritsch and Sabatini, 2012). Further, impaired high-fidelity transmission can
lead to imprecise pre-synaptic release, in addition to a reduction of GABA release. Studies
in multiple system atrophy suggest a potential feedback loop caused by hypoexcitability
and downregulation of both GABA, and GABAs receptors in patient MSNs (Henkel et al.,
2023). Altered postsynaptic responsiveness due to reduced functional GABAx receptor
signalling could disinhibit presynaptic terminals, leading to altered glutamate release and
downregulation of GABAg receptors that could further disrupt presynaptic terminal
excitability (Henkel et al., 2023). This disrupted striatal balance may contribute to cognitive
dysfunction (Jiménez-Balado and Eich, 2021).

Because the waveform analysis suggested ion channel dysfunction, | further
investigated the ion channel profile of MSNs by analysing voltage-gated Na* channels (Na,)
expression, transient K* (1) current density and delayed outwardly rectifying K channels (lx).
Notably the data demonstrate that COORF72%¢ MSNs express lower Ixcurrent densities when

compared to the isogenic and healthy control MSNs, indicating a reduced function of Ik
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channels. Critically, Ik channels contribute to the later stages of repolarization phase of the
AP. However, no significant changes were detected in functional I expression, which
controls the fast component of the repolarisation phase, across timepoints between
healthy and isogenic controls and CO9ORF72% MSNs and are unlikely to be a contributing
factor to the hypoexcitability of COORF72% MSNSs. Strikingly, pharmacological blockade of I«
channels using tetra-ethyl ammonium (TEA), thus mimicking a reduction in Ix function, is
long established to pro-long and slow the AP waveform (Hille, 1978). Importantly, acute
block of the Ik mediated current is associate with increased neuronal excitability (Tasaki
and Hagiwar, 1957). However, chronic blockade with TEA is associated with reduced
intrinsic excitability (Dirkx et al., 2020), which is more consistent with the observation of
hypoexcitability in C9ORF72% MSNs and a reduction in Ix channels. Interestingly, reduced
MRNA levels of KNCA1 and KNCA2 encoding Kv1.1 and Ky1.2 were reported in spinal motor
neurons of ALS patients (Jiang et al., 2005). Further, mSOD1 ALS iPSC-derived motor
neurons have been found to have a reduction in delayed rectifier K* currents (Wainger et al.,
2014), analogous to the observation made in C9ORF72%¢ MSNs. However, quite different to
what is observed and proposed in my study, it proposed that this change in Ik currents in
MNs contributes to hyperexcitability (Wainger et al., 2014), a hallmark feature of the
locomotor circuit in early disease (reviewed in (Pasniceanu et al., 2021)). Further, loss of
function mutations to Ik channel subunits (e.g., Kv1.1, Kv1.2, K\7.2, Ky7.3; reviewed in (Gao
et al,, 2022)) are linked to epilepsy, neurologic disease characterised by hyperexcitability
and seizures (Greene and Hoshi, 2017). In this regard, Ezogabine (also known as retigabine)
is an anti-convulsant drug used to treat seizures, pharmacologically reduces
hyperexcitability in ALS MNs by activating Kv7.2 channel, a delayed rectifier channel
(Wainger et al., 2021, Wainger et al., 2014). These strongly indicates that the lower
expression of Ik channels contributes to hyperexcitability in MNs. Whilst Ix appears to be
lower in ALS MNs and MSNs, there is an apparent contradiction in that lower Ix appears to
cause an increase in excitability in ALS MNs, but a reduction in C9ORF72%¢ MSNs.

This potentially could be explained by the site and composition of the axon initial
segment (AIS). The AIS has the remarkable capacity of regulating neuronal excitability by
changing its length and diameter- a homeostatic mechanism that helps maintain balanced

network activity by either dampening or enhancing intrinsic excitability (Kuba et al., 2010,
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Evans et al., 2015, Jamann et al., 2021, Galliano et al., 2021). The AIS is a specialized
microdomain located at the proximal interface between the axon and the cell body,
responsible for initiating and shaping APs. The AlS is characterized by a high density of Na,
and K, channels, that are anchored to the membrane by a cytoskeletal arrangement of
scaffolding proteins, among these, ankyrin-G. Experimental and computational studies
illustrated that the length and diameter of the AIS are important for Nay activation,
therefore impacting on the depolarization phase of the AP depolarization (Kole et al., 2008,
Kuba et al., 2010, Gulledge and Bravo, 2016, Goethals and Brette, 2020). While my data
revealed no significant changes in functional Nay channel expression across timepoints in
C90ORF72% MSNs compared to controls, the impaired depolarization phase of the AP
waveform suggests altered AIS dynamics may be at play. AIS disturbances are a major
feature of numerous neurological diseases (Nascimento et al., 2022, Smolin et al., 2012,
Page et al., 2022a, Kaphzan et al., 2011, Booker et al., 2020) and have been reported in ALS
and FTD (Harley et al., 2023, Sasaki and Maruyama, 1992, Bonnevie et al., 2020, Sohn et al.,
2019). In light of these findings, | highlight that the chronic pharmacological block of Ik
channels such as Ky7.2 induces a compensatory distal shift of the AIS and a relocation away
from the soma to reduce firing excitability (Lezmy et al., 2017). Therefore, the most
parsimonious explanation for the data in my study is that the observed reduction in Ik in
C90ORF72% MSNs may be a reflection of more distally located Ik channels, due to an
abnormal physiological AIS state. Critically, this change in AIS dynamics may reflect the
converging hypothesis that axonal biology is heavily disrupted in ALS, including the fact
that many ALS-causing mutations are related to axon trafficking (Coleman, 2022, Zhang et
al., 2022b). It is therefore possible that these processes impact Ik channels in ALS, but do so
in a manner that is dependent upon the identity of the neuron.

This study presented some limitations, such as the sex ratio of the COORF72%¢ MSNs
samples due to limited availability of female samples. While this study provides valuable
insights into the impact of COORF72% mutation on neuronal excitability in male individuals,
itis crucial to recognise the potential sex-specific differences in the disease progression and
underlying mechanisms. Given the disparity in ALS prevalence between men and women
(Dharmadasa et al., 2022), future research should prioritize the inclusion of female-derived

C90ORF72*=MSNs to comprehensively understand the full spectrum of FTD/ALS.
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3.6. Conclusions

In conclusion, | provide novel electrophysiological evidence of impaired function in the
striatum of ALS patients, evidenced by progressive hypoexcitability in COORF72% MSNs with
a slowed AP waveform, particularly during repolarization. C9ORF72%¢ MSNs exhibit a
reduction in Ix channel current density compared to controls. These findings reveal that the
C90ORF72% mutation disrupts ion channel function, particularly Ik channels. This
dysregulation may be linked to alterations in the AIS, potentially contributing to the
observed changes in AP waveform and hypoexcitability in C9ORF72%¢ MSNs. Here | have
discussed my core findings and | discuss the translational implications and opportunities

for future study in the Chapter 6.
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4. CHAPTER 4: In vitro astrocytes derived from
CI9ORF72R* patients display enhanced membrane
currents

4.1. Introduction

Motor and cortical neuron degeneration remain the defining disease hallmarks of ALS and
FTD. Though, itis now understood that ALS/FTD has a broad impact on the nervous system
and other neuronal subtypes and glial cells, particularly astrocytes, have been found to
significantly contribute to the disease pathology. Indeed, the previous Results chapter has
detailed a novel impairment in C9ORF72¢ patient iPSC-derived striatal neurons. Here, | now
focus on C9ORF727F astrocytes.

Astrocytes are the most abundant glial cell type population in the nervous system,
constituting 20-40% of the glial population (Allen and Lyons, 2018, Verkhratsky and
Nedergaard, 2018). They possess remarkable functional complexity, providing neurons
with trophic support, play key roles in modulating their function, maintain optimal CNS
environment homeostasis through the regulation of the blood-brain-barrier (BBB), water
flux, ion and pH homeostasis, and removal of reactive oxygen species (ROS). Moreover, they
play important roles inimmunity and inflammation, as they secrete cytokines, phagocytize
and facilitate border formation after injury (Verkhratsky et al., 2019).

Astrocytes extend their terminal processes called perisynaptic astrocytic processes
(PAPs) that wrap around the synaptic cleft, forming the tripartite synapse. Remarkably,
estimates suggest that half of all synapses are enwrapped by these astrocytic processes
(Verkhratsky et al., 2019), which tightly regulate the extracellular space surrounding
synapses and play key roles in modulating neurotransmitter signalling and synaptic
plasticity. For example, astrocytes uptake and recycle neurotransmitters, such as
glutamate (Araque et al., 2014), thus preventing neurotransmitter accumulation, which can
otherwise have the potential to lead to glutamate-mediated excitotoxicity, which is a key
pathogenic mechanism for numerous brain conditions, including ALS and FTD (Allen and
Eroglu, 2017).

Further, astrocytes have a fundamental role to maintain ion homeostasis within the

nervous system (Walz, 2000). A critical role is their ability to regulate the K* concentration
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surrounding the extracellular space of neurons via a multitude of ion channels and
transporters that are selective for K* permeation (Walz, 2000), thereby both
accommodating and maintaining the ability of neurons to fire action potentials. This ‘K*
syphoning’ mechanism is critical to the functioning of the nervous system and is part of the
‘glial syncytium,’ involving large, networks of glia, including oligodendrocytes that spans
from the neuronal-glial interface to the endothelial cells of blood vessels (Allen and Lyons,
2018). Beyond ion homeostasis, astrocytes also closely regulate osmosis via aquaporin-4
(AQP4) water channels, actively participating in the removal of excess fluid and metabolic

water products (Verkhratsky et al., 2019).

Beyond their supportive role to neurons, it is established that astrocytes play a pathogenic
role in ALS disease progression. Astrocytes undergo major pathological changes leading to
astrogliosis and, instead of being supportive, drive non-cell autonomous toxicity towards
MNs, contributing significantly to MN dysfunction and loss.

In ALS, astrocyte morphology undergoes significant ‘hallmark’ alterations, as
evidenced in ALS post-mortem, transgenic ALS models (Peng et al., 2020, Rossi et al., 2008)
and in vitro human models of ALS (Haidet-Phillips et al., 2011). Hypertrophy, where
astrocytes become enlarged, and become more proliferative are typical abnormalities
reported by such studies (Gomes et al., 2020, Lino et al., 2002). ALS astrocytes also appear
to notably shift towards a more reactive-like astrogliosis state characterised by increased
expression of glial fibrillary acidic protein (GFAP), a marker of astrocyte (Guttenplan et al.,
2020, Benninger et al., 2016, Gatto et al., 2021). Reactive astrocyte states are typically
associated with pathogenicimpacts (Escartin et al.,2021). Importantly, many of these traits
appear before the disease symptoms manifestation and MN degeneration (Howland et al.,
2002), however, many of the aforementioned hallmarks appear specific to the symptomatic
stages of disease (Diaz-Amarilla et al., 2011, Haidet-Phillips et al., 2011, Qian et al., 2017).
Pre-symptomatic stages of disease are conversely associated with a loss of GFAP and
reduced proliferative capacity (Gomes et al., 2019, Gomes et al., 2020). Additional to these
changes, astrocytes have also been shown evidence of pathological inclusions such as TDP-
43 inclusions in the cytoplasm and processes (Nishihira et al., 2008, Cooper-Knock et al.,

2012, Peng et al., 2020, Velebit et al., 2020), FUS inclusions in the cytoplasm and nucleus
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(Kia et al., 2018), SOD1 nuclear accumulation in the ventral horn of spinal cord (Nagai et al.,
2007, Yamanaka et al., 2008, Guttenplan et al., 2020), C9ORF72 repeat expansion-mediated
generation of DPRs and RNA foci (Zhao et al., 2020, Varcianna et al., 2019). Collectively,
these studies highlight considerable pathological changes across the disease course of ALS
to astrocytes, which remain to be fully understood.

The non-cell autonomous role of ALS astrocytes to MNs is established (Taha et al.,
2022, Van Harten et al., 2021). A seminal study by Nagai et al., (2007) performed in vitro co-
culture experiments using mouse embryonic stem cell-derived motor neurons and purified
astrocytes obtained from a transgenic mouse expressing the human mutant SOD1
demonstrated that ALS astrocytes have a considerable toxic influence on motor neuron
viability (Nagai et al., 2007). In vitro experiments demonstrating astrocyte toxicity to MNs
have been conducted in the context of other ALS genetic impairments, including sporadic
ALS and C9ORF72%, TDP-43, and FUS mutations, using both transgenic mouse and patient-
derived motor neurons and astrocytes (Nagai et al., 2007, Di Giorgio et al., 2007, Bilsland et
al., 2008, Ferraiuolo et al., 2011, Phatnani et al., 2013, Kia et al., 2018, Provenzano et al.,
2022, Meyer et al., 2014, Gatto et al., 2021, Haidet-Phillips et al., 2011, Re et al., 2014). ALS
astrocyte-mediated motor neuron toxicity is therefore a broad spectrum. Critically, this
toxic effect appears to be selective to MNs, as co-cultures with other neuronal populations,
such as cortical neurons, GABAergic interneurons or dorsal root ganglia neurons, have not
shown similar cell death (Di Giorgio et al., 2008, Haidet-Phillips et al., 2011, Nagai et al.,
2007, Re et al., 2014). To understand the impact of ALS astrocytes in disease progression,
conditional removal of SOD1 mutation from astrocytes of SOD1%** ALS mouse model slows
disease progression but does not impact on disease onset (Yamanaka et al., 2008).
However, the deletion of mutant SOD1 from the SOD1%°* mouse model delays onset and
progression (Lino et al., 2002, Wang et al., 2011). Moreover, chimeric SOD1°**mouse model
that are mixtures of normal and SOD1 mutant-expressing cells, toxicity to motor neurons is
shown to require damage from mutant SOD1 acting within non-neuronal cells and extend
the survival of SOD1 MNs (Clement et al., 2003). It is clear that ALS astrocytes advance
disease progression after the onset of symptomatic disease. However, critically there is
important debate and open questions regarding the early role of astrocytes in the initiation

of disease.
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Given this role of astrocytes in ALS, there has been intensive research into the
mechanisms by which ALS astrocytes impact toxicity to MNs. These can be classified into
two mechanistic areas; loss-of-supportive function and gain-of-toxic function.

ALS leads to compromised, astrocyte loss-of-function preventing their specific roles
that are considered critical for nervous system homeostasis. Astrocyte processes that
extend into the synapse express the glutamate transporter EAAT2/GLT1, which provides a
key regulatory mechanism for the uptake of neurotransmitter glutamate (Zhou and
Danbolt, 2013). Astrocyte EAAT2/GLT1 expression is long established to be reduced in ALS
(Bruijn et al., 1997, Rosenblum and Trotti, 2017), leading to elevated synaptic glutamate
levels and subsequent glutamate-gated receptor ion channel-mediated excitotoxicity, a
key mechanism of motor neuron injury and death in ALS (Van Den Bosch et al., 2006).
Astrocytes critically support neurons metabolically by providing essential energy
substrates, such as lactate, derived from glucose metabolism (Allen and Barres, 2009).
Metabolic dysfunction in ALS involves diminished astrocytic intracellular and extracellular
lactate levels, attributed to downregulation of Slc16a4 and decreased NAD+ levels,
depriving MNs of essential energy substrates (Ferraiuolo et al., 2011, Madji Hounoum et al.,
2017). Additionally, decreased adenosine deaminase (ADA) activity contributes to
compromised purine metabolism, further reducing astrocytic bioenergetic output (Allen et
al., 2019a). Astrocytes support neurons via by releasing a complex mixture of factors that
influencing neuronal survival and function (Allen and Barres, 2009). For example,
dysfunctional astrocyte secretome exacerbates neuronal damage through increased
oxidative stress from impaired secretion of antioxidants (Birger et al., 2019, Cassina et al.,
2008). Further, loss of miRNA vesicle formation in ALS astrocytes disrupts miRNA-mediated
modulation of neuronal survival and differentiation, with specific miRNAs like miR-494-3p
implicated in MN survival and neurite maturation (Varcianna et al., 2019). Overall, these
mechanisms highlight the multifaceted role of astrocyte dysfunction in ALS pathogenesis,
involving excitotoxicity, metabolic disruption, and impaired secretion of neuroprotective
factors.

Beyond their diminishing supportive role, ALS astrocytes acquire pathogenic
properties towards MNs, characterised broadly by 'gain-of-function' mechanisms. Seminal

experiments demonstrated that ALS astrocyte-conditioned medium was sufficient to cause
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MN toxicity, indicating that astrocytes release soluble toxic factors (Nagai et al., 2007, Di
Giorgio et al., 2008). Numerous toxic factors have been proposed to be released by
astrocytes. Consistent with a reactive-like state, ALS astrocytes release of pro-inflammatory
cytokines such as TNF-a, IL-6, IL-13 and upregulation of these genes have been reported in
both fALS and sALS patients (Di Giorgio et al., 2008, Haidet-Phillips et al., 2011). FUS-ALS
astrocytes release TNF-a, which partially mediates their toxic effects on motor neurons (Kia
et al., 2018). Interestingly, knockout of these pro-inflammatory cytokines (TNF-a, IL-1a)
was found to significantly delay the death of motor neurons in SOD1%%** mice (Guttenplan
et al., 2020). Coupled with the loss of the healthy metabolic status of ALS astrocytes, ALS
astrocytes are proposed to contribute to neurotoxicity via dysregulation of ATP signalling,
leading to increased production of ROS, exacerbating oxidative stress within their
microenvironment and contributing to neuronal injury and loss (Birger et al., 2019, Cassina
etal., 2008). Astrocytes possess the ability to store and release polyphosphate, which serves
various essential functions in cells including acting as a phosphate reserve for energy
metabolism (Arredondo et al., 2022). Excessive secretion of polyphosphate by in vitro SOD1,
TARDBP and C90ORF72%E ALS astrocytes dysregulates neuronal excitability by modulating
ion channels, leading to excessive calcium influx and ultimately excitotoxic cell death in
MNs independent of glutamate levels (Arredondo et al., 2022).

Extracellular vesicles, particularly exosomes, released by astrocytes play key roles
in the transport of various biomolecules such as proteins, lipids, and nucleic acids, allowing
astrocytes to modulate neuronal function, synaptic activity, and neuroinflammatory
responses (Upadhya et al., 2020). Exosomes, containing toxic agents such microRNA-
containing extracellular vesicles, derived from C9ORF72% ALS astrocytes conditioned
medium exhibit toxicity towards healthy MNs (Varcianna et al., 2019). Interestingly,
exosomes released by ALS astrocytes also allow transmission of ALS-associated
proteinopathy. Recent work showed C9ORF72% ALS astrocytes promote propagation of
DPRs (poly-GA) to neurons (Marchi et al., 2022). Autophagy plays an important role in
regulating inflammation and autophagy regulation in astrocytes can regulate neuronal
viability after harmful stimuli (Ortiz-Rodriguez and Arevalo, 2020). Astrocyte-induced
autophagy in ALS causes accumulation of an autophagy receptor protein, P62, indicating

impaired autophagic flux, a concomitant increase in expression of SOD1 and decreasing the
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viability of motor neurons (Madill et al., 2017). In summary astrocytes, acquire a gain-of-
function role by mediating the generation of agents that are toxic to MNs.

Importantly, astrocytes can actively uptake the microRNA miR-218, leading to
downregulation of the astrocytic glutamate transporter EAAT2 (Hoye et al., 2018). This
reduction in EAAT2 expression, observed in ALS post-mortem brain tissue, is linked to
neuronal excitotoxicity. Overexpressing EAAT2 in SOD1%"* mice has protective effects
against glutamate-induced cytotoxicity and delays disease progression. These findings
suggest a neurotoxic feedback loop, wherein ALS astrocytes contribute to motor neuron
death, and dying motor neurons release factors that further exacerbate astrocytic
dysfunction, ultimately contributing to disease progression.

Though astrocytes undergo a significant loss of supportive functions and, in certain
scenarios, exhibit a toxic gain-of-function leading to adverse effects on MNs and the
development of a disease-specific astrocytic phenotype, the precise mechanisms
governing this transition from a neuro-supportive to a pathogenic role remain, overall,
poorly understood. Given that many of the supportive and pathogenic roles of ALS
astrocyte involve membrane physiology, i.e., loss of function of specific physiological
functions (e.g., EAAT2/GLT2 reduction) or that toxic agents must pass through the
membrane to MNs, this shift is likely to involve alterations in astrocyte cell membrane

function.

4.2. Hypothesis and aims of the study:
The astrocyte cell membrane is a crucial interface through which astrocytes mediate their
physiological roles, containing a myriad of receptors, transporters and channels that
enable neuronal-astrocytic signalling, including metabolic support, ion homeostasis,
neurotrophic factor provision, neurotransmitter modulation, and participation in
neuroinflammatory processes (Verkhratsky et al., 2019). Many of these key processes are
implicated in the pathogenic mechanisms of non-cell autonomous astrocyte-mediated MN
toxicity.

Hypothesis: | hypothesize that astrocyte function may be linked to alterations in the

astrocytic membrane, potentially impacting ion channel activity and signalling pathways.
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Electrophysiological impairments in astrocyte membrane physiology have not been
investigated previously in the context of ALS. Electrophysiological analysis offers a
powerful tool to characterise the membrane physiology in detail (Methods Section 2.4). This
aspect of the project therefore aims to characterize the astrocyte membrane current in
C9ORF72% ALS astrocytes using voltage-clamp patch-clamp electrophysiology to better
understand the underlying mechanism mediating astrocytic dysfunction and identify

potential targets that could restore a supportive astrocytic environment for MNs in ALS.

4.3. Methods

The Methods employed in this Chapter are described in the following sections:

4.3.1. Direct conversion of fibroblast to iINPC (As described in Methods Section 2.2.8)
4.3.2. Differentiation of iNPCs to iNPC-astrocytes (iAstrocytes; As described in Methods
Section 2.2.9)

4.3.3. ICC - iAstrocyte characterisation (As described in Methods Section 2.3)

4.3.4. Electrophysiology (As described in Methods Section 2.4)

4.4. Results

4.4.1. Directly differentiating iAstrocytes from C9ORF72% ALS patients

To study the electrophysiological properties of in vitro human astrocytes, a previous
protocol was employed enabling the generation of astrocytes derived from induced
neuronal progenitor cells (INPCs), which were directly converted from fibroblasts obtained
from ALS patients and healthy individuals (Meyer et al., 2014). This protocol is summarised
in Figure 4-1A and described in detail in Methods section 2.2.9. For this chapter, | have
generated astrocytes from fibroblasts obtained from two healthy individuals (Con-1, 30-35
years old female; Con-2, 40 years old male) and two ALS patients that harbour the
C90ORF72% mutation (C9-1, 49 years old male; C9-2, 66 years old male). Full patient details
can be found in Table 2-13 of the Methods. It is important to distinguish that the patients
denoted in this chapter as Con-1, Con-2, C9-1 and C9-2 are different to those from which
patient-derived MSNs have been generated (Chapter 3). iNPC-derived astrocytes

(iAstrocytes) were differentiated for 7 and 14 days, as detailed in Figure 4-1A. Previously,
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Figure 4-1. iAstrocytes were generated from fibroblasts via a direct reprogramming
protocol and express specific astrocytic markers at day 7. Caption on the next page.
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Figure 4-1. iAstrocytes were generated from fibroblasts via a direct reprogramming
protocol and express specific astrocytic markers at day 7. A. A multi-step direct
reprogramming protocol for generating mature iAstrocytes included the isolation, culturing
and exposure of donor fibroblasts to a cocktail of transcription factors (Oct4, Sox2, KIf4, c-Myc)
and growth factors (FGF2, EGF and heparin) to induce differentiation to neuronal progenitor
cells (iNPCs). iINPCs were exposed to DMEM, FBS and N-2 to differentiate to astrocytes and
promote glial morphology and functionality. For electrophysiological recordings at day 7 or
14, iAstrocytes were replated onto Therminox coverslips at day 5 or 7, respectively. Media was
changed every 72 hours. B. Figure depicts iAstrocytes at day 7 in culture. ICC staining
demonstrates cultures derived from two healthy individuals (Con-1, Con-2) and two C9ORF72%¢
ALS patients (C9-1, C9-2) are highly enriched for cells harbouring key astrocyte markers CD44
(vellow) and Vimentin (green). DAPI stain is presented in blue. Scale bar, 50um. Stainings and
images were performed/obtained by members of the Ferraiuolo/Shaw laboratories and
presented with permission.

these lines were found to efficiently differentiate into enriched cultures of astrocytes by day
7 (iAstrocytes derived from the patients denoted Con-1, Con-2 and C9-2 have been
published in (Hautbergue et al., 2017, Varcianna et al., 2019, Allen et al., 2019a, Gatto et al.,
2021, Bauer et al.,, 2022b, Marchi et al., 2022)). iAstrocytes express typical astrocytic
markers, including vimentin and CD44 (Figure 4-1B).

4.4.2. The electrophysiological characterisation of COORF72% ALS iAstrocytes

The membrane physiology of astrocytes differs considerably from that of neurons and is
commonly termed as electrically ‘non-excitable’ or ‘passive’. Previously iAstrocytes have
not been examined electrophysiologically. Using whole-cell patch-clamp, | investigated the
intrinsic membrane properties (WCC, Ri» and RMP) of iAstrocytes Con-1, Con-2, C9-1 and C9-
2 at days 7 and 14. As development and maturation progresses, astrocytes are expected to
become more morphologically ramified, increasing their WCC, and increase their
expression of channels and transporters leading to decreased Ri, and more hyperpolarised
RMPs (Zhou et al., 2006). Whilst non-significant, whole-cell measurements of WCC of
iAstrocytes were overall consistent with a trending increase in WCC (Figure 4-2A). A
consistent decreasing trend in Ri, was observed across differentiation for both control and
C9ORF72% ALS iAstrocyte lines, with a decrease in Ri, from day 7 to day 14, as expected with
maturation. However, both Con-1 and Con-2, but not C9-1 and C9-2, exhibited a statistically
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Figure 4-2. Passive membrane properties are impacted in C9ORF72%t ALS iAstrocytes.
Caption on the next page.
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Figure 4-2. Passive membrane properties are impacted in C9ORF72%* ALS iAstrocytes.
A,B,C. Mean + SEM data of passive membrane properties WCC, Rin and RMP, respectively, at
day 7 and day 14 for Con-1 (day 7, n=9, N=3; day 14, n=20, N=4), Con-2 (day 7, n=8, N=3; day 14,
n=15, N=5), C9-1 (day 7, n=9, N=3; day 14, n=32, N=7) and C9-2 (day 7, n=6, N=2; day 14, n=19,
N=7). Statistical significance for A,B,C was assessed using Students’t-test. D, E, F. Comparative
data for WCC, Rin and RMP, respectively, between each line at day 7. G, H, I. As previous, but
for day 14. Statistical tests for D-I; One-way ANOVA with Bonferroni’s multiple comparison test
(*, p<0.05; **, p<0.01; *** P<0.001; **** p<0.0001).

significant decrease in Ri, over from day 7 to day 14 (Con-1, day 7 vs day 14, p=0.0462; Con-
2, day 7 vs 14, p=0.0002, Student’s t-test; Figure 4-2B). However, the non-significant
difference in Ri, in C9-1 and C9-2 iAstrocytes does not appear to be related to impaired
maturation, since the Ri, values for these lines are much lower than that of the control
iAstrocytes. The RMP of iAstrocytes was found to show a more hyperpolarising trend with
time, as expected during cell maturation (Figure 4-2C). | compared the intrinsic properties
between healthy and C9ORF72%¢ ALS iAstrocytes on days 7 (Figure 4-2D,E,F) and 14 (Figure
4-2G,H,l). At day 7, a significant difference in WCC was only observed between Con-2 and
C9-2 (p=0.0027, One-way ANOVA). However, the WCC parameter became significantly
elevated at day 14 for both C9ORF72%€ ALS iAstrocyte lines compared to controls (Con-1 vs
C9-1, p=0.0029; Con-1 vs C9-2, p=0.0020; Con-2 vs C9-1, p=0.0251; Con-2 vs C9-2, p=0.0141,
One-way ANOVA; Figure 4-2G). An elevated WCC in CO9ORF72% ALS iAstrocytes compared to
controls indicates an increased membrane surface area in these cells, which allows the
incorporation of more ion channels and transporters. Our findings on WCC are consistent
with previously published data that reported that iAstrocytes derived from older patients
displayed larger cell morphology (Gatto et al., 2021). For Ri,, @ day 7 comparison across
iAstrocytes highlighted a significant reduction in Ri, between Con-2 and C9-2 (p=0.0369,
One-way ANOVA; Figure 4-2E). However, by day 14 the C9ORF72%® ALS iAstrocytes
demonstrated a clear and highly significant reduction in Ri, versus controls (Con-1 vs C9-1,
p<0.0001; Con-1 vs C9-2, p<0.0001; Con-2 vs C9-1, p=0.0002; Con-2 vs C9-2, p<0.0001, One-
way ANOVA; Figure 4-2H). As Ri, reflects membrane current (ion) flow, a larger membrane
surface area, as mentioned above, can accommodate more ion channels, potentially
increasing overall channel conductance, thus lowering Ri.. This indicates that COORF72%¢

ALS iAstrocytes display significant membrane disturbances. For RMP, no significant
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differences were observed between control and C9ORF72%¢ ALS iAstrocytes at day 7 and only
one significant difference (Con-1 vs C9-1; p=0.0025,0ne-way ANOVA; Figure 4-2l) at day 14,
indicating a largely unaffected RMP between healthy patient versus C9ORF72%¢ ALS
iAstrocytes. Given that RMP is a proxy measure of cellular viability, i.e., unhealthy cells lose
RMP and become depolarised (McKhann et al., 1997), these data show that COORF72% ALS
iAstrocytes retain their functional membrane integrity whilst displaying WCC and Ri,

abnormalities relative to control iAstrocytes.

Next, to explore these membrane defects, | investigated the passive membrane currents in
iAstrocytes. Astrocytes present a membrane conductance that is characterised by linear
passive current responses to a voltage command (Zhou et al., 2021b). To do this, |
performed whole-cell voltage-clamp recordings and employed a voltage-step protocol that
enables ‘passive’ membrane currents to be evoked in other glia and astrocytes (Livesey et
al., 2016, Zhou et al., 2009). The depolarizing voltage-step protocol (Figure 4-3, top)
involved incremental 20mV voltage steps (200ms) from a holding potential of -84mV
ranging from -124 mV to +16 mV (including liquid junction potential correction). Recordings
were performed at day 7 and day 14 post-differentiation for the Con-1, Con-2, C9-1 and C9-
2 iAstrocytes. Representative current traces were selected to characterise each cell
population at day 7 and day 14 (Figure 4-3, day 7-left, day 14-right). Both controls (Con-1
and Con-2) displayed highly comparable current responses at both timepoints. Notably,
C9ORF72% ALS iAstrocytes demonstrated large membrane currents compared to controls
by day 14 (Figure 4-3). These data suggested major membrane dysfunction in COORF72%¢
ALS iAstrocytes.

To quantify membrane current dysfunction, | constructed mean current-voltage (I-V)
relationships from currents evoked from the voltage-step protocol. I-V relationships enable
the visualisation and quantification of the relationship between applied voltage and the
resulting current flow across the astrocyte membrane, where the slope of an I-V plot
represents the membrane conductance, i.e., a steeper slope reflects higher conductance,
indicating a greater ease with which ions can flow across the membrane. At day 7, both

C90ORFT72R€ ALS iAstrocytes displayed increased current responses compared to controls
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Figure 4-3. C9ORF72% ALS iAstrocytes display enlarged membrane currents. Individual
iAstrocytes were examined using whole-cell patch-clamp in the voltage-clamp configuration.
Cells were held at potential of -84 mV (including LJP of -14 mV) and a voltage-step protocol
was initiated to investigate the evoked membrane current response. The protocol is depicted
in the upper panel and consisted of stepped voltages (from -124 mV to 16 mV) for 200 ms from
-84 mV every 10s. The panels below the protocol show representative current traces from
individual day 7 and day 14 from Con-1, Con-2, C9-1 and C9-2 iAstrocytes evoked by the
described protocol. Note the enhanced current response in the C9-1 and C9-2 lines particularly
at day 14.
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(Figure 4-4A), indicating a higher passage of current through the membrane, as expected
from the Ri, data. Control lines exhibited similar and relatively low current amplitudes. By
day 14, the C9ORF72RE ALS iAstrocytes I-V relationships become more pronounced in their
passage of current compared to control iAstrocytes (Figure 4-4B). However, the WCC data
indicate that the COORF72% ALS iAstrocytes display a much larger membrane surface area
than controls. A simple explanation for the increase in current size in response to the
voltage protocol could therefore be that the iAstrocytes are simply larger and, thereby, have
more membrane channels/transporters to pass current. For each individual iAstrocyte
recording | therefore measured current density (current divided by the WCC), thus
normalising between iAstrocytes with different WCC properties. Taking this approach, the
plot of current density versus voltage revealed that the differences between day 7 healthy
and C9ORF72% ALS iAstrocytes were not substantial (Figure 4-4C). However, at day 14, both
C90ORFT72%€ ALS iAstrocytes showed a clear increase in current density compared to controls
(Figure 4-4D). These data directly demonstrate that C9ORF72%¢ ALS iAstrocytes possess a
higher membrane current passivity compared to controls, which is developed with culture
time. Since membrane currents are generated by ion channels and transporters, this
suggests an abnormal dysregulation of ion channels/transporter in the C9ORF72% ALS

iAstrocytes.

| next investigated the source of the membrane current dysfunction. First, | examined the
rectification of the membrane currents. Rectification refers to the phenomenon where the
current flowing through a membrane ion channel exhibits a directional preference,
meaning its conductance is higher for one direction of current flow compared to the other
for an equal driving force. Notably, the property of rectification is a major hallmark of
specificion channels (for example, delayed-rectifier K* channels) and is ideally investigated
using |-V relationships. The rectification of the membrane currents was used therefore to
determine whether this would yield an indication to a differentially expressed ion channel.
To investigate rectification of membrane currents, | normalised each individual iAstrocyte
current data set to the current data obtained at -104 mV to inspect the rectification of
membrane currents. This normalised current data was then plotted against the voltage.

These data do not highlight any notable deviation at day 7 between Con-1, Con-2, C9-1 and
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Figure 4-4. Membrane currents in COORF72%€ ALS iAstrocytes are enlarged. A, B. Mean + SEM
current (l) versus voltage (V) plot of day 7 and day 14, respectively, iAstrocytes derived from
Con-1 (day 7, n=9, N=3; day 14, n=20, N=4), Con-2 (day 7, n=8, N=3; day 14, n=15, N=5), C9-1 (day
7, n=9, N=3; day 14, n=32, N=7) and C9-2 (day 7, n=6, N=2; day 14, n=19, N=7). Note the
increased amount of current evoked by the voltage protocol at each given potential for
C9ORFT2RE ALS iAstrocytes. C, D. Asin A, B, but for current density, which takes into account the
WCC data for each individual iAstrocyte. Note that at day 14, COORF72% ALS iAstrocytes show
an enhanced passage of current in their membranes. Note that SEM bars are hidden by the
mean data points.

C9-2 iAstrocytes and indicate that the C9ORF72% ALS iAstrocyte membrane currents are
modestly more ‘linear’ at day 14 (Figure 4-5A,B). | extended this analysis to measure the
rectification index (RI). The Rl was measured by dividing the current amplitude evoked by
the depolarising voltage step (+16 mV) by the current amplitude evoked by a voltage step
(-124 mV). A statistically significant increase in Rl is observed (day 14) over time compared
to day 7 in all lines, except for C9-2 which has a lower Rl at day 14 (Figure 4-5C). However,
the rectification index data is inconclusive to the source of the membrane current

dysfunction.
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Figure 4-5. Rectification of membrane currents are not impaired. A,B. Mean + SEM

normalised current [mj versus potential (V) plots of day 7 and day 14, respectively, Con-

1, Con-2, C9-1 and C9-2 iAstrocytes. C, Mean + SEM rectification index for each of the iAstrocyte
lines. Rectification was determined by dividing the normalised current data obtained at 16 mV
by -124 mV for each cell. Students’ t-test was used to determine statistical significance
between day 7 to day 14 for each line; *, p<0.05; **, p<0.01; ***, p<0.001.

Astrocytes control ion homeostasis through multiple ion channels. Among these channels,
the inwardly-rectifying K* channel 4.1 (Kir4.1) holds particular significance. Kir4.1 is
expressed exclusively on glial cells in the CNS, the main populations being astrocytes. In
homeostasis, Kir4.1 channels play a role in spatial buffering of K* release from neurons as
well as maintaining axonal conductance (Bay and Butt 2012). Kir4.1 was found to be
abnormally dysregulated in SOD1%** mice and SOD1-ALS patient iPSC-derived astrocytes
(Kelley et al., 2018). While Kir4.1 receives significant attention, other K* channels that could
contribute to the observed current enhancement in COORF72% ALS iAstrocytes, like TREK-1
and TWIK-1. TREK-1 and TWIK-1, members of the two-pore domain K* channel family,

expressed in astrocytes, are known to play a role in regulating RMP and astrocyte
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excitability by mediating outward K* currents (Zhou et al., 2009). Interestingly, silencing of
TREK-1/TWIK-1 channels in astrocytes by shRNA resulted in a phenotype similar to the
control lines, suggesting potential increased expression in C9ORF72% ALS iAstrocytes (Mi
Hwang et al., 2014). Therefore, | investigated whether the membrane current enhancement
in C9ORF72% ALS iAstrocytes may be due to enhanced expression of Kir4.1 and TREK-
1/TWIK-1 channels. Conveniently, since these are structurally related two-pore K* channels,
theseion channel families can be blocked by extracellularly applied BaCl, (1mM). | therefore
examined individual iAstrocyte currents using the same voltage-injection protocol
employed as previously described and then repeated in the presence of BaCl, (1mM) for day
14 Con-1 and C9-1 iAstrocytes. Representative traces were chosen to display the effect of
BaCl, (orange) on control (Con-1, blue) and C9-1 (black) iAstrocyte currents (Figure 4-6).
BaCl, application on Con-1 resulted in a modest decrease in the current amplitude as
observed in the current density-voltage plot (Figure 4-6B). Similarly, BaCl, did not abolish
the substantial current enhancement observed in C9-1, suggesting that channels
responsible for the enhancement are not inhibited by BaCl,. Interestingly, BaCl, caused a
shift in the reversal potential (E). Erev refers to the membrane potential at which the net
current flow across the membrane is zero. The E., was quantified before and after BaCl,
application for all cells investigated (Figure 4-6E), then the AE.. (change in reversal
potential) was analysed for each individual Con-1 and C9-1 iAstrocyte. Stratification of the
data demonstrate that C9-1 exhibited larger AE,., compared to Con-1, which demonstrates
an increased membrane permeability to Ba*. This finding is interesting because there are

only a subset of ion channels that are permeable to Ba*'.

To confirm that the enhanced membrane current disturbance in COORF72% ALS iAstrocytes
is not due to abnormal K* channel dysregulation, | repeated patch-clamp experiments using
a CsCl-based intracellular patch pipette solution, where CsCl replaced K*-gluconate as the
principal constituent. Cs* is a potent blocker of K*-channels and is commonly used in
electrophysiological assays for this purpose (Clay and Shlesinger, 1984). CsCl caused only a
modest reduction in current amplitude in both Con-2 and C9-2 iAstrocytes, as evidenced in

the current density - voltage plots (Figure 4-7). However, current enhancement in C9-2
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Figure 4-6. Membrane currents in C9ORF72%t ALS iAstrocytes are not blocked by BaCl.,.
Caption on the next page.
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Figure 4-6. Membrane currents in COORF72% ALS iAstrocytes are not blocked by BacCl.. A.
The panels show representative current traces from an individual day 14 healthy control, Con-
1, iAstrocyte before and after the addition of extracellular-applied BaCl,. B. Mean + SEM
current density (pA.pF) versus voltage (V) plot of day 14 Con-1 iAstrocytes in the presence and
absence of BaCl, (n=11, N=4). C. The panel shows representative current traces from an
individual day 14 C9-1 ALS iAstrocyte before and after the addition of BaCl,. D. Mean + SEM
current density (pA.pF) versus voltage (V) plot of day 14 C9-1 iAstrocytes in the presence and
absence of BaCl, (n=17, N=4). Note that BaCl, causes a more notable shift in the reversal
potential (Er.,) of C9-1 compared to Con-1. E. Mean + SEM E,., for Con-1 and C9-1 iAstrocytes in
the presence (+) and absence (-) of BaCl,. F. Mean + SEM shift in the change of reversal
potential (AE.) for each iAstrocyte for Con-1 and C9-1 iAstrocytes induced by BaCl,. Statistical
significance was assessed using Student’s t-test (¥, p<0.05).

iAstrocytes was crucially preserved in the CsCl intracellular solution, leading to the
summation that K* channels are not the primarily contributors to the observed gain-of-

function phenotype in COORF72% ALS iAstrocytes.

Previously, increased transient receptor potential cation channel subfamily V. member 4
(TRPV4) expression in brain and spinal cord regions of SOD1%%** transgenic mice has been
observed in animmunohistochemical study (Lee et al., 2012). Interestingly, TRPV4 channels
are expressed on astrocytes (Benfenati et al., 2011) and conduct Ba** (Bouron et al., 2015). |
therefore considered TRPV4 channels as candidate contributors to the membrane current
dysfunction expressed by C9ORF72% ALS iAstrocytes. To assess this, | performed the same
voltage-injection protocol on Con-1 and C9-1 iAstrocytes and then in the presence of
HC067047, a selective TRPV4 antagonist (Dias et al., 2019) to explore the contribution to the
current enhancement (Figure 4-8). The application of HC067047 (green) did not alter the
currents in either of the lines, Con-1 and C9-1 (Figure 4-8C), indicating that TRPV4 channels
are not contributors to the observed gain-of-function current phenotype in COORF72% ALS

iAstrocytes.

129



A Con-2 Std intracell.

go-PA/PF
¥ Con-2 Std intracell. 40+
2nA [ | :
4 Con-2 CsCl intracell. 20 ¥

S50ms — .
. -150 = -50 50

Con-2 CsCl intracell. V(my)  -207

\ -40

l -60-

[ !

c C9-2 Std intracell.
N
—— D 80,PAPF
. 60
& C9-2 Std intracell. /E
@ C9-2 CsCl intracell.
2nA| -
50ms .

50
C9-2 CsCl intracell.

= j

Figure 4-7. Membrane currents in C9ORF72% ALS iAstrocytes are not blocked by CsCl. A.
The panel shows representative voltage-step evoked current traces from individual day 14
healthy control, Con-2, iAstrocytes recorded in the presence of K-gluconate-based and a CsCl-
based intracellular patch-pipette solution. B. Mean + SEM current density (pA.pF) versus
voltage (V) plot of day 14 Con-2 iAstrocytes in K*-gluconate-based intracellular (n=6, N=2) and
CsCl-based intracellular (n=6, N=2). C. The panel shows representative current traces from
individual day 14 C9-2 ALS iAstrocytes in the presence of K*-gluconate-based intracellular
patch-pipette solution and CsCl-based solution. D. Mean + SEM current density (pA.pF) versus
voltage (V) plot of day 14 C9-2 iAstrocytes in K-gluconate-based intracellular (n=3, N=1) and
CsCl-based intracellular (n=9, N=2).
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Figure 4-8. Membrane currents in C9ORF72%t ALS iAstrocytes are not blocked by TRPV4
antagonist, HC067047. A. The panel shows representative voltage-step evoked current traces
from an individual day 14 Con-1 Astrocyte before and after the addition of extracellular-
applied HC067047. B. As in A, but for C9-1 iAstrocytes. C, Mean + SEM current density (pA.pF)
versus voltage (V) plot of day 14 Con-1 and C9-1 iAstrocytes in the presence and absence of
HC067047 (Con-1, n=7, N=2; C9-1, n=9, N=2).
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Glial cells express connexin channels (Giaume et al., 2021). Connexins are channel proteins
that form hexameric structures called connexons. For astrocytes, the predominant
connexons are composed of connexin-43 (Cx43), and to an extent, connexin-30 (Cx30)
(Giaume et al., 2021). When connexons on neighbouring cells dock, they form gap junctions,
enabling direct intercellular communication between glial cells. Hemichannels refer to
individual connexons, functioning as channels that mediate the exchange of ions and
signalling molecules between the astrocyte and its environment, including neurons
(Giaume et al., 2021). Importantly, gap junctions are highly permeable to multitude of
cytoplasmic molecules, including metabolites (Tabernero et al., 1996, Goldberg et al.,
1999), second messengers (Lawrence et al., 1978, Saez et al., 1989), miRNAs (Zong et al.,
2016) and ionic species (Qu and Dahl, 2002, Christ et al., 1992), including Ba** (Contreras et
al., 2003). Cx43 plays important roles in maintaining homeostasis, synchronizing astrocyte
networks, supporting neuronal metabolism, and modulating synaptic activity and
plasticity (Giaume et al., 2021). Notably, altered Cx43 expression and function have been
linked to neurodegenerative diseases (Orellana et al., 2015, Xing et al., 2019, Huang et al.,
2021b), including ALS (Almad et al., 2016, Keller et al., 2011, Diaz-Amarilla et al., 2011). In
previous studies, upregulation of Cx43 levels in the spinal cord and motor cortex of patients
with ALS and SOD1%%** mice was observed and the blockage of Cx43 led to neuroprotective
effects (Almad et al., 2016, Diaz-Amarilla et al., 2011). Increased levels of Cx43 expression
were related to increased hemichannel activity and gap junction coupling, that led to
elevated concentrations of intracellular Ca**and motor neuron damage. The administration
of pan-Cx43 inhibitors in SOD1%*** mouse model can alleviate neuronal toxicity (Takeuchi et
al., 2011, Almad et al., 2016). | reasoned therefore that the increase in membrane current
could be mediated by increased connexin-related dysfunction.

To assess the involvement of connexin dysfunction in the current enhancement
phenotype observed in C9ORF72%F ALS iAstrocytes, | examined the currents using the
voltage-clamp protocol and then, for the same iAstrocyte, in the presence of standard
extracellular solution (Figure 4-9) and once in the presence of connexin blocker,
carbenoxolone (CBX, 10uM; Figure 4-9). CBX was washed onto the cells for a two minutes
and recordings were taken after. Application of CBX results in a modest reduction in the

current density-voltage response of the control Con-2 line (Figure 4-9D). However,
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Figure 4-9. Connexin blocker CBX attenuates membrane current dysfunction in COORF72%¢

ALS iAstrocytes. Caption on the next page.
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Figure 4-9. Connexin blocker CBX attenuates membrane current dysfunction in COORF72%¢
ALS iAstrocytes. A. The panel shows representative current traces from an individual day 14
Con-2 iAstrocyte evoked by the described protocol. B. The same iAstrocyte in A in the presence
of extracellularly applied CBX. C. The CBX-sensitive current for the iAstrocyte presented in A.
D. Mean + SEM current density (pA.pF) versus voltage (V) plot of day 14 Con-2 iAstrocytes in the
presence and absence of CBX (n=4, N=3). E. The panel shows representative voltage-step
evoked current traces from an individual day 14 C9-1 iAstrocyte. F. The same iAstrocyte in E in
the presence of CBX. G. The CBX-sensitive current for the iAstrocyte presented in E. Note the
high sensitivity of the current dysfunction to CBX. H, Mean + SEM current density (pA.pF) versus
voltage (V) plot of day 14 C9-1 iAstrocytes in the presence and absence of CBX (n=10, N=3).

strikingly, CBX entirely abolished the current enhancement observed in C9-1 line (Figure
4-9F). This was quantified in a current density - voltage plot (Figure 4-9G), which
demonstrates that CBX application restores the current density - voltage relationship to a
control-like level. These data point towards the involvement of connexin-related
dysfunction as the main contributor to the C90RF72% ALS iAstrocytes current
enhancement. CBX is one of the most commonly used blockers of gap junctions and
hemichannels. To examine the identity of the connexin current enhancement, | examined
the impact of Gap19, a Cx43 mimetic peptide that can specifically block Cx43 hemichannels
without disrupting gap junction function (Abudara et al., 2014). Importantly, Gap19 remains
to be fully characterised, but evidence indicates that its pharmacological mode of action is
consistent with a partial allosteric modulation of Cx43-containing hemichannels via the
intracellular C-terminal domain of Cx43 (Lissoni et al., 2020, Lissoni et al., 2023). Gap19 (100
um) was supplemented to the intracellular solution and the current density examined in
Con-1 and C9-1 ALS iAstrocytes in the absence and presence of Gap19 (Figure 4-10). The
current density - voltage relationship was only modestly impacted in Con-1 iAstrocytes.
However, consistent with a partial block of Gap19, the resultant current density - voltage
relationship for C9-1 ALS astrocytes showed a partial reduction in the current density
(Figure 4-10). These data are consistent with connexin Cx43 hemichannels being a major

source of current dysfunction observed in COORF72% ALS iAstrocytes.
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Figure 4-10. Hemichannel partial blocker Gap19 blocks membrane currents in C9ORF72%¢
ALS iAstrocytes. Caption on the next page.
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Figure 4-10. Hemichannel partial blocker Gap19 blocks membrane currents in C9ORF72%¢
ALS iAstrocytes. A,B. The panels show representative voltage-step evoked current traces
from an individual day 14 Con-1 iAstrocyte in the presence of an intracellular solution
supplemented without and with hemichannel blocker, Gap19, respectively. C. Mean + SEM
current density (pA.pF) versus voltage (V) plot of day 14 Con-2 iAstrocytes in the presence (n=4,
N=2) and absence of Gapl9 (n=4, N=2). D,E. The panels show representative voltage-step
evoked current traces from individual day 14 C9-1 iAstrocytes in the presence of an
intracellular solution supplemented without and with Gap19, respectively. C, D, Mean + SEM
current density (pA.pF) versus voltage (V) plot of day 14 C9-1 iAstrocytes in the presence (n=9,
N=3) and absence of Gap19 (n=2, N=1).

Next | wanted to begin to understand the underpinning mechanisms of C9ORF72%¢ ALS
iAstrocyte membrane dysfunction. There are three proposed mechanisms leading to
neurodegeneration downstream of C9ORF72 repeat expansion; 1) haploinsufficiency, 2)
formation of RNA-foci and 3) accumulation of toxic dipeptide repeat proteins (DPRs)
translated from the hexanucleotide repeat expansion (as previously described in
Introduction section 1.7). While all three of these mechanisms may contribute to disease,
DPRs have been identified as the prominent driver of neurodegeneration (Zu et al., 2013,
Mori et al., 2013a, Mori et al., 2013c, Mizielinska et al., 2014, Ash et al., 2013). To target DPR-
mediated mechanisms in iAstrocytes, | targeted Serine/arginine-rich splicing factor 1
(SRSF1). SRSF1lisa proteininvolved in RNAsplicing and nuclear export, including mediating
the nuclear export of expanded C9ORF72 RNA transcripts for translation (Huang et al., 2003,
Hautbergue et al., 2017). Building on previous work which demonstrated that depleting
SRSF1 expression using a lentiviral knockdown approach in COORF72% ALS iAstrocyte can
prevent motor neuron death in co-culture assays (Hautbergue et al., 2017), a lentiviral
vector (LV) expressing RNAi targeting SRSF1 (SRSF-1 LV) to deplete SRSF1 in these cells was
used to investigate the link between SRSF1-mediated DPR generation in C9ORF72%¢ ALS
iAstrocytes and the enhanced membrane current in COORF72R€ ALS iAstrocytes. Hautbergue
et al. utilized Con-2 and C9-2 iAstrocyte lines, same as presented in this study. Here, control
(Con-1) and CO9ORF72R ALS iAstrocyte (C9-1) iAstrocytes were transduced with either SRSF1-
LV or control-LV (scrambled SRSF1 RNAi; (Hautbergue et al.,, 2017) at two different
timepoints (day 4 and day 11) and voltage-clamp recordings were performed at 72 hours

after the initial LV incubation (day 7 and day 14) to assess the effect of SRSF1 depletion on
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Figure 4-11. Membrane current dysfunction in C9ORF72% ALS iAstrocytes is sensitive to
SRSF1 knock down. Caption on the next page.
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Figure 4-11. Membrane current dysfunction in C9ORF72% ALS iAstrocytes is sensitive to
SRSF1 knock down. A. For electrophysiological recordings performed at day 7 or day 14,
iAstrocytes were plated onto coverslips at day 4 or 7, respectively. The lentivirus was added to
the cells after 6 hours of replating and left for a maximum of 24 hours. The next day, the media
was changed to lentivirus-free media and electrophysiological recordings performed two
days after. B,C. The panels show representative voltage-step evoked current traces from
individual day 7 and day 14 C9-1 iAstrocytes, respectively, in the presence of control or SRSF1
lentivirus. Note current response reduction at day 14 in the presence of SRSF1 lentivirus. D,E.
Mean + SEM current density (pA.pF) versus voltage (V) plot of day 7 Con-1 and C9-1 iAstrocytes
in the presence of control lentivirus (Con-1, n=4,N=1; C9-1, n=6, N=3) and SRSF1 lentivirus (Con-
1, n=11, N=4; C9-1, n=9, N=3). F,G. Same as D,E but for day 14 in the presence of control
lentivirus (Con-1, n=2,N=1; C9-1, n=3, N=2) and SRSF1 lentivirus (Con-1, n=2, N=1; C9-1, n=5,
N=2). Note reduction in current density (pA.pF) in C9-1 iAstrocytes.

membrane currents (Figure 4-11A). At day 7, no significant changes in current response
were observed in either Con-1 or C9-1 ALS iAstrocytes transduced with SRSF1-LV or control-
LV (Figure 4-11B,D,E). However, at day 14, C9-1 iAstrocytes treated with SRSF1-LV displayed
a clear reduction in the current dysfunction observed in C9-1 iAstrocytes (Figure 4-11C,G).
Notably, no changes were observed in control-LV treated C9-1 or either treatment group in
Con-1 at day 14 (Figure 4-11F,G). These data demonstrate that the membrane current
dysfunction in C9ORF72%¢ ALS iAstrocyte is mediated, at least in part, by DPR-related

mechanisms.

C9ORF72% ALS iAstrocytes are established to be toxic to MNs in ALS (Hautbergue et al.,
2017). Astrocytic gap junctions play an important role in mediating injuries to the CNS. A
significant increase in Cx43 was observed in models of neurotrauma (Chen et al., 2012, Sun
et al., 2015) and administration of connexin blockers in these models were identified to be
neuroprotective and serve as potential therapeutics (Chew et al., 2010). | therefore
considered that the increased expression of connexins in C9ORF72% ALS iAstrocyte was a
key mechanistic component in causing an increase in non-cell autonomous MN death. To
explore this, | used a co-culture system. | generated control iPSC-derived MNs (Methods
section 2.2.6) according to previously and widely used protocol (Du et al., 2015). At day 37
of MN culture, either control or C9ORF72%¢ ALS iAstrocyte for 72 hours were cultured with
the MNs (protocol described in Figure 4-12). The healthy iPSC-derived MN line was also

cultured in monoculture. After 6 hours, half of the co-cultures were treated with MN day 29-
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Figure 4-12. Schematic diagram illustrating the main steps for the co-culture experiment.
MNs were kept in culture until the end of differentiation. At day 37, iAstrocytes were plated on
top of the MNs. Treatments were added 6 hours after plating. The co-cultures were fixed with
3.8% PFA after 72 hours of incubation. ICC staining was performed to demonstrate co-culture
of MAP2+ motor neurons and Vimentin+ iAstrocytes. Caspase3+ MNs were quantified as a
measurement of neuronal death. Imaging was performed using the wide-field In-Cell Analyzer
and quantification was done using Columbus Analysis System.

40 media (as described in Table 2-10) containing CBX (10 uM) and the other half only with
MN day 29-40 media. After 72 hours, the cells were fixed and ICC experiments were
performed to assess Caspase-3 expression, a marker of apoptosis, in MAP2+ MNs. Caspase-
3 levels were quantified to investigate C9ORF72% astrocyte-mediated toxicity on healthy
MNs and the potential protective effect of CBX. Our previous experiments revealed that at
10 uM, CBX eliminates the current enhancement and blocks Cx43. In the co-culture system,
MN death was considerably reduced when C9ORF72% ALS iAstrocyte were cultured with
healthy MNs and MN day 29-40 media was supplemented with CBX (10 uM) compared to
when the co-culture system was fed the MN day 29-40 media in the absence of CBX. The
treatments with CBX led to a 41% reduction of MN cell death in the COORF72%€ ALS iAstrocyte
-healthy MN co-culture system. While these experiments provide valuable insights, their
limitations, such as the relatively small number of replicates, necessitate careful
consideration and replication. Moreover, the reprogramming process used to generate
iAstrocytes and MNs may not fully recapitulate in vivo conditions. My co-culture approach,
employing iNPCs derived from ALS patient fibroblasts and healthy donor control
fibroblasts, along with iPSC-derived MNs, offers several advantages. iAstrocytes can be
rapidly differentiated from iNPCs within a week, enabling a swift assessment of theirimpact

on MN survival compared to the prolonged 12-week process of generating astrocytes from
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iPSCs (Zhao et al., 2019). Survival can be evaluated by monitoring motor neuron

fluorescence and counting viable cells, as detailed in this thesis and previous studies (Meyer

etal., 2014; Hautbergue et al., 2017; Allen et al., 2019; Castelli et al., 2021).
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Figure 4-13. Preliminary data indicate that CBX causes a reduction in C90RF72% ALS
iAstrocytes-mediated motor neuron death. A. Figure shows co-culture of MNs with
iAstrocytes. ICC demonstrated cultures displayed Vimentin+ iAstrocytes and MAP2+ MNs.
Caspase-3+immunopositive MNs were quantified to determine percentage of neuronal death.
B. Preliminary data depicts reduction in MN death in co-cultures in the presence of CBX. Scale

bar set to 100 um.
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4.5. Discussion
Using a combined approach utilizing human stem cell technology, patch-clamp
electrophysiology, selective pharmacology and cell biology | have identified major
membrane physiology disruption in CO9ORF72% ALS iAstrocyte. | electrophysiologically
demonstrated that the COORF72%¢ ALS iAstrocytes exhibit increased membrane current
passivity upon voltage stimulation as culture time progresses, suggesting that membrane
current dysfunction is a progressive pathophysiology as the disease progresses. |
pharmacologically determined this membrane abnormality was due to connexin
dysfunction using connexin blocker CBX and the specific Cx43 hemichannel blocker Gap19.
| therefore identified Cx43 hemichannel dysfunction as a main contributor to this enhanced
current response. Our wider analysis did not find any deviation in functional disturbance in
Ba**-sensitive two pore K* channels (TWIK-1/TREK-1) and Kir4.1, Cs*-sensitive K* channels
or TRPV4 that have previously been reported or potentially disturbed in ALS astrocytes
(Kelley et al., 2018, Mi Hwang et al., 2014, Lee et al., 2012, Wang et al., 2022). To further
explore the role of connexin dysregulation in COORF72%¢ ALS iAstrocytes as a potential
mechanism underlying non-cell-autonomous MN death, | employed co-cultures of
C90ORFT72% ALS iAstrocytes and healthy MNs, where | obtained preliminary data to indicate
that C9ORF72% ALS iAstrocyte toxicity to MNs is mediated, at least in part, by connexins. |
determined that connexin-mediated current dysfunction in COORF72% ALS iAstrocytes is, at
leastin part, due to the presence of DPRs, a hallmark pathological feature of COORF72%€ ALS.
This novel data points towards connexin (Cx43 hemichannel) dysfunction as a pathological
mechanism in C9ORF72% ALS iAstrocytes, contributing to non-cell-autonomous MN death.
The finding that connexins are elevated in COORF72% ALS iAstrocytes is significant.
Astrocytes form a dense network via gap junctions composed primarily of the protein
connexin Cx43. This network facilitates intercellular communication and supports neuronal
function, through energy metabolism in neurons and impair long-term plasticity (Murphy-
Royal et al., 2020). Connexin dysregulation is highly linked to pathogenesis in many
neurological conditions, such as hypoxic ischemia (Tittarelli, 2021, McDouall et al., 2024)
and not least, connexin dysregulation has been reported in ALS astrocytes previously.
Astrocytic gap junction Cx43 was increased in the anterior horns of the spinal cords of

SOD1%**mouse model during disease progression and at the end stage of ALS, suggesting
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that Cx43 dysregulation can cause MN death (Cui et al., 2014). Abnormal increases in Cx43
expression both at transcription and protein level have been documented in familial ALS
and sALS, as well as post-mortem sALS patient material (Almad et al., 2016, Almad et al.,
2022, Gomes et al., 2022). During the work undertaken in my thesis, a significant piece of
work was published confirming the notable dysregulation of connexin-mediated
dysfunction in ALS astrocytes and its role in MN toxicity (Almad et al., 2022). Using human
iPSC-derived astrocytes from SOD1** and SOD1** mice and sporadic ALS patients they
established that Cx43 is upregulated and that Cx43-hemichannels are upregulated in ALS
astrocytes. Also blockade of connexin channels prevented the ALS astrocyte toxicity to
iPSC-derived MNs, very similar to our preliminary findings. Our electrophysiological data
highly complements these finds, directly demonstrating the functional dysregulation of
connexin channels at the astrocyte membrane, but also extending the finding to COORF72%¢
ALS iAstrocytes. Further, using combined Cx43 knock out models with SOD1°** and
SOD1%"®mouse models, the lack of Cx43 expression slowed disease progression indicating
a direct relevance of Cx43 for disease pathogenesis (Almad et al., 2022, Takeuchi et al.,
2011). Collectively, our studies converge on the considerable dysregulation of connexinsin

ALS astrocytes which mediates toxicity to MNs.

What is it about connexins that makes them toxic to MNs? Connexin channels are permeable
to numerous cytoplasmic factors in addition to simple ionic species, including metabolites,
including ATP and reactive oxygen species (ROS), glutamate (Chen et al., 2012, Lanciotti et
al., 2020) and inflammatory agents such cytokines (TNF-qa, IL-1B, IL6; (John et al., 2003,
Gadea et al., 2008, Bylicky et al., 2018). Typically, these are passed through the network of
the glial syncytium to other glial cells via connexin-formed gap junctions. However, the data
implicate the release of factors through Cx43 hemichannels into the media as potent
mediator of toxicity. Connexin dysfunction in astrocytes leads to the excessive release of
ATP and glutamate which are toxic to neighbouring neurons (Orellana et al., 2011, Takeuchi
et al., 2006). Under physiological conditions, abnormally open connexin channels release
glutamate into the synaptic cleft, and gap junctions decrease the expression of glutamate
transporter 1 (GLT-1) (Figiel et al., 2007), responsible for the uptake of glutamate from the

synaptic cleft into astrocytes (Wang et al., 2017). Accumulation of glutamate into the
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synaptic cleft triggers excitotoxicity, an already established hallmark of ALS, which leads to
the loss motor neuron function and cell death (Van Den Bosch et al., 2000, Van Den Bosch
et al., 2006). Cx43 upregulation was observed under inflammatory conditions in transgenic
hSOD%* mice, leading to excessive calcium signalling, causing motor neuron excitotoxicity
and death (Almad et al., 2016). While metabolic and mitochondrial dysfunction with gap
stress are hallmarks of ALS and highly present in ALS iAstrocytes (Allen et al., 2019a,
Vandoorne et al., 2018), the role of connexins in this pathophysiological process remains to
be characterised. However, connexins have been linked to facilitating mitochondria
coupling (Zhang et al., 2022a), a process generating ATP and ROS as by-products. Both ATP
and ROS can be toxic at high levels, and connexin function has been associated with
elevated ROS production (Zhang et al., 2022a). Moreover, connexins appear to facilitate the
permeation and release of ATP and ROS, both implicated in MN toxicity (Giaume et al., 2021,
Ramachandran et al., 2007, Cieslak et al., 2019, Barber and Shaw, 2010). The increase in
Cx43 activity in C9ORF72RF ALS iAstrocytes may also therefore be enhancing pathological
mitochondrial coupling, leading to elevated production of toxic agents, in addition to

allowing the passage of toxic agents.

What is driving connexin dysfunction? | explored the potential involvement of DPRs, a
hallmark pathological feature of COORF72% ALS. Depletion of SRSF1, a protein implicated
in the nuclear export of pathological C9ORF72 repeat transcripts and subsequent DPR
production, significantly reduced the Cx43-mediated membrane current dysfunction in
C9ORF72% ALS iAstrocytes. This finding indicates that DPRs are playing a role in the
generation of Cx43 dysregulation. DPR pathology in astrocytes reduces their ability to
uptake glutamate from their surroundings, leading to excitotoxicity in motor neurons
already made vulnerable by C90RF72 haploinsufficiency (Shi et al., 2018). Recently, Marchi
et al. demonstrated the astrocyte-to-neuron propagation of poly-GA DPRs, the most
abundant form in COORF72% ALS patients (Mori et al., 2013c), although cytotoxicity was not
detected in co-cultures of iAstrocytes and MNs, possibly due the requirement for additional
presence of other DPR species (such as poly-GR and poly-PR) (Marchi et al., 2022) or
C90RF72 haploinsufficiency. Interestingly, loss of functional output in MNs, without a

decrease in cell viability was reported in MN co-cultured with C9ORF72%¢ ALS astrocytes
143



harbouring RNA foci and poly-GP DPRs (Zhao et al., 2020). This study has provided direct

evidence that DPRs contribute to the increase in connexin dysregulation in ALS astrocytes.

4.6. Conclusion

In conclusion, this chapter investigated the Cx43 hemichannel dysfunction as a
mechanism of C9ORF72% ALS-mediated MN death. C9ORF72% ALS iAstrocytes displayed
progressively enhanced membrane current passivity, indicative of impaired ion channel
function. Selective blockers revealed Cx43 hemichannels as key contributors. Co-cultures
with CBX, a connexin blocker, significantly reduced motor neuron death, suggesting
C9ORF72% ALS iAstrocytes release neurotoxic agents through these channels. Furthermore,
SRSF1 depletion, which reduces DPR production, diminishes Cx43 dysfunction, indicating a
role of DPRs in driving connexin dysfunction. However, major questions centring on the
precise timing of Cx43 dysfunction during disease progression and its generalized role to

other ALS and FTD subtypes remain to be addressed.
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5. Chapter 5: Connexin-mediated dysfunction is a
convergent feature of ALS and is inducible

5.1. Introduction

In the previous Chapter (Chapter 4), | found how Cx43 connexin dysfunction is the main
contributor to the progressive membrane current dysregulation observed in iAstrocytes
generated from fibroblasts obtained from symptomatic ALS patients harbouring C9ORF72%¢
mutations. Co-cultures indicated connexin dysfunction mediated motor neuron toxicity
from C9ORF72%E ALS iAstrocytes. Convergent work by Almad et al., 2022 confirms that
connexin dysfunction is toxic to MNs in other ALS backgrounds. Furthermore, | determined
that C9ORF72%-related DPRs are at least in part driving connexin dysregulation in
C9ORF72% ALS astrocytes. However, key questions still remain regarding the mechanisms
as to when and how connexins are dysregulated in ALS astrocytes, and whether connexins

are functionally dysregulated in other linked and disparate neurodegenerative diseases.

Is connexin dysfunction a feature of sporadic ALS (SALS)? Connexin dysfunction appears to be
conserved feature of other ALS forms. Several studies report abnormal increases in Cx43
expression at both transcriptional and protein levels in sporadic and mSOD1 ALS in vitro
and in vivo models, as well as post-mortem sALS patients motor cortex, spinal cord and
cerebrospinal fluid (Almad et al., 2016, Almad et al., 2022, Gomes et al., 2022). It is likely that
membrane current dysfunction is a convergent feature of sporadic ALS, but remains to be
determined electrophysiologically.

Hypothesis: | hypothesize that iAstrocytes derived from symptomatic sporadic ALS

patients display an increase in membrane current dysfunction.

Is connexin dysfunction a feature of COORF72% -mediated FTD? The C9ORF72% mutation is the
most common genetic cause of ALS/FTD (DeJesus-Hernandez et al., 2011). Further, ALS and
FTD share convergent pathological substrates reinforcing the notion that two diseases are
different manifestations of a continuum ranging from pure forms of ALS with exclusive
motor involvement, to pure forms of FTD, of which the most frequent presentation is bvFTD,
with exclusive cognitive and behavioural involvement, passing through hybrid form of
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ALS/FTD with both cognitive and motor involvement (Burrell et al., 2016). However, the
specific disease manifestations depend on the vulnerable brain regions. The first affected
structures in C9ORF72% FTD are the cortico-striato-thalamic network (Lee et al., 2014), with
the thalamus showing specific vulnerability (Bonham et al., 2023, Vatsavayai et al., 2016b),
leading to progressive impairment of behaviour, language and cognitive functions in
patients (Perry etal.,2017a, Vatsavayai et al., 2019). Despite the shared genetic component,
significant differences in the underlying disease mechanisms for ALS and FTD need to be
considered. For example, FTD cases present with distinct TDP-43 pathologies compared to
ALS, indicating divergent disease pathogenesis mechanisms that involve the same TDP-43
protein (Tan et al., 2017). Genetic variants in transmembrane protein 106 B (TMEM106B) are
genetic modifiers of FTD with TDP-43 pathology (FTD-TDP), influencing disease penetrance
and presentation in GRN or C9ORF72 expression carriers (Gallagher et al., 2014, van
Blitterswijk et al., 2014). Specifically, individuals carrying the minor allele of TREM106B
variants in the context of COORF72% mutation were found to be significantly protected from
developing FTD symptoms but not ALS (van Blitterswijk et al., 2014, Deming and Cruchaga,
2014). The risk allele of TREM106B confers an increased susceptibility of rapid cognitive
decline in FTD patients (Tropea et al., 2019), while no such association has been observed
in ALS patients with or without the CO9ORF72%, highlighting the differential impact of
TREM106B on these neurodegenerative diseases (van Blitterswijk et al., 2014, Gallagher et
al., 2014, Vass et al., 2011).

Hypothesis: Based on the distinct disease mechanisms observed in ALS and FTD, and
the specific targeting of MNs by astrocyte toxicity in ALS, | hypothesize that iAstrocytes
derived from C9ORF72% FTD patients may not exhibit the same heterogeneous connexin

dysfunction observed in C9ORF72% ALS iAstrocytes.

Is astrocyte connexin dysfunction a feature of Alzheimer’s disease (AD)? AD, the most common
cause of dementia, is characterized by the presence of amyloid-3 plaques and astrogliosis,
both of which have been linked to astrocytic connexin function (Scheltens et al., 2016). A
hallmark feature of reactive gliosis in AD is the increased formation of gap junctions and
gap junction hemichannels in astrocytes (Koulakoff et al., 2012). Studies have observed

increased astrocytic connexin immunoreactivity at sites of amyloid-p plaques in AD post-
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mortem brain samples (Nagy et al., 1996) and AD mouse model (Mei et al., 2010). However,
the mechanism regulating Cx43 expression in AD remains unclear. In older APP/PS1 mice, a
murine model of familial AD, an increase in Cx43 immunoreactivity was detected in
approximately 65% of amyloid-B plaques, while newly formed plaques showed minimal
(less than 10%) expression. This suggests that Cx43 expression in AD may be influenced by
the age of the plaque and the local inflammatory environment surrounding it (Koulakoff et
al., 2012). Blockade of gap junction hemichannels in a double transgenic AD mouse model
(expressing human amyloid precursor protein with K595N and M596L mutations and
presenilin 1 with A264E mutation) significantly improved memory function without
affecting amyloid-p deposition, suggesting a potential therapeutic target beyond plaque
clearance (Takeuchietal., 2011). The pharmaceutical testing of connexin blockers has been
tested with potential therapeutics outcomes notably on neuronal degeneration, obtained
with a gap junction blocker (INI-0602) or hemichannel blocker in transgenic mice expressing
human amyloid-f precursor protein (Yi et al., 2016, Takeuchi et al., 2011). In addition, in
APP/PS1 mice (expressing human/mouse amyloid-3 precursor protein), a specific deletion
of astroglial Cx43 could significantly reduce astrogliosis and increase synapse number, but
have no effect on amyloid plaque formation or inflammatory response (Ren et al., 2018).
Hypothesis: | propose that electrophysiological connexin dysfunction in astrocytes

is a feature of wider neurodegenerative diseases (AD), in addition to ALS.

When do connexins become dysregulated in ALS? Post-mortem sALS patient material reveals
an increase in Cx43 transcript levels in the motor cortex and cervical spinal cord, with a
more pronounced effect in rapidly progressing cases (deceased within 2 years after onset)
compared to typical ALS disease course (deceased 2-5 years after onset) (Almad et al.,
2022). This suggests that Cx43 dysfunction influences temporal course after disease onset.
Importantly, reducing Cx43 expression improved disease progression in SOD1°%* and
SOD1%™®mouse models (Almad et al., 2022, Takeuchi et al., 2011). It is therefore possible
that astrocyte connexin dysfunction is associated with the symptomatic stage of disease.
To address this, | will take advantage of the multidisciplinary approach of using
human stem cell technology, which has been reported to be able to recapitulate key

clinically-determined disease stages in the form of pathological features (Ghatak et al.,
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2019, Ng et al., 2022, Marei et al., 2023) and electrophysiological dysfunction linked to
cognitive features of individual donors (Page et al., 2022b). These techniques may help with
patient stratification and development of biomarkers and therapeutic targets in these
neurodegenerative diseases (Ng et al.,, 2022). Importantly, directly converted cells
(iAstrocytes or neurons), avoiding the iPSC stage, are reported to conserve the age-related
epigenetic landscape from the cell of origin (Huh et al., 2016, Mertens et al., 2015, Gatto et
al., 2021). Interestingly, Cx43 expression is known to be regulated by epigenetic
modifications, such as histone acetylation (Vinken, 2016) and miRNA activity (Anderson et
al., 2006). These modifications can act as a molecular switch, turning connexin gene
expression on and off (Oyamada et al., 2013). This presents a unique opportunity to study
the timing of connexin dysfunction in neurodegenerative diseases.

Hypothesis: Therefore, | hypothesise that examining connexin dysfunction in pre-
symptomatic familial C9ORF72%¢ carriers will allow to capture the relevance of connexin-

mediated dysfunction as time progresses.

Why does connexin dysfunction occur in ALS? Considering that connexin dysfunction is
increasingly recognised as a common feature across neurodegenerative diseases, the
mechanism underlying the dysfunction may be liked to genetic and environmental factors.
ALS pathogenesis is driven by various genetic and extrinsic risk factors (Grad et al., 2017).
As previously demonstrated in Chapter 4, disease-associated protein repeats (DPRs) arising
from the C9ORF72% are directly causing connexin dysfunction in COORF72%€ALS iAstrocytes,
establishing a link between ALS genetic mutation and connexin dysfunction. However, here
| focus on the possibility that extrinsic factors can also drive connexin dysfunction in
astrocytes. For example, connexins are key channels through which K* ions are syphoned
away from the axon (Giaume et al., 2021) and it is established that elevated levels of
neuronal activity and stress cause upregulation of astrocytic connexin function, especially
Cx43, potentially as a mechanism to clear excess K* ions from the vicinity of the neuron to
prevent possible excitotoxicity (Rouach et al., 2000). Further, the alteration of neuronal
activity can cause considerable epigenetic changes in astrocytes leading to the dynamic
regulation of membrane proteins (Hasel et al., 2017, Sardar et al., 2023). Changes in

neuronal excitability in lower MNs parallel the onset of patients developing muscle
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weakness, atrophy and fasciculations in ALS (Menon et al.,, 2015). A change from
hyperexcitability leading to progressive loss of function (hypoexcitability) is a feature of
lower MN in ALS disease progression (reviewed in (Pasniceanu et al., 2021)).
Hyperexcitability in lower motor neurons has been established in several other ALS models
and studies have used pharmacological activators of K,7 potassium ion channels to reduce
hyperexcitability in COORF72%-derived MNs with the possibility that they protect motor
neurons from excitotoxicity. In the state of MN hyperexcitability, it is likely therefore that
more K* is being released from the axon due to elevated action potential activity and
astrocytes are exposed to this. Therefore, | employed an in vitro model where an increased
extracellular K* was used to mirror high neuronal activity.

Hypothesis: | hypothesise that a mechanism of enhanced extracellular K* may be
abnormally regulated in pre-symptomatic C9ORF72% iAstrocytes, causing a dysregulated

upregulation of connexins.

5.2. Methods

The Methods employed in this Chapter are described in the following sections:

5.2.1. Direct conversion of fibroblast to iNPC (As described in Methods Section 2.2.8)
5.2.2. Differentiation of iNPCs to iNPC-astrocytes (iAstrocytes; As described in Methods
Section 2.2.9)

5.2.3. ICC -iAstrocyte characterisation (As described in Methods Section 2.3)

5.2.4. Electrophysiology (As described in Methods Section 2.4)

5.3. Results

| wanted to understand if the membrane current alterations observed in C9ORF72%¢ ALS
iAstrocyte extend to ALS patients with different genetic back grounds to determine whether
this is a convergent feature of ALS. Sporadic ALS (sALS) is the most common form of ALS,
accounting for approximately 90% of cases, therefore, | have generated astrocytes from
fibroblasts obtained from two sALS patients (SALS-1, 58 years old female; sALS-2, 82 years
old female; full patient details available in Table 2-13). iAstrocytes were differentiated for
day 7 and 14 using previously described protocol in Chapter 4 (Figure 4-1A). A healthy

control iAstrocyte line (Con-2) was used for comparison (same Con-2 line as mentioned in
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Chapter 4). sALS patient derived iAstrocytes efficiently differentiated and did not show any
differences in cell viability (data generated by the Ferraiuolo/Shaw laboratories).

| first investigated the intrinsic membrane properties of Con-2, sALS-1 and sALS-2
iAstrocytes at day 7 and day 14. WCC measurements reveal an increase in both sALS-1 and
SALS-2 compared to Con-2 at day 7 iAstrocytes (Con-2 vs SALS-1, p=0.0185; Con-2 vs SALS-2,
p=0.0249; One-way ANOVA; Figure 5-1A), but not at day 14. A reducing trend in Ri» values
was observed from day 7 to day 14 for each line, as expected with maturation. Both sALS
iAstrocyte lines exhibited a statistically significant decrease in Ri, compared to Con-2 (Con-
2 vs SALS-1, p=0.0076; Con-2 vs SALS-2, p=0.0304; One-way ANOVA; Figure 5-1B), but not at
day 14 iAstrocytes. The RMP of sALS-1 and sALS-2 iAstrocytes appeared to be more
hyperpolarized compared to Con-2 at day 7 (Con-2 vs sALS-1, p<0.0001; SALS-1 vs sALS-2,
p=0.0001; One-way ANOVA; Figure 5-1C). No significant differences between Con-2 and
SALS-2 were observed at day 14, but data for sALS-2 at day 14 was determined from low
number of repeats. These findings demonstrate that sALS patient-derived iAstrocytes
exhibit altered intrinsic membrane passive properties compared to healthy control
iAstrocyte line (Con-2). Similar to C9ORF72%¢ ALS iAstrocytes, sALS iAstrocytes display
normal functional membrane integrity whilst presenting altered intrinsic membrane
properties changes at day 7 compared to control iAstrocytes.

Next, | employed the same whole-cell voltage-step protocol, as previously described
(Figure 4-3A), to characterise potential membrane current dysfunction in sALS iAstrocytes.
Representative traces from Con-2, sALS-1 and sALS-2 iAstrocytes were selected to
characterize each population at day 7 and day 14. sALS-1 iAstrocytes were only available at
day 7. Con-2 iAstrocytes displayed current responses that were comparable at both
timepoints (Figure 5-2A-top). sALS-1 and sALS-2 iAstrocytes revealed pronounced
membrane currents compared to Con-2 at day 7 and a notable membrane current
enhancement was observed for sALS-2 at day 14. To quantify the membrane current
dysfunction, | generated mean current density - voltage plots, as previously performed. At
day 7, both sALS-1 and sALS-2 iAstrocytes displayed modest increase in current responses

compared to Con-2 (Figure 5-2B). However, at day 14, sALS-2 iAstrocyte line showed a clear
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Figure 5-1.Passive membrane properties are impacted in sporadic ALS iAstrocytes. A,B,C,
Day 7 and day 14 mean + SEM data of passive membrane properties, WCC, Rin and RMP,
respectively, for Con-2 (day 7, n=10, N=4; day 14, n=15, N=5; Note Con-2 data includes
previously presented data in Chapter4), SALS-1 C9-1 (day 7, n=7, N=2) and sALS-2 (day 7, n=10,
N=2; day 14, n=2, N=1). Statistical significance for A,B,C was assessed using One-way ANOVA
(*, p<0.05; **, p<0.01; ***; P<0.001; ****, p<0.0001).

increase in current density compared to Con-2 (Figure 5-2C), which is consistent with
previously presented data from C9ORF72% ALS iAstrocytes. These data suggested that the
membrane current dysfunction is a common feature across sALS and is not limited to

C9ORF72%ALS iAstrocytes.

FTD clinically, pathologically and genetically overlaps with ALS (Burrell et al., 2016). | aimed
to determine if the observe alterations in membrane currents of COORF72%¢ ALS iAstrocytes
extend to C9ORF72% FTD. Here, | generated iAstrocytes derived from fibroblasts obtained
from clinically defined patients presenting FTD, but no ALS and harbouring the C9ORF72
mutation (FTD-1, 64 years old female; FTD-2, 60 years old female; FTD-3, ~72 year old male)
and one healthy control (Con-2). Full patient details can be found in Table 2-13 of the
Methods. Whole-cell patch-clamp recordings were performed on FTD iAstrocytes at day 14.
FTD iAstrocytes displayed altered intrinsic membrane properties compared to Con-2. The
WCC measurement comparison between Con-2 and all three FTD iAstrocyte lines (FTD-1,

FTD-2, FTD-3) revealed 2 significant differences (Con-2 vs FTD-2, p=0.0180; Con-2 vs FTD-3,
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Figure 5-2. Membrane currents in sporadic ALS iAstrocytes are abnormally enlarged.
Caption on the next page.
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Figure 5-2. Membrane currents in sporadic ALS iAstrocytes are abnormally enlarged. A.The
panels show representative voltage-step evoked current traces from individual day 7 Con-1,
SALS-1 and sALS-2 and day 14 Con-2 and sALS-2 iAstrocytes. Note the enhanced current
response in the sALS iAstrocytes. B. Mean + SEM current density (pA.pF) versus voltage (V) plot
of day 7 iAstrocytes derived from Con-2 (n=10, N=4), SALS-1 (n=7, N=2) and sALS-2 (n=10, N=2).
C, Asin B, but for day 14. Con-2 (n=15, N=5), SALS-2 (n=2, N=1).

p=0.0094; One-way ANOVA; Figure 5-3A) with an overall trend of higher WCC in the FTD lines
compared to Con-2. A clear and highly significant reduction in Ri, was observed in all three
FTD iAstrocyte lines (FTD-1, FTD-2, FTD-3) compared to Con-2 (Con-2 vs FTD-1, p<0.0001;
Con-2vs FTD-2, p<0.0001; Con-2 vs FTD-3, p<0.0001; One-way ANOVA; Figure 5-3B). In terms
of RMP, no significant changes were observed between control and FTD iAstrocyte lines
(Figure 5-3C), suggesting largely unchanged RMP values. The intrinsic membrane
properties of C9ORF72%¢ FTD iAstrocytes are very similar to that of C9ORF72%¢ ALS

iAstrocytes.
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Figure 5-3. Passive membrane properties are impacted in C9ORF72% FTD iAstrocytes.
AB,C. Day 14 mean + SEM data of passive membrane properties, WCC, Rin and RMP,
respectively, for Con-2 (n=10, N=2), FTD-1 (n=13, N=3), FTD-2 (n=14, N=3) and FTD-3 (n=14, N=3).
Statistical significance for A,B,C was assessed using One-way ANOVA (%, p<0.05; **, p<0.01; ***
4% n<0.0001).
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Next, | investigated the membrane currents, as previously performed (Figure 5-4).
Representative traces were selected to highlight the current response to the voltage
protocol across the examined conditions. At day 14, FTD-1, FTD-2, FTD-3 iAstrocytes all
revealed increased membrane current response compared to Con-2 (Figure 5-4A). To
normalize for the cell differences observed in the WCC data, the mean current density
against potential was generated. FTD iAstrocytes demonstrate an increase in current
density that correlates with a higher membrane current passivity compared to Con-2
(Figure 5-4B), thus, mirroring the abnormal membrane current properties demonstrated in
C90ORFT72% ALS and sALS iAstrocyte lines. These experiments reveal a shared mechanism

across the ALS/FTD spectrum.

| determined whether astrocyte membrane current dysfunction is a wider feature of other
neurodegenerative diseases. To identify if connexin-mediated current dysfunction was a
characteristic feature in Alzheimer’s disease, | examined membrane currents from
iAstrocytes derived from Alzheimer’s disease (AD) patient fibroblasts (AD, 63 years old
female) and iAstrocytes derived from fibroblasts obtained from healthy individual (100
years old male patient, Con; same donor fibroblasts published in (Bell et al., 2020)).

This study generates novel insight into the electrophysiological characterisation of
astrocytes from human AD patients in vitro. First, the intrinsic membrane properties were
characterised at day 14. The WCC comparison revealed a significant increase in the AD
iAstrocytes compared to Con (p=0.0138; Student’s t-test; Figure 5-5A). The R, was
significantly reduced in the AD iAstrocytes compared to control (p=0.0020; Student’s t-test;
Figure 5-5B) and the RMP was more hyperpolarized in AD iAstrocytes compared to the
control (Con) iAstrocytes (p=0.0014, Student’s t-test; Figure 5-5C). These data appear to be
broadly consistent with properties observed in sALS, C9ORF72%¢ ALS and C9ORF72% FTD
iAstrocytes, suggesting a common membrane dysfunction.

| looked at the current response using the voltage-clamp protocol for both Con and
AD iAstrocytes. The current response in AD line is abnormally enhanced compared to Con
(Figure 5-6). These finding suggest that current enhancement is also present in AD
iAstrocytes. The same protocol was then repeated, for the same iAstrocyte, in the presence

of CBX (10 uM) for 2 minutes (Figure 5-6B) leading to the elimination of the current
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Figure 5-4. Membrane currents in C9ORF72% FTD iAstrocytes are abnormally enlarged. A.
The panels show representative voltage-step evoked current traces from individual day 14
Con-2, FTD-1, FTD-2 and FTD-3 iAstrocytes. Note the enhanced current response in the
C9ORF72% FTD iAstrocytes. B. Mean + SEM current density (pA.pF) versus voltage (V) plot of
day 14 iAstrocytes derived from Con-2 (n=10, N=2), FTD-1 (n=13, N=3), FTD-2 (n=14, N=3) and
FTD-3 (n=14, N=3).
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enhancement observed in AD iAstrocytes. The current density was measured and plotted
against the voltage (Figure 5-6C), which confirms the considerable connexin-mediated

membrane current dysfunction is presented and extends to AD iAstrocytes.
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Figure 5-5. Passive membrane properties are impacted in Alzheimer’s Disease iAstrocytes.
AB,C. Day 14 mean + SEM data of passive membrane properties, WCC, Rin and RMP,
respectively, for Con (n=6, N=2), Alzheimer’s disease (n=11, N=3). Statistical significance for
A,B,C was assessed using Students’ t-test (*, p<0.05; **, p<0.01).
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Figure 5-6. Membrane currents in Alzheimer’s Disease iAstrocytes are abnormally
enlarged. A. The panels show representative voltage-step evoked current traces from
individual day 14 Con and Alzheimer’s disease iAstrocytes. Note the enhanced current
response in the AD iAstrocytes. B,C. Representative current trace in the same Alzheimer’s
disease iAstrocyte in A in the presence of CBX. C. Mean + SEM current density (pA.pF) versus
voltage (V) plot of day 14 iAstrocytes derived from Con (n=6, N=2), AD (n=11, N=3) and
Alzheimer’s disease in the presence of CBX (n=5, N=2).

| next wanted to investigate the properties of iAstrocytes that have been derived from pre-
and post-symptomatic individuals. Patient-derived iAstrocytes offer a powerful tool for
studying disease progression due to their unique advantages. Stem cell technology allows
the generation of patient-derived material, which retain the individual’s genetic
background, which can influence disease susceptibility and progression (Ghatak et al.,

2019, Ng et al., 2022, Marei et al., 2023). Also, by utilizing iAstrocytes from pre- and post-
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symptomatic individuals, different stages of the disease can be assessed, which facilitates

identification of early cellular and molecular changes associated with disease onset.

Importantly, iAstrocytes retain the epigenetic landscape of the original cell source (Gatto et
al., 2021). Epigenetic changes can influence gene expression and potential contribute to
disease development. In this regard, | investigated the electrophysiological properties of
iAstrocytes derived from a family harbouring C9ORF72%* mutations. Fibroblasts were
obtained from three family members with COORF72 mutations: a father unaffected by ALS
(Father, 69 years old male) and two genetically identical, monozygotic twins: an unaffected
twin (Unaffected Twin, 37 years old male) and a symptomatic twin with COORF72% ALS. For
the symptomatic twin, fibroblasts were taken at two sample points; early, 37 years old at
symptom onset; and another ‘late’ biopsy 2 years and 4 months after symptom onset. The
father has a much smaller pathogenic C9ORF72% (<100 repeats) than the twins who have
similar-sized large expansions (around 800 repeats). Full patient details are available in
Table 2-14 of the Methods. iAstrocytes were cultured at day 14, as previously described.
iAstrocytes derived from COORF72% ALS family express specific astrocytic markers, such as
CD44 and Vimentin, indicating efficient differentiation (Figure 5-7).

The intrinsic membrane properties of father, unaffected twin and the two biopsies
for the affected twin iAstrocytes were recorded using whole-cell patch-clamp at day 14. No
statistically significant differences in WCC values were observed between any of the
iAstrocytes derived from C9ORF72% ALS family (Figure 5-8A). A decreased Ri»was evident in
the affected twin line at both biopsy collection timepoints compared to the unaffected
father (Father vs Affected Twin Early, p=0.0323; Father vs Affected Twin Late, p=0.0048; One-
way ANOVA,; Figure 5-8B). The unaffected twin revealed overall lower Ri, values compared
to the father iAstrocyte line, but it did not reach statistical significance. The unaffected
iAstrocytes from the Father and Unaffected Twin exhibited more depolarized RMPs
compared to the Twin Affected Late iAstrocyte line (Father vs Affected Twin Late, p=0.0328;
Unaffected Twin vs Affected Twin Late, p= 0.0008; One-way ANOVA; Figure 5-8C). The
intrinsic membrane properties reveal that the Affected Twin iAstrocytes retain their
functional membrane integrity whilst displaying significant differences in Ri» and RMP

compared to the unaffected father and Twin iAstrocytes.
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Figure 5-7. C9ORF72%t family iAstrocytes express specific astrocytic markers at day 7.
Figure depicts iAstrocytes at day 7 in culture from a family harbouring C9ORF72% mutation.
ICC staining demonstrates cultures derived from the unaffected father and twin, and the
affected twin at two samples points (early and late) are highly enriched for cells harbouring
key astrocyte markers CD44 (yellow) and Vimentin (red). DAPI stain is presented in blue. Scale
bar set to 50um. Stainings and images were performed/obtained by members of the
Ferraiuolo/Shaw laboratories and presented with permission.
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Figure 5-8. Passive membrane properties are impacted in C9ORF72% family iAstrocytes.
AB,C. Day 14 mean + SEM data of passive membrane properties, WCC, Rin and RMP,
respectively, for unaffected father (n=15, N=5), unaffected twin (n=11, N=5), affected twin
(early sample; n=17, N=5) and affected twin (late sample; n=17, N=5). Statistical significance
for A,B,C was assessed using One-way ANOVA (*, p<0.05; **, p<0.01; ***, p<0.001).

Membrane currents of iAstrocytes were then investigated using the voltage-clamp
protocol, as previously described. Representative current traces were selected to
characterize all three family members-derived iAstrocytes. The father and unaffected twin
displayed comparable current responses showing small current responses, similar to
healthy controls (Con-1, Con-2) iAstrocytes (Figure 5-9A, top), while the affected twin
revealed distinctively larger current amplitudes which appeared to increase according to
the sample point of the biopsy (Figure 5-9A, bottom). To quantify the membrane current
enhancement, | constructed mean current density - voltage plots. Strikingly, unaffected
lines (Father and Unaffected Twin) revealed low current density amplitudes, similar to
those previously obtained for Con-1 and Con-2 iAstrocytes, while the affected twin
iAstrocyte lines showed increasing current responses that are strikingly similar to those

previously reported for (symptomatic) COORF72% ALS iAstrocytes (Figure 5-9B).
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Figure 5-9. Membrane currents in C9ORF72% family iAstrocytes are abnormally enlarged
in symptomatic patients. A. The panels show representative voltage-step evoked current
traces from individual day 14 unaffected father, unaffected twin, symptomatic twin (early
sample) and symptomatic twin (late sample) iAstrocytes. Note the enhanced current response
in the symptomatic C9ORF72R€ ALS iAstrocytes. B. Mean + SEM current density (pA.pF) versus
voltage (V) plot of day 14 iAstrocytes derived from the unaffected father unaffected father
(n=15, N=5), unaffected twin (n=11, N=5), affected twin (early sample; n=17, N=5) and affected
twin (late sample; n=17, N=5).

To confirm that the source of increased current response in the affected twin
iAstrocytes was due to connexin-mediated dysfunction, | assessed the sensitivity of
currents to CBX (10 uM), as previously performed. Complete elimination of current

enhancement was observed in the Affected Twin Early iAstrocytes in the presence of CBX
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(Figure 5-10A,B) and was confirmed in the current density - voltage plot (Figure 5-10D),
which highlighted that CBX restores the phenotype to a control-like level.

These findings suggest that Cx43-mediated current dysfunction is linked to disease
progression, and the C9ORF72% alone is not sufficient for its upregulation. This is supported

by evidence from monozygotic twins with C9ORF72%  indicating involvement of additional

factors.
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Figure 5-10. Membrane currents in the symptomatic C9ORF72% twin iAstrocytes are
sensitive to CBX. A. The panel shows representative voltage-step evoked current traces from
individual day 14 symptomatic (late sample) COORF72% twin iAstrocytes. B. The same
iAstrocyte in Ain the presence of CBX. C. The CBX-sensitive current for the iAstrocyte presented
inA. D. Mean + SEM current density (pA.pF) versus voltage (V) plot of day 14 iAstrocytes derived
from the symptomatic C9ORF72%¢ twin in the presence and absence of CBX (n=4, N=1).
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To explore the potential that pre-symptomatic ALS iAstrocytes did not show or showed
reduced connexin-mediated membrane dysfunction, | assessed the presence of connexin-
mediated current enhancement in iAstrocytes derived from three pre-symptomatic
C9ORF72% iAstrocyte patients (PreSx-1, 50 years old female; PreSx-2, 36 years old female;
Prex-3, 31 years old male). The intrinsic membrane properties for pre-symptomatic were
measured at day 14. PreSx-1 iAstrocyte line shown statistically higher WCC compared to
Con-2 line and PreSx-2 (Con-2 vs PreSx-1, p=0.0050; PreSx-2 vs PreSx-1, p=0.0267; One-way
ANOVA; Figure 5-11A), but no other differences were observed. The Ri,» was statistically
decreased in all pre-symptomatic CIORF72F iAstrocyte lines compared to control
iAstrocyte (Con-2 vs PreSx-1, p=0.0267; Con-2 vs PreSx-2, p=0.0082; Con-2 vs PreSx-3,
p=0.0372; One-way ANOVA; Figure 5-11B). For RMP, no significant differences were noticed
between Con-2 and all three pre-symptomatic C9ORF72% iAstrocytes. Interestingly, the
intrinsic membrane properties reveal a trend similar to that of (symptomatic) COORF72%¢

ALS iAstrocytes.
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Figure 5-11. Passive membrane properties are impacted in pre-symptomatic C9ORF72%¢
iAstrocytes. A,B,C. Day 14 mean + SEM data of passive membrane properties, WCC, Rin and
RMP, respectively, for Con-2 (=15, N=5; Note Con-2 as previously presented data in Chapter 4),
pre-symptomatic PreSx-1 (n=11, N=3), PreSx-2 (n=11, N=3) and PreSx-3 (n=7, N=2). Statistical
significance for A,B,C was assessed using One-way ANOVA (*, p<0.05; **, p<0.01).
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| then investigated membrane current dysfunction and found that the voltage-step
protocol revealed variable current responses between the pre-symptomatic C9ORF72%¢
iAstrocytes (Figure 5-12). The Con-2 line maintained its low current responses, PreSx-1
iAstrocytes showed only a modest increase in their current response, whilst PreSx-2 and
PreSx-3 2 iAstrocyte lines revealed increasingly higher current responses (Figure 5-12A). The
same trend was observed in the current density - voltage plot, where Con-2 and PreSx-1
revealed relatively low values and PreS-3 and PreSx-1 become to show more pronounced

current density responses (Figure 5-12B).

Neuronal activity leads to extrusion of K* ions from the axon through voltage-gated K*
channels. A fundamental homeostatic function of astrocytes is to rapidly remove the K*
from the axon to prevent its accumulation, which can cause axonal depolarisation and
pathogenic hyperexcitability (Walz, 2000). Connexins are key channels through which K*
ions are syphoned away from the axon (Giaume et al., 2021). Increased neuronal activity
has been implicated in the upregulation of astrocytic connexins, including Cx43 , as a
potential homeostatic mechanism to clear elevated K* (Rouach et al., 2000). Increasing
extracellular K*, mirroring high neuronal activity, | hypothesise that this mechanism may be
abnormally regulated in PreSx-3 C90RF72% iAstrocytes, causing a dysregulated
upregulation of connexins.

To address this, | incubated healthy and PreSx-3 C9ORF72% iAstrocytes with KCl (30
mM; and osmotic control NaCl, 30 mM) for 72 hours before examining the
electrophysiological phenotype at day 14. As expected, KCl induced a modest increase in
CBX-sensitive current in healthy iAstrocytes, but the CBX-sensitive current was strikingly
elevated in PreSx-3 C9ORF72%¢ iAstrocytes (Figure 5-13F). NaCl did not cause any
upregulation in either healthy or PreSx-3 C9ORF72% iAstrocytes (Figure 5-13l). Interestingly,
these findings demonstrate that prolonged exposure to elevated extracellular K* levels, as
might be expected to occur during ALS disease progression (hyperexcitability), can enhance
connexin-membrane dysfunction in ALS astrocytes.

The results need to be interpreted with careful consideration as limited number of

samples and cell lines were used in some of the experiments presented above.
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Figure 5-12. Membrane currents in C9ORF72% pre-symptomatic iAstrocytes are variably
impacted. A. The panels show representative voltage-step evoked current traces from
individual day 14 Con-2, PreSx-1, PreSx-2 and PreSx-3 iAstrocytes. Note the variable current
response in the pre-symptomatic C9 ALS iAstrocytes. B. Mean + SEM current density (pA.pF)
versus voltage (V) plot of day 14 iAstrocytes derived from the unaffected Con-2 (»=15, N=5; Note
Con-2 data as previously presented data in Chapter 4), pre-symptomatic PreSx-1 (n=11, N=3),
PreSx-2 (n=11, N=3) and PreSx-3 (n=7, N=2).
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Figure 5-13. KCl-mediated induction of connexin dysfunction in pre-symptomatic
iAstrocytes. Caption on the next page.
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Figure 5-13. KCl-mediated induction of connexin dysfunction in pre-symptomatic
iAstrocytes. A. Timeline of KCl application. iAstrocytes were replated at day 7 onto coverslips
and NaCl/KCl (30 mM) was added to the media at day 11 for 72 hours. Electrophysiological
recordings were performed at day 14. B. The panels show representative current traces from
individual Con-2 iAstrocytes preincubated with KCL. C. The panel shows representative current
trace for individual Con-2 iAstrocyte in the presence of NaCl. D. Mean + SEM current density
(pA.pF) versus voltage (V) plot of day 14 Con-2 iAstrocytes pre-incubated with KCl in the
absence (n=8, N=3) and presence of CBX (n=2, N=1). Con-2 in the absence of any treatment was
added for reference. The incubation with NaCl did not yield any shift in the current density
relationship to Con-2 (n=6, N=3). E,F. Same as B,C for pre-symptomatic PreSx-3 iAstrocytes. G.
Mean + SEM current density (pA.pF) versus voltage (V) plot of day 14 PreSx-3 iAstrocytes pre-
incubated with KCl in the absence (n=10, N=3) and presence of CBX (n=3, N=1). Note current
density enhancement in PreSx-3 in the presence of KCl which is then attenuated by application
of CBX. PreSx-3 data (n=7, N=2) in the absence of any treatment was displayed as reference.
NaCl data (n=5, N=2) did not deviate notably from PreSx-3 alone.

5.4. Discussion

By leveraging whole-cell patch-clamp electrophysiology, selective pharmacology, stem cell
technology and cell biology techniques, | characterised novel membrane physiology
defects in iAstrocytes derived from various disease backgrounds. Sporadic ALS iAstrocyte
lines exhibit progressive current enhancement upon voltage stimulation. This observation
indicates that the abnormal membrane current response extends to a broader spectrum of
the disease. This implies that a pathway leading to connexin-mediated dysfunction is
present in cells independent of the C9ORF72% mutation and DPR pathology.

C9ORF72% FTD iAstrocytes also displayed an increase in current density that
correlates with higher membrane passivity, aligning with observations in C9ORF72%¢ ALS
and sALS iAstrocytes. While FTD primarily affects the pre-frontal cortex and temporal lobes,
the observed membrane current enhancement reflects a broader feature of
neurodegenerative diseases. Although astrocytes are toxic specifically to MNs (Di Giorgio et
al., 2008, Haidet-Phillips et al., 2011, Nagai et al., 2007, Re et al., 2014), FTD pathology is
known to involve astrogliosis that occurs at an early stage of disease progression and
precedes neuronal loss (Su et al., 2000, Kersaitis et al., 2004). Apoptotic astrocytes in FTD
have been correlated with the degree of atrophy in the frontotemporal region and
significant astrogliosis has been observed to overlap with areas showing disturbed cerebral

perfusion (Broe et al., 2004). Astrocytes derived from FTD patients carrying GRN mutation
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and mice with a homozygous deletion in GRN display upregulation of Cx43 protein in the
thalamus and frontal cortex, together with downregulation of glutamate transporter
SLC1A2 that promoted profound synaptic degeneration in these areas (Marsan et al., 2023).
Co-culture systems with cortical neurons and GRN deficient astrocytes promote synaptic
and dendritic degeneration in neurons. These astrocytes fail to simulate synaptic growth
and promote TDP-43 protein aggregation in cortical organoids. Immunostaining also
highlighted increased expression of Cx43 in almost all FTD-GRN astrocytes compared to
controls (Marsan et al., 2023). It is important to note that FTD-GRN patients have
haploinsufficiency of the secreted protein prostaglandin, a mechanism that leads to
neurodegeneration and the characteristic TDP-43 protein aggregation (Baker et al., 2006,
Cruts et al., 2006), a common feature of ALS and ALS/FTD patients (Mackenzie and
Rademakers, 2008). Therefore, the connexin phenotype in astrocytes plays a role in FTD and
the increase Cx43 reported in literature in FTD models is likely to be a common feature of
these neurodegenerative diseases.

Building upon the findings of abnormal membrane current response in ALS and FTD
iAstrocytes, | electrophysiologically characterised iAstrocytes derived from an AD patient.
The enhanced current response upon voltage injection was maintained in the AD
iAstrocytes, indicating a continuation of this astrocytic membrane impairment across
neurodegenerative diseases caused by connexins. These observations align with the well-
established characteristic of astrocytic connexins in AD. Previous studies indicate that
blocking connexin-associated channel communication can prevent memory function in AD
models (Quesseveur et al., 2015, Giaume et al., 2021, Sharma et al., 2019). In AD, it is
believed that pathological stimuli including B-amyloid increase expression of connexins in
astrocytes which may be associated with increase activation of astrocytes in the form of
astrocytosis. Studies show that overexpression of Cx43 interacts with purinergic receptors,
particularly, P2Y1 receptors in transgenic model of AD and blockage of P2Y1 receptor and
connexin channel inhibitor, CBX improved cognition function in APP/PS1 mice (Delekate et
al., 2014). This might be due to the increase in ATP release through connexins that leads to
activation of P2Y1 receptors that has a detrimental effect on neuronal viability and/or
function (Kangetal., 2008, Orellana et al.,2011). The increase in glutamate release has been

characterised to induce neurodegeneration and cognitive impairments in AD patients
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(Hynd et al., 2004). Astrocyte connexin channels control the release of glutamate into the
extracellular space (Xing et al., 2019) and the release of glutamate via Cx43 hemichannels
was shown to mediate neuronal death (Orellana et al.,2011) possibly contributing to induce
neurodegeneration and cognitive decline in AD patients. The data in my study extends the
concept of connexin dysfunction in astrocytes to AD. The data in my study extends the
concept of connexin dysfunction in astrocytes in AD. It is possible that the dysregulation of
connexins mediates similar pathogenic mechanisms in ALS, FTD and AD. these diseases
manifest differently. ALS primarily affects motor neurons, leading to muscle weakness and
atrophy. In contrast, AD is characterised by cognitive decline, memory loss, and behavioural
changes. FTD presents with progressive impairment of language, behaviour and executive
function. Despite these differences, they shared underlying astrocytic dysfunction suggests
a commonality in their pathophysiology. It is possible that the dysregulation of connexins
mediate similar pathogenic mechanisms in ALS, FTD and AD.

To investigate if connexin upregulation was associated with symptomatic disease, |
examined the electrophysiological properties of iAstrocytes derived from a family carrying
C90ORF72% mutations with variable penetrance; a pre-symptomatic father, and two
offspring who are monozygotic twins, where one is pre-symptomatic and, the other,
symptomatic from which samples were taken at diagnosis and at a later disease stage.
Remarkably, our data reveal that the electrophysiological phenotype is not prominent in
pre-symptomatic iAstrocytes derived from the father and unaffected twin. However, for the
symptomatic C9ORF72%¢ iAstrocytes derived from the affected twin, the connexin
phenotype is prominent and crucially, increases with disease progression. A parallel
programme of work in the Shaw lab is characterising the lines and indicates both twins
carry a C9ORF72 mutation that is up to 500 repeats, as well as an identical genome,
suggesting that the differences are not due to a C9ORF72%¢ length effect. These data further
suggest that additional factors contribute to the phenotype. Moreover, investigating pre-
symptomatic iAstrocytes revealed highly variable membrane current dysfunction
compared to controls. Collectively, these data suggest that connexin dysfunction in
astrocytes is overall less evident in pre-symptomatic versus symptomatic CO9ORF72F¢

patients and that connexin dysfunction is related to the sample point of the disease course.
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One possibility for this divergence is due to epigenetic dysregulation. Importantly,
the direct differentiation methodology employed to generate iAstrocytes retains the
epigenetic status of the cell of origin (Gatto et al., 2021). C9ORF72%¢ has been shown to have
increased methylation (Belzil et al., 2014, Xi et al., 2014a), and decreased transcription in
ALS/FTD patients (Belzil et al., 2013, Xi et al., 2014a). Disease discordant monozygotic twins
hold important potential for studies seeking to identify epigenetic and transcriptomic
factors that modify the phenotype of complex diseases. Previously, identical ALS twin
studies revealed no aberrant DNA methylation between siblings (Xi et al., 2014b, Young et
al.,2017), but methylome-wide studies revealed an accelerated epigenetic aging in affected
ALS twins (Zhang et al., 2016a, Young et al., 2017, Tarr et al., 2019), altered GABA signalling
(Young et al., 2017) and immune response (Lam et al., 2016). This epigenetic age disparity
may contribute to the observed astrocyte membrane dysfunction and disease progression
in the affected twin compared to the unaffected sibling.

Since connexin upregulation is linked to altered neuronal activity (Rouach et al.,
2000) (Charvériat et al., 2021), | explored the contribution of external factors to connexin-
mediated dysfunction in control and pre-symptomatic C9ORF72% iAstrocytes. In control
iAstrocytes, enhanced extracellular KCl mildly increased the CBX-sensitive current
response, as expected in relation to their role in K* clearance and homeostasis (Giaume et
al., 2021). However, the pre-symptomatic iAstrocytes displayed a considerably greater
increase in the CBX-sensitive membrane current amplitude in response to incubation with
K*. No difference in the current dysfunction was observed in healthy or C9ORF72%¢
iAstrocytes treated with osmotic control NaCl, indicating the shift is specific to increased K*.
This finding indicates that environmental factors, such as elevated extracellular K*
concentration, mimicking increased neuronal activity, may trigger an abnormal connexin
upregulation in astrocytes in individuals with the C9ORF72% mutation. Beyond the fact |
presented preliminary data to show that the connexin phenotype in COORF72% iAstrocytes
is toxic to MNs, this may link two major areas of ALS pathophysiology - hyperexcitability
(and consequently increased axonal K* extrusion) in MNs and astrocyte-mediated MN
toxicity. It is therefore possible that MN hyperexcitability, a hallmark of ALS, is likely to
trigger or worsen connexin dysfunction in ALS astrocytes, potentially exacerbating the

disease progress. This also potentially suggests that early hyperexcitability mediated by
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MNs may drive astrocyte dysfunction, leading to further MN toxicity. Also, several lines of
evidence suggest a causal link between hyperexcitability caused by intense physical
activity, dysregulated energy metabolism and the risk of developing ALS (Chapman et al.,
2023, Julian et al., 2021). Environmental risk factors like intense exercise influence ALS risk
through epigenetic changes (Oskarsson et al., 2015). Further, intense locomotor exercise
would be likely to cause high levels of axonal K* extrusion (Lindinger and Sjggaard, 1991),
providing a possible environmental risk factor that can drive astrocyte connexin
dysregulation and subsequent astrocyte-mediated MN toxicity. During high-intensity
physical activity, leads to increased extracellular K* accumulation and subsequent
upregulation of astrocytic connexins, including Cx43 , potentially as a compensatory
mechanism to clear excess K* (Rouach et al., 2000). My results reveal that iAstrocytes
derived from pre-symptomatic individuals with an ALS risk genotype display a significant
increase in membrane current response upon voltage stimulation compared to healthy
controls probably due to accelerated epigenetic aging (Young et al., 2017). This finding
aligns with the concept that vigorous exercise in genetically predisposed individual might
lead to cellular stress and connexin upregulation. iAstrocytes derived from pre-
symptomatic patients containing ALS mutations may also retain epigenetic signals that
make them vulnerable to developing this dysfunctional connexin phenotype upon stress

exposure.
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5.5. Conclusion

In conclusion, | identified a unifying feature of enhanced membrane current
response in iAstrocytes derived from ALS, FTD and AD patients. This finding indicates
connexin dysfunction as a common pathological mechanism across neurodegenerative
diseases. This connexin-mediated dysfunction appears in pre-symptomatic individuals and
can be exacerbated by toxic environmental factors. Increased extracellular K* mimicking
enhanced neuronal activity leads to connexin dysfunction in presymptomatic C9ORF72%¢
individuals, likely influenced by epigenetic signatures. These findings suggest connexin
dysfunction as an important modulator of toxicity over a broad range of neurodegenerative
diseases. Exploring the potential for modulating connexin function through therapeutic
strategies could improve interventions in neurodegenerative diseases, which will be further

described in Chapter 6.
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6. Chapter 6: Discussion and Future Research

6.1. Introduction
The overarching aims of this research were to:
i.  Investigate the functional electrophysiological properties of human in vitro-derived
medium spiny neurons (MSNs) generated from C9ORF72% patients.
ii.  Investigate the functional electrophysiological properties of human in vitro-derived
astrocytes derived from C9ORF72 patients.
| have discussed the immediate results of these investigations in relation to core
hypotheses and objectives in each of the individual Results chapters. Here, | summarise
these core findings and conclusions, discuss further questions and areas for further

investigation.

6.2. Invitro-derived C9ORF72%F MSNs are hypoexcitable.

In Chapter 3, | performed the first electrophysiological investigation of MSNs in the context
of FTD/ALS and determined that they are dysfunctional. This provides the first
electrophysiological evidence that other neuronal types in ALS/FTD other than cortical and
motor neurons are dysfunctional (reviewed in (Pasniceanu et al., 2021)) are disturbed. My
main findings from this work are summarised as:

e Invitro iPSC-derived C9ORF72%¢ MSNs display intrinsic hypoexcitability, but are not
compromised in terms of their viability or other aspects of electrophysiological
maturation;

e C90ORF72%t MSNs are hypoexcitable because they notably display slowed altered AP
waveforms, which show impaired depolarisation and repolarisation phases.

e Consistent with hypoexcitability, | also demonstrate that the AP waveform of
C9ORF72% MSNs appears to display modest changes to the amplitude and AHP.

e The AP waveform appears to be fundamentally impacted by a reduced expression
of Ik channels, but not Nay or I.. This scenario is most plausibly explainable by
potential differences in AIS location, including a potentially altered site of functional

I« expression away from the cell body.
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6.3. Future work

Establishing whether MSN hypoexcitability is a convergent feature of FTD/ALS. The data | have
obtained is exclusive to the C9ORF72% mutation. However, neuroimaging data highlight
frontostriatal impairments in ALS patients with C9ORF72%, as well as in presymptomatic
C90ORF72%E carriers (Bede et al., 2013b, Walhout et al., 2015, Machts et al., 2015a, Lee and
Huang, 2017, De Vocht et al., 2020). It will therefore be important to determine whether
MSNs derived from sporadic ALS and other patients containing mutations are

hypoexcitable to establish whether this is a converging phenotype.

Establishing the identity of Ix channel dysfunction and potential AIS dysfunction in FTD/ALS.
An outcome of the study shows that Ix channels are reduced in functional expression and
C9ORF72% MSNs are hypoexcitable. As discussed, this is apparent disagreement with data
from ALS MNs that show reduced Ik is associated with hyperexcitability in which reduced Ik
channels and Ky7.2-containing channels are potentially implicated (Wainger et al., 2014).
However, the data obtained in this study are highly consistent with another scenario where
I« channels can be positioned in a different position in the axon, specifically aligned to an
altered position of the axon initial segment further away from the cell body, to cause
hypoexcitability (Lezmy et al., 2017). Similarly, K,7.2-containing channels are implicated in
generating this excitability property. It is therefore critical to establish both the identity of
the specific Ik channel implicated in the dysregulation and any shifts in AIS. Identification of
I« channel subunits would be best undertaken using a multimodal approach, including
western blot (ideally membrane fraction) and the use of selective pharmacology. For
example, to test the hypothesis of (M-channel) K,7.2 dysregulation and dysfunction in
C90ORF72% MSNs it will be important to test the acute effect of M-channel blockers,
linopirdine or XE-991 (Fontan-Lozano et al., 2011, Dirkx et al., 2020), using whole-cell
current-clamp electrophysiology experiments, as highlighted in my study. | hypothesize
that such compounds would not impact on C9ORF72% MSNs as much as on controls, but if
my hypothesis is correct, this would cause hyperexcitability in controls and further
hypoexcitability in C9ORF72%F MSNs, because the Ik channels would be located at different
positions. Moreover, enhancing K,7.2 function through activators like ezogabine may

reinforce this. The positioning and morphology of the AIS in COORF72% MSNs compared to
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controls can be determined using specific markers of the AIS, such as Ankyrin-G. It will be
important to align these data with specific markers of the Ix channel identified to determine
a possible distal shift of such Ik channels along the axon due to altered AlS positioning. My
data is also consistent with a scenario where Nay functional expression is not altered, but
the depolarisation phase of the AP is altered, suggesting also a more distal shift of the AlS.
It will be important to use this aligned data to confirm using immunocytochemistry that Nay
channels are also distally shifted. Such data also permit the ability to similarly examine the
striatum in FTD/ALS post-mortem material for similar changes to examine whether such

defects are evident at the end-stage of disease.

Does hypoexcitability lead to a loss of GABA-ergic function? Although enriched populations
of electrophysiologically mature GABA-ergic MSNs were generated and cultured in vitro,
these models lack the complex cellularinteractions present in the striatum and the cortico-
striato-nigral networks to investigate the hypothesis that hypoexcitability in MSNs can lead
to disinhibition of MSN targets. The interaction between MSNs, dopaminergic neurons from
the substantia nigra pars compacta, neurons of the globus pallidus interna and
subthalamic nucleus and, furthermore, glutamatergic cortical inputs are fundamental for
regulating reward processing, cognition and other functions (Gerfen and Bolam, 2016).
Also, glutamatergic projection neurons from the cerebral cortex into the striatum are
thought to play a key role in the development of MSNs (Steiner and Tseng, 2016),
highlighting that dopamine appears to increase the excitability of MSNs (Nagai et al., 2016).
To address these limitations, it is therefore important to investigate MSNs in a more
relevant environment that include their innervating and target contacts. Typically, this
would be achieved by two approaches involving transgenic rodent models of FTD/ALS and
more elaborate human stem cell technology based models. Transgenic FTD/ALS rodent
models have been developed to study the pathophysiology of disease progression,
however many of these models harbour caveats, including the fact that some do not
faithfully recapitulate disease (Balendra and Isaacs, 2018, Philips and Rothstein, 2015, Zhu
etal., 2023). However, SOD1 mouse models have been shown to display MSN abnormalities
(Geracitano et al., 2003, Joyce et al., 2015). Striatal MSNs in SOD1%%** mice show a loss of

spine density from P65-75 onward (Fogarty et al., 2016a), suggesting that synaptic inputs
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into MSNs maybe a site of excitotoxicity. Interestingly, one study from SOD1%** mouse
model demonstrated that degeneration of the dopaminergic neurons affects striatal-
related synaptic plasticity and behaviour, providing cellular evidence of striatal
involvement and cognitive defects observed in FTD/ALS animal model (Geracitano et al.,
2003). Furthermore, transgenic mice expressing human tau protein (MAPT) suggest that
synaptic defects within the striatum may be a viable therapeutic target for cognitive
dysfunction in FTD/ALS (Lui et al.,, 2016, Petkau et al., 2012). Further, TDP-43ANLS
transgenic mouse models exhibit FTD/ALS-like phenotypes or cognitive deficits and present
with neuronal loss and hallmark cytoplasmic TDP-43 inclusions in the striatum, but not
striatal atrophy (Walker et al., 2015). These emerging data suggest that transgenic models,
with careful appreciation of their limitations, may be useful for further investigation of
striatal dysfunction in FTD/ALS.

Human co-culture or multi-culture systems that incorporate MSN with their targets
may offer an alternative controllable environment to study MSN dysfunction in relation to
theirinputs and targets in FTD/ALS. For example, lannielli et al. implemented a microfluidic
system for long-term and stable culture of iPSC-derived MSNs and dopaminergic neurons
with functional synapses (lannielli et al., 2019), allowing for pharmacological testing to
identify potential defects at the synapse, and identify compounds that protect synapse
function in the context of disease. Microfluidic devices can be further integrated with
microelectrode arrays (MEA) (Bruno et al., 2020) and patch-clamp recordings (Yan and Wu,
2013) therefore permitting investigation into the functional connectivity of these neurons.
Also, advances in stem cell technology led to the development of human striatal organoids
and cortico-striatal assembloids from human iPSCs, which appear to recapitulate aspects
of intrinsic electrophysiological properties of rodent MSNs (Miura et al., 2020). These 3D
cultures offer a more faithful circuit representation of striatal cellular architecture
compared to 2D cultures therefore permitting study of MSNs connectivity in a human
context.

Interestingly, MSN cultures contain very little astrocytes. My data therefore suggest
that the intrinsic excitability phenotype | observe is likely to be cell autonomous. Noting
that astrocytes are reported to have impact on lower motor neuron excitability, in addition

to viability, to cause hypoexcitability (Zhao et al., 2020). This appears to suggest that MSNs
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are intrinsically more vulnerable to changes in excitability. Noting that MSN excitability is
known to be modulated by astrocytes (Nagai et al., 2019, Khakh, 2019), it would be
therefore important to assess MSN excitability in the presence of healthy and C9ORF72¢

astrocytes.

What type of MSNs are iPSC-derived MSNs? Striatal MSNs are divided into D1-type dopamine
receptor and D2-type dopamine receptor output neurons to form the ‘direct’ and ‘indirect’
pathway, respectively (Gerfen et al., 1990b, Albin et al., 1995). The direct pathway MSNs
directly transmit information to output nuclei (globus pallidus pars interna and substantia
nigra pars reticulata). This inhibition caused by GABAergic MSNs of the substantia nigra pars
reticulata leads to disinhibition of the thalamic glutamatergic neurons which receive
substantia nigra pars reticulata input and project to the cortex. Conversely, the indirect
pathway MSNs project to the same substantia nigra pars reticulata through globus pallidus
pars externa and the subthalamic nucleus. The indirect and direct pathways of the striatum
are established to be aligned to specific behaviours and cognitive functions (Nonomura et
al., 2018). MSNs can exhibit characteristics of both pathways as a number of studies have
shown that D1 and D2 receptors co-exist within the same MSN (Perreault et al., 2011).
Interestingly, iPSC-derived striatal protocols appear to report a mixture of D1 versus D2
MSNs (Fjodorova et al., 2015, Conforti et al., 2022). Notably, the COORF72%¢ MSNs used in this
study likely represent a heterogeneous population of D1- and D2-type neurons. Further
studies should aim to selectively isolate D1 and D2 subtypes to gain more precise
understanding of their role in COORF72RF FTD/ALS. It would be important to know if these
neurons are reflective of such MSN types to align any potential electrophysiological
properties to MSN type, and by inference the direct and indirect pathways. Furthermore,
MSNs feature in different parts of the striatum, which is differentially impacted in FTD/ALS
(ventral) versus Huntington’s disease (dorsal). New knowledge of developmental regional
markers of MSNs is emerging (He et al., 2021) and will be important to determine in these
cultures to align our cultures with such striatal markers. However, no iPSC protocol has yet
determined whether iPSC-MSNs are of specific striatal identity. Interestingly, recently
cortical neurons in SOD1%?* mice were shown to exhibit a distinct subtype of Gprin3-

expressing neurons which were specifically vulnerable to degeneration, which is highly
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expressed within the striatum (Moya et al., 2022). It is known that Gprin3-expressing
neurons in the striatum are part of the indirect pathway and is linked to MSN neuronal
excitability (Moya et al., 2022). My study provides the impetus to begin further detailed
studies as to which MSNs are vulnerable in FTD/ALS.

6.4. Whatis the translational relevance of this study?

When does MSN hypoexcitability initiate in disease? My in vitro data indicates that COORF72¢
MSNs become in dysfunctional with culture time, suggesting that hypoexcitability of MSNs
progressively become more intense with time. This is in line with the idea that axonal and
neuronal dysfunction precedes neuronal death in patients (Iwai et al., 2016). However, it is
important to reflect that this is an in vitro model, where timelines of phenotypic
development may be skewed compared to native FTD/ALS patients (Zhang et al., 2013). In
this regard, longitudinal, multimodal neuroimaging offers a complementary approach for
investigating MSN dysfunction in CO9ORF72% FTD/ALS patients. Neuronal loss within the
striatum of FTD/ALS patients, striatal atrophy and altered diffusivity in patients are
documented alterations in FTD/ALS patients (Riku et al., 2016, Kato et al., 1994). MRI and
vertex analysis have demonstrated a robust correlation between striatal dysfunction and
disrupted frontostriatal networks in ALS patients with in C9ORF72%, as well as in
presymptomatic in C9ORF72% carriers when compared to non-carriers (Bede et al., 2013b,
Lee and Huang, 2017, Walhout et al., 2015, De Vocht et al., 2020), suggesting a loss-of-
function within these networks. Striatal grey matter deficits have been observed in
asymptomatic C9ORF72% carriers (Lee et al., 2017b). Further, the presence of striatal
atrophy in ALS patients with no cognitive impairments (Bede et al., 2013a, Tae et al., 2020)
might suggest that subtle cognitive/behavioural deficits, which do not satisfy current
criteria, may be present early during disease course (Tae et al., 2020), but also striatal
alterations might be present before the overt TDP-43 pathological burden (during stage 1
of disease) (Brettschneider et al., 2013). Most of these studies compare ALS with controls,
but not FTD, and only few studies address the importance of the striatum by stratifying the
samples according to cognitive/behavioural status (Bede et al., 2013a, Lee et al., 2017b, Tae

et al., 2020). The MRI-based evidence appears a reliable indicator of disease severity and
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progression from an early and even presymptomatic stage. Such studies are important to
conduct to determine the pathophysiology within the striatum (and MSNs) in FTD/ALS
patients over time. Furthermore, the observed hypoexcitability in MSNs described in my
thesis aligns with the notion that neuronal dysfunction can precede neuronal death in
neurodegenerative. This suggests that early intervention strategies aimed at preserving
neuronal function may be beneficial in slowing disease progression and improving patient

outcome.

Is MSN hypoexcitability targetable for therapeutic benefit? MSNs are a considered target for
numerous neurological diseases (Rikani et al., 2014, Witzig et al., 2020) and brain conditions
(Zhao et al., 2022b, Durieux et al., 2009, Tsutsui-Kimura et al., 2017). Interestingly, other
GABA-ergic neurons, including cortical and spinal interneurons, in FTD/ALS appear to be
vulnerable and exhibit excitability issues, including hypoexcitability (Estebanez et al., 2017,
Lin et al., 2021, Tsuiji et al., 2017, Khademullah et al., 2020). This potentially enhancing
GABA-ergic function, as suggested by hypoexcitable MSNs, could assist in regaining MSN
function, but also may have systemic benefit in other brain regions affected in disease.
The promotion of increased excitability through the inhibition of small conductance
Ca*-activated Ky (SK) channels showed appears to be a promising therapeutic targetin ALS
MNs (Catanese et al., 2021, Castelli et al., 2021). SK channels are responsible for the AHP
phase of the AP and their blockade with apamin leads to increased firing (Brownstone,
2006, Catanese et al., 2021). However, this is directly contrasted with the work of Wainger
et al., who promote the reduction of hyperexcitability in MNs as therapeutic (Wainger et al.,
2014). The AP waveform shows impairments in the repolarisation phase and depolarisation
phase. Targeting these specifically are the most intuitive therapeutic targets emerging from
this work. Ky channels are modulators that have been evaluated or are currently
investigated for their potential role in management of ALS. Specifically, K.7.2 (Ik type)
channels emerge as a promising therapeutic target in ALS. Ezogabine, an antiepileptic drug
activating these channels, counteracts the reduced expression of K,7.2 observed in ALS
lower MNs (Jiang et al., 2005). High-throughput screening supports this strategy, identifying
Kv7 channels are key in reducing excitotoxicity in human iPSC-derived MNs (Huang et al.,

2021a). Ezogabine effectively reduced hyperexcitability and extended survival in ALS
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models, highlighting its potential benefit (Wainger et al., 2014, Wainger et al., 2021).
However, limited patient number, short treatment duration, and lack of selectivity led to
frequent adverse effects (Wainger et al., 2021). More specific Ky7 channel openers, QRL-101
(QurAlis) are being developed and currently undergoing clinical trials, offering possible
improvement in the treatment of MN hyperexcitability-induced disease progression of ALS
(QurAlis, 2024). However, our study indicates that Kv7.2 maybe alternately dysregulated in
MSNs compared to MNs and could be unsuitable for MSN hypoexcitability. Studies also
explored 4-aminopyridine (4-AP), an I, channel antagonist, to address neuronal
hypoexcitability on FUS and SODI iPSC-derived MNs (Naujock et al., 2016). 4-AP restored
spontaneous activity patterns and synaptic input by inhibiting I» K* currents (Naujock et al.,
2016). Whilst likely to increase excitability of MSNs, I, regulation may not be the most
appropriate long term pharmacological solution. Future work isolating the key
underpinning Ik channel causing dysfunction will allow more specific pharmacological
targeting of the repolarisation phase. However, the data also suggest a shift in AlS location
in C90RF72Rt MSNs, but interestingly, the AIS structure may be a valid target. Recently,
restoring axonal organelle motility through magnetic field stimulation was proposed as an
alternative therapeutic approach in FUS MNs (Kandhavivorn et al., 2023). It is therefore
possible that this non-invasive approach, which can be targeted to specific brain regions,
could yield a future corrective AlS therapy.

Importantly, Riluzole is the only approved drug for ALS in Europe (Lacomblez et al.,
1996, Bensimon et al., 1994). Riluzole reduces neuronal excitability and it is believed
Riluzole inhibits persistent Na*currents on glutamatergic nerve terminals and/or activation
of a G-protein-dependent signalling cascade, and potentially by non-competitive blockage
of NMDA receptors (Geevasinga et al., 2016a, Doble, 1996). My finding that COORF72%¢ MSNs
are hypoexcitable means that riluzole is likely to potentially worsen this hypoexcitability

and its downstream effects.
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6.5. Summary
In this work | have begun to elucidate the electrophysiological abnormalities in COORF72%¢
MSNs, marking a significant stride in understanding the broader neuronal dysfunction
associated with FTD/ALS. The data unveiled intrinsic hypoexcitability in these neurons,
attributed to altered action potential waveforms and impaired ion channel functionality,
particularly Ik channels. These findings provide direct evidence that dysregulation in non-
cortical and non-motor neurons could also be pivotal in the pathogenesis of FTD/ALS. As
such, this study sets the stage for future research aimed at corroborating the
hypoexcitability as a convergent feature across various genetic mutations implicated in
FTD/ALS, which is suggested by patient neuroimaging data. The exploration into the
specific Ik channel dysfunction and potential alterations in AIS positioning may provide
promising avenues for targeted pharmacological interventions. The potential implications
of MSN dysfunction may reverberate through broader cortico-striato-nigral networks, via
impaired GABA-ergic MSN signalling, thus influencing cognitive and behavioural aspects of
the disease. Further work will require to confirm this using experimental models where
striatal circuitry is modelled appropriately.

In summary, this research illuminates the electrophysiological dysfunction of
C9ORF72% MSNs, thereby deepening our understanding of FTD/ALS pathogenesis and

offering critical insights for new therapeutic advancements.
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6.6.

In vitro-derived astrocytes obtained from symptomatic ALS patients

display connexin dysfunction.

In Chapters 4 and 5, | performed the first electrophysiological investigation of astrocytes in

the context of ALS and determined that they display exhibit considerable dysfunction

associated with their membranes due to connexin dysregulation. My main findings from

this work are summarised as;

In vitro, directly differentiated astrocytes derived from symptomatic C9ORF72% and
sporadic ALS patients display a membrane dysfunction caused by connexin
dysfunction. These iAstrocytes are not compromised in terms of their viability, as
determined by the fact that they displayed healthy resting membrane potentials.
The connexin dysfunction was due to an increase in functional expression of Cx43
hemichannels.

Preliminary data indicated that astrocyte-mediated MN toxicity is mediated by
astrocyte connexin dysfunction.

Astrocyte connexin dysfunction also appears to be a convergent feature in
astrocytes obtained from symptomatic Alzheimer’s Disease, and furthermore,
CI9ORF72%-mediated FTD. In the latter, it appears that there is potential for
heterogeneity between patients.

C90ORFT72%¢ astrocyte membrane dysfunction is driven, at least in part, via the
production of dipeptide repeat proteins.

Astrocyte connexin dysfunction is prominent in astrocytes derived from
symptomatic C9ORF72%¢ ALS patients, but is less prominent in astrocytes derived
from pre-symptomatic C9ORF72% patients, suggesting that additional factors
besides the C9ORF72% mutation are determinants of connexin dysfunction.
C90ORFT72% astrocyte connexin dysfunction can be enhanced by extracellular K-,

suggesting that extrusion of K* via neuronal activity can drive astrocyte dysfunction.
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6.7. Future work

Does Cx43 dysfunction solely mediate connexin-dependent effects on ALS astrocytes? My
findings using a combined electrophysiological and selective pharmacological approach to
determine the involvement of connexin, specifically Cx43 hemichannel-mediated
dysfunction in the astrocyte membrane. These data directly correspond to the findings of
Almad et al. that implicate Cx43 as the main contributor to the astrocyte-mediated toxicity
in ALS (Almad et al., 2022). Importantly, Cx30 subunits are the other prominent Cx subunit
expressed by astrocytes (Nagy et al., 1999, Ghézali et al., 2020). Whilst Cx30 was not
implicated by Almad et al., 2022, there remains no specific Cx30 pharmacological blocker
to test whether Cx30 is functional upregulated or not. This is confounded by the fact that
Cx43 blocker Gapl9 is a negative allosteric modulator, which remains to be fully
characterised. Interestingly, Cx30 subunits displayed high expression in pre-symptomatic
SOD1%°** mice (Hashimoto et al., 2022) contradicting Almad et al., 2022. Cx30 knockout
SOD1%** mice delayed disease onset, preventing anterior horn cells degeneration
compared to wild-type SOD1%** mice. Also, the knockout Cx30 model exhibited reduced
astrocyte activation. These findings suggest Cx30 upregulation in the prodromal disease
stage might offer neuroprotection by mitigating astrocytic inflammation, while Cx43 is
linked to disease onset and potentially contributes to disease progression (Hashimoto et
al., 2022). In this regard, it would be important to employ a knockdown strategy, for
example siRNA technology, to selectively dissect the contribution of Cx30 and Cx43 to the
enhanced current dysfunction in the ALS iAstrocytes. Further, extending this dissection to
the pre-symptomatic versus symptomatic COORF72% astrocytes would reveal whether Cx30

and Cx43 dysregulation is potentially linked to specific disease phases.

Does connexin dysfunction drive astrocyte pathogenesis in addition to mediating MN toxicity?
The preliminary data obtained in this study and other studies (Almad et al., 2022) position
astrocyte connexin membrane channels as a key mediator of MN toxicity. It has been
discussed that connexins are key mediators of numerous potential toxic agents, including
ATP, reactive oxygen species, inflammatory mediators and glutamate. Whilst it isimportant
which of these toxic agents are key mediators of MN toxicity, it is important to establish

whether connexin dysregulation can also drive astrocyte pathogenesis.
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Metabolic and mitochondrial dysfunction leading to oxidative stress are hallmarks
of ALS and is highly evident in ALS iAstrocytes (Allen et al., 2019a, Vandoorne et al., 2018).
Interestingly, connexins facilitate mitochondrial coupling, a process by which the electron
transport chain uses redox energy to produce ATP via ATP synthase and ROS as a by-
product, and have been shown to drive ROS production (Zhang et al., 2022a). Further,
reduced astrocyte connexin function has been found to be neuroprotective underischemia,
supporting the notion that connexin upregulation has considerable potential to be
pathogenic in conditions of oxidative stress (Schulz et al., 2015, Ma et al., 2018). It will
therefore be important to test the hypothesis that increased connexin activity in ALS
iAstrocytes is enhancing mitochondrial coupling, causing increased production of toxic
agents, which can permeate connexins to reach MNs. This can be examined a XF metabolic
bioanalyzer, which allows a detailed dissection of mitochondrial processes including
coupling and uncoupling processes. Related to this, there is a potential localization of Cx43
hemichannels to the mitochondrial outer membrane (Zhang et al., 2022a). While the precise
functions of mitochondrial connexins remain to be discovered, their interaction with
mitochondrial ATP synthase suggests a role in promoting mitochondrial coupling (Zhang
et al., 2022a). It will therefore be important to determine whether Cx43 expression is also
increased in mitochondria using western blot of mitochondria isolated from iAstrocytes
using an ultracentrifugation method. This rationale leads to the proposal that increased
connexin activity in iAstrocytes is also pathogenically enhancing mitochondrial coupling,
causing increased production of toxic agents, which can permeate connexins to reach MNs.
Interestingly, a controlled elevation of uncoupling processes, including in astrocytes, is
supported by numerous studies as neuroprotective and stands as a route for therapeutic
advancements in neurodegenerative diseases, including Alzheimer’s Disease (Andrews et
al., 2005, Geisler et al., 2017, Perreten Lambert et al., 2014). Investigation of pre-
symptomatic C9ORF72% astrocytes, in this regard, would be highly interesting, where they
would be expected not to deliver the same level of toxicity to MNs, and potentially less

mitochondrial dysfunction, due to less prominent connexin dysfunction.

What are the pathological drivers of connexin dysfunction in astrocytes? My data indicate that

C90RFT72% astrocyte dysfunction is mediated, at least in part, by dipeptide repeat proteins,
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which are generated by non-AUG RAN translation of transcribed elements of the
hexanucleotide repeat expansion. Given that there are 5 independent species of DPRs
(Donnelly et al., 2013, Mori et al., 2013b, Gendron et al., 2013), it will be important to
determine which of these DPRs are responsible for toxicity. To investigate this, it would be
possible to introduce individual poly-DPR constructs to astrocytes using an established
lentiviral transduction method (for example, (Vanneste et al., 2019)). Critically, other
mechanisms are potentially at play in C9ORF72% backgrounds, including haploinsufficiency
of the C9ORF72 protein and also RNA foci (Gendron et al., 2014, Mizielinska and Isaacs,
2014). Similarly, it will be important to determine the level of connexin dysfunction using
selective knock down tools (Hautbergue et al., 2017, Bauer et al., 2022b).

The above scenarios are selective to C9ORF72% backgrounds only. The hallmark
pathology for FTD/ALS is TDP-43 pathology, including sporadic ALS. It will therefore be
important to explore whether TDP-43 pathology-related dysfunction is associated with
astrocyte dysfunction. This can be explored using mutant TDP-43 mouse models and also
the potential of obtaining fibroblasts from mTDP-43 FTD/ALS patients. However, patients
harbouring TDP-43 mutation are extremely rare. Probing astrocytes using novel tools that
allow the detection of early TDP-43 condensation stages in the form of RNA aptamers
(Zacco et al., 2022) may reveal an association with connexin dysfunction.

All the above scenarios deal with drivers related to genetic and pathological
impairments in FTD/ALS. However, my data has demonstrated that extrinsic influences, i.e.,
elevated extracellular K*, can drive connexin dysfunction in astrocytes with the C9ORF72¢
mutation. | propose that this mechanism links potential MN hyperexcitability, a hallmark
feature of ALS, with the initiation of connexin dysfunction. Importantly, numerous reports
link elevated neuronal activity with the formation of pathological species such as TDP-43
and DPRs (Weskamp et al., 2020). It will therefore be important to determine whether such
processes are play in ALS astrocytes. This can be explored in co-cultures with MNs where it
is possible to induce MN firing activity, and thus K* extrusion, using selective Na, opener,
veratridine. For control, would perform assays with veratridine and Na, blocker
tetrodotoxin. | know that such compounds will not impact astrocytes since our patch-
clamp recordings show no Na, in iAstrocytes. | will measure the electrophysiological

currents from iAstrocytes to determine whether connexin upregulation has been induced.
185



However, my new data from monozygotic pre-symptomatic COORF72% iAstrocytes
and symptomatic C9ORF72% iAstrocyte twins show prominent connexin dysfunction in
symptomatic COORF72%F iAstrocytes. However, these cultures are enriched for astrocytes,
containing no neurons (Meyer et al., 2014). There are therefore intrinsic drivers of connexin
dysfunction that we do not yet fully understand. Epigenetic disturbances are detected and
emerging as key disease regulators in ALS, including modifiers of disease onset (Zhang et
al., 2021, Yazar et al., 2023, Young et al., 2017). Since connexins are regulated by epigenetic
mechanisms (Oyamada et al., 2013) and because the lines are genetically identical with an
equivalent C9ORF72%¢ mutation, | propose that the phenotypic change from pre-
symptomatic COORF72% iAstrocytes to symptomatic COORF72%F iAstrocytes is epigenetically
controlled. In this regard, neuronal activity is a key driver of epigenetic activity to regulate
astrocyte membrane function (Rouach et al., 2000, Sardar et al., 2023) and thus effects of K*
can be equally driven by epigenetic mechanisms. To understand the intrinsic dysregulation
in symptomatic C9ORF72% iAstrocytes | propose to conduct both RNA-sequencing and
ATAC-(assay for transposase-accessible chromatin)-sequencing to establish the major gene
expression and epigenetic differences between pre-symptomatic C9ORF72% iAstrocytes,
symptomatic C9ORF72R¢ iAstrocytes and healthy iAstrocytes. These data will enable the
pinpointing of key epigenetic changes associated with astrocyte phenoconversion and
connexin dysfunction, and to identify potential therapeutic targets. Importantly, my data
showed that astrocyte derived from C9ORF72% FTD patients showed that the astrocyte
membrane dysfunction was highly variable between individuals. It is also possible that
epigenetic, in addition to genetic, modulators are at play to cause different levels of
astrocyte dysfunction between FTD and ALS patients. To advance our understanding of
epigenetic changes and other extrinsic risks, large scale long-running longitudinal studies
are required including asymptomatic mutation carriers, such as the AMBROSIA (A Multi-
centre Biomarker Research Strategy in ALS) study (Shepheard et al., 2021), which my study
has initially taken advantage of. My data and others, therefore, propose a scenario linking
neuronal hyperexcitability with molecular and genetic perturbations that drive abnormal

connexin upregulation in ALS astrocytes to cause MN toxicity.
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6.8. Is astrocyte connexin dysfunction a therapeutic target?

The study of Almad et al. (2022) demonstrating that selective knock down of CX43 in
SOD1%"** mouse models delays disease onset presents important preclinical evidence that
Cx43 dysfunction is a potential therapeutic target. Several drugs with potent actions on
connexin-mediated communication have been used as tools for studying connexin-
containing channels. Carbenoxolone (CBX), used in this work, causes a potent but
nonspecific inhibition of gap junction coupling and hemichannels (Roux et al., 2015,
Davidson et al., 1986). CBX is clinically utilised as a peptic ulcer treatment (Pinder et al.,
1976), but is unable to cross the blood-brain barrier (Leshchenko et al., 2006), making its
use in ALS challenging. Similarly, synthetic peptides such as Cx43 hemichannel blocker that
mimic a short stretch of amino acids on the extracellular loops to inhibit Cx43 subunit
function, are not fully characterised and only partially modulate connexin function (Lissoni
et al., 2020, Lissoni et al., 2023) and they do not have the capacity to cross the blood brain
barrier, limiting their clinical abilities.

Tonabersat, a reported Cx43 hemichannel blocker at low concentrations has been
shown to reduce age-related macular degeneration and improve retinal function in rat
models through the block of Cx43 hemichannels (Kim et al., 2017b). However, its full
pharmacological action remains to be elucidated (Lyon et al., 2020). Tonabersat reduced
neurogenic inflammation and antagonized hyperexcitability in models of migraine,
condition linked to upregulation of Cx43 (Durham and Garrett, 2009, Sarrouilhe et al., 2014).
Almad tested the effect of tonabersat in human iPSC-derived models (co-cultures of iPSC-
derived astrocytes and motor neurons) and SOD1%*** mice (Almad et al., 2022). Tonabersat
did not affect Cx43 protein level, suggesting a neuroprotective role came from blocking
Cx43 hemichannels. The neuroprotective effect was seen in later stages of disease only,
preventing astrocyte-mediated MN death and hyperexcitability. Interestingly, this drug
reduced markers of astrocyte and microglial activation (GFAP and Ibal), suggesting its
potential to modulate neuroinflammation alongside MN protection (Almad et al., 2022).
Further research on Cx43 hemichannel blockers holds potential for the development of
novel therapeutic strategies to slow ALS progression and improve patient outcomes.

Considering the increase Cx43 protein level in CSF samples, motor cortex and spinal

cord tissue obtained from ALS patients (Almad et al., 2022), the parameters can be used as
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biomarkers of disease. Interestingly, such samples are taken by the AMBROSIA study and
permit future correlative research linking the amount of Cx43 protein level with
electrophysiological investigation of iAstrocytes obtained from the same patients,
including both pre-symptomatic and symptomatic individuals. The data established in this
study indicate that the Cx43 level in patient CSF may present a valuable measure of

astrocyte dysfunction in ALS patients in the future.

6.9. Summary

In conclusion, this research has provided pivotal insights into the role of astrocyte connexin
dysfunction in the pathogenesis of ALS. Our findings demonstrate that iAstrocytes from
symptomatic C9ORF72% and sporadic ALS patients exhibit membrane dysfunction due to
connexin dysregulation, specifically an increase in Cx43 hemichannel expression. This
dysfunction contributes to astrocyte-mediated motor neuron toxicity and is exacerbated
by extracellular K* levels. Moreover, connexin dysregulation is a shared feature in other
neurodegenerative diseases like AD and FTD. Future studies should focus on dissecting the
roles of Cx30 and Cx43 in disease progression, exploring the potential therapeutic targeting
of connexin dysfunction, and understanding the underlying pathological drivers, including
the role of dipeptide repeat proteins and epigenetic modifications. Our work underscores
the significance of astrocyte connexin dysfunction as a potential therapeutic target and
biomarker for ALS, offering promising avenues for developing novel treatments and

diagnostic approaches to improve patient outcomes.
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8. Appendix

Con-1 SIDAK'S MULTIPLE COMPARISON TEST C9-1 SIDAK'S MULTIPLE COMPARISON TEST C9-A1 SIDAK'S MULTIPLE COMPARISON TEST
Significance? Summary Adjusted P Value Significance? Summary Adjusted P Value Significance? Summary Adjusted P Value

0 pA current injection 0 pA current injection 0 pA current injection

DAY 20 vs. DAY 40 No ns >0.9999 DAY 20 vs. DAY 40 No ns >0.9999 DAY 20 vs. DAY 40 No ns >0.9999

DAY 20 vs. DAY 60 No ns >0.9999 DAY 20 vs. DAY 60 No ns >0.9999 DAY 20 vs. DAY 60 No ns >0.9999

DAY 40 vs. DAY 60 No ns >0.9999 DAY 40 vs. DAY 60 No ns >0.9999 DAY 40 vs. DAY 60 No ns >0.9999
5 pA current injection 5 pA current injection 5 pA current injection

DAY 20 vs. DAY 40 No ns 0.9942 DAY 20 vs. DAY 40 No ns >0.9999 DAY 20 vs. DAY 40 No ns 0.993

DAY 20 vs. DAY 60 No ns >0.9999 DAY 20 vs. DAY 60 No ns >0.9999 DAY 20 vs. DAY 60 No ns 0.995

DAY 40 vs. DAY 60 No ns 0.9956 DAY 40 vs. DAY 60 No ns >0.9999 DAY 40 vs. DAY 60 No ns >0.9999
10 pA current injection 10 pA current injection 10 pA current injection

DAY 20 vs. DAY 40 Yes - 0.0031 DAY 20 vs. DAY 40 No ns 0.1594 DAY 20 vs. DAY 40 Yes e <0.0001

DAY 20 vs. DAY 60 Yes e 0.0003 DAY 20 vs. DAY 60 No ns 0.9499 DAY 20 vs. DAY 60 Yes - <0.0001

DAY 40 vs. DAY 60 No ns 0.69 DAY 40 vs. DAY 60 Yes - 0.0015 DAY 40 vs. DAY 60 No ns 0.9686
15 pA current injection 15 pA current injection 15 pA current injection

DAY 20 vs. DAY 40 Yes - 0.0057 DAY 20 vs. DAY 40 Yes b <0.0001 DAY 20 vs. DAY 40 Yes i <0.0001

DAY 20 vs. DAY 60 No ns 0.9699 DAY 20 vs. DAY 60 No ns 0.9998 DAY 20 vs. DAY 60 Yes * 0.0132

DAY 40 vs. DAY 60 Yes * 0.0383 DAY 40 vs. DAY 60 Yes i <0.0001 DAY 40 vs. DAY 60 No ns 0.1447
20 pA current injection 20 pA current injection 20 pA current injection

DAY 20 vs. DAY 40 Yes e 0.0006 DAY 20 vs. DAY 40 No ns 0.5821 DAY 20 vs. DAY 40 Yes - 0.0008

DAY 20 vs. DAY 60 Yes - 0.0011 DAY 20 vs. DAY 60 Yes * 0.0368 DAY 20 vs. DAY 60 No ns 0.6414

DAY 40 vs. DAY 60 Yes b <0.0001 DAY 40 vs. DAY 60 Yes e <0.0001 DAY 40 vs. DAY 60 Yes e <0.0001
25 pA current injection 25 pA current injection 25 pA current injection

DAY 20 vs. DAY 40 No ns 0.4993 DAY 20 vs. DAY 40 No ns >0.9999 DAY 20 vs. DAY 40 No ns 0.3269

DAY 20 vs. DAY 60 Yes i <0.0001 DAY 20 vs. DAY 60 Yes b <0.0001 DAY 20 vs. DAY 60 Yes - <0.0001

DAY 40 vs. DAY 60 Yes e <0.0001 DAY 40 vs. DAY 60 Yes i <0.0001 DAY 40 vs. DAY 60 Yes * 0.0227
30 pA current injection 30 pA current injection 30 pA current injection

DAY 20 vs. DAY 40 Yes b <0.0001 DAY 20 vs. DAY 40 No ns 0.76 DAY 20 vs. DAY 40 No ns 0.0958

DAY 20 vs. DAY 60 Yes e <0.0001 DAY 20 vs. DAY 60 Yes b <0.0001 DAY 20 vs. DAY 60 Yes d 0.0008

DAY 40 vs. DAY 60 Yes i <0.0001 DAY 40 vs. DAY 60 Yes e <0.0001 DAY 40 vs. DAY 60 No ns 0.2375
35 pA current injection 35 pA current injection 35 pA current injection

DAY 20 vs. DAY 40 Yes - 0.0012 DAY 20 vs. DAY 40 Yes b <0.0001 DAY 20 vs. DAY 40 Yes b <0.0001

DAY 20 vs. DAY 60 Yes i <0.0001 DAY 20 vs. DAY 60 Yes i <0.0001 DAY 20 vs. DAY 60 Yes - 0.0003

DAY 40 vs. DAY 60 Yes e <0.0001 DAY 40 vs. DAY 60 No ns 0.2151 DAY 40 vs. DAY 60 No ns 0.3703
40 pA current injection 40 pA current injection 40 pA current injection

DAY 20 vs. DAY 40 Yes b <0.0001 DAY 20 vs. DAY 40 Yes * 0.0238 DAY 20 vs. DAY 40 Yes e <0.0001

DAY 20 vs. DAY 60 Yes e <0.0001 DAY 20 vs. DAY 60 Yes b <0.0001 DAY 20 vs. DAY 60 Yes - 0.0004

DAY 40 vs. DAY 60 Yes * 0.0306 DAY 40 vs. DAY 60 Yes - 0.0441 DAY 40 vs. DAY 60 No ns 0.999
45 pA current injection 45 pA current injection 45 pA current injection

DAY 20 vs. DAY 40 Yes i <0.0001 DAY 20 vs. DAY 40 Yes e <0.0001 DAY 20 vs. DAY 40 Yes b <0.0001

DAY 20 vs. DAY 60 Yes e <0.0001 DAY 20 vs. DAY 60 Yes e <0.0001 DAY 20 vs. DAY 60 Yes - <0.0001

DAY 40 vs. DAY 60 No ns 0.5362 DAY 40 vs. DAY 60 Yes - 0.0041 DAY 40 vs. DAY 60 No ns 0.2109
50 pA current injection 50 pA current injection 50 pA current injection

DAY 20 vs. DAY 40 Yes e <0.0001 DAY 20 vs. DAY 40 Yes - 0.0002 DAY 20 vs. DAY 40 Yes e <0.0001

DAY 20 vs. DAY 60 Yes i <0.0001 DAY 20 vs. DAY 60 Yes b <0.0001 DAY 20 vs. DAY 60 Yes bl <0.0001

DAY 40 vs. DAY 60 No ns 0.6599 DAY 40 vs. DAY 60 Yes i <0.0001 DAY 40 vs. DAY 60 No ns 0.1505

Appendix 1. Sidak’s multiple comparison test. Following Two-way ANOVA, Sidak’s multiple
comparison test was employed to evaluate statistical significance observed across time
points within each cell line (left, Con-1; middle, C9-1; right, C9-A1) at the different current
injection steps employed in the protocol. The tables highlight statistical significance and
adjusted p-value.
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SIDAK'S MULTIPLE COMPARISON TEST

Significance? Summary Adjusted P Value Significance? Summary Adjusted P V:
0 pA current injection 30 pA current injection
Con-1 vs. Con-2 No ns >0.9999 Con-1vs. Con-2 No ns 0.6044
Con-1 vs. C9-1 No ns >0.9999 Con-1vs. C9-1 Yes i <0.0001
Con-1vs. C9-2 No ns >0.9999 Con-1vs. C9-2 Yes i <0.0001
Con-1vs. C9-3 No ns >0.9999 Con-1vs. C9-3 Yes i <0.0001
Con-2 vs. C9-1 No ns >0.9999 Con-2 vs. C9-1 Yes i <0.0001
Con-2 vs. C9-2 No ns >0.9999 Con-2 vs. C9-2 Yes i <0.0001
Con-2 vs. C9-3 No ns >0.9999 Con-2 vs. C9-3 Yes i <0.0001
C9-1vs. C9-2 No ns >0.9999 C9-1vs. C9-2 Yes ** 0.0017
C9-1vs. C9-3 No ns >0.9999 C9-1vs. C9-3 Yes rx <0.0001
C9-2 vs. C9-3 No ns >0.9999 C9-2 vs. C9-3 Yes * 0.003
5 pA current injection 35 pA current injection
Con-1 vs. Con-2 No ns 0.9972 Con-1vs. Con-2 No ns >0.9999
Con-1vs. C9-1 No ns >0.9999 Con-1 vs. C9-1 Yes i <0.0001
Con-1 vs. C9-2 No ns >0.9999 Con-1vs. C9-2 Yes i <0.0001
Con-1 vs. C9-3 No ns >0.9999 Con-1vs. C9-3 Yes i <0.0001
Con-2 vs. C9-1 No ns >0.9999 Con-2 vs. C9-1 Yes i <0.0001
Con-2 vs. C9-2 No ns 0.9956 Con-2 vs. C9-2 Yes i <0.0001
Con-2 vs. C9-3 No ns 0.9956 Con-2 vs. C9-3 Yes i <0.0001
C9-1vs. C9-2 No ns >0.9999 C9-1vs. C9-2 Yes i <0.0001
C9-1vs. C9-3 No ns >0.9999 C9-1vs. C9-3 Yes i <0.0001
C9-2 vs. C9-3 No ns >0.9999 C9-2 vs. C9-3 Yes * 0.0469
10 pA current injection 40 pA current injection
Con-1 vs. Con-2 No ns 0.9359 Con-1vs. Con-2 No ns 0.9969
Con-1vs. C9-1 No ns >0.9999 Con-1vs. C9-1 Yes i <0.0001
Con-1vs. C9-2 No ns 0.9466 Con-1vs. C9-2 Yes i <0.0001
Con-1vs. C9-3 No ns 0.9997 Con-1vs. C9-3 Yes i <0.0001
Con-2 vs. C9-1 No ns 0.9936 Con-2 vs. C9-1 Yes e <0.0001
Con-2 vs. C9-2 No ns 0.183 Con-2 vs. C9-2 Yes i <0.0001
Con-2 vs. C9-3 No ns 0.5212 Con-2 vs. C9-3 Yes i <0.0001
C9-1vs. C9-2 No ns 0.4534 C9-1 vs. C9-2 Yes * 0.0171
C9-1vs. C9-3 No ns 0.9074 C9-1vs. C9-3 Yes i <0.0001
C9-2 vs. C9-3 No ns 0.9997 C9-2 vs. C9-3 Yes i <0.0001
15 pA current injection 45 pA current injection
Con-1 vs. Con-2 No ns >0.9999 Con-1vs. Con-2 Yes ** 0.0011
Con-1vs. C9-1 Yes b <0.0001 Con-1vs. C9-1 Yes i <0.0001
Con-1vs. C9-2 Yes i <0.0001 Con-1vs. C9-2 Yes i <0.0001
Con-1vs. C9-3 Yes b <0.0001 Con-1vs. C9-3 Yes i <0.0001
Con-2 vs. C9-1 Yes b <0.0001 Con-2 vs. C9-1 Yes i <0.0001
Con-2 vs. C9-2 Yes i <0.0001 Con-2 vs. C9-2 Yes i <0.0001
Con-2 vs. C9-3 Yes b <0.0001 Con-2 vs. C9-3 Yes e <0.0001
C9-1vs. C9-2 No ns >0.9999 C9-1 vs. C9-2 Yes ok <0.0001
C9-1vs. C9-3 No ns 0.9994 C9-1vs. C9-3 Yes i <0.0001
C9-2 vs. C9-3 No ns 0.9997 C9-2 vs. C9-3 Yes i <0.0001
20 pA current injection 0 pA current injection
Con-1vs. Con-2 No ns 0.9033 Con-1vs. Con-2 No ns 0.4802
Con-1 vs. C9-1 Yes b <0.0001 Con-1 vs. C9-1 Yes e <0.0001
Con-1 vs. C9-2 Yes b <0.0001 Con-1vs. C9-2 Yes i <0.0001
Con-1vs. C9-3 Yes b <0.0001 Con-1vs. C9-3 Yes i <0.0001
Con-2 vs. C9-1 Yes i <0.0001 Con-2 vs. C9-1 Yes i <0.0001
Con-2 vs. C9-2 Yes b <0.0001 Con-2 vs. C9-2 Yes i <0.0001
Con-2 vs. C9-3 Yes b <0.0001 Con-2 vs. C9-3 Yes i <0.0001
C9-1vs. C9-2 No ns 0.3887 C9-1vs. C9-2 Yes i <0.0001
C9-1vs. C9-3 No ns 0.5474 C9-1vs. C9-3 Yes ek <0.0001
C9-2 vs. C9-3 No ns >0.9999 C9-2 vs. C9-3 Yes ewx <0.0001
25 pA current injection
Con-1 vs. Con-2 No ns 0.9769
Con-1vs. C9-1 Yes i <0.0001
Con-1vs. C9-2 Yes i <0.0001
Con-1vs. C9-3 Yes b <0.0001
Con-2 vs. C9-1 Yes b <0.0001
Con-2 vs. C9-2 Yes b <0.0001
Con-2 vs. C9-3 Yes i <0.0001
C9-1vs. C9-2 No ns 0.8572
C9-1vs. C9-3 Yes * 0.0153
C9-2 vs. C9-3 No ns 0.5229

Appendix 2. Sidak’s multiple comparison test at day 60. Following Two-way ANOVA, Sidak’s
multiple comparison test was employed to evaluate pairwise differences between cell lines
(Con-1, Con-2, C9-1, C9-2, C9-3) at each current injection step at day 60. The table highlights
statistical significance and p-values.
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C9-1 vs. C9-A1 SIDAK'S MULTIPLE COMPARISON TEST

Significance? Summary Adjusted P Value

0 pA current injection No ns >0.9999
5 pA current injection No ns 0.9998
10 pA current injection No ns 0.2025
15 pA current injection Yes ek <0.0001
20 pA current injection Yes il <0.0001
25 pA current injection Yes ek <0.0001
30 pA current injection Yes bl <0.0001
35 pA current injection Yes ek <0.0001
40 pA current injection Yes ek <0.0001
45 pA current injection Yes bl <0.0001
50 pA current injection Yes b <0.0001

Appendix 3. Sidak’s multiple comparison test at day 60. Following Two-way ANOVA, Sidak’s
multiple comparison test was employed to evaluate pairwise differences between C9-1 and
C9-A1 ateach current injection step at day 60. The table highlights statistical significance and
p-values.
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