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Abstract 

Amyotrophic Lateral Sclerosis (ALS) is a devastating, adult onset, neurodegenerative 

disease which remains largely untreatable and incurable, reflecting an incomplete 

understanding of the key pathogenic mechanisms that underlie motoneuron (MN) loss 

in the disease. Through the use of induced pluripotent stem cell (iPSCs) technology, 

cells from the human central nervous system can be studied at a range of time points, 

including those prior to overt pathology, in order to understand early causative events 

in ALS. In the present study, human iPSC-derived MNs and astrocytes were used to 

study the pathophysiology of ALS. Whole-cell patch clamp recording techniques 

were utilised to investigate whether the functional properties of human iPSC-derived 

MNs are altered in cells derived from ALS patients compared to those from healthy 

controls. Patient iPSC-derived MNs harbouring C9ORF72 or TARDBP mutations 

display an initial period of hyperexcitability followed by a progressive loss of action 

potential output due to decreases in voltage-activated Na+ and K+ currents. These 

changes occur in the absence of changes in cell viability. Given evidence in support of 

non-cell autonomous disease mechanisms in ALS, the potential involvement of 

interactions between neurons and astrocytes in the pathophysiological phenotype were 

next investigated. Patient iPSC-derived astrocytes harbouring C9ORF72 or TARDBP 

G298S mutations cause a loss of functional output in control iPSC-derived MNs, due 

to a progressive decrease in voltage-activated Na+ and K+ currents.  These data show 

that patient iPSC-derived astrocytes can induce pathophysiological changes in control 

human iPSC-derived MNs which are similar to those revealed in patient iPSC-derived 

MNs. This study also utilizes pharmacological agents and genetic editing to 

demonstrate that the pathophysiological phenotype can be altered. Overall, this study 
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implicates MN dysfunction, potentially due to non-cell autonomous disease 

mechanisms, as an early contributor to downstream degenerative pathways that 

ultimately lead to MN loss in ALS.  
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Project overview 

Amyotrophic lateral sclerosis (ALS) is a fatal, incurable, adult onset 

neurodegenerative disease characterised by progressive muscle paralysis due to the 

death of motoneurons (MNs) in the brainstem, spinal cord and motor cortex. Although 

many mechanisms thought to contribute to the onset and progression of this disease 

have been described, there remains no known cause, cure or beneficial treatment. To 

enable the understanding of early causative events in ALS patients, cells from the 

human central nervous system (CNS) need to be studied. This is now possible through 

the use of human induced pluripotent stem cell (iPSC) technology, which was first 

developed in 2006 (Takahashi and Yamanaka, 2006). Using this technology, 

fibroblasts can be genetically reprogrammed into stem cells, which can then be 

changed into any cell type in the body. For this project, iPSCs from healthy controls 

and ALS patients were differentiated into cultures of spinal cord MNs and astrocytes 

in order to study the properties of MNs and the potential non-cell autonomous disease 

mechanisms associated with ALS. Early alterations in MN properties have been 

described in ALS mouse models through the use of electrophysiological analyses with 

changes in electrical properties also detected in ALS patients. In this project, 

electrophysiological analyses were used to determine if any such changes were 

evident in iPSC-derived MNs from ALS patients and if patient iPSC-derived 

astrocytes act via non-cell autonomous disease mechanisms, causing dysfunction of 

control iPSC-derived MNs. The following sections will introduce the main topics 

relevant to this project including the basic principles of motor control, clinical and 

neuropathological features and genetic mutations associated with ALS, the 



Chapter 1: Introduction 

 

14 14 

mechanisms which are thought to cause and contribute to the onset and progression of 

ALS and a summary of models of ALS. 

Motor control 

Skilled movements comprise a wide range of behaviours, many of which make human 

life possible. Humans develop and acquire new motor skills throughout their 

lifetimes, from crawling, walking and running to kicking a ball and playing musical 

instruments. The development of these skills is required in order for us to adapt to our 

surroundings, meet our needs and carry out our hobbies and interests. The portion of 

nervous system that regulates and controls the contractile activity of muscles required 

for these skills is the motor system. It comprises of the cerebral cortex, basal ganglia, 

thalamus, cerebellum, brainstem and spinal cord, with skeletal muscle activity entirely 

dependent on their neural output. 

The cerebral cortex, which exerts control over the entire motor system through areas 

of the motor cortex, represents the highest level of motor control within the nervous 

system. The motor cortex is comprised of the primary motor cortex, the premotor 

cortex and the supplementary motor area. Layer V of the primary motor cortex 

contains the pyramidal neurons that project to the motor nuclei in the brainstem or to 

interneurons and MNs in the spinal cord through the corticospinal tract. MNs that 

originate in the primary motor cortex and possess long axons forming the 

corticobulbar and corticobulbar tracts are often referred to as upper MNs. The primary 

motor cortex is somatotopically organised with the larger areas devoted to regions of 

the body where motor control is most finely regulated, such as the lips, face and hands 

(Sanes and Donoghue, 2000). The premotor cortex connects to other areas of the 
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motor cortex, as well as to neurons of the spinal cord, brainstem, thalamus and areas 

of the basal ganglia, playing important roles in the selection of specific movements. 

Neurons of the supplementary motor area project directly to the spinal cord (He et al., 

1995; Nachev et al., 2007) and are shown to be involved in aspects of motor control 

including task sequencing and movement initiation (Tanji and Shima, 1994). Overall, 

the motor cortex controls segmental MNs through corticospinal and corticobulbar 

tracts via supraspinal motor centres, programming movements in response to sensory 

information, and initiating voluntary movements (di Pellegrino et al., 1992). 

The basal ganglia are subcortical nuclei that receive descending input from all parts of 

the cerebral cortex and send output to the brainstem and the cerebral cortex via the 

thalamus. Although the basal ganglia don’t project directly to the cortex or spinal cord 

MNs, they influence motor control as neuronal death or dysfunction in this area often 

results in movement disorders such as Parkinson’s or Huntington’s disease. Another 

important component of the motor system is the cerebellum, a highly organized 

network of cells closely interconnected with the brainstem. Although motor 

commands are not initiated in the cerebellum, it integrates and modifies motor 

commands from the descending pathways, smoothing the intended movements and 

coordinating muscle activity. Without the cerebellum, balance and posture are 

affected and voluntary movements become erratic (Mauk et al., 2000; Manto et al., 

2012). The thalamus is the hub for signal processing of the basal ganglia and 

cerebellar inputs before they are transmitted to the motor cortex. Damage to the 

thalamus results in movement disorders similar to those seen after cerebellar or basal 

ganglia damage (Herrero et al., 2002). 

The midbrain, medulla oblongata and pons make up the brainstem, a major and 
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complex integrating centre adjoining, and structurally continuous with, the brain and 

spinal cord. The brainstem provides the main motor innervation to the face, head and 

neck through the brainstem MNs, and communicates with spinal cord MNs via the 

descending motor tracts including corticospinal, vestibulospinal, reticulospinal, 

olivospinal, tectospinal and rubrospinal tracts. The brainstem also plays an important 

role in the regulation of cardiac and respiratory functions, maintaining consciousness 

and regulating the sleep cycle. Any damage to the brainstem is usually serious and life 

threatening (Drew et al., 2004; Takakusaki et al., 2004).  

Spinal cord MNs, whose cell bodies are located in lamina IX of the ventral horn of the 

spinal cord, supply skeletal muscles of the limbs and trunk. MNs that originate in the 

brainstem and spinal cord directly innervate skeletal muscle are termed lower MNs. 

MN axons exit the CNS through the ventral spinal roots and reach the muscles via 

peripheral nerve trunks. In the skeletal muscle, the axon of every MN divides 

repeatedly into many terminal branches, each of which innervates a single muscle 

fibre. The region of innervation, called the neuromuscular junction (NMJ), is a secure 

synaptic contact between the MN terminal and the muscle fibre membrane. MNs were 

first described as  “the final common pathway” by Sherrington in 1947 as, regardless 

of where signals originate, for movements to occur, MNs are always the final neural 

cell involved. As MNs play such a vital role, spinal cord MNs are often more than two 

times larger than other spinal cord neurons. However the size of MNs and their 

dendritic arborisation vary between the locations in which they reside (Kernell and 

Zwaagstra, 1989; Rekling et al., 2000).   

Spinal cord MNs are not just simple relay neurons that communicate motor 

commands but also play important roles in signal integration to ensure accurate motor 
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output. Voluntary and rhythmic movements, reflex activation and posture 

maintenance are mediated by the activation of ionotropic receptors through excitatory 

signalling via glutamatergic transmission or inhibitory signalling via GABAergic or 

glycinergic transmission (Cazalets et al., 1996; Butt et al., 2002). Spinal cord MNs are 

also influenced by modulatory inputs through the release of various chemicals, 

including peptides and amines, which act via activation of G-protein coupled 

metabotropic receptors, to alter MN excitability (Miles and Sillar, 2011), for example, 

during periods of exercise or during the sleep cycle (Rekling et al., 2000). 

As MNs provide a direct link between the nervous and musculoskeletal systems, it is 

vital that they develop and maintain the ability to receive, integrate and generate 

appropriate signals needed to keep us alive. MN diseases (MNDs), including 

amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA), are a group 

of progressive neurodegenerative diseases that cause MN death and remain incurable. 

The following sections will discuss ALS in more detail, including the genetic 

mutations and potential mechanisms involved in the onset and progression of the 

disease, why MNs are particularly vulnerable in ALS and the models of the disease in 

which most research has been carried out.   

Amyotrophic lateral sclerosis 

Definition 

Amyotrophic Lateral Sclerosis is a devastating, incurable, adult onset 

neurodegenerative disease primarily affecting MNs in the brainstem, spinal cord and 

motor cortex. Although MNs are the most vulnerable cell type in this disease, a 
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number of other cell types are also affected including cortical and spinal cord 

interneurons and glial cells as well as cells involved in sensory and spinocerebellar 

pathways (Bruijn et al., 1997; Stephens et al., 2006; Jiang et al., 2009; Vucic et al., 

2009; Kang et al., 2013). The vulnerability of MNs in ALS has been attributed to their 

large cell body, long axonal projections, their large number of cytoskeletal 

components and to the profile of receptors they express (Cleveland and Rothstein, 

2001; Bruijn et al., 2004; Kumar et al., 2011). ALS currently has an incidence in 

Europe of 2-3 cases per 100,000 individuals and 3-5 cases per 100,000 in the USA 

(Hardiman et al., 2011). The cause of ALS remains largely unknown, with many 

cellular mechanisms attributed to its onset and progression. The majority of patients 

(90-95%) with ALS have no apparent family history of the disease and these are 

termed sporadic ALS cases (SALS), with the remaining 5-10% having a genetic link 

which are termed familial ALS cases (FALS). The clinical manifestations of FALS 

and SALS are very similar; therefore determining the mechanisms underlying the 

progression of FALS may also provide insights into SALS.   

Clinical presentation 

The majority of patients first present with limb onset symptoms including muscle 

cramps and fasciculations, patients with bulbar onset symptoms have difficulties 

speaking and swallowing and a small proportion of patients have difficulty breathing 

(Hardiman et al., 2011). The site of onset begins focally and asymmetrically before 

spreading. The age of onset of ALS is usually after several decades, following aging 

of the motor system, when homeostatic defence mechanisms are more vulnerable 

(Ferraiuolo et al., 2011). To date, there is no definitive test for ALS and formal 

diagnosis, taking between 9-15 months, is determined when other causes of the 
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symptoms are ruled out. Most recently, ALS has been linked with frontotemporal 

dementia (FTD), as a common genetic link was discovered between these diseases, 

with up to 15% of ALS patients presenting with FTD. Currently there are no 

beneficial treatments for ALS patients, with the only available disease modifying 

drug, Riluzole, extending life expectancy by 1-3 months (Bensimon et al., 1994; 

Bellingham, 2011). The majority of patients die due to denervation of respiratory 

muscles causing respiratory failure, usually within 3-5 years of symptom onset. 

Neuropathology 

As MNs are the main cell type affected in ALS, it is no surprise that MN degeneration 

is the main pathological feature in ALS patients and animal models. MN degeneration 

is often accompanied by the degeneration of interneurons in the spinal cord and motor 

cortex, as well as evidence of reactive gliosis in astrocytes, oligodendrocytes and 

microglia in these areas (Kawamata et al., 1992; Schiffer et al., 1995; Schiffer and 

Fiano, 2004; Ince et al., 2011; Blokhuis et al., 2013). Protein aggregates or inclusions 

are hallmarks of ALS. These aggregates are present in neuronal and glial cells 

involved in the disease, with mutations in the genes coding for some of the aggregates 

of accumulated proteins linked to FALS. Ubiquitinated aggregates, the most 

predominant aggregates found in ALS patients, are classified as either Lewy-body 

like or skein-like inclusions (Rosen et al., 1993; Tu et al., 1996; Neumann et al., 

2006). Ubiquitin- negative inclusions, called Bunina bodies, are accumulations of 

proteinous material, of which only two proteins have been identified- cystatin C and 

transferrin (Radunovíc and Leigh, 1996; Sherman and Goldberg, 2001).  
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Superoxide dismutase 1 (SOD1) was the first protein aggregate to be identified in 

FALS patients. Subsequent studies determined that mutations in the SOD1 gene were 

the cause of a proportion of FALS cases (Rosen et al., 1993). SOD1 mutations were 

the sole genetic link to ALS up until the discovery of the transactive response-DNA 

binding protein 43 (TDP-43) in aggregates of ALS patients and animal models in 

2006 (Neumann et al., 2006). Since then, the identification of proteins involved in 

ALS pathophysiology has increased exponentially. The discovery that TDP-43 is a 

major component of the ubiquitin positive aggregations, which are the predominant 

aggregates found in ALS, led to the identification of a mutation in the gene 

responsible for producing TDP-43 protein, TARDBP (Neumann et al., 2006; 

Sreedharan et al., 2008). The TARDBP mutation is responsible for approximately 3% 

of FALS cases and 1.5% of SALS cases (Lattante et al., 2013; Renton et al., 2014). 

TDP-43 is present in neuronal and glial aggregates in all SALS patients, in most 

mutant SOD1 negative FALS patients but is absent in mutant SOD1 related ALS 

cases (Mackenzie et al., 2007). TDP-43 aggregates are also present in FTD patients, 

in a subtype called frontotemporal lobar dementia (FTLD- TDP) (Arai et al., 2006; 

Davidson et al., 2007). These protein aggregates provide an important link between 

the pathophysiology of FALS and apparent SALS cases. The identification of the 

proteins present in the ubiquitin positive aggregates has already aided the discovery of 

genetic mutations, therefore further proteomic and pathological studies may uncover 

new mutations which will ultimately lead to a better understanding of the processes 

involved in the pathogenesis of ALS. 
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Genetics  

1.1.1 Overview 

Determining genetic origins has facilitated fundamental insights into the mechanisms 

thought to underlie neuronal degeneration in ALS. So far, the genetic origins of 

almost 70% of FALS and 11% of SALS cases are known (Renton et al., 2014). Up 

until 2006, SOD1 was the only gene known to have a role in the pathogenesis of ALS. 

Since the discovery of the TARDBP mutation in 2006, there has been a rapid advance 

in the knowledge of genetic involvement in ALS, as well as of the relationships 

between genetic subtypes and the pathological and clinical phenotypes. The most 

recently discovered genetic mutations associated with ALS include: Fused in 

Sarcoma/Translocated in Sarcoma (FUS/TLS) (Kwiatkowski et al., 2009; Vance et al., 

2009), vesicle-associated-protein B and C (VAPB) (Nishimura et al., 2004), 

angiogenin (ANG) (Greenway et al., 2006), valosin- containing protein (VCP) 

(Johnson et al., 2010), ubiquilin 2 (UBQLN2) (Deng et al., 2011) and chromosome-9-

open reading frame 72 (C9ORF72) (DeJesus-Hernandez et al., 2011; Renton et al., 

2011). For the remainder of this chapter, I will only go into more detail on the SOD1, 

TARDBP and C9ORF72 mutations. These were chosen as SOD1 was the first 

mutation discovered to be associated with ALS and many studies have been carried 

out on models harbouring this mutation. TARDBP and C9ORF72 mutations are also 

discussed in more detail as the cells studied in this project harbour these mutations. 

Mechanisms thought to be involved in the pathogenesis of ALS caused by these 

mutations will be discussed later in the chapter. 
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1.1.2 SOD1 

Superoxide dismutase 1 (SOD1) is a ubiquitously expressed cytosolic and 

mitochondrial antioxidant enzyme that functions to catalyse superoxide anions to 

oxygen and hydrogen peroxide. Mutations in the SOD1 gene, accounting for around 

20% of FALS cases, were the first genetic mutations to be linked with ALS (Bowling 

et al., 1993; Deng et al., 1993; Rosen et al., 1993). This discovery led to the 

development of the first ALS mouse model, the SOD1 G93A mouse model (Gurney et 

al., 1994). To date, more than 110 SOD1 mutations have been discovered, all of 

which cause the mutant protein to misfold and accumulate, forming aggregates (Al-

Chalabi et al., 2012).  

The mechanism of mutant SOD1 pathogenesis has been widely investigated. Studies 

have described how both dismutase active forms (Gurney et al., 1994; Wong et al., 

1995) and inactive forms (Bruijn et al., 1997; Nagai et al., 2001) of mutant SOD1 in 

animal models can lead to the development of the same phenotype which includes 

MN degeneration, muscle wasting and progressive paralysis. Taken together with the 

fact that SOD1 deficient mice show no signs of overt pathology (Reaume et al., 1996), 

it is thought that a toxic gain of function rather than loss of function of SOD1 

contributes to mechanisms of disease. The majority of findings implicate SOD1 

misfolding, with the misfolded protein causing dysfunction in the cells regulatory 

processes. Mutant SOD1 has been found to cause toxic effects on the proteasomal 

pathway and influence autophagy (Bendotti et al., 2001a; Hadano et al., 2010). The 

accumulation of mutant SOD1 aggregates leads to the activation of the unfolded 

protein response (UPR) with the cell undergoing apoptosis if the UPR is unsuccessful 

(Bento-Abreu et al., 2010; Robberecht and Philips, 2013; Rotunno and Bosco, 2013). 
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Interestingly, oxidised wild-type SOD1 can misfold, aggregate and cause toxicity to 

MNs in a similar manner to mutant SOD1 (Bosco et al., 2010). These findings suggest 

a possible role for wild-type SOD1 in SALS. Further studies into the mechanisms 

involved in the pathogenesis of ALS caused by mutant SOD1 may also reveal 

mechanisms involved in SALS and other FALS cases.   

1.1.3 TARDBP 

Mutations in TARDBP were discovered when exploring the presence of TDP-43 in the 

characteristic cytosolic protein aggregates in ALS patient post-mortem samples and in 

animal models of the disease. TARDBP was the first mutation to be associated with 

both ALS and FTLD, leading to the speculation that ALS is a spectrum disorder (Arai 

et al., 2006; Neumann et al., 2006; Mackenzie et al., 2010). TDP-43 is an RNA-

binding protein involved in transcription and RNA transport and splicing, thereby 

associating RNA metabolism dysfunction with ALS (Polymenidou et al., 2011). TDP-

43 is usually located in the nucleus but often shuttles between it and the cytoplasm to 

carry out its functions. TDP-43 is often located in the cytoplasm when a cell is 

undergoing stress where it accumulates in temporary stress granules. The stress 

granules incorporate and inactivate the translation of mRNA until the stress has 

resolved. This enables the prioritization of protein synthesis and allows for an 

adequate stress response. Once the stress is resolved, TDP-43 relocates to the nucleus. 

The proper functioning of TDP-43 is therefore critical during cell stress in order to 

protect mRNA (Colombrita et al., 2009; Lagier-Tourenne et al., 2010; Parker et al., 

2012).  



Chapter 1: Introduction 

 

24 24 

Two mechanisms have been proposed as to how TDP-43 contributes to the 

pathogenesis of ALS. The first mechanism is through a gain of toxic function of the 

TDP-43 aggregates. Two scenarios have been associated with this gain of toxic 

function mechanism. The first is that the mutant gene gains novel toxic activity, 

independent of the normal function of the gene. The second scenario is where the 

mutant becomes hyperactive in one of its normal functions by overexpressing either 

mutant or wild- type TARDBP, leading to toxicity. The second scenario is supported 

by studies in which wild-type TDP-43 has been overexpressed in mouse models (Wils 

et al., 2010; Xu et al., 2010), a Drosophila model (Li et al., 2010) and a C. elegans 

model (Ash et al., 2010) causing the hallmark cytosolic TDP-43 aggregates, as well as 

other cellular and behavioural phenotypes found in ALS. In most models, 

overexpression of both mutant and wild type TDP-43 can cause a neurodegenerative 

phenotype thus supporting a gain-of-function mechanism and a potential 

overactivation of TDP-43 in the mutants (Da Cruz and Cleveland, 2011). The second 

proposed mechanism for how TDP-43 contributes to the pathogenesis of ALS is 

through loss of function. In studies involving TDP-43 knockout mice, TDP-43 is 

found to play a vital role in embryogenesis as the TDP-43 deficient embryos all die 

between 3.5 and 8.5 days of embryonic development (Kraemer et al., 2010; Sephton 

et al., 2010; Wu et al., 2010). However, in mouse models where TDP-43 is inactivated 

in MNs of the spinal cord alone (Wu et al., 2012; Iguchi et al., 2013) or TDP-43 

expression is knocked-down in the CNS and periphery (Yang et al., 2014), an ALS-

like phenotype is observed, along with the formation of TDP-43 protein aggregates. 

Altering the expression levels of TDP-43 in other cell types, including astrocytes, also 

results in an ALS-like phenotype in some cases (Diaper et al., 2013; Tong et al., 2013; 

Yang et al., 2014). It should be noted however that models of ALS harbouring the 
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TARDBP mutation have highly variable phenotypes (Polymenidou et al., 2011; 

Janssens and Van Broeckhoven, 2013). 

Findings from current studies suggest that both proposed mechanisms are equally as 

likely since, through gain of toxic function, cytoplasmic aggregates are increased. 

This increase in cytoplasmic aggregation of TDP-43 results in nuclear depletion of 

TDP-43, which in turn causes RNA processing abnormalities through a loss of 

function. Therefore, the amount and location of TDP-43 expression in cells needs to 

be tightly regulated as disturbing the normal balance could lead to cellular 

dysfunction (Kabashi et al., 2009). 

1.1.4 C9ORF72 

In 2011 a major breakthrough in ALS genetics was made with the discovery of ALS-

related mutations in chromosome 9 open reading frame 72 (C9ORF72) (DeJesus-

Hernandez et al., 2011; Renton et al., 2011). C9ORF72 mutations are the most 

common cause of FALS (40%) and account for approximately 7% of SALS cases 

(DeJesus-Hernandez et al., 2011; Renton et al., 2011), becoming the second genetic 

mutation to link ALS with FTD. The C9ORF72 gene consists of a GGGGCC 

hexanucleotide (G4C2) repeat expansion that is normally present in numbers of up to 

30 repeats. However, ALS patients have between a few hundred to thousands of 

repeats, with the exact length varying between individuals. Clinically, patients 

harbouring the C9ORF72 mutation present more commonly with bulbar onset 

symptoms, have earlier disease onset with cognitive impairment and the disease 

progresses faster than non-C9ORF72 ALS cases (Byrne et al., 2012; Millecamps et 

al., 2012; Stewart et al., 2012). The function of the normal C9ORF72 protein remains 
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unclear, however, it is structurally related to the differentially expressed in normal and 

neoplastic cells (DENN) domain proteins that function as GDP-GTP exchange factors 

(GEFs) for the membrane trafficking regulators the Rab GTPases. These findings 

suggest that the normal function of C9ORF72 protein may have roles in membrane 

trafficking and autophagy and alterations to this protein can lead to dysfunction of 

these processes (Marat et al., 2011; Zhang et al., 2012; Levine et al., 2013).     

The mechanisms by which C9ORF72 mutations lead to ALS pathology have been 

widely debated. So far, three potential mechanisms have been uncovered. The first 

potential mechanism is through a loss of function (haploinsufficiency) of the gene 

containing the repeat expansion. This causes a reduction in C9ORF72 mRNA levels, 

as transcript levels have been shown to be decreased in patients with the C9ORF72 

mutation (DeJesus-Hernandez et al., 2011; Renton et al., 2011; Gijselinck et al., 

2012). Antisense oligonucleotides (ASOs) have been developed to selectively target 

and degrade the C9ORF72 expansion with the aim of being used as therapies in ALS. 

The use of ASOs have supported the haploinsufficiency mechanism as studies in 

which ASOs were used, causing a reduction of C9ORF72 mRNA in a zebrafish 

model, lead to an ALS-like phenotype including shorter MN axons and locomotor 

deficits (Ciura et al., 2013). The second proposed mechanism is by gain of RNA 

toxicity. RNA foci containing the hexanucleotide repeat expansion are found 

clustered in the nuclei of neurons and glia in ALS patients harbouring the C9ORF72 

mutation, and are thought to act by disrupting protein function (DeJesus-Hernandez et 

al., 2011). These foci have been found in two forms, with one containing RNA 

transcribed in the sense direction and the other containing RNA transcribed in the 

anti-sense direction (Lagier-Tourenne et al., 2013). ASOs selectively target the sense 
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RNA, which contain the C9ORF72 repeat, to degrade the expansion. To date ASOs 

have been shown to suppress formation of RNA foci in studies of human induced 

pluripotent stem cell (iPSC)- derived neurons and MNs harbouring C9ORF72 

mutations (Donnelly et al., 2013; Fernandes et al., 2013; Sareen et al., 2013). The 

final proposed mechanism to have a role in the toxicity of the C9ORF72 mutation is 

repeat-associated RNA-encoded, non-ATG translation (RAN translation). This 

mechanism involves the translation of the G4C2 repeat into polypeptides containing 

repeating di-amino acids, leading to the formation of inclusions termed dipeptide 

repeat (DPR) proteins in neurons of C9ORF72 patients (Ash et al., 2013; Ling et al., 

2013; Mori et al., 2013). However, a recent study has challenged the involvement of 

this mechanism in the pathogenesis of C9ORF72 ALS as DPR inclusions were rarely 

found in spinal cord MNs from patients with the C9ORF72 mutation (Gomez-Deza et 

al., 2015). As the numbers of repeat expansions in the C9ORF72 gene vary from 

patient to patient, it is likely that these mechanisms act in a non-mutually exclusive 

manner, much in the same way as the gain and loss of function mechanisms in 

TARDBP mutations do. Further understanding of the role of the normal C9ORF72 

protein may help uncover mechanisms by which C9ORF72 contributes to the 

pathogenesis of ALS. 

The presence of the aforementioned mutations in neuronal and glial cells contributes 

to the pathogenesis of ALS in a variety of ways. The following sections discuss 

studies that have demonstrated how these mutations cause MNs to become 

particularly vulnerable to toxic insult and the potential mechanisms by which they 

cause ALS pathology.  
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Vulnerability of MNs 

Although many cell types in the CNS are affected in ALS, MNs display selective 

vulnerability. However, not all MNs are affected, with oculomotor neurons and sacral 

MNs controlling sphincter muscles typically spared from degeneration for largely 

unknown reasons (Radunovíc and Leigh, 1996). Oculomotor MNs have been shown 

to express lower levels of the motor protein dynein and the intermediate 

neurofilament peripherin in mouse models and ALS patients, which may be linked to 

their resistance in ALS (Comley et al., 2015). Within vulnerable MN pools there is 

also variable vulnerability with large fast fatigable spinal MNs most vulnerable, fast 

fatigue-resistant MNs less vulnerable and slow tonic MNs the most resistant in ALS 

(Frey et al., 2000; Hegedus et al., 2007). The large soma size of MNs (50-60 µM) and 

their long axonal processes are thought to contribute to their vulnerability due to the 

associated high energy demands, requiring high mitochondrial activity. The high 

mitochondrial activity can cause increased oxidative stress, which results in 

accumulation of mutant proteins and oxidative damage. This in turn can lead to 

impaired energy production, causing normal levels of glutamate to become toxic 

(Wong et al., 1995; Kong and Xu, 1998). MN axons can be upwards of 1 metre in 

length in humans, requiring a robust network of neurofilamentous proteins that are 

crucial for maintaining the cells shape, as well as carrying out axonal transport from 

the soma to axonal terminals. The hallmark neuropathology of protein aggregates in 

the cytoskeleton of cells harbouring ALS mutations is especially toxic to MNs whose 

axonal transport function is critical for motor function (Shaw and Eggett, 2000). 

One of the most widely accepted reasons why MNs are particularly susceptible in 

ALS is due to their high sensitivity to glutamate, which can lead to excitotoxicity 
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(Rothstein et al., 1995). During normal glutamatergic neurotransmission, glutamate is 

released from vesicles at the synaptic cleft, activating postsynaptic receptors, with re-

uptake carried out by transporter proteins on both neuronal and glial cells, ending 

excitatory neurotransmission. However, if this process fails or becomes dysfunctional, 

excitotoxic damage can occur due to the excessive influx of Ca2+ from over-

stimulation of the glutamate receptors, initiating a cascade of harmful biochemical 

processes within the cell. The initial evidence implicating dysfunction of glutamate 

metabolism as a toxic factor in ALS came from studies showing increased levels of 

glutamate in samples of cerebrospinal fluid (CSF) from ALS patients (Rothstein et al., 

1990; Shaw et al., 1995a).  

Decreased capacity for glutamate transport and re-uptake in ALS, contributing to 

excitotoxicity, has been linked to the loss of the astroglial glutamate transporter 

excitatory amino acid transporter 2 (EAAT2), named GLT-1 in rodents (Bruijn et al., 

1997; Bendotti et al., 2001b; Pardo et al., 2006; Kim et al., 2011). Studies have 

demonstrated the focal loss of EAAT2/GLT1 in the brainstem and spinal cord before 

any sign of MN degeneration (Howland et al., 2002) and has been accompanied by an 

increased expression of mutant SOD1 G93A protein and the oxidative stress marker 

heme oxygenase-1 (HO-1) in astrocytes of the lumbar spinal cord (Guo et al., 2010). 

It has also been shown that lowering the expression of EAAT2/GLT-1 in wild type 

mice, through the administration of ASOs, causes increased glutamate levels, 

resulting in neurodegeneration and paralysis (Rothstein et al., 1996). Furthermore, 

disease onset is delayed by increasing expression of the human EAAT2 protein in 

SOD1 G93A mice, protecting MNs from cytotoxicity and cell death after exposure to 

L-glutamate in vitro. However their life span remain unaffected (Guo et al., 2003). 
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Although many of these studies have focused on mouse models harbouring the SOD1 

mutation, human samples from SALS patients have also shown decreased expression 

of EAAT2, in one case attributed to alterations in RNA processing. Given that 

aberrant RNA processing is associated with TARDBP, FUS and C9ORF72 mutations 

(Shaw et al., 1995a; Fray et al., 1998; Lin et al., 1998), a similar loss of EAAT2 may 

occur in cases of ALS involving these mutations.        

The postsynaptic glutamate receptors are divided into two broad categories: 

ionotropic (ligand-gated ion channels) and metabotropic (G-protein coupled). 

Ionotropic receptors are subclassified as N-methyl-D-aspartate (NMDA) receptors; α-

amino-3-hydroxy-5-methyl-4 isoxa-zole propionic acid (AMPA) receptors; and 

kainate receptors, so called after their pharmacological agonist. Metabotropic 

receptors are subclassified as mGluR1 to mGluR8 (Shaw and Ince, 1997; Van Den 

Bosch et al., 2006). AMPA receptors, responsible for the majority of fast excitatory 

transmission, are composed of four protein subunits named GluR1- 4, with the GluR2 

subunit causing AMPA receptors to be impermeable to Ca2+ (Shaw and Eggett, 2000; 

Joshi et al., 2011). Excessive intracellular Ca2+ can cause activation of several 

enzymes including nitric oxide (NO) synthase that, by generating NO in large 

quantities, can cause toxicity. Mitochondrial dysfunction can also result from 

excessive intracellular Ca2+, leading to the formation of reactive oxygen species 

(ROS)(Carriedo et al., 2000).  

The Ca2+ permeability of AMPA receptors vary depending on whether or not the 

GluR2 subunit is present (Hollmann et al., 1991). The ability of the GluR2 subunit to 

regulate Ca2+ permeability of AMPA receptors in turn depends on RNA editing. RNA 

editing is a post-transcriptional modification that alters the GluR2 mRNA from a 
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codon encoding glutamine (Q) to a codon encoding arginine (R) (Sommer et al., 

1991). AMPA receptors are Ca2+ impermeable if they contain the edited GluR2 (R) 

subunit. On the other hand, AMPA receptors are Ca2+ permeable if they are GluR2-

lacking or if they contain the unedited GluR2 (Q) subunit (Hollmann et al., 1991). 

MNs are thought to be more vulnerable to glutamate toxicity than other cells as some 

studies have found that MNs express low levels of the GluR2 subunit in their AMPA 

receptors, implying that they are more permeable to Ca2+ than other cells (Williams et 

al., 1997; Shaw et al., 1999; Van Damme et al., 2002). Other studies have shown that 

in the presence of ALS mutations, the regulatory capacity of GluR2 is abolished, 

causing decreased expression of GluR2 resulting in AMPA receptor mediated 

excitotoxicity (Kruman et al., 1999; Shaw and Eggett, 2000; Avossa et al., 2006; Van 

Damme et al., 2007; Zhao et al., 2008) However, these findings could not be 

confirmed by others (Tolle et al., 1993; Morrison et al., 1998; Vandenberghe et al., 

2000; Laslo et al., 2001).  

Evidence for a possible role of GluR2 in MN viability stems from a study in which 

transgenic mice, deficient in Q/R editing sites, display increased permeability to Ca2+ 

resulting in neurological dysfunctions, including deficits in dendritic architecture. 

RNA editing, which includes GluR2 editing, is important for normal brain function 

and for regulating the electrophysiological properties of ion channels (Feldmeyer et 

al., 1999). Deficiencies in GluR2 RNA editing have been demonstrated in MNs of 

ALS patients, although no alterations in GluR2 mRNA expression levels have been 

detected (Kawahara et al., 2004). No such deficiencies have been detected in the 

mutant SOD1 G93A or H46R mouse models (Kawahara et al., 2006). However, one 

study has demonstrated that crossing mutant SOD1 mice with mice expressing GluR2 
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(Q) in their AMPA receptors accelerates disease progression and decreases survival, 

linking progressive motor decline and late-onset degeneration of spinal MNs with 

persistently elevated Ca2+ influx through AMPA receptors (Kuner et al., 2005). 

NMDA receptors, consisting of subunits NR1 and NR2 (A-D), are always Ca2+ 

permeable. The molecular assembly of these receptors is important to prevent 

glutamate-induced toxicity, with changes in receptor expression levels described in 

some ALS studies (Shaw et al., 1994; Van Den Bosch et al., 2006). Neurotoxicity 

mediated by NMDA receptors leading to increased mitochondrial Ca2+ and ROS 

production has been shown to take place in cultured MNs (Carriedo et al., 2000; 

Urushitani et al., 2001) and in organotypic spinal cord cultures of chick embryos 

(Brunet et al., 2009).  

MNs that innervate voluntary muscles degenerate in ALS whilst, for unknown 

reasons, oculomotor MNs that regulate eye movements and MNs in Onuf’s nucleus 

controlling external sphincters are resistant to degeneration (Mannen et al., 1977). 

Inhibitory synaptic transmission, mediated by GABAergic and glycinergic 

transmission, has been revealed to differ between oculomotor and hypoglossal MNs 

and may in part underlie their differential vulnerability in ALS (Lorenzo et al., 2006). 

Marked differences in genes with a function in synaptic transmission are seen 

between spinal cord MNs and oculomotor MNs in humans, rats and mice, with 

oculomotor MNs having a higher GABA-mediated chloride current compared to 

spinal cord MNs. Gene expression differences in the GluR2 subunit of the AMPA 

receptor have also been identified. GluR2 subunit expression is found at increased 

levels in oculomotor MNs compared to vulnerable spinal cord MNs in studies of post-

mortem samples of control subjects (Dong et al., 1997; Brockington et al., 2013). 
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Therefore, reduced susceptibility to excitotoxicity, through increased expression of 

Ca2+ impermeable AMPA receptor subunits or enhanced GABAergic transmission, 

may be an important determinant of the relative resistance of oculomotor MNs to 

degeneration in ALS (Van Damme et al., 2002; Brockington et al., 2013). Patterns of 

vulnerability, arranged by the physiological subtypes of axons, exist in two mutant 

SOD1 mouse models of ALS where axons of fast-fatigable MNs are affected 

presymptomatically, followed by fast-fatigue-resistant MN axons at symptom-onset, 

whilst axons of slow MNs remain resistant (Pun et al., 2006). This study illustrated 

for the first time the selective vulnerability of MN axons and how affected axons and 

MNs can be distinguished from non-affected ones, aiding mechanistic investigations. 

MNs that are most vulnerable to degeneration in ALS have been shown to express 

higher levels of Ephrin type-A receptor 4 (EPHA4), which plays an important role in 

development of the nervous system, in particular establishing corticospinal 

projections (Dottori et al., 1998). EPHA4 levels were higher in the most vulnerable 

MNs in mutant SOD1 mice, rat and zebrafish models, as well as in a mutant TDP-43 

zebrafish model compared to the resistant MNs (Van Hoecke et al., 2012). EPHA4 

has been shown to inhibit neuromuscular re-innervation of axotomized MNs 

(Goldshmit et al., 2011) preventing MNs from sprouting and recovering their 

function. Targeting and/or changing EPHA4 levels in animal and cellular models of 

ALS may reveal other deleterious effects of its overexpression.   

Maintenance of intracellular Ca2+ homeostasis is fundamental to normal cellular 

function, however the capacity of MNs to buffer any increases in intracellular Ca2+ is 

limited by the low expression levels of Ca2+ binding proteins, including parvalbumin 

and calbindin D28k, making MNs more vulnerable to increased Ca2+ levels. 
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Expression of Ca2+ binding proteins has been found to be higher in MNs which are 

more resistant in ALS (Ince et al., 1993; Alexianu et al., 1994; Hayashi et al., 2013). 

The direct consequence of lower expression of Ca2+ binding proteins in MNs means 

that mitochondria have to work harder to buffer Ca2+ leading to mitochondrial 

calcium overload, causing dysfunction. Studies have shown that impaired Ca2+ 

handling and Ca2+ dysregulation is linked to the pathogenesis in ALS (Jaiswal et al., 

2009; Grosskreutz et al., 2010; Kawamata and Manfredi, 2010; Tradewell et al., 2011; 

Aggad et al., 2014) and through the use of Ca2+ channel agonists, neuromuscular 

function can be protected (Armstrong and Drapeau, 2013). 

Neurodegenerative diseases are characterized by the selective degeneration of specific 

cellular populations. In ALS, MNs are the most vulnerable cell type due to their large 

cell size, their sensitivity to glutamate and the glutamate receptor subunits they 

express as well as their low expression levels of Ca2+ binding proteins. As spinal cord 

MNs are more vulnerable in ALS than oculomotor MNs and those in Onuf’s nucleus, 

identifying mechanisms of vulnerability and resistance in these groups could lead to 

future therapies.  

Mechanisms of disease in ALS 

Many cellular mechanisms have been proposed to contribute to the pathogenesis of 

ALS. Some reflect activation of neurodegenerative pathways and others are the result 

of the dysfunction of normal cellular processes. None of these mechanisms appear to 

act independently but rather they are likely to act together to cause the pathologies 

found in the disease. 
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1.1.5 Mitochondrial dysfunction  

Mitochondria are essential cellular organelles that have central roles in providing 

energy in the form of adenosine triphosphate (ATP) and regulating intracellular Ca2+. 

They are also sources of reactive oxygen species (ROS) and control apoptosis 

(Kawamata and Manfredi, 2010; Ferraiuolo et al., 2011). As the function of 

mitochondria can be linked to most of the proposed causal mechanisms in ALS such 

as oxidative stress, glutamate excitotoxicity and axonal transport disruption, 

mitochondria are described as a convergence point in MN degeneration. Altered 

mitochondrial morphology and accumulation of mutant SOD1 in vacuolated 

mitochondria was first described in the SOD1 G93A and G37R mutant mouse models 

prior to disease onset (Wong et al., 1995; Bendotti et al., 2001a; Jaarsma et al., 2001; 

Vehviläinen et al., 2014) and in ALS patient samples (Sasaki and Iwata, 1996a). 

Abnormal mitochondrial aggregates and mitochondrial dysfunction have also been 

found in disease models harbouring mutant TDP-43 (Wegorzewska et al., 2009; Shan 

et al., 2010; Xu et al., 2010, 2011) and in a human induced pluripotent stem cell 

(iPSC) model harbouring the C9ORF72 mutation (Kiskinis et al., 2014). The 

mechanisms by which these alterations in mitochondrial function can contribute to the 

pathogenesis of ALS include defects in respiratory chain function (Bowling et al., 

1993; Menzies et al., 2002), impaired Ca2+ buffering capacity (Kruman et al., 1999; 

Jaiswal et al., 2009; Fuchs et al., 2013), subcellular localisation of SOD1 (Liu et al., 

2004; Deng et al., 2006), mitochondrial dependent oxidative stress (Braun et al., 

2011) and disrupted axonal transport of mitochondria in FALS and SALS (Mori et al., 

2008; Sasaki et al., 2010). Studies have also shown that mutant SOD1 has a tendency 

to accumulate in spinal cord MNs, however, it is the misfolding and localization of 
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mutant SOD1 in the mitochondria, rather than the formation of mutant SOD1 

aggregates, that contribute to the disease (Wong et al., 1995; Jaarsma et al., 2001; 

Dupuis et al., 2004; Vehviläinen et al., 2014). 

Most if not all studies recognise that mitochondrial dysfunction is a key element in the 

pathogenesis of ALS, however the extent to which its dysfunction contributes to the 

disease onset and progression remains to be determined. Some studies have disputed 

how crucial mitochondrial dysfunction is in the pathogenesis of ALS, with findings 

varying in degrees of involvement, These include studies which demonstrate that 

mitochondrial dysfunction in neuronal and glial cells trigger the onset of MN 

degeneration (Kong and Xu, 1998), that restoring mitochondrial function after MN 

degeneration onset does not extend the life span of ALS mouse models (Zhu and 

Sheng, 2011; Pehar et al., 2014) and that restoring function can extend ALS model 

life span (Miquel et al., 2012). The identification of whether mitochondrial 

dysfunction is the primary cause or rather a consequence of ALS pathology may be 

fundamental in the search for new therapeutic strategies.  

1.1.6 Endoplasmic reticulum stress 

The accumulation of misfolded or unfolded protein in intracellular inclusions is a 

pathological hallmark of ALS. The endoplasmic reticulum (ER) is the first 

compartment where secreted and membrane proteins are synthesized and folded. As 

the ER has roles in cellular homeostasis, protein folding and lipid biosynthesis, 

alterations in any of these processes can lead to increased protein synthesis, changes 

in Ca2+ levels or the accumulation of misfolded protein. The ER requires an efficient 

network of chaperones to promote folding and prevent abnormal aggregation of 
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proteins. However, if levels of misfolded protein become uncontrollable, ER stress 

can occur (Atkin et al., 2006; Ferraiuolo et al., 2011; Ozcan et al., 2012). ER stress 

induces the unfolded protein response (UPR) to re-establish homeostasis by 

increasing the protein folding capacity and quality control mechanisms of the ER 

(Walter and Ron, 2011). Although UPR activation is required in times of cellular 

stress, its prolonged activation triggers apoptotic signalling, causing irreversible 

damage to cells through diverse mechanisms (Ferraiuolo et al., 2011; Matus et al., 

2013). 

The involvement of ER stress in ALS is supported by the finding of increased levels 

of ER stress markers in patient spinal cords (Atkin et al., 2008) and co-localisation of  

ER stress markers with SOD1 inclusions in mutant SOD1 mouse models at early 

stages of the disease (Atkin et al., 2006). Furthermore, vulnerable MNs appear to be 

selectively prone to ER stress in mutant SOD1 mouse models since they display 

upregulation of ER stress markers preceding MN degeneration (Saxena et al., 2009; 

Bernard-Marissal et al., 2012). TDP-43 pathology has also been linked to ER stress 

which can be mediated via either mitogen-activated protein kinase/ extracellular 

signal-regulated kinases (ERK1/2) (Ayala et al., 2011), ER Ca2+ signalling 

dysregulation (Aggad et al., 2014; Mutihac et al., 2015) or stress granule formation 

(Walker et al., 2013). ER stress has also been shown in post-mortem tissue from 

patients with the C9ORF72 repeat expansion where aggregation prone proteins cause 

neurotoxicity by inducing ER stress (Zhang et al., 2014). 

Biomarkers of ALS are needed to assess disease prognosis and the efficacy of clinical 

trials. One possible biomarker option has been uncovered when ER chaperones, under 

conditions of cell stress, have been secreted into the extracellular space. ER 
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chaperones are up-regulated in the CSF of ALS patients (Atkin et al., 2008), 

suggesting that measuring stress factors in CSF may prove a useful tool to monitor 

ALS disease progression. Recently, screens for biomarkers in blood samples from 

SALS patients and mutant SOD1 mice have demonstrated an up-regulation in the ER 

stress-responsive chaperones compared to controls (Nardo et al., 2011), again 

suggesting their possible use in diagnosis and therapeutics (Matus et al., 2013). ER 

stress stimuli determine how the UPR integrates information regarding the control of 

cell fate and is therefore a promising target for the manipulation and modulation of 

cell death and survival mechanisms. As studies of SALS and FALS samples have 

provided evidence for ER stress in ALS, regardless of the specific genetic alteration, 

ER dysfunction may act as a promising general target.  

1.1.7 Oxidative stress 

The process of oxidative stress is a major contributor to ALS pathology. It occurs 

when oxygen-derived species, by-products of metabolic processes that utilise 

molecular oxygen, are generated at levels beyond those that antioxidant defences are 

able to cope with, causing damage to the cell and their proteins, lipids and nucleic 

acids (Bergeron, 1995). Oxidative damage has been identified in post-mortem studies 

of SALS tissue (Shaw et al., 1995b; Ilieva et al., 2007; D’Amico et al., 2013) and has 

been linked to SOD1 mutations which alter the normal role of SOD1 in catalysing the 

conversion of superoxide radicals to hydrogen peroxide and oxygen (Cluskey and 

Ramsden, 2001; Barber et al., 2006; Kiskinis et al., 2014). However, as not all studies 

have found that inactive SOD1 causes MN degeneration, mutant SOD1 may cause 

oxidative stress via another mechanism, likely by toxic gain of function (Barber and 

Shaw, 2010).  
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A role for oxidative stress in other FALS cases has been demonstrated using yeast 

models harbouring mutant TDP-43 (Duan et al., 2010; Braun et al., 2011) and a 

Drosophila model expressing TDP-43 in MNs (Zhan et al., 2014). In both models, 

markers for oxidative stress are increased. In response to cell stress, including 

oxidative stress, TDP-43 is also recruited to stress granules, and once endogenous 

TDP-43 accumulates, either in mutant or non-mutant form, it can form protein 

aggregates leading to cell dysfunction (Colombrita et al., 2009; Ayala et al., 2011; 

Dewey et al., 2011; Parker et al., 2012). Mutant C9ORF72 has also been linked to 

oxidative stress in human tissue. The use of a methylation promoter reduces the 

vulnerability of the cells to oxidative stress (Liu et al., 2014), with increases in the 

oxidative stress response detected in human iPSC derived MNs (Kiskinis et al., 2014). 

It has also been shown that oxidative stress may play a role in SALS. Oxidation 

resistance 1 (OXR1) has been shown to be up-regulated in the spinal cord of end-

stage ALS patients as well as in the presymptomatic mutant SOD1 mouse model 

(Oliver et al., 2011). Mice deficient in OXR1 display neurodegeneration suggesting 

that OXR1 could serve as a neuroprotective factor in neurodegenerative diseases 

(Oliver et al., 2011). 

Oxidative stress can cause considerable damage to MN and glial populations, and is 

capable of influencing other mechanisms implicated in ALS. However, the ultimate 

toxic insults that cause increased levels of reactive oxygen species (ROS) are still 

largely unknown, leading to speculation as to whether oxidative stress is a primary 

cause of disease or a downstream consequence. The definitive cause in the majority of 

ALS cases remains unknown; therefore attempts to target possible causes and 

consequences, including oxidative stress for therapeutic intervention, may prove 
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beneficial. As treatment can be started only after symptom onset and clinical 

diagnosis, the underlying cause of oxidative stress may be less relevant than the 

downstream effects it has. Recently, studies have shown that by treating ALS affected 

cells with antioxidants, disease progression is delayed and survival extended. These 

studies were conducted in: a mutant SOD1 mouse model (Benatar, 2007), in a mutant 

SOD1 mouse crossed with a neuron specific antioxidant (OXR1) expressing mouse 

(Liu et al., 2015) and in cultures of  mutant SOD1 astrocytes before co-culturing with 

MNs (Cassina et al., 2008; Marchetto et al., 2008). Antioxidants have also been used 

in studies involving ALS mutations other than mutant SOD1 (Rojas et al., 2014). 

Alterations in electrophysiological properties found in a neuroblastoma cell line 

transfected with mutant TDP-43 have been ameliorated after treatment with an 

antioxidant (Dong et al., 2014). Furthermore, in HeLA cells transfected with mutant 

TDP-43 and overexpressing OXR1, OXR1 binds to mutant TDP-43 and reduces 

cytoplasmic mislocalisation (Finelli et al., 2015). These findings suggest that targeting 

oxidative stress pathways may uncover beneficial treatments that could be used for all 

ALS patients, regardless of the underlying cause.   

1.1.8 Protein misfolding 

In addition to MN loss from the brainstem, spinal cord and motor cortex, a universal 

pathological hallmark of ALS is the presence of abnormal intracellular deposits of 

aggregated proteins in MNs (Strong et al., 2005). Protein misfolding is the likely 

initiator of the formation of protein aggregates. The ubiquitin proteasome system 

(UPS), one of the main mechanisms controlling the degradation of misfolded proteins, 

has, in some studies, impaired proteasomal activity that correlates with the formation 

of protein aggregates in ALS (Urushitani et al., 2002; Tashiro et al., 2012). Misfolded 
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mutant proteins can accelerate the formation of protein aggregates by impairing the 

degradation pathways. Hyaline conglomerates rich in neurofilamentous protein which 

are found in spinal cord MNs from ALS patients, especially those with SOD1 

mutations (Ince et al., 1998), can lead to perturbations in axonal function. Increased 

neurofilament phosphorylation is seen in the perikarya of MNs harbouring TARDBP 

mutations, which may also contribute to axonal neurofilament transport dysfunction 

(Ackerley et al., 2000).  

Many studies investigating SOD1 misfolding and aggregation use wild-type SOD1 as, 

although mutant SOD1 is more prone to misfolding, wild-type SOD1 can also be 

induced to misfold and form aggregates in a similar way (Rakhit et al., 2002; Atkin et 

al., 2006; Bosco et al., 2010). It has been demonstrated that overexpression of wild-

type SOD1 can induce an ALS -like pathology causing mild motor abnormalities even 

in the absence of mutant SOD1(Jaarsma et al., 2000), suggesting that misfolding of 

wild-type SOD1 could be involved SALS. SOD1 aggregates have been identified in 

SALS cases in studies conducted by one group (Shibata et al., 1994). However, these 

results have not been reproduced by other groups (Watanabe et al., 2001; Liu et al., 

2009). Studies of protein aggregation in three mutant SOD1 mouse models 

demonstrated that mutant SOD1 aggregates appear late in the disease in parallel with 

progressive motor phenotypes, suggesting that aggregates are involved in later stages 

and are unlikely to be a main toxic feature (Karch and Borchelt, 2008). 

Ubiquitin-positive TDP-43 inclusions are a key pathological feature of SALS and 

many non-SOD1 FALS cases, including those harbouring TARDBP and C9ORF72 

mutations (Arai et al., 2006; Neumann et al., 2006; Mackenzie et al., 2007). As 

described earlier, TDP-43 is redistributed to the cytosol from the nucleus in ALS and 
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FTLD tissue before the formation of visible inclusions (Giordana et al., 2010; Sasaki 

et al., 2010). These findings suggest that these TDP-43 inclusions, in a similar way to 

SOD1 inclusions, are not likely to be the key toxic species (Barmada et al., 2014). 

Whilst it remains unclear as to how the process of protein misfolding and aggregate 

formation contributes to the pathogenesis of ALS and if the aggregates are themselves 

toxic, it is likely that the protein constituents and their conformation in these 

aggregates will provide important insights into the mechanisms behind the formation 

of these pathological hallmarks. 

1.1.9 Apoptosis  

Apoptosis, or programmed cell death, is a mechanism by which cells die after the 

activation of processes within a cell, without damaging neighbouring cells. The 

process of apoptotic cell death is rapid in relation to the time course of ALS, making 

it difficult to provide conclusive evidence for its involvement in the disease. The 

potential involvement of apoptosis in the pathogenesis of ALS has been supported by 

studies showing that in ALS patient tissue samples, degenerating spinal cord MNs 

morphologically resemble apoptotic cells due to the presence of cytoplasmic and 

nuclear clusters and apoptotic body formation (Troost et al., 1995; Martin, 1999). 

However, these cytoplasmic and nuclear clusters were not evident in all studies 

(Migheli et al., 1994). The redistribution of cell death proteins and activation of 

caspase-3 in ALS patient samples and in mutant SOD1 mice provides further evidence 

in support of the involvement of apoptosis in the pathogenesis of ALS (Martin, 1999; 

Li et al., 2000; Pasinelli et al., 2000; Kang et al., 2003). The activation of 

mitochondrial apoptotic pathways has been identified in mutant SOD1 mouse spinal 

cords (Guégan et al., 2001) and it has been shown that blockade of this mitochondrial 
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apoptotic pathway can halt the degeneration of MNs and extend their survival in 

mutant SOD1 G93A animals (Sathasivam and Shaw, 2005; Reyes et al., 2010) .  

Apoptosis has also been identified as a potential pathological disease mechanism in 

some models harbouring TARDBP mutations. Cell lines and primary mouse MNs 

harbouring the TDP-43 M337V mutation display increased caspase-3 staining 

compared to MNs with wild-type TDP-43 (Mutihac et al., 2015). Studies of SALS 

patient tissue samples indicate that the intracellular accumulation of TDP-43 

fragments leads to activation of apoptotic pathways (Rutherford et al., 2008). In 

addition, inhibition of apoptosis in a mutant TARDBP Drosophila model prevented 

MN toxicity (Zhan et al., 2013). Apoptosis may also occur in models harbouring the 

C9ORF72 mutation as studies have indicated that the accumulation of di-peptide 

repeats (DPRs) trigger apoptotic pathway activation and lead to MN degeneration 

(Stepto et al., 2014). 

Although studies have demonstrated the involvement of apoptosis in the pathogenesis 

of ALS and that targeting and blocking apoptosis increases the lifespan of ALS 

animal models (Li et al., 2000; Reyes et al., 2010; Zhan et al., 2013), it is unlikely that 

this is the primary cause of the degenerative processes in ALS. As apoptosis is 

required during normal development, blocking it entirely would lead to other 

problems. Regulating apoptosis through the UPR may act as an alternative to blocking 

apoptosis completely in order to uncover the true role of apoptosis in ALS.            

1.1.10 Axonal transport dysfunction 

Axonal transport is a vital cellular function for MNs and defects in this process have 

been implicated as a mechanism of disease in ALS (LaMonte et al., 2002). The 
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components required for axonal transport are specialised motor proteins such as 

dynein, dynactin-1 and kinesin, and cytoskeletal actin filaments and microtubules. 

Decreased expression levels of some of these proteins are found in spinal cord MNs 

from post-mortem SALS patient samples (Jiang et al., 2005; Ikenaka et al., 2012). 

Due to these alterations in the expression of motor proteins, the cargos which motor 

proteins transport can accumulate within the degenerating MNs, causing dysfunction 

(Soo et al., 2011). Transport dysfunction can also occur when neurofilaments, 

responsible for maintaining correct morphology and size of MNs, accumulate in the 

pathological protein aggregates seen in ALS (Collard et al., 1995; Rao and Nixon, 

2003). Studies implicating axonal transport in the pathogenesis of ALS include those 

carried out in mutant SOD1 G93A mouse models where defects in fast retrograde and 

anterograde axonal transport of MNs have been identified, with these defects often 

occurring presymptomatically (Williamson and Cleveland, 1999; Bilsland et al., 2010; 

Ikenaka et al., 2012; Millecamps and Julien, 2013). The accumulation of 

mitochondria in the soma due to defects in axonal transport has been demonstrated in 

studies of SALS patients (Sasaki and Iwata, 1996b) and ALS mouse models 

harbouring SOD1 or TARDBP mutations (Magrané and Manfredi, 2009; Bilsland et 

al., 2010; Wang et al., 2013; Magrané et al., 2014), causing downstream 

mitochondrial dysfunction and contributing to MN degeneration. mRNA transport 

deficits also occur due to the presence of TARDBP mutations that impair axonal 

transport abilities (Alami et al., 2014). Alterations in axonal transport can also cause 

the accumulation of autophagosomes, whose pathway is responsible for regulating 

intracellular content recycling, leading to cellular dysfunction (Sasaki, 2011).  



Chapter 1: Introduction 

 

45 45 

Axonal degeneration can also occur in mutant SOD1 mouse models independently of 

deficits in axonal transport (Marinkovic et al., 2012). One study has shown that even 

by enhancing mitochondrial mobility in mutant SOD1 mice, the onset of ALS-like 

symptoms were unaffected (Zhu and Sheng, 2011).  Alterations in axonal transport 

organelles and their proteins in ALS patients most likely indicate that they become 

more vulnerable due to the various disease processes on-going in their environment. 

Overall, it remains unclear whether defects in axonal transport are a cause or a 

consequence of ALS. As MNs have particularly long axons, they are uniquely 

vulnerable to defects in axonal transport, therefore, even if other processes are 

involved in disease initiation, inhibition and dysfunction of axonal transport may play 

a critical part in the resulting disease mechanisms.  

1.1.11 Non-cell autonomy 

Whether MN degeneration in ALS is mediated via processes within MNs (cell 

autonomous) or is caused by populations of other cells (non-cell autonomous) has 

been widely investigated over a number of years. Glial cells are the most numerous 

cells of the CNS, of which there are four types: astrocytes, oligodendrocytes, 

microglia and ependymal cells. The initial evidence implicating non-cell autonomy in 

ALS came from studies in which increased levels of glutamate were found in CSF 

samples from ALS patients (Rothstein et al., 1990; Shaw et al., 1995a). The increased 

glutamate levels in patient CSF has been linked to the decreased expression of the 

astroglial transporter, EAAT2 (GLT-1 in rodents), which removes glutamate from the 

extracellular space, terminating neuronal excitation (Bruijn et al., 1997; Bendotti et 

al., 2001b; Pardo et al., 2006; Kim et al., 2011). Decreased GLT-1 expression has also 

been found in ALS mutant SOD1 mouse models before any signs of MN degeneration 
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(Howland et al., 2002). Non-cell-autonomous processes in glial cells are believed to 

be implicated not only in disease progression, but also to be related with the onset and 

early stages of the disease, thus underlying MN dysfunction and loss. 

Microglia are the primary immune cells of the CNS responsible for protection against 

various pathogens. Their involvement in ALS has been demonstrated in a chimeric 

mouse model where disease progression is delayed when MNs expressing mutant 

hSOD1 are surrounded by wild-type microglia whereas control MNs surrounded by 

mutant hSOD1 expressing microglia degenerate (Clement et al., 2003). The 

involvement of microglia in ALS has also been supported by further studies in which 

the deletion of mutant SOD1 from microglia slowed disease progression and led to the 

release of less toxic factors from microglia (Beers et al., 2006; Boillée et al., 2006; 

Lee et al., 2012; Frakes et al., 2014). These findings suggest a possible 

neuroprotective role for wild-type microglia in ALS (Boillée et al., 2006; Ilieva et al., 

2009; Lasiene and Yamanaka, 2011). 

Oligodendrocytes, responsible for the production of myelin sheaths surrounding 

neurons, provide electrical insulation essential for rapid signal conduction. NG2 cells 

(polydendrocytes) differentiate into oligodendrocytes in vitro. NG2 cells are also one 

of the first cells that respond to any alteration in CNS environment (Nishiyama et al., 

2009). In ALS mouse models and ALS patients, the capacity of NG2 cells to 

differentiate into oligodendrocytes is unaffected by the presence of ALS mutations 

(Kang et al., 2010). However, new oligodendrocytes fail to mature and express 

reduced myelin basic protein, resulting in grey matter demyelination (Kang et al., 

2013). Extensive degeneration of oligodendrocytes in the spinal cord is also seen in 

ALS patient samples and in mutant SOD1 mice prior to disease onset (Stieber et al., 
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2000; Jaarsma et al., 2008; Kim et al., 2013). These findings suggest that 

oligodendrocytes may contribute to MN degeneration in ALS (Philips et al., 2013; 

Cui et al., 2014; Satoh et al., 2015).   

Astrocytes, which are divided into either protoplasmic (located in grey matter) or 

fibrous (located in white matter) types, account for the majority of glial cells in the 

brain and spinal cord and have long been associated with roles as support cells, aiding 

the organization of neuronal networks and supplying neuronal nutrients through their 

connection and maintenance of the blood brain barrier (Montgomery, 1994). 

Astrocytes play vital roles in glutamate reuptake through their transporters, including 

EAAT2, in order to prevent excitotoxicity. They are also an important component of 

the astrocyte-neuron lactate shuttle (ANLS) model. This model begins with neuronal 

activity, which causes an increase in extracellular glutamate. The extracellular 

glutamate is taken up by EAAT2, followed by the increase in intracellular Na+ that 

activates the Na+/K+ ATPase, increasing ATP consumption, glucose uptake and 

glycolysis in astrocytes. This causes a large increase in lactate production which, 

when released into the extracellular space, is used as an energy source for neurons for 

the production of ATP (Pellerin and Magistretti, 1994; Pellerin et al., 2007).  

Astroglial activation, or astrogliosis, is characterized by hypertrophy of cell bodies 

and cytoplasmic processes as well as the up-regulation of intermediate filament 

protein expression, namely GFAP and vimentin. Reactive astrogliosis in ALS was 

first revealed by increased GFAP staining in the subcortical white matter in SALS 

patient samples (Kushner et al., 1991) and in the ventral and dorsal horns of the spinal 

cords of  SALS patients (Schiffer et al., 1996; Schiffer and Fiano, 2004). Astrocytes 

derived from mutant SOD1 mice are also found to be dysfunctional. They are less 
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efficient at glutamate uptake compared to controls, and have reduced trophic response 

to activation, resulting in failure to protect MNs effectively (Benkler et al., 2013). 

Early studies of the astroglial glutamate transporters have revealed lower expression 

of EAAT2 (GLT-1) in SALS samples and in mutant SOD1 mouse models (Rothstein 

et al., 1995; Bruijn et al., 1997), linking dysfunctional astrocytes to glutamate 

excitotoxicity. The failure of glutamate re-uptake by EAAT2 causes sustained 

elevation of neuronal intracellular Ca2+ initiating a cell death cascade. The 

permeability of AMPA receptors to Ca2+ also plays a role in excitotoxicity, as MNs 

express low levels of the GluR2 subunit making them more permeable to Ca2+, 

leaving MNs to rely on astrocytes to induce GluR2 subunit up-regulation. Astrocytes 

expressing mutant hSOD1 lose their ability to regulate GluR2 expression, increasing 

MN vulnerability to AMPA receptor-mediated excitotoxicity (Van Damme et al., 

2007). Wild-type astrocytes have been found to have neuroprotective roles in some 

studies in a similar manner as wild-type microglia. The transplantation of wild-type 

astrocyte precursors into transgenic SOD1 G93A rats causes an increase in survival 

time and slows physical decline in motor deficits compared to the mutant SOD1 rats 

with mutant SOD1 astrocytes (Lepore et al., 2008). However, transplants of human 

astrocyte precursors into SOD1 G93A mice has failed to slow the disease progression 

(Lepore et al., 2011).  

Damage to MNs by neighbouring cells expressing mutant SOD1 appears to be 

required for MN degeneration, since no pathology has been seen in mice in which 

only MNs express mutant SOD1 (Pramatarova et al., 2001; Lino et al., 2002). 

Conversely, several studies have shown that wild-type MNs degenerate in the 

presence of mutant SOD1 astrocytes (Yamanaka et al., 2008; Diaz-Amarilla et al., 
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2011; Papadeas et al., 2011). The development of stem cell technology has aided the 

study of ALS in cell culture-based assays, enabling the co-culture of different cell 

types. Using this technology, mouse embryonic stem cell (ESC)- derived MNs 

expressing wild type or mutant SOD1 have been co-cultured with primary SOD1 

G93A astrocytes. The mutant SOD1 astrocytes cause primary mouse MNs and ESC 

derived MNs, harbouring either wild type or mutant SOD1, to degenerate (Di Giorgio 

et al., 2007; Nagai et al., 2007). These studies have also shown that spinal MNs are 

specifically targeted by the toxic factors released by mutant astrocytes, as these were 

the sole cell type affected. Interestingly direct co-culture of astrocytes with MNs is 

not required in order to cause toxicity as MNs cultured with mutant SOD1 astrocyte 

conditioned medium (ACM) also degenerate (Nagai et al., 2007). In a humanised in 

vitro ALS model, non-cell autonomous disease mechanisms have been linked to 

SOD1 FALS and SALS, as primary astrocytes from SALS and SOD1 FALS patients, 

co-cultured with human ESC-derived MNs, cause MN death (Haidet-Phillips et al., 

2011). Silencing mutant SOD1 in SOD1 FALS patient astrocytes prevents MN death, 

but mutant SOD1 does not cause SALS astrocyte toxicity. However, SALS and FALS 

astrocytes have both been shown to trigger MN death through a similar mechanism, 

necroptosis, a programmed form of cell death/ necrosis (Re et al., 2014).  

Whilst it is largely accepted that mutant SOD1 harbouring astrocytes act via non-cell 

autonomous mechanisms to cause MN death in ALS, the same can’t be said for 

mutant TDP-43. Studies that suggest that mutant TDP-43 does not act via non-cell 

autonomous disease mechanisms include one utilising human iPSC-derived astrocytes 

generated from fibroblasts of a patient harbouring a TARDBP M337V mutation. Even 

though these astrocytes display TDP-43 mislocalisation, increases in levels of TDP-43 



Chapter 1: Introduction 

 

50 50 

and decreases in cell survival, they did not effect the survival of MNs derived from 

healthy control iPSCs (Serio et al., 2013). Similarly, astrocytes from mouse models 

either lacking TDP-43 or overexpressing mutant TDP-43 fail to cause the death of 

wild-type spinal MNs in culture (Haidet-Phillips et al., 2013). Glial-restricted 

precursors transplanted into the wild-type rat spinal cord differentiate into astrocytes. 

Similar to in vitro findings, astrocytes with TDP-43 mutations fail to affect wild-type 

MNs in vivo (Haidet-Phillips et al., 2013). However, not all studies support these 

findings. Rats in which the expression of mutant TDP-43 (M337V mutation) is 

restricted to astrocytes exhibit a progressive loss of MNs and skeletal muscles 

denervation, resulting in progressive paralysis. They also have decreases in astroglial 

glutamate transporter levels and display high levels of reactive gliosis (Tong et al., 

2013). The potential non-cell autonomous effect of mutant TDP-43 astrocytes on 

wild-type MNs has also been studied in primary cultures of wild-type spinal cord 

MNs after exposure to ACM from primary mutant SOD1 and mutant TDP-43 

astrocytes. Application of the ACM causes MN degeneration through nitroxidative 

stress, with both mutations triggering cell death through this common pathogenic 

pathway (Rojas et al., 2014). Therefore, further studies are required in order to 

decipher if non-cell autonomy is a common disease mechanism among all ALS cases 

or if it acts only in specific genetic cases.  

Many studies have been carried out to determine how and why glial cells selectively 

target MNs to initiate or cause the onset and progression of ALS pathology. The most 

studied pathways involve oxidative stress and mitochondrial dysfunction, however the 

roles they play still remain poorly understood. It has been suggested that the initial 

release of toxic factors, initiated by the processes of oxidative stress and 
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mitochondrial dysfunction, lead to MN death (Catania et al., 2001; Ferri et al., 2004; 

Cassina et al., 2005, 2008; Marchetto et al., 2008; Chen et al., 2010; Re et al., 2014). 

The possible influence of oxidative stress and mitochondrial dysfunction in non-cell 

autonomy is supported by the finding that mutant astrocytes exposed to antioxidants 

and mitochondrial inhibitors, in vitro and in vivo, delay the onset of ALS and extend 

life expectancy (Cassina et al., 2008; Marchetto et al., 2008). Activation of the nuclear 

factor erythroid-2-related transcription factor 2 (Nrf2) in astrocytes has been shown to 

have a role in regulating antioxidant defences. Nrf2 over-expression in mutant hSOD1 

G93A mouse astrocytes has been found to prevent toxicity to MNs, again delaying 

disease onset and extending survival (Vargas et al., 2008; Johnson et al., 2009; Petri et 

al., 2012). More recently, primary cultures of mouse spinal cord MNs exposed to 

ACM from cultures of mutant SOD1 or mutant TDP-43 astrocytes, results in MN 

toxicity and cell death through Na+ channel activation and nitroxidative stress. These 

MNs survive when they are co-cultured with antioxidants and Na+ channel blockers 

(Rojas et al., 2014).  

ALS is a fatal neurodegenerative disorder with limited identified targets, biomarkers, 

and therapeutic options. A better understanding of the molecular mechanisms 

underlying this disease is necessary in order to develop novel therapeutic strategies. 

Evidence from many studies, including those mentioned above, suggests that a 

complex pathological interplay between MNs and glial cells exists. The mechanisms 

involved and pathways in which these occur needs to be explored further. Non-cell 

autonomy has been strongly linked with glial cells harbouring mutant SOD1 with 

some studies showing similar features in glial cells harbouring TARDBP mutations. 

Connecting non-cell autonomy with other genetic causes of ALS, including C9ORF72 
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and SALS cases, could lead to the discovery of a common disease mechanism, 

enabling the generation of beneficial therapeutic treatments for all. In Chapter 2, I will 

describe non-cell autonomous effects of iPSC-derived astrocytes harbouring 

C9ORF72 or TARDBP mutations on control iPSC-derived MNs.  

1.1.12 Excitotoxicity  

Glutamate, the main excitatory neurotransmitter in the CNS, exerts its effects through 

various ionotropic and metabotropic postsynaptic receptors. Glutamate reuptake 

transporters, of which EAAT2 is the most abundant, remove glutamate from the 

synaptic cleft and terminate the excitatory signal.  Under normal conditions, 

glutamate is released from the presynaptic neuron and activates NMDA and AMPA 

receptors, causing an influx of both Na+ and Ca2+ ions, leading to an action potential if 

threshold is reached (Shaw and Ince, 1997). Excitotoxicity is divided into two types: 

classical and slow. Classical excitotoxicity refers to neuronal degeneration that occurs 

after an increase in the extracellular glutamate concentration that results from 

increased glutamate release or the deficient re-uptake of glutamate by EAAT2 (GLT-

1). Slow excitotoxicity is the death of a weakened postsynaptic neuron in the presence 

of normal synaptic glutamate levels (Heath and Shaw, 2002; Van Damme et al., 

2005b; Van Den Bosch et al., 2006). In both these forms of excitotoxicity, 

glutamatergic neurotransmission plays a pivotal role. When glutamate is released 

from the presynaptic neuron, either ionotropic or metabotropic glutamate receptors 

may be activated. Ionotropic glutamate receptors are ligand-gated cation channels, 

while metabotropic glutamate receptors are G- protein coupled receptors that 

influence second messenger systems. Ionotropic receptors can be further subdivided 

into three classes (Seeburg, 1993): AMPA, NMDA and KA (kainate) receptors. 
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Functionally, AMPA receptors are the most important glutamate receptors to mediate 

fast excitatory transmission whilst NMDA receptors mediate the late component of 

excitatory transmission (Watkins and Evans, 1981; Collingridge and Singer, 1990) 

and play a key role in the induction of synaptic plasticity (Nicoll and Malenka, 1999).  

The involvement of excitotoxicity in the pathogenesis of ALS was first proposed 

when increased levels of glutamate were found in samples of cerebrospinal fluid 

(CSF) from ALS patients (Rothstein et al., 1990; Shaw et al., 1995a), with similar 

increases later identified in mutant SOD1 mice (Alexander et al., 2000). It has been 

suggested that plasma and CSF from ALS patients contain toxic components as 

application of either plasma or CSF from ALS patients to cultured neurons leads to 

excitotoxicity (Couratier et al., 1993; Sen et al., 2005). Cell death was prevented in 

cortical neurons upon application of the AMPA receptor blocker CNQX, which 

prevented further excitotoxic insult (Couratier et al., 1993).  

Excitotoxicity has also been implicated in studies which found that glutamate 

transport function in the brain and spinal cord of SALS patients is decreased 

(Rothstein et al., 1992). Further studies have revealed this was caused by the selective 

loss of the astroglial glutamate transporter, EAAT2 (GLT1), in the motor cortex and 

spinal cord (Rothstein et al., 1995). Alterations in expression of EAAT2 (GLT-1) 

have been identified in SALS patients (Rothstein et al., 1995; Fray et al., 1998; Lin et 

al., 1998) and mutant SOD1 rodent models (Bruijn et al., 1997; Bendotti et al., 2001b; 

Pardo et al., 2006; Kim et al., 2011), however not all studies are in agreement (Deitch 

et al., 2002). Further studies have demonstrated the focal loss of EAAT2 (GLT1) in 

the brainstem and spinal cord before any MN degeneration (Howland et al., 2002), 

accompanied by an increased expression of mutant SOD1 protein and the oxidative 
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stress marker heme oxygenase-1 (HO-1) in astrocytes in the lumbar spinal cord (Guo 

et al., 2010). A study in which expression of EAAT2 (GLT-1) was lowered in control 

mice through the administration of antisense oligonucleotide (ASO), demonstrated an 

increase in glutamate levels, leading to neurodegeneration and paralysis providing 

further evidence for the involvement of loss of EAAT2 in ALS (Rothstein et al., 

1996). Disease onset is delayed by increased expression of the human EAAT2 protein 

in SOD1 G93A mice, with MNs protected from cytotoxicity and cell death after 

exposure to L-glutamate in vitro. However, life span is unaffected by increased 

EAAT2 expression (Guo et al., 2003).   

Mitochondrial dysfunction has also been linked to excitotoxicity, as studies have 

shown that mutant SOD1 interferes with mitochondrial function, which becomes more 

pronounced during disease progression and often affects the spinal cord more than 

other tissues (Jaarsma et al., 2000, 2001; Higgins et al., 2003). Mitochondrial 

dysfunction likely contributes to excitotoxicity through defects in the Ca2+ buffering 

capacity of the mitochondria (Urushitani et al., 2001; Bilsland et al., 2008; Jaiswal 

and Keller, 2009; Jaiswal et al., 2009). This defect will have more pronounced 

consequences in MNs as these organelles play a crucial role in Ca2+ buffering in MNs. 

This defect can further lead to an increase in the cytoplasmic Ca2+ concentration, 

causing over-activation of Ca2+ dependent enzymes, resulting in neuronal death 

through excitotoxic mechanisms. Mitochondrial dysfunction has recently been linked 

to excitotoxicity in ALS cases other than those caused by mutant SOD1. Miro1, a key 

regulator of mitochondrial movement, is reduced in SALS patient spinal cord 

samples, as well as in mutant SOD1 mice and mutant TDP-43 mice. Excessive 

glutamate challenge in vitro and in vivo causes further reduction in Miro1 expression, 
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linking excitotoxicity to Miro1 deficiency and mitochondrial dysfunction (Zhang et 

al., 2015). Therefore, excitotoxicity caused by mitochondrial dysfunction could occur 

in all cases of ALS, regardless of their genetic mutation or lack thereof. 

AMPA receptor-mediated excitotoxicity has been implicated in the selective 

degeneration of MNs in ALS (as discussed above). MNs are particularly vulnerable to 

excessive AMPA receptor stimulation due to the presence of a large proportion of 

GluR2 lacking (Ca2+ permeable) AMPA receptors. Under normal conditions, AMPA 

receptors contain the unedited GluR2 subunit and are Ca2+ impermeable (Wright and 

Vissel, 2012). The regulation of intracellular Ca2+ concentration is important in 

maintaining cellular function and preventing excitotoxic insults. In SALS patients, the 

editing efficiency of GluR2 mRNA is found to be reduced in spinal cord MNs 

compared to controls (Takuma et al., 1999; Kawahara et al., 2004, 2006; Kwak et al., 

2010) resulting in Ca2+ permeable subunits. It has also been demonstrated that 

crossing mutant SOD1 mice with mice expressing the Ca2+ permeable AMPA 

receptor subunit, GluR2 (Q), accelerates disease progression and decreases survival 

(Kuner et al., 2005). 

Many studies have provided convincing evidence that MN death in mutant SOD1-

MNs involves non- cell-autonomous processes (Bruijn et al., 1997; Di Giorgio et al., 

2007, 2008; Nagai et al., 2007; Marchetto et al., 2008; Wang et al., 2008). It is 

generally accepted that astrocytes are crucial to keep the synaptic glutamate 

concentration low, a vital role of EAAT2 (GLT-1). Astrocytes have been shown to 

influence the subunit composition of the AMPA receptor as they determine the GluR2 

expression in MNs (Van Den Bosch et al., 2006; Van Damme et al., 2007). These 

studies suggest that factors released from astrocytes can influence MN sensitivity to 
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excitotoxicity by affecting the expression levels of GluR2 and the amount of Ca2+ 

permeable AMPA receptors. The presence of mutant SOD1 in the astrocytes can 

effect the secretion of these factors, leading to a lower expression of GluR2, an 

increase in Ca2+ permeable AMPA receptors and cause MNs to be more vulnerable to 

excitotoxicity (Van Damme et al., 2005a, 2007; Foran and Trotti, 2009). 

1.1.12.1 Excitability alterations revealed using electrophysiological 

recordings 

The mutant SOD1 G93A mouse model has been widely studied since its generation in 

1994 (Gurney et al., 1994). The generation of a detailed time-course of the stages of 

neurodegeneration and the cellular and molecular mechanisms involved in ALS has 

revealed that electrophysiological abnormalities are one of the first alterations 

observed in this ALS mouse model (Kanning et al., 2010). The first study to 

demonstrate alterations in MN excitability in the mutant SOD1 mouse model of ALS 

was published in 2003 (Pieri et al., 2003). In this study whole-cell patch-clamp 

recordings were obtained from cultures of embryonic day 15 (E15) mouse MNs 

(incubated for 2-3 weeks). An increased firing frequency of mutant SOD1 MNs 

compared to wild-type MNs was revealed and mutant SOD1 MNs were classified as 

hyperexcitable (Pieri et al., 2003). Hyperexcitability has also been revealed in studies 

of cultured spinal cord MNs obtained from mutant SOD1 G93A mice at embryonic 

and neonatal stages (Kuo et al., 2004). Increases in the persistent Na+ current were 

found to underlie this hyperexcitability, but only in high input conductance MNs (Kuo 

et al., 2005). Further evidence of perturbations in Na+ currents has come from 

recordings of MNs dissociated from E15 SOD1 G93A mice (recorded within 2 weeks 

of culturing). In these MNs, voltage-dependent Na+ channels display a more rapid 
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recovery from fast inactivation compared to wild-type MNs (Zona et al., 2006). 

However, hyperexcitability has not been observed in all mutant SOD1 mouse models. 

Spinal cord MNs isolated from neonatal SOD1 G85R mice and recorded from 

between P6-P10 (Bories et al., 2007), and MNs from mice which were low expressors 

of the hSOD1 mutation (SOD1 G93A-Low and SOD1 G85R) and recorded from 

between P6-P10 display hypoexcitability (Pambo-Pambo et al., 2009). Spinal cord 

MNs are not the only neurons to display electrophysiological alterations in the SOD1 

G93A mouse model. Hypoglossal MNs in SOD1 G93A mice, from postnatal day 4 

(P4)-P10, display hyperexcitability, increased persistent Na+ currents and an enhanced 

frequency of spontaneous transmission compared to wild-type mice. SOD1 G93A 

interneurons from the superior colliculus also display hyperexcitability and synaptic 

changes from P10-12, all occurring months before MN degeneration and symptom 

onset (van Zundert et al., 2008). E17.5 spinal cord MNs from mutant SOD1 G93A 

mice also display hyperexcitability, with these changes linked to morphological 

changes of the MNs, which may act as a compensatory mechanism (Martin et al., 

2013).  Whether or not hyperexcitability is a key contributor to MN degeneration 

remains to be determined. 

The persistent Na+ current (INaP) constitutes a small proportion of the voltage-gated 

Na+ current that mediates the upstroke of an action potential (Hodgkin and Huxley, 

1952). INaP has been shown to dramatically affect the excitability of neurons as it is 

activated in the subthreshold range and can amplify the response of a neuron to 

synaptic input and enhance its repetitive firing capabilities. Therefore, any increases 

in INaP can dramatically alter cell firing and facilitate hyperexcitability, which can lead 

to excitotoxicity (Crill, 1996; Kuo et al., 2006; Stafstrom, 2007). In the SOD1 G93A 
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mouse model, hyperexcitability of spinal cord MNs and hypoglossal MNs has been 

attributed to increases in INaP (Kuo et al., 2005; Zona et al., 2006; van Zundert et al., 

2008). However, as these changes begin at P4, these properties and many others are 

likely to undergo developmental changes. A detailed study of more than 100 wild-

type and mutant SOD1 G93A MNs carried out by Quinlan et al. 2011, from P0- P12, 

found that although the INaP increases during development in both mouse models, 

mutant SOD1 MNs have an INaP twice the size of wild-type MNs. Additional changes 

in mutant SOD1 MNs, occurring in advance of normal effects of maturation, included 

decreases in spike width of the action potentials and a shorter time course of the after-

spike after-hyperpolarization. They also found that by comparing all measured 

properties in wild type and mutant SOD1 G93A MNs, approximately 55% of changes 

associated with the SOD1 G93A mutation could be attributed to an increased rate of 

maturation. Overall, their results suggest that although the development of wild-type 

and mutant SOD1 MNs follow a similar developmental pattern, the rate of 

development is accelerated in the mutant SOD1 MNs (Quinlan et al., 2011). 

Hyperexcitability, detected in mutant SOD1 G93A MNs at neonatal and postnatal 

time-points, long before symptom onset, has been shown not to extend into the later 

stages of the mouse model. A study by Delestrée et al. 2014, revealed that adult 

mutant SOD1 MNs are not hyperexcitable at a time-point preceding muscle 

denervation. In fact, they revealed that a substantial fraction of spinal cord MNs 

became hypoexcitable, as they were unable to produce sustained firing in response to 

current ramps (Delestrée et al., 2014). Different types of MNs exist, some which 

innervate fast contracting muscle fibres (F-type MNs) that are vulnerable in ALS and 

those which innervate slow-contracting fibres (S-type MNs), which are more resistant 
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in ALS. Recordings from both types of MNs in neonatal mice found that although S-

type MNs from mutant SOD1 mice did display hyperexcitability, the F-type MNs did 

not. The authors concluded that hyperexcitability is not required for MNs to undergo 

degeneration (Leroy et al., 2014).  

As discussed, the above studies have revealed changes in MN excitability in mutant 

SOD1 MNs. Many of these have utilised mutant SOD1 mice spinal cord slices, some 

of which cultured these as organotypic slices or dissociated the spinal cord MNs, 

culturing them for 1-2 weeks. Excitability alterations have also been revealed using 

non- traditional cell-based models of ALS, including the exposure of wild type MNs 

to ALS affected astrocyte conditioned medium (ACM) or through the use of stem cell 

models. One such study by Fritz et al. 2013, shows that culturing primary wild type 

spinal cord cultures with ACM from mutant hSOD1 G93A astrocytes, increases INaP 

and repetitive firing of MNs leading to cell death. Exposure of the cultures to voltage-

gated Na+ (Nav) channel blockers prevents MN death caused by the hSOD1 G93A 

ACM. This study demonstrates that excitability alterations occur in MNs before they 

undergo cell death and further implicates non-cell autonomy as a disease mechanism 

in ALS (Fritz et al., 2013). Changes in excitability have also been revealed in MNs 

harbouring ALS mutations other than SOD1, including TARDBP, C9ORF72 and FUS. 

MN-like cell lines transfected with mutant TDP-43 were hyperexcitable compared to 

those transfected with wild-type TDP-43, with amelioration of hyperexcitability after 

treatment with an antioxidant for 24 hours (Dong et al., 2014). Human iPSC-derived 

MNs from ALS patients have also demonstrated alterations in excitability. 

Hyperexcitability was uncovered in iPSC-derived MNs harbouring SOD1, C9ORF72 

and FUS mutations at time-points of up to two weeks in culture (Wainger et al., 



Chapter 1: Introduction 

 

60 60 

2014). In an earlier study using iPSC-derived MNs harbouring a C9ORF72 mutation, 

MNs were found to be hypoexcitable. However, this was shown after seven weeks in 

culture (Sareen et al., 2013). Due to the different time-points at which recordings were 

obtained, it is possible that both cases hold true for iPSC-derived MNs harbouring 

C9ORF72 mutations. My findings relating to these studies will be described in 

Chapter 2.  

Spinal cord MNs are not the only cell type to exhibit excitability alterations in ALS. 

Spinal interneurons have also been implicated in ALS as SOD1 G93A mice display 

enhanced activity from early and presymptomatic time-points. This enhanced activity 

could also contribute to excitotoxicity as a result of the degeneration of inhibitory 

interneurons or is a result of their dysfunction (Jiang et al., 2009). Cortical 

hyperexcitability has been shown in many studies of ALS patients and in animal 

models of the disease. Both SALS and SOD1 ALS patients are found to exhibit 

cortical hyperexcitability (Zanette et al., 2002; Turner et al., 2005; Vucic and Kiernan, 

2007; Vucic et al., 2009). Cortical hyperexcitability is shown to be present in ALS 

patients even before the onset of clinical symptoms as presymptomatic carriers of 

mutant SOD1 display cortical hyperexcitability before going on to develop symptoms 

of ALS (Vucic et al., 2008). It has been proposed that cortical hyperexcitability occurs 

before alterations in lower MNs, as no evidence of their dysfunction has been found 

within their target muscles (Menon et al., 2014), however changes to the function of 

lower MNs could be undetectable using compound muscle action potential (CMAP) 

responses of the abductor pollicis brevis (APB) muscle of the hand as indicators. 

Studies of cerebral post-mortem samples from ALS patients reveal a loss of inhibitory 

interneurons compared to controls, with these changes linked to the hyperexcitability 
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seen in patients using transcranial magnetic stimulation (TMS) (Ziemann et al., 1997; 

Maekawa et al., 2004). Using the Wobbler mouse model of ALS, cortical 

hyperexcitability has also been demonstrated. These studies have revealed an increase 

in excitatory synaptic transmission and reduction in inhibition due to a decreased 

number of inhibitory interneurons (Thielsen et al., 2013) and a decrease in 

GABAergic inhibition (Nieto-Gonzalez et al., 2011), both of which may lead to 

cortical hyperexcitability in this mouse model. Taken together, temporal changes in 

cell excitability from in vivo studies currently supports the findings that MNs are 

initially hyperexcitable at embryonic and post-natal time-points, followed by a loss of 

action potential output in adulthood, preceding muscle denervation.  

In a similar manner to mutant SOD1 mouse models, persistent Na+ conductances have 

been implicated in changes in axonal excitability observed in ALS patients (Kiernan, 

2009; Vucic and Kiernan, 2010; Kanai et al., 2012). Fasciculations are a prominent 

clinical symptom in ALS and can occur due to alterations in the motor terminal 

environment. Studies of ALS patients in which multiple axonal excitability 

parameters were measured, revealed increased intracellular Ca2+ concentration, higher 

Na+ conductances and decreased K+ conductances, all of which can lead to 

fasciculations (Bostock et al., 1995; Kanai et al., 2006, 2012; Vucic and Kiernan, 

2006, 2007). There is a potential for axonal excitability properties to predict patient 

prognosis since larger K+ currents have been associated with decreased survival times 

(Kanai et al., 2012).  The findings that properties of ion channels in the axonal 

membrane are altered has been demonstrated in patients with SALS and with SOD1-

FALS (Vucic et al., 2008; Shibuya et al., 2011) and more recently in C9ORF72 FALS 

and SALS patients (Geevasinga et al., 2015). Therefore, a similar mechanistic link 
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may exist between the various causes of ALS, regardless of whether or not patients 

harbour a known genetic mutation.   

In the studies mentioned above, hyperexcitability has been linked to MN degeneration 

and is largely seen as an excitotoxic disease mechanism that needs to be ameliorated.  

However, a recent study has suggested that a link exists between hyperexcitability and 

neuroprotection. This study by Saxena et al., demonstrated that mutant SOD1 causes 

vulnerable α-MNs to become dependent on endogenous neuroprotection signalling 

involving excitability and mammalian target of rapamycin (mTOR). mTOR is a 

signalling pathway that integrates intra and extracellular signals and regulates cell 

metabolism, proliferation, growth and survival (Laplante and Sabatini, 2012). 

Enhancing MN excitability in SOD1 G93A mice through activation of cholinergic C-

bouton inputs to MNs reversed the accumulation of misfolded SOD1. MN excitability 

is controlled by these C-boutons, a specific class of synaptic input that originates from 

a small cluster of spinal interneurons (Miles et al., 2007; Zagoraiou et al., 2009; 

Saxena et al., 2013). Reducing MN excitability by inhibiting the metabotropic 

cholinergic signalling lowered ER stress, but enhanced misfolded mutant SOD1 

accumulation and prevented mTOR activation in α-MNs. These results suggest that 

excitability and mTOR are key endogenous neuroprotective mechanisms in MNs to 

counteract disease progression in ALS (Saxena et al., 2013). Interestingly, alterations 

in C-boutons had previously been identified in presymptomatic mutant SOD1 mouse 

models. In these studies, C-boutons were enlarged, even at presymptomatic stages, 

and remained larger throughout the symptomatic stages (Pullen and Athanasiou, 

2009; Herron and Miles, 2012). Recently, neuregulin-1 (NRG1), a protein vital for 

balancing excitatory and inhibitory connections was shown to be closely associated 
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with the cholinergic C- boutons that innervate spinal cord MNs (Issa et al., 2010; 

Gallart-Palau et al., 2014). Transient increases in NRG1 expression in C- boutons 

were found in the mutant SOD1 G93A mouse model and continued to occur during 

disease progression (Gallart-Palau et al., 2014). These studies suggest that alterations 

in C-bouton size and protein expression may act as compensatory mechanisms in 

ALS. 

Many pathogenic mechanisms have been proposed for the selective MN degeneration 

in ALS including oxidative stress, aggregate formation, non-cell autonomy, axonal 

transport defects, mitochondrial dysfunction and excitotoxicity. This multitude of 

contributing factors indicates that ALS is a complex disease but it is becoming more 

and more evident that at least some of the pathogenic mechanisms are interconnected. 

The only approved treatment for ALS, Riluzole, acts to diminish the effects of 

excitotoxicity by inhibiting pre-synaptic glutamate release. It has also been shown to 

block INaP (Urbani and Belluzzi, 2000) and to reduce the increase in INaP found in 

mutant SOD1 MNs, which are thought to underlie hyperexcitability (Kuo et al., 2005). 

However, Riluzole can only extend survival by a few months (Bellingham, 2011). In 

order for beneficial therapeutics to be developed, it may be important to target many 

of the processes by which excitotoxicity is thought to damage MNs in ALS. 

Models of ALS 

The development of suitable models is vital in order to study diseases. Many models 

have been generated to study neurodegenerative diseases, including ALS, in mice, 

rats, dogs, Drosophila, C. elegans, yeast, embryonic and induced pluripotent stem 

cells (McGoldrick et al., 2013). Whilst none of these models are without fault, they all 
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have their place in ALS research due to the specific research opportunities they each 

provide. Some of these models along with their advantages and disadvantages will be 

discussed below.  

Animal models  

The generation of ALS animal model systems has made it possible to deepen our 

understanding of the disease and to identify a number of mechanisms involved in 

ALS pathogenesis. SOD1 mutations were first associated with ALS in 1993 (Rosen et 

al., 1993) and a mouse line in which the human SOD1 gene was expressed was 

generated the following year (Gurney et al., 1994). This mouse model recapitulated 

many of the ALS patient phenotypes including MN degeneration, muscle denervation 

and progressive paralysis (Gurney et al., 1994). Many more mutant SOD1 mouse 

models have since been generated, with their ALS-like phenotypes varying according 

to mutation and transgene expression level. High expressers of SOD1 G93A develop 

an ALS phenotype earlier than low expressers (Turner and Talbot, 2008). SOD1 is 

ubiquitously expressed and converts superoxide to hydrogen peroxide in order to 

protect cells from oxidative stress (Reaume et al., 1996). So far, models generated to 

identify the way in which mutant SOD1 causes ALS via toxic gain of function include 

mice, rats, zebrafish, Drosophila, and C. elegans. These animals have a lethal 

phenotype, many of which recapitulate ALS patient phenotypes, characterized by 

muscle denervation, reactive gliosis, and loss of MNs. This phenotype is most often 

induced by overexpression of the mutant SOD1 protein; therefore, animals 

overexpressing the wild-type protein should serve as a control in these experiments. 
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SOD1 mutations, H46R and G93A, have also been modelled in rats with the G93A 

mutation causing a more aggressive disease. Both these mutations lead to progressive 

MN degeneration and an ALS-like phenotype (Nagai et al., 2001; Howland et al., 

2002). The nematode worm Caenorhabditis elegans (C. elegans) despite its apparent 

simplicity has developed into an important biomedical research model. The simplicity 

and cost-effectiveness of their generation makes it an effective in vivo model. 

Locomotor deficits have been found in C. elegans expressing various SOD1 

mutations, along with defects in ventral nerve cord processes and reduced NMJ 

synapses, with phenotypes varying between mutations (Gidalevitz et al., 2009; Lim et 

al., 2012). Another animal model widely used in ALS research is the zebrafish. Their 

use as a model of disease has become very popular due to their simple and transparent 

embryo and the ease by which mutations can be induced and replicated. ALS-like 

phenotypes seen in zebrafish with SOD1 mutations include MN loss, axonal retraction 

and motor abnormalities (Sakowski et al., 2012; McGown et al., 2013). Drosophila 

melanogaster are one of the most studied organisms in biomedical research as they 

are simple to care for, relatively inexpensive to use, they have a short generation time 

and their full genome has been sequenced. To date, Drosophila expressing human 

wild-type SOD1, SOD1 A4V and SOD1 G85R mutations in MNs have been 

generated. Overexpression of either wild- type or mutant SOD1 causes progressive 

motor deficits in the climbing ability of transgenic flies as well as electrophysiological 

defects, indicating that human SOD1 is toxic to flies, even in its wild-type form. MN 

loss was not detected due to the short life span of this model (Watson et al., 2008). 

Since the discovery of the involvement TARDBP mutations in ALS, various TDP-43 

mouse models have been created (Sreedharan et al., 2008; Wegorzewska et al., 2009; 
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Swarup et al., 2011; Xu et al., 2011). As with the SOD1 models, phenotypes vary 

between models according to the promoter used to drive TDP-43 expression and 

expression levels achieved. Overexpression of the wild-type TDP-43 gene is toxic in 

almost all mouse models created (Xu et al., 2010; Wegorzewska and Baloh, 2011). 

Human and mouse wild-type TDP-43 overexpression results in varied and dose-

dependent progressive gait abnormalities (Shan et al., 2010; Wils et al., 2010; Xu et 

al., 2010). TARDBP knockout mice have revealed that TDP-43 is vital for early 

embryonic development (Kraemer et al., 2010; Wu et al., 2010) and that altering 

TDP-43 protein levels effects neuronal function and survival. Rats expressing mutant 

TDP-43 display features of TDP-43 proteinopathies including TDP-43 inclusions and 

cytoplasmic mislocalisation of phosphorylated TDP-43. Overexpression of mutant 

TDP-43, but not wild-type TDP-43, causes paralysis and MN death (Zhou et al., 

2010). Zebrafish embryos expressing either human wild- type or mutant TDP-43 

mRNA both exhibit decreased axon length and increased irregular branching. 

However, no evidence of cytoplasmic mislocalisation has been found, which is a key 

feature of TDP-43 proteinopathies (Kabashi et al., 2009; Laird et al., 2010). Knockout 

of TARDBP in Drosophila or C. elegans is deleterious to their development. Animals 

that reach adulthood display dramatic motor defects (Feiguin et al., 2009) and have 

reduced life span. Some of these defects can be rescued in part by human TDP-43 

neuronal expression, with TDP-43 overexpression causing MN toxicity (Ash et al., 

2010; Li et al., 2010; Diaper et al., 2013; Estes et al., 2013). 

Animals in which C9ORF72 orthologues have been identified are mice, zebrafish and 

C. elegans, making them ideal models for studying C9ORF72 mutations. The three 

main mechanisms by which C9ORF72 mutations are thought to cause ALS pathology 
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are: haploinsufficiency (loss of function), repeat RNA mediated toxicity (RNA foci 

formation) and dipeptide protein toxicity. As none of these mechanisms have been 

demonstrated as the sole cause, various models that recapitulate disease pathology 

need to be generated. The first C9ORF72 model generated was the zebrafish, where 

knockdown of C9ORF72 caused abnormal axonal branching and altered swimming 

behaviour (Ciura et al., 2013). However, reduction of C9ORF72 (up to 75%) in a 

mouse model did not cause any ALS-like phenotype but did reveal minor alterations 

in RNA expression profiles (Lagier-Tourenne et al., 2013). Transgenic Drosophila 

overexpressing G4C2 in MNs caused motor deficits, with expression in all neurons 

resulting in lethality (Hirth, 2010). Similarly, overexpression of G4C2 in zebrafish 

embryos cause locomotor deficits, with RNA foci present in apoptotic nuclei (Lee et 

al., 2013).  

These animal models have provided initial and substantial insights into the pathogenic 

mechanisms linked to ALS mutations, however many questions remain due to the 

complexity of possible mechanisms leading to MN death. Whilst it is likely that 

mitochondrial dysfunction, protein aggregation, oxidative damage, excitotoxicity, 

non-cell autonomous effects, axonal transport defects and aberrant RNA processing 

contribute to the pathogenesis of ALS to varying degrees, in order to understand the 

cause, develop a treatment and find a cure for this disease, even more research into 

potential disease mechanisms need to be carried out. SOD1 rodent models have 

provided much of what we understand about ALS, but as SOD1 mutations account for 

approximately only 2% of all ALS cases (Rosen et al., 1993), findings in these models 

may be limited to a subset ALS disease mechanisms. Many of these animal models 

have been used to study the effectiveness of potential therapeutics in preclinical 
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studies. However, as treatment is initiated at a presymptomatic stage in these models, 

results uncovered in preclinical studies may not be translatable to patients whose 

symptoms will have presented long before administration of potential therapeutics 

(Benatar, 2007). Some models lack key pathological and phenotypical traits such as 

progressive paralysis, which is hallmark in ALS patients (Lagier-Tourenne et al., 

2013). Many of these animal models carry multiple copies of mutant genes, especially 

the SOD1 G93A mouse model that is not comparable to expression levels found in 

patients. 

Animal models have long been used in clinical trials to determine if a therapeutic 

candidate has the potential to benefit patients. As millions of pounds have been spent, 

with almost no drug treatments proving beneficial, guidelines have been introduced to 

reduce the number of unwarranted clinical trials by identifying and preventing false 

positives in preclinical studies. These guidelines include: model validation ideally 

with at least two species in the pre-clinical phase before clinical testing begins; 

replication of results in multiple labs; the careful design of preclinical experimental 

therapeutic approaches; ensuring any methodological techniques are without error; 

stating when the experimental drug has been administered i.e. at presymptomatic of 

symptomatic stages; and stating any possible conflict, including the sources of 

funding and if a pharmaceutical company provided the drugs (Ludolph et al., 2010). 

Therefore, using whole animal models as well as stem cell models, potential 

therapeutics can be more rigorously tested, using a variety of assays, with only the 

most promising candidates progressing to further stages, decreasing the amount of 

money wasted on unsuccessful trials. 
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Stem cell models of ALS 

To date, numerous cell culture models of FALS and SALS have been generated 

including models involving SOD1, TARDBP, FUS and C9ORF72 mutations. The 

generation of these models has enabled the study of specific cell types harbouring 

specific mutations which can be manipulated in a less complex manner than in whole 

animal models. An important example of such a study is the co-culture of primary 

mutant SOD1 astrocytes with primary, embryonic stem cell (ESC) derived or induced 

pluripotent stem cell (iPSC) derived control MNs (Di Giorgio et al., 2007, 2008; 

Nagai et al., 2007; Serio et al., 2013). Although non-cell autonomy had been 

previously suggested and demonstrated in animal models, identifying the toxic factors 

released by these astrocytes in culture is likely to be simpler as there are not as many 

external factors and other cell types involved. 

1.1.13 Embryonic stem cells 

Embryonic stem cells (ESCs) are pluripotent stem cells derived from blastocysts, an 

early-stage preimplantation embryo, which have the ability to differentiate into any 

cell type, including cells from the CNS, when exposed to appropriate signals (Jessell, 

2000). The first ESCs were derived from mouse embryos (mESCs) (Evans and 

Kaufman, 1981). ESCs have since been derived from many other species including 

humans (hESCs) (Thomson, 1998). Neural progenitor cells (NPCs) derived from 

ESCs are an attractive treatment strategy for cell replacement and as a model to study 

neurodegenerative diseases, including ALS. hESC lines are an attractive model due to 

their continuous self-renewal capacity and their ability to differentiate into almost all 

cell types. In order for these cells to have the potential to be used in personalized cell 
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therapies or for transplantation, methods to maintain pluripotency in xeno-free 

conditions need to be established (Ying et al., 2008).  

Mouse ESCs were first differentiated into MNs in 2002 and were shown to have the 

ability to extend axonal projections and form synapses with target muscles (Wichterle 

et al., 2002). Further studies of their functional properties revealed their ability to 

develop appropriate neurotransmitter receptors, intrinsic properties required for 

appropriate action potential firing as well as functional synapses with muscle fibers 

(Miles et al., 2004). Following this, hESC derived MNs were generated, with the 

process taking longer and requiring additional trophic factors compared to mESC 

derived MN generation (Li et al., 2005; Shin et al., 2005; Singh et al., 2005). hESC 

derived MNs also developed appropriate functional properties and receptors, with 

postsynaptic acetylcholine receptor clustering occurring when co-cultured with 

muscle cells (Li et al., 2005; Lee et al., 2007; Wada et al., 2009).  

The generation of MNs from NPCs can be carried out through either formation of 

embryoid bodies (EBs)(Di Giorgio et al., 2007; Hu and Zhang, 2009; Karumbayaram 

et al., 2009b), direct differentiation into neural rosettes (Li et al., 2005; Lee et al., 

2007) or progressive differentiation of EBs into neural rosettes (Marchetto et al., 

2008; Karumbayaram et al., 2009a). Neural cells can then be directed toward a spinal 

MN identity via the caudalising and ventralising actions of retinoic acid and sonic 

hedgehog (Jessell, 2000). These methods result in different MN purity levels, with 

variability common between batches, cell lines and lab groups generating them. Post-

differentiation, ESC-derived MNs can express Islet-1 and Hb9, early markers of MN 

differentiation, SMI-32, a MN neurofilament marker and choline acetyltransferase 

(ChAT), a mature MN marker (Peljto et al., 2010). They are also positive for general 
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neuronal synaptic markers including vesicular glutamate transporters (VGLUTs) and 

vesicular acetylcholine transporter (VAChT) (Shneider et al., 2009) and can form 

functional NMJs, indicated by the incorporation of α- bungarotoxin when co-cultured 

with myotubes and from sharp electrode recordings revealing endplate potentials 

which respond to glutamate (Miles et al., 2004; Li et al., 2005; Marchetto et al., 2008) 

(Li et al., 2005; Marchetto et al., 2008). Along with anatomical makers, such analysis 

of MN function is crucial to validate the MN generation protocol (Miles et al., 2004; 

Lee et al., 2007; Wada et al., 2009).      

Embryonic stem cells are a very beneficial tool, enabling the study of disease specific 

mutations at disease relevant levels in many cell types and serve as a potential drug-

screening tool. mESCs with mutations in SOD1 have been used as a drug screening 

tool in recent years and have successfully revealed a number of potential drugs, 

including a kinase inhibitor, which increased the survival of mutant SOD1 mouse 

MNs (Linseman et al., 2004; Koh et al., 2011; Yang et al., 2013) and the survival of 

human iPSC-derived MNs from patients harbouring either a SOD1 or TARDBP 

mutation (Yang et al., 2013). hESCs have been widely used in cell replacement 

treatments of Parkinson’s disease and have shown promising results through the 

partial restoration of motor behaviour. However, the ethical issues associated with the 

use of ESCs are currently a major drawback to their use as large numbers of aborted 

foetuses are required to carry out such treatments. Other problems associated with this 

model include their development into tumours in some animal models and they have 

also been shown to cause immune rejection. Furthermore, as hESCs, unlike mESCs, 

do not contain disease mutations, including those associated with ALS, they may not 

be the most beneficial and informative model to use in ALS research.     
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1.1.14 Induced pluripotent stem cells  

In 2006, a landmark study defined the factors required to turn differentiated somatic 

cells into pluripotent cells, capable of producing any cell type from the three germ 

layers. This study showed that mouse embryonic and adult fibroblasts become 

pluripotent when they express transcription factors octamer 3/4 (Oct4), SRY box–

containing gene 2 (Sox2), Kruppel-like factor 4 (Klf4), and c-Myc (Takahashi and 

Yamanaka, 2006). These cells were termed induced pluripotent stem cells (iPSCs). 

Shortly afterwards, iPSCs were generated from human fibroblasts, enabling the study 

of patient specific and disease relevant cells, with mutations present at physiological 

levels unlike many of the animal models (Takahashi et al., 2007; Yu et al., 2007; Park 

et al., 2008). 

iPSCs were first generated from a FALS patient harbouring a SOD1 mutation in 2008 

and differentiated into MNs using the same protocol as used for the generation of 

hESC-derived MNs (Dimos et al., 2008). iPSC-derived MNs were subsequently 

generated from ALS patients harbouring TDP-43 mutations (Sreedharan et al., 2008; 

Bilican et al., 2012; Zhang et al., 2013), SOD1 mutations (Amoroso et al., 2013; Chen 

et al., 2014; Kiskinis et al., 2014), C9ORF72 mutation (Almeida et al., 2013; 

Donnelly et al., 2013; Sareen et al., 2013; Wainger et al., 2014) and from a patient 

with SALS (Burkhardt et al., 2013). Patient iPSC-derived MNs have been used in 

many studies to unravel the disease mechanisms underlying ALS. Astrocytes have 

also been generated from iPSCs to investigate potential non-cell autonomous disease 

mechanisms associated with ALS (Roybon et al., 2013; Serio et al., 2013). 
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Human iPSC-derived neurons and astrocytes harbouring ALS mutations have 

recapitulated many of the pathologies and dysfunctions previously demonstrated in 

animal models of the disease as well as from patient samples. These include studies of 

iPSC-derived MNs harbouring SOD1 mutations where signs of neurofilament 

aggregation that lead to the degeneration of neurites (Chen et al., 2014), defects in the 

mitochondrial transport system, changes in the mitochondrial morphology, ER stress 

(Kiskinis et al., 2014) and hyperexcitable membranes (Wainger et al., 2014) are 

described. iPSC-derived MNs from patients with an M337V TDP-43 mutation have 

increased levels of the soluble and detergent-resistant TDP-43 protein (Bilican et al., 

2012). iPSC-derived astrocytes harbouring the same mutation show similar increases 

in the level of the TDP-43 protein, with protein aggregates mislocalised to cytoplasm 

of the cells (Bilican et al., 2012). Despite reduced survival of mutant TDP-43 

expressing astrocytes, when co-cultured with control or mutant MNs, MN viability is 

unaffected (Serio et al., 2013). iPSC-derived MNs harbouring three different TDP-43 

mutations (M337V, G298S and Q343R) exhibit an increased amount of the insoluble 

TDP-43 protein, increased transcriptional level of the genes involved in RNA 

metabolism and a reduced transcriptional level of genes encoding cytoskeleton 

proteins (Egawa et al., 2012). iPSCs from patients with the C9ORF72 ALS mutation 

have also been generated, with characteristic RNA foci identified in MNs, as well as 

excitability alterations (Sareen et al., 2013). Upon treatment of MNs harbouring 

C9ORF72 mutations with antisense oligonucleotides (ASOs), RNA foci lost and 

normal levels of gene transcription returned in MNs (Sareen et al., 2013). In iPSC 

lines generated from patients with SALS, hyperphosphorylated aggregates of TDP-43 

have been observed in the nuclei of MNs. However, the ubiquitin-positive granules 

that are normally always present in SALS patient post-mortem samples are not 
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present in these cells. It is possible that ubiquitination may occur at a later time period 

than hyperphosphorylation and that the cells were not cultured long enough to see this 

process occur (Burkhardt et al., 2013). 

iPSCs can be used not only to search for new compounds as potential drug treatments 

for ALS or identification of disease mechanisms, especially in SALS, but also to 

explore alternative modes of therapy including their use in cell based therapies (Di 

Giorgio et al., 2007; Ling et al., 2013; Serio et al., 2013; Yang et al., 2013). It is 

important to differentiate iPSCs derived from patients into cell types other than MNs 

to investigate the causes and mechanisms involved in all ALS cases, including those 

involving non-cell autonomy. iPSCs from ALS patients, unlike many animal models 

and mESCs, express mutations at a disease relevant and a disease causative level, 

making the findings potentially more translatable to therapeutics. As the majority of 

ALS cases are sporadic, the ability to generate iPSCs from SALS patients is a major 

benefit to this model, making it perhaps one of the most promising models currently 

available in which potential therapeutics can be tested prior to translation to whole-

organism models or human trials.  

In the following chapters, I will describe pathophysiological changes in ALS revealed 

using human iPSC-derived MNs and astrocytes from patients harbouring TARDBP or 

C9ORF72 mutations. In Chapter 2, the physiological properties of control and patient 

iPSC-derived MNs, cultured for up to 10 weeks, will be described. Data from iPSC-

derived MN cultures treated with potential therapeutic agents and data from a 

C9ORF72 patient line that was gene-edited using CRISPR/Cas9 technology will also 

be presented.  In Chapter 3, I will describe the results from a study on the potential 

involvement of non-cell autonomous disease mechanisms in ALS. For these studies, 
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iPSC-derived MNs from healthy individuals were co-cultured with astrocytes 

generated from healthy controls and patients harbouring TARDBP or C9ORF72 

mutations, as well as a gene-edited line from a C9ORF72 patient. The results of these 

studies provide further evidence of the importance of early physiological changes in 

in ALS pathogenesis and support a role for non-cell autonomous disease mechanisms 

in ALS-related MN dysfunction.  
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Chapter 2 

Human iPSC-derived 

motoneurons harbouring 

TARDBP or C9ORF72 ALS 

mutations are dysfunctional 

despite maintaining viability 

This chapter is adapted from published work in: 
Devlin A.-C, Burr K, Borooah S, Foster JD, Niven E, Shaw CE, Chandran S, 

Miles GB, Cleary EM, Geti I, Vallier L, Shaw CE, Chandran S, Miles GB, Niven 

E, Shaw CE, Chandran S, Miles GB (2015)  

Human iPSC-derived motoneurons harbouring TARDBP or C9ORF72 ALS 

mutations are dysfunctional despite maintaining viability.  

Nat Commun 6:1–33 (Devlin et al., 2015)
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1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a rapidly progressing, fatal neurodegenerative 

disease for which no effective treatment exists. Although the mechanisms underlying 

motoneuron (MN) loss in ALS remain unclear, recent pathological and genetic 

discoveries have provided important insights that implicate common mechanisms 

across both ALS and fronto-temporal dementia (FTD) as well as a link between 

familial and sporadic ALS (Al-Chalabi et al., 2012; Renton et al., 2014). The 

discovery of a common pathological signature characterised by cytoplasmic 

accumulation of TDP-43 in sporadic forms of FTD and ALS along with the discovery 

of mutations in TARDBP and C9ORF72 in familial and sporadic forms of these 

diseases has become increasingly influential in shaping our understanding of ALS and 

related disorders (Neumann et al., 2006; Sreedharan et al., 2008; DeJesus-Hernandez 

et al., 2011; Renton et al., 2011).  Nonetheless, despite the many advances driven by 

accumulating genetic discoveries there has been a striking failure to translate 

experimental observations into therapies (Benatar, 2007). This reflects, in part, the 

absence of appropriate human cell-based models in which to validate disease 

mechanisms and test candidate therapeutics prior to lengthy and costly clinical trials. 

Human induced pluripotent stem cell (iPSC) systems have the potential to bridge this 

gap. Specifically, they allow us to study the consequences of mutation(s) expressed at 

disease-relevant levels in functional disease-relevant cell types. It has previously been 

reported that iPSC-derived human neurons and astroglia recapitulate key aspects of 

the adult human pathology and biochemistry that are hallmarks of ALS (Dimos et al., 

2008; Bilican et al., 2012; Egawa et al., 2012; Donnelly et al., 2013; Sareen et al., 

2013; Zhang et al., 2013; Kiskinis et al., 2014; Wainger et al., 2014). In addition to
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revealing aspects of the molecular pathology of MNs derived from ALS patients, 

iPSC-derived neurons may reveal early and subtle pathophysiological changes, which 

may highlight new targets for therapeutic interventions that ultimately aim to maintain 

MN function in ALS.   

Interestingly, physiological analyses have already revealed changes in the functional 

properties of MNs at very early stages (embryonic and early postnatal) in transgenic 

rodent models of ALS. Several studies have demonstrated presymptomatic 

hyperexcitability of MNs due to perturbations in their intrinsic properties, particularly 

Na+ currents (Pieri et al., 2003; Kuo et al., 2005; Zona et al., 2006; Bories et al., 2007; 

van Zundert et al., 2008; Quinlan et al., 2011; Fuchs et al., 2013). Neuronal 

hyperexcitability, again thought to relate to changes in Na+ currents, has also been 

shown in studies of ALS patients (Kanai et al., 2006; Vucic et al., 2008), while recent 

studies of human iPSC-derived MNs have reported conflicting results of 

hyperexcitability (Wainger et al., 2014) versus hypoexcitability (Sareen et al., 2013). 

Taken together these findings suggest that perturbations in the intrinsic biophysical 

properties of MNs lead to aberrant activity that may reflect and contribute to the 

earliest events that ultimately lead to irreversible neurodegeneration in ALS. 

Furthermore, they demonstrate the sensitive nature of electrophysiological studies of 

MN function and highlight their potential to reveal important early pathogenic 

mechanisms occurring prior to molecular or anatomical signs of neurodegeneration.  

In the present study detailed, temporal electrophysiological analyses of human iPSC-

derived MNs is undertaken to investigate whether MN dysfunction represents an early 

feature of ALS pathogenesis common to neurons carrying mutations in TARDBP and 

C9ORF72. Findings demonstrate the development of appropriate functional properties 
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in both control and patient iPSC-derived MNs but reveal a progressive loss of action 

potential output, spontaneous synaptic activity and ionic conductances in patient 

derived MNs regardless of their genotype, which occurs prior to any overt changes in 

cell viability. Loss of ionic conductances is partially recovered in iPSC-derived MNs 

harbouring the C9ORF72 mutation following the application of the acid-sensing ion 

channel blocker, amiloride.  Meanwhile, genetic-editing of the repeat expansion of 

C9ORF72 using the CRISPR/Cas9 system restores functionality of MNs.  
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2. Methods 

2.1. iPSC lines 

For this study, 8 iPSC lines from 6 individuals were utilised: 1 male M337V TDP-43 

ALS patient (2 clones; D1 and D3); 1 female C9ORF72 ALS patient (2 clones, S6 and 

2H9 Carrier-1Δ); 1 male C9ORF72 ALS patient (1 clone, R2); 2 female healthy 

controls (2 clones, R6 and M2; 1 clone, D6) and 1 male healthy control (1 clone, D9). 

iPSCs were generated from fibroblasts as previously described (Yusa et al., 2011; 

Bilican et al., 2012). At least 4 iPSC differentiations were performed for each line 

(Control: D6 = 8, D9, = 6, M2 = 7, R6 = 4; TARDBP: D1 = 6, D3 = 8; C9ORF72: S6 

=4, R2 = 4) with control and patient iPSC differentiations always run in parallel. 

iPSCs were established by virally transducing 105 fibroblasts with the Yamanaka 

reprogramming factors OCT4, SOX2, KLF4 and c-MYC using either lentiviral 

(Vectalys) or Sendai (Life technologies) reprogramming kits.  Cells were maintained 

in MEF media at 37°C and 5% CO2. MEF media consisted of KO-DMEM 

(Invitrogen), 2 mM L-glutamine (Invitrogen), 10 % FBS (Invitrogen) and 1% 

penicillin/streptomycin (Invitrogen). After 5 days the cells were split and re-plated as 

single cells on to a MEF feeder plate.  On day 7 media was changed to KSR and 

FGF2 consisting of advanced DMEM (Invitrogen), 20% serum replacer (Invitrogen), 

1 µl/ml FGF2 (PeproTech), 1% penicillin/streptomycin (Invitrogen), 1% L-glutamine 

(Invitrogen) and 0.007 µl/ml 2-mercaptoethanol (Invitrogen). After approximately 21 

days, colonies with compact human embryonic cell-like morphology were expanded 

and clonal lines were established. Human iPSC lines were maintained long term on 
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CF-1 irradiated mouse embryonic fibroblasts, with KO-DMEM (Invitrogen) 

supplemented with 20% knockout serum replacement (Invitrogen), 10 ng/mL basic 

FGF2 (PeproTech), 1% L-glutamine (Invitrogen), 0.007 µl/ml 2-mercaptoethanol 

(Invitrogen) and 1% penicillin/streptomycin (Invitrogen) at 37°C and 5% CO2. For the 

neural conversion, the cells were transitioned to feeder-free culture conditions in 

MTESR1 media (Stem Cell Technologies) and passaged three times before use. 

Members of Siddharthan Chandran’s lab at the University of Edinburgh, Chris Shaw’s 

lab at King’s College London and Ludovic Vallier’s lab at the University of 

Cambridge carried out the generation and differentiation of iPSCs into neuronal 

lineages.  

2.2. iPSC differentiation to a MN lineage  

Differentiation of iPSCs into a neuronal and MN lineage was performed using 

modifications of previously established and validated protocols (Bilican et al., 2012; 

Amoroso et al., 2013). The iPSCs were neuralised to neuroectoderm using dual 

SMAD inhibition in CDM [(50% Iscove’s Modified Dulbecco’s Medium (IMDM) 

(Invitrogen), 50% F12, 5 mg/ml bovine serum albumin (BSA, Europa), 1% 

chemically defined Lipid 100x (Invitrogen), 450 mM Monothioglycerol (Sigma), 7 

mg/ml Insulin (Roche), 15 mg/ml Transferrin (Roche), 1% penicillin/streptomycin], 

supplemented with 1 mM N- acetyl cysteine (Sigma), 10 µM Activin Inhibitor (R&D 

Systems) and 2 µM Dorsomorphin (Merck Millipore). This medium was changed 

every 2-3 days for 4-10 days. Neurospheres were patterned to a caudal, spinal cord 

identity in CDM, 1 mM N-acetyl cysteine, 5 ng/ml fibroblast growth factor (FGF; 

PeproTech)/heparin (Sigma; 20 µg/ml) and 0.1 µM retinoic acid (Sigma) for 4-10 
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days, changing medium every 2-3 days. Caudalised neural stem cells (NSCs) were 

ventralised in the presence of Advanced Dulbecco’s Modified Eagle Medium 

(DMEM) Nutrient Mixture F12 (Invitrogen), 1% penicillin/streptomycin, 0.5% 

GlutaMAX, 1% B-27, 0.5% N-2 supplement, 5 ng/ml FGF+Heparin, 1 µM retinoic 

acid and 1 µM purmorphamine (Merck Millipore) for 4-10 days, changing the 

medium every 2-3 days. The FGF/Heparin was removed from the medium and 

replaced with 0.5 µM purmorphamine, with the cells cultured for another 4-14 days, 

changing the medium every 2-3 days. Caudalised and ventralised NSCs were 

transitioned to MN maturation medium containing advanced DMEM/F12, 1% 

penicillin/streptomycin, 0.5% B-27, 0.5% N-2 supplement, 2 ng/ml Heparin, 10 ng/ml 

brain- derived neurotrophic factor (BDNF; R&D systems), 10 ng/ml glial cell line-

derived neurotrophic factor (GDNF; R&D systems), 10 µM forskolin (R&D systems), 

0.1 µM retinoic acid and 0.1 µM purmorphamine for 2-6 weeks, changing the 

medium every 2-3 days. Technical staff in Siddharthan Chandran’s lab at the 

University of Edinburgh performed these MN differentiation steps. 

MN progenitors were next dissociated with the Papain Dissociation System 

(Worthington Biochemical), plated at 50 x 103 cells per well in 24-well plates with 13 

mm glass coverslips coated with poly-ornithine (Sigma), laminin (Sigma), fibronectin 

(Sigma) and Matrigel (BD Biosciences). Plate down medium consisted of Neurobasal 

medium (Invitrogen), 1% penicillin/streptomycin, 0.5% GlutaMAX, 0.5% B-27, 0.5% 

N-2 Supplement, 20 ng/ml basic FGF, 1 µM retinoic acid, 1 µM purmorphamine, 1 

µM mouse Smo agonist SAG (Merck Millipore)(Amoroso et al., 2013). 24 hours 

post-plating, 20 ng/ml ciliary neurotrophic factor (CNTF; R&D systems), 10 ng/ml 

GDNF and 10 µM forskolin were added, with this medium used until day 14, feeding 
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every 3 days. From day 14, RA, SAG, purmorphamine and forskolin was removed 

from the medium, with cells then maintained for up to 10 weeks. As an indication that 

neuronal differentiation was successful, with few mitotic cells present, 

immunostaining for the mitotic marker Ki67 was performed (3-4 weeks post-plating). 

Less than 7% of cells expressed Ki67 in control and patient iPSC-derived cultures.  

2.3. Immunofluorescence 

Cells were fixed in 4% (wt/vol) paraformaldehyde for 10 minutes, permeabilized in 

0.1% Triton X-100 at room temperature for 10 minutes and blocked in 3% (vol/vol) 

goat or donkey serum for 45 minutes. They were then incubated in primary antibodies 

for 45 minutes (Table 2.1) followed by secondary antibodies for 20 minutes (Alexa 

Fluor dyes, Invitrogen). The nuclei were counterstained with DAPI (Sigma) for 5 

minutes and coverslips were mounted on slides with FluorSave (Merck). Fluorescent 

imaging was performed on fields of view containing uniform DAPI staining using an 

Axioscope (Zeiss) microscope. Images were processed with Axiovision V 4.8.1 

(Zeiss) and immunolabelled cells counted manually by a blinded observer within 

ImageJ64 (v 1.47) software. Karen Burr in Siddharthan Chandran’s lab at the 

University of Edinburgh carried out the immunofluorescence staining and imaging for 

Fig. 2.1A, C and Fig. 2.2B.  
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Table 2.1: List and concentration of antibodies used  

2.4. Repeat primed (RP-) PCR 

RP-PCR was used to confirm the presence or absence of the C9ORF72 

hexanucleotide repeat expansion in control or carrier neurons. PCR amplification was 

carried out using Multiplex Mastermix (Qiagen); 7% DMSO, 0.6 M Betaine, 7.6 µM 

Primer F (CTGTAGCAAGCTCTGGAACTCAGGAGTCG), 3.6 µm Primer Repeat R 

(TACGCATCCCAGTTTGAGACGCCCCGGCCCCGGCCCCGGCCCC), 11.6 µM 

Tail R (TACGCATCCCAGTTTGAGACG), 8 µM 7-deaza-2’-dGTP and 200 ng 

DNA. Cycling conditions were performed as per manufacturer’s recommendations 

except for the annealing temperature which was 68°C for 15 cycles, then 60°C for a 

further 20 cycles. PCR products were separated on an ABI 3130xL analyser (Life 

Technologies) and data were analysed using GeneMarker software (Soft Genetics). 

Elaine Cleary in Siddharthan Chandran’s lab at the University of Edinburgh 

performed RP-PCR and the following RNA-FISH protocols, and provided the figure 

panels in Fig. 2.1D, E. 

An#body( Host( Company( Concentra.on(
Β3+Tubulin( Mouse1monoclonal1 Sigma1 1:10001
HB9(( Mouse1monoclonal1 Developmental1Studies1Hybridoma1Bank1 1:2501
GFAP( Rabbit1polyclonal1 Dako1 1:5001
SMI+32( Mouse1monoclonal1 Covance1 1:2501
Ki67( Mouse1monoclonal1 Dako1 1:2001
SOX1( Goat1polyclonal1 R&D1systems1 1:1001
Nes#n( Mouse1monoclonal1 Milipore1 1:1001
Brachyury( Goat1polyclonal1 R&D1systems1 1:1001
Eomes( Rabbit1polyclonal1 Abcam1 1:6001
Fox(A2( Goat1polyclonal1 R&D1systems1 1:1001
GATA+4( Mouse1monoclonal1 Santa1Cruz1 1:1001

List1of1primary1an.bodies1used1
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2.5. RNA- fluorescence in situ hybridization (FISH) 

FISH was performed using an Alexa 546- conjugated (GGCCCC)4 oligoneucleotide 

probe (IDT). Briefly, cells on glass coverslips were fixed in 4% PFA for 30 mins, 

permeabilized in 70% ethanol at 4°C, incubated with 50% formamide/2X SSC for 10 

min at room temperature, and hybridized for 2 hours at 37°C with the 

oligoneucleotide probe (0.16 ng/µl) in hybridization buffer consisting of 50% 

formamide, 2X SSC, 10% dextran sulphate, yeast tRNA (1 mg/ml), salmon sperm 

DNA (1 mg/ml) and 0.2% Tween-20. The cells were washed twice with 50% 

formamide/1X SSC for 30 min at 37°C and once with 2X SSC at room temperature 

for 30 mins. Immunostaining was performed as described above. 

2.6. CRISPR/Cas9 

The isogenic C9ORF72 Δ G4C2 iPSC line was generated from a C9ORF72 ALS 

patient iPSC line using CRISPR/Cas9 mediated genome editing. The Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) system, based on a 

bacterial protein from the Streptococcus pyogenes, targets and modifies the genomic 

sequence. The patient iPSC line used to generate the isogenic iPSC (Carrier-1) has 2X 

G4C2 repeats in the wild-type allele (analysed by Sanger sequencing) and 

approximately 750 repeats in the mutant allele (analysed by southern blot). In brief, 

two guide RNA’s gRNA-1: 5’GACTCAGGAGTCGCGCGCTA-3’ and gRNA-2: 

GGCCCGCCCCGACCACGCCC flanking G4C2 expansion repeats were cloned into 

the pSpCas9 (BB)-2A-GFP vector. C9ORF72 patient iPSCs were transfected with 

these vectors to induce double strand break in the DNA sequence at precise locus



Chapter 2: Dysfunction of human iPSC-derived MNs harbouring ALS mutations 

	  

86 

resulting in deletion of G4C2 repeats. Repeat primed PCR was used to screen 

individual iPSC clones for deletion G4C2. Sanger sequencing C9ORF72 G4C2 locus of 

positive clone suggested that complete deletion of G4C2 repeats in the mutant allele 

and 1X G4C2 from the wild-type allele.  

2.7. Cell viability assays  

Cell counts were performed, with the observer blinded to cell type, on 20 IR-DIC 

images for each cell type (control, TARDBP and C9ORF72) at each 2-week time-

point throughout the 10 weeks cells were maintained. IR-DIC images were chosen at 

random from a database of images (40 x magnification) that were obtained whenever 

whole-cell patch-clamp recordings were attempted. Cell counts were fitted with a 

negative binomial generalised linear model and the effect of time assessed with a 

likelihood ratio test.  

For LDH assays, cell culture medium was collected from control and patient derived 

lines, which were differentiated in parallel to enable direct comparisons. Medium was 

collected twice per week across weeks 3-10 post-plating from TARDBP (D1 and D3), 

C9ORF72 (S6 - 2 experiments and R2) and control lines (D6 - 2 experiments, M2 and 

R6). LDH activity (mU/ml) was calculated for each cell type using LDH assay kits 

(Abcam). LDH activity was plotted versus post-plating date, and compared between 

cell types using linear models. Nuclear morphology was assessed, with the observer 

blinded to cell type, by counting the number of pyknotic nuclei in 40 images taken 

from control and patient-derived lines at 9-10 weeks post-plating. Statistical analysis 

was performed using a one-way ANOVA followed by Tukey’s post-hoc test.  
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2.8. Pharmacological treatment in culture 

Amiloride hydrochloride hydrate (Sigma) was dissolved in DMSO to 100 mM and 

used at final concentrations between 25 µM and 100 µM in cell culture medium 

(Friese et al., 2007). Amiloride was applied to MN cultures from 24 hours post-

plating and then throughout their time in culture.  

2.9. Electrophysiology  

Whole-cell patch-clamp recordings were used to assess the functionality of iPSC-

derived MNs. Voltage-clamp mode was used to investigate intrinsic membrane 

properties. Current-clamp mode was used to investigate the firing properties of MNs. 

Experiments were carried out in a recording chamber which was perfused 

continuously with oxygenated artificial cerebral spinal fluid (aCSF) at room 

temperature (22-24°C). Whole-cell patch-clamp recordings were made from cells 

visualised by IR-DIC microscopy using an Olympus upright BX51WI microscope 

with a 40X submersion lens. Patch electrodes (4.0-5.0 MΩ resistance) were pulled on 

a Sutter P-97 horizontal puller (Sutter Instrument Company, Novato, CA) from 

borosilicate glass capillaries (World Precision Instruments, Sarasota, FL). Recorded 

signals were amplified and filtered (4kHz low-pass Bessel filter) using a MultiClamp 

700B amplifier (Axon Instruments, Union City, CA) and acquired at ≥ 10kHZ using a 

Digidata 1440A analog-to-digital board and pClamp10 software (Axon Instruments). 

Whole-cell capacitance (Cm), input resistance (RN), series resistance (RS) and resting 

membrane potential (RMP) values were calculated using pClamp10 software. Only 

cells with an Rs < 20MΩ, a RMP more hyperpolarised than -20mV and RN > 100 MΩ 

were included in data analysis. Rs values were not significantly different between
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control, C9ORF72 and TARDBP lines. Cells were defined as neurons if they had clear 

fast-inactivating inward currents (≥ 50pA). In a subset of experiments such currents 

were found to be TTX-sensitive (data not shown). Recordings from glial cells, which 

were clearly distinguishable based on their hyperpolarised RMP and absence of 

inward currents, were excluded from all analyses. An on-line P4 leak subtraction 

protocol was used for all recordings of voltage-activated currents. Descriptions of 

voltage and current-clamp protocols are provided in the results section.  

The aCSF used for all electrophysiological recordings contained the following in mM: 

127 NaCl, 3 KCl, 2 CaCl2, 1 MgSO4, 26 NaHCO3, 1.25 NaH2PO4, 10 D- glucose 

(equilibrated with 95% O2 and 5% CO2 at room temperature, pH 7.45; osmolarity, ~ 

310mOsm). The pipette solution contained (in mM): 140 potassium methane-

sulfonate, 10 NaCl, 1 CaCl2, 10 HEPES, 0.2 EGTA, 3 ATP-Mg, 0.4 GTP, (pH 7.2-

7.3, adjusted with KOH; osmolarity adjusted to ~ 300mOsm with sucrose). All drugs 

were made up as concentrated stock solutions in single use vials and stored at -20°C. 

The final concentrations were achieved by diluting stock solutions in aCSF. Stock 

solutions of GABA and glycine were made up in distilled water. Stock solutions of 

glutamate were made up in 0.1M NaOH. Drug application was via addition to the 

perfusate. 

Electrophysiological data were analysed using Clampfit10 software (Axon 

Instruments) or Dataview (courtesy of Dr. W.J. Heitler, University of St. Andrews). 

Data from each type of iPSC line (control, TARDBP and C9ORF72) were pooled for 

all analyses. Peak Na+ currents and peak K+ currents (log10 transformed), Cm, RN, and 

RMP were compared across the three different types of cell lines using factorial 

ANOVAs with post-plating date (in 2 week bins; 3-4, 5-6, 7-8, 9-10) and cell line
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type (control, TARDBP or C9ORF72) as factors. Two-tailed t-tests were used for 

comparing MNs, which were either amiloride treated or untreated, and for 

comparisons of the C9 Carrier-1 mutant line and its isogenic control. Frequency-

Current (f-I) relationships were compared across cell lines using linear models fitted 

to the initial, most linear portion of the f-I relationship (≤40pA above rheobase). Pair-

wise comparisons were made using Tukey’s honest significant difference test, where 

necessary.   

For the purposes of statistical comparisons, spontaneous synaptic activity and action 

potential generation were classified as either present or absent. These binary data 

were fitted with a logistic regression using post-plating date, transformed with a 

second order polynomial, and cell line type as factors. Contrasts were made using 

Wald’s tests and P values adjusted using a Bonferroni correction.  

Firing properties were further analysed by assigning cells into four categories (No-

Spike/Single/Adaptive/Repetitive). These data were then fitted with a multinomial 

logistic regression using type of iPSC line and either peak K+ or peak Na+ currents 

(log10 transformed) as factors. Using these models, predicted probabilities for each 

firing mode were calculated over a range of K+ and Na+ current magnitudes for all 

types of iPSC lines. Factors within the multinomial logistic regression were assessed 

with likelihood ratio tests. Statistical analyses were performed using SPSS, R and the 

software packages MASS, multcomp and nnet. Joshua Foster from Gareth Miles’ lab 

at the University of St Andrews carried out statistical analyses on the f-I relationships, 

synaptic activity data, action potential data and generated Fig. 2.8. All data are 

presented as mean ± SE.   
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3. Results 

3.1. Differentiation of MNs from human iPSC lines 

iPSCs were generated from fibroblasts of ALS patients and healthy individuals as 

previously described (Yusa et al., 2011; Bilican et al., 2012).  8 iPSC lines were 

utilised: 2 clones from 1 TARDBP patient (lines D1 and D3); clones from 2 different 

C9ORF72 patients (lines S6, 2H9 Carrier-1Δ and R2); 2 clones from 1 healthy control 

(lines R6 and M2); and single clones from 2 additional healthy controls (lines D6 and 

D9; see methods for further details), with each line differentiated a minimum of 4 

times. All iPSCs used in the study exhibited silencing of the four transgenes used to 

induce pluripotency with subsequent activation of endogenous OCT4, SOX2, 

and KLF4 (Fig. 2.1A). Pluripotency was confirmed by expression of pluripotency 

markers OCT4, SOX2, TRA-1-60 and NANOG and through the use of RT-PCR. 

Three germ layer differentiation was confirmed by SOX1, Nestin, Brachyury, Eomes, 

FOXA2 and GATA-4 expression (Fig. 2.1C). All clones used had a normal karyotype, 

with genotyping confirming mutations in TARDBP lines and hexanucleotide 

GGGGCC repeat expansions in C9ORF72 lines shown by repeat prime PCR (Fig. 

2.1B, D). RNA foci containing GGGGCC hexanucleotide repeat expansions were also 

revealed in C9ORF72 lines using fluorescence in situ hybridization (FISH; Fig. 2.1E).   

Differentiation into a neuronal and MN lineage was performed using a modified 

version of established protocols which enabled the maintenance of cells for up to 10 

weeks (Bilican et al., 2012; Amoroso et al., 2013)(Fig. 2.2A). At weeks 5-6 post- 

plating, immunohistochemistry was performed on iPSC-derived MNs to assess the 

relative expression of glial, neuronal and MN markers. Quantitative immunolabelling  
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Figure 2.1: Confirmation of pluripotency and three germ layer differentiation.  

Figure caption on following page 
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Figure 2.1: Confirmation of pluripotency and three germ layer differentiation. 

(A) Immunohistochemical labelling of the pluripotency markers NANOG, SOX2, 

OCT3/4 and TRA- 1-60 in feeder free iPSCs from controls and patients harbouring 

the C9ORF72 mutation [for TARDBP, see (Bilican et al., 2012) scale bar =50 µm]. 

(B) Karyotypes of control and patient-derived iPSCs. (C) Immunohistochemical 

staining of the three germ layers differentiated from control and patient iPSC lines: 

neuroectoderm (SOX1 and nestin); mesoderm (brachyury and Eomes); and endoderm 

(FOXA2 and GATA-4; see antibodies Table 2.1, scale bar =50 µm; Parts A, B and C 

were generated by Karen Burr in Siddharthan Chandran’s lab at the University of 

Edinburgh) (D) RT- PCR analysis demonstrating the presence or absence of the 

C9ORF72 hexanucleotide repeat expansion. (E) Representative image of GGGGCC 

RNA foci of the C9ORF72 hexanucleotide repeat expansion in an iPSC-derived 

neurons from a patient harbouring the C9ORF72 mutation. RNA fluorescence in-situ 

hybridisation (FISH) was carried out using an Alexa 546 conjugated (GGCCCC)4 

probe (Scale bar =10 µm; Parts D and E were generated by Elaine Cleary in 

Siddharthan Chandran’s lab at the University of Edinburgh) . 
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Figure 2.2: Differentiation of MNs from control and patient iPSC lines.  

Figure caption on following page 
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Figure 2.2: Differentiation of MNs from control and patient iPSC lines.  

(A) Schematic diagram of method of iPSC differentiation into MNs (B) 

Immunohistochemical staining of differentiated iPSCs (control, TARDBP and 

C9ORF72 lines) using antibodies raised against β3-tubulin, Hb9, SMI-32 and glial 

fibrillary acidic protein (GFAP) (scale bar = 50 µm; Karen Burr in Siddharthan 

Chandran’s lab at the University of Edinburgh provided images for Part B). (C) 

Proportion of differentiated iPSCs expressing β3-tubulin, Hb9 and GFAP (total cells 

counted: control, 1,126 cells; TARDBP, 1,224 cells; C9ORF72, 1,534 cells).  
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for β3-tubulin and GFAP revealed comparable neuronal and astroglial differentiation 

from 1 control (D6) and 2 patient (TARDBP D1 and C9ORF72 S6) iPSC lines (β3-

tubulin: Control 𝑥  81.5 ± s.e.m 1.7%, TARDBP 78.4 ± 2.2%, C9ORF72 83.4 ± 3.1%; 

GFAP: Control 18.5 ± 1.7%, TARDBP 21.6 ± 2.2%, C9ORF72 16.6 ± 3.1%; Fig. 

2.2B, C) as well as a similar proportion of Hb9-positive MNs (Control 𝑥  46.8 ± s.e.m 

3.8% TARDBP 44.6 ± 3.7%, C9ORF72 43.4 ± 5.2%; Fig. 2.2B, C). Positive and 

negative controls were used to demonstrate that the antibody was specific to the 

correct cell types (data not shown). These findings are consistent with previous 

reports of MN-enriched cultures derived from TARDBP iPSC lines (Bilican et al., 

2012).  

3.2. Comparable viability of neurons derived from control and 

ALS patient iPSCs  

Having established equivalent MN enriched cultures from both control and patient 

iPSC lines, investigations were carried out to determine if there were any differences 

in cell viability between neurons derived from control and ALS patient iPSCs. The 

initial observations suggested that control and patient iPSC-derived neurons with 

either TARDBP or C9ORF72 ALS mutations were indistinguishable, based on cell 

morphology (Fig. 2.3A), up to the latest time point investigated (10 weeks post-

plating). To confirm this, quantitative analyses of cell viability using cell counts, 

lactate dehydrogenase (LDH) assays and assessment of nuclear morphology were 

performed. Cell counts revealed no difference between patient derived lines compared 

to controls throughout the 10 weeks in culture (80 images analysed per cell type; Fig. 
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Figure 2.3: Equivalent viability of control and patient iPSC-derived MNs.  

(A) IR-DIC images of iPSC-derived MNs from control, TARDBP and C9ORF72 lines 

at weeks 9–10 post plating (scale bar, 20 µm). (B) Representative images of nuclear 

stained cells for cell density and pyknotic nuclei counts (arrows indicate pyknotic 

nuclei). (C) LDH activity plotted for control and patient iPSC-derived cultures from 

weeks 3–10 post plating (Control lines (D6: two experiments, M2 and R6), TARDBP 

lines (D1 and D3), C9ORF72 (S6: two experiments and R2); data are plotted as 𝑥  ± 

s.e.m; *, patient line significantly different to control lines, P<0.05; factorial 

ANOVA). 

!Control!Wk!9+10!A" !TARDBP!Wk!9+10! !C9ORF72!Wk!9+10!

B"

0!

0.05!

0.1!

0.15!

0.2!

0.25!

0.3!

Wks!3+4! Wks!5+6! Wks!7+8! Wks!9+10!

LD
H"
ac
)v

ity
"(m

U/
m
l)"

Weeks"post"pla)ng"

Control!

TARDBP!

C9ORF72!

*!

!Control!Wk!9+10! !TARDBP!Wk!9+10! !C9ORF72!Wk!9+10!

C"



Chapter 2: Dysfunction of human iPSC-derived MNs harbouring ALS mutations 

	  

97 

2.3B). Nuclear morphology was assessed, using counts of pyknotic nuclei, at 9-10 

weeks post-plating in 1 control (D6), 1 TARDBP (D1) and 1 C9ORF72 (S6) line. No 

differences were found in the percentage of cells with pyknotic nuclei in patient lines 

compared to controls (Control 𝑥  8.2% ± s.e.m 0.58, n = 3386 cells; TARDBP 8.4% ± 

0.25, n = 1558; C9ORF72 5.4% ± 0.36, n = 2336; Fig. 2.3B). Analysis of LDH 

activity in 2 TARDBP lines (D1, D3), 2 C9ORF72 lines (S6, R2) and 3 control lines 

(D6, M2, R6) revealed no greater LDH activity in patient compared to control lines at 

any time point during the 10 weeks in culture (Fig. 2.3C). There was in fact less LDH 

activity in TARDBP lines at 9-10 weeks post-plating (Fig. 2.3C). In summary, cell 

counts, counts of pyknotic nuclei and LDH assays failed to reveal any differences in 

viability between neurons derived from iPSC lines harbouring TARDBP or C9ORF72 

mutations compared to controls. 

3.3. Hyperexcitability followed by progressive loss of functional 

output in patient iPSC-derived MNs  

Given that standard cell viability assays failed to reveal overt effects of TARDBP or 

C9ORF72 mutations on iPSC-derived cell viability, sensitive electrophysiological 

analyses were carried out to uncover any signs of neuronal dysfunction. Such analyses 

have previously revealed some of the earliest changes in transgenic mouse models of 

ALS, supporting a pathogenic role for early functional changes in ALS-affected MNs 

(Pieri et al., 2003; Kuo et al., 2005; Zona et al., 2006; Bories et al., 2007; van Zundert 

et al., 2008; Quinlan et al., 2011; Fuchs et al., 2013).   

Whole-cell patch-clamp recordings were obtained from the largest neurons visualised 

via infrared-differential interference contrast (IR-DIC) microscopy in cultures from 2 
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to 10 weeks post-plating. The selection of the largest neurons for recordings along 

with the high degree of MN enrichment ensured studied cells were predominantly 

MNs. In a subset of experiments this was supported by post-hoc SMI-32 labelling of 

neurons filled with an alexa fluor dye during recordings (Fig. 2.4A). A high 

proportion of recovered neurons (78%; 18 of 23 cells) were found to be SMI-32 

positive. Therefore, the possibility that some recordings were from spinal interneurons 

could not be excluded. However, data from mixed neuronal populations are also 

valuable given that ALS affects a wide range of neuronal cells types including cortical 

neurons and spinal interneurons (Ilieva et al., 2009). The passive membrane properties 

of MNs derived from control and patient iPSCs were first compared. For these and all 

other electrophysiological analyses, data were pooled for control (D9, D6, R6 and 

M2), TARDBP (D1, D3) and C9ORF72 (R2, S6) iPSC lines (see Table 2.3 and Fig. 

2.9 for data and sample sizes separated by iPSC line). Whole-cell capacitance (Cm) 

values were similar across control and patient iPSC-derived MNs (Table 2.2), 

although MNs harbouring C9ORF72 mutations had lower Cm compared to MNs 

harbouring TARDBP mutations at weeks 3-4, weeks 7-8 and weeks 9-10 (P<0.001), 

and control MNs had lower Cm compared to MNs harbouring TARDBP mutations at 

weeks 7-8 and weeks 9-10 (P<0.0001). No significant differences were found 

between the input resistance (RN) of MNs derived from control, TARDBP or 

C9ORF72 iPSCs from weeks 3 to 10 post-plating (Table 2.2). MNs harbouring a 

TARDBP mutation had more depolarised resting membrane potentials (RMP) 

compared to controls at weeks 3-4 (P< 0.001) and weeks 9-10 (P< 0.0001), while the 

RMPs of MNs with a C9ORF72 mutation were more depolarised than controls at 

weeks 7-8 (P< 0.0001) (Table 2.2). The largest differences in RMP between control 
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Figure 2.4: Hyperexcitability followed by loss of action potential output in 

patient iPSC-derived MNs. 

Figure caption on following page 
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Figure 2.4: Hyperexcitability followed by loss of action potential output in 

patient iPSC-derived MNs.  

(A) Fluorescent image of a cell filled with Alexa Fluor 488 dye during whole-cell 

patch-clamp recordings and immunolabelling with an antibody raised against SMI-32 

(arrow heads point to cell soma; scale bar =10 µm). (B) Repetitive firing in response 

to square current injection in iPSC-derived MNs from control, TARDBP and 

C9ORF72 lines. (C) Frequency-current (f–I) relationships generated for repetitively 

firing iPSC-derived MNs from control (n= 62), TARDBP (n =19) and C9ORF72 (n 

=19) lines recorded from weeks 2–6 post plating (data are plotted as 𝑥  ± s.e.m. with 

lines of best fit; *, patient line significantly different to control, P<0.05; ***, 

P<0.0001; linear model with multiple contrast for the gradient values, and adjusted 

with Bonferroni correction). (D) Examples of the four categories of firing observed in 

iPSC-derived MNs (repetitive, adaptive, single or no firing). (E) Proportion of cells 

exhibiting each firing category in iPSC-derived MNs from control (n=702), TARDBP 

(n=380) and C9ORF72 (n=239) lines across weeks 3–10 post plating (***, patient 

lines significantly different to control lines at same time-point, P<0.0001; logistic 

regression with multiple Wald’s test and Bonferroni correction). 
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Table 2.2: Passive membrane properties of MNs derived from iPSC lines 

 

 

 

Passive'
membrane'
properties!

Control! TARDBP! C9ORF72!

Cm(pF)! !! !! !!

Weeks!3'4! 10.4!±!!0.4(196)! 12.0!±!0.5(103)! 8.7!±!0.3(102)##!

Weeks!5'6! 11.6!±!0.3(322)! 11.2!±!0.4(171)! 10.1!±!0.5(69)!

Weeks!7'8!! 10.7!±!0.3(216)! 16.1!±!1.1(96)***! 11.9!±!0.9(52)##!

Weeks!9'10!

!!

RN(MΩ)!

14.0!±!0.6(111)! 19.7!±!1.2(82)***! 14.5!±!0.7(42)##!

Weeks!3'4! 727!±!22! 660!±!33! 723!±!33!

Weeks!5'6! 774!±!21! 788!±!27! 768!±!42!

Weeks!7'8!! 774!±!23! 762!±!38! 772!±!45!

Weeks!9'10!

!!

RMP(mV)!

709!±!30! 688!±!39! 643!±!58!

Weeks!3'4! '45.6!±!0.8! '39.9!±!1.0**! '44.8!±!1.2!

Weeks!5'6! '42.8!±!0.7! '40.4!±!1.0! '44.2!±!1.5!

Weeks!7'8!! '45.6!±!0.8! '43.2!±!1.4! '37.9!±!1.5***!

Weeks!9'10! '49.8!±!1.1! '40.1!±!1.9***! '45.2!±!1.9!

Values!are!mean!±!SEM;!number!of!cells!noted!in!parentheses.! 

*Significantly!different!to!controls!(**,p<0.001;!***,p<0.0001)-
#!Significant!difference!between!paRent!lines(##,p<0.001;!###,p<0.0001)!
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and patient iPSC-derived MNs were apparent toward the end of the time course 

studied. It should be noted that these numbers may represent an underestimation of 

the extent of membrane potential depolarisation in patient iPSC-derived MNs because 

cells that were more depolarised than -20 mV were excluded from all analyses to 

avoid the inclusion of cells that were depolarised due to damage associated with the 

establishment of recordings.  

Current-clamp mode recordings of iPSC-derived MNs demonstrated that by 2 weeks 

post-plating all lines developed the ability to repetitively fire trains of action 

potentials in response to current injections. To compare the excitability of repetitively 

firing patient and control iPSC-derived MNs, frequency-current (f-I) relationships 

were generated from responses to a series of injected current steps (0 to 145 pA, in 10 

pA increments, 1s duration). Comparisons were performed on data pooled from 

recordings of repetitively firing cells at weeks 2-6 post-plating (Fig. 2.4B, C). No 

differences were observed in rheobase current between control and patient iPSC-

derived MNs (Control 𝑥  22.7 ± s.e.m. 2.6 pA, n = 62; TARDBP 23.4 ± 4.1 pA, n = 19; 

C9ORF72 17.1 ± 3.2 pA, n = 19). However, data demonstrated hyperexcitability in 

both the TARDBP and C9ORF72 lines compared to controls, as indicated by the 

greater slopes of their f-I relationships (Control 𝑥  0.18 ± s.e.m 0.01 Hz/pA, TARDBP 

0.34 ± 0.02 Hz/pA, C9ORF72 0.27 ± 0.01 Hz/pA; P<0.05). No significant difference 

was detected between the excitability of MNs derived from the TARDBP and 

C9ORF72 lines. Thus, in parallel with findings in animal models of ALS, human 

MNs harbouring two different ALS-related mutations are initially more excitable than 

controls. Not all iPSC-derived MNs produced repetitive trains of action potentials 

demonstrating an incomplete functional maturation in some neurons. Several different
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output patterns were observed in response to current injections that included 

repetitive, adaptive, single and no firing (Fig. 2.4D). Repetitive firing was defined as a 

train of action potentials that lasted for the duration of the square current injection 

(1s), while adaptive firing was defined as multiple action potentials that ceased before 

the end of the current stimuli. When data were compared across MNs derived from 

control, TARDBP and C9ORF72 iPSC lines, no difference in the relative proportion 

of firing versus non-firing cells were found from weeks 3 to 6 post-plating (Control 

firing 70.4%, n=419, TARDBP firing 64.0%, n =214; C9ORF72 firing 67.7%, n =149; 

Fig. 2.4E). However, at weeks 7-8 and 9-10 post-plating the number of cells able to 

fire action potentials decreased significantly in TARDBP and C9ORF72 lines 

compared to controls (P<0.0001), while the ratio of firing versus non-firing cells 

remaining unchanged throughout the 10 weeks in control lines (Weeks 7-8: control 

firing 77.0%, n=183; TARDBP firing 40.9%, n=88; C9ORF72 firing 32.6%, n=49; 

Weeks 9-10: control firing 88.1%, n=110; TARDBP firing 24.3%, n=78; C9ORF72 

firing 14.6%, n=41; Fig. 2.4E). These data demonstrate a loss of action potential 

output from iPSC-derived MNs harbouring ALS-related mutations rendering them 

non-functional despite their continued viability in culture.  

3.4. Loss of synaptic activity in patient iPSC-derived MNs  

Following investigation of the output produced by iPSC-derived MNs, their ability to 

receive synaptic input was examined, which is reported to be attenuated in ALS 

patients (Matsumoto et al., 1994; Sasaki and Maruyama, 1994; Ince et al., 1995) and 

animal models of the disease (Schutz, 2005; Chang and Martin, 2009; Jiang et al., 

2009). First, it was assessed whether iPSC-derived MNs could respond to the major 
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excitatory neurotransmitter (NT) glutamate (100 µM) or the inhibitory NTs GABA 

(100 µM) and glycine (100 µM). This was assessed by bath applying these NTs 

during voltage-clamp recordings from iPSC-derived MNs held at -60 mV (Fig. 2.5A). 

Depolarising currents were recorded from MNs derived from both control and patient 

iPSC lines in response to glutamate applications (Fig. 2.5A). Control and patient 

iPSC- derived MNs also responded to GABA and glycine (Fig. 2.5A) with 

depolarising currents as expected based on the theoretical reversal potential for 

chloride in our recording solutions. Thus, both control and patient iPSC-derived MNs 

developed receptors required to respond to major NTs. Next, assessments were 

carried out to determine if iPSC-derived MNs receive functional synaptic inputs in 

culture. Spontaneous synaptic activity was observed in our recordings of both control 

and patient iPSC-derived MNs throughout the time-period studied (Fig. 2.5B). 

Consistent with previous reports (Bilican et al., 2012; Wainger et al., 2014), these 

inputs were predominantly excitatory as evidenced by a lack of outward currents, 

even when cells were held at -40 mV, which is well above the reversal potential for 

chloride (Fig. 2.5B). The proportion of cells that received any synaptic input (defined 

as at least 1 event per minute) was similar in control and patient iPSC-derived MNs 

from weeks 3-6 post-plating (3-6 weeks: 33.2% of controls, n=518; 33.5% of 

TARDBP, n=274; 22.2% of C9ORF72, n=171; Fig. 2.5C). The occurrence of synaptic 

activity then decreased in both patient derived lines from weeks 7-10 compared to 

controls (7-8 weeks: 34.2% of controls, n=216; 4.1% of TARDBP, n=96; 11.5% of 

C9ORF72; n=52; 9-10 weeks: 37.8% of controls, n=111; 6.1% of TARDBP, n=82; 

and 9.5% of C9ORF72; n=42; P<0.05; Fig. 2.5C). In cells cultured from 2-6 weeks 
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Figure 2.5: Loss of synaptic input to patient iPSC-derived MNs. 

Figure caption on following page 
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Figure 2.5: Loss of synaptic input to patient iPSC-derived MNs. 

(A) Current responses in iPSC-derived MNs during bath application of glutamate 

(100 µM), GABA (100 µM) and glycine (100 µM). (B) Voltage-clamp recordings of 

spontaneous synaptic activity in iPSC-derived MNs at different holding potentials. 

(B) Proportion of cells displaying synaptic activity from weeks 3–10 post plating in 

iPSC-derived MNs from control (n=845), TARDBP (n=417) and C9ORF72 (n=265) 

lines. (*, patient lines significantly different to control, P<0.05; ***, P<0.0001; 

logistic regression with multiple Wald’s tests and Bonferroni correction). (D) Graphs 

of inter-event interval and (E) amplitude of synaptic events recorded from control and 

patient iPSC-derived MNs. 
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we analysed the inter-event-interval and amplitude of synaptic events. Neither 

parameter differed between controls and patient iPSC-derived MNs (Fig. 2.5D). In 

summary, these data demonstrate a loss of synaptic input to TARDBP and C9ORF72 

iPSC-derived MNs, which may reflect the parallel loss of action potential output in 

these cultures or perturbations in synaptic transmission between cultured cells. 

3.5. Loss of voltage-activated currents in patient iPSC-derived 

MNs 

To investigate mechanisms underlying the progressive loss of action potential output 

from patient iPSC-derived MNs, voltage-clamp recordings of voltage-activated 

currents involved in action potential generation were performed. Fast, inactivating 

Na+ currents (Fig. 2.6A), which underlie the upstroke of the action potential, were 

investigated by using a series of depolarising voltage steps (-70 to 20 mV, 2.5 mV 

increments, 10 ms duration) from a holding potential of -60 mV (Fig. 2.6B, C). No 

differences in the current-voltage (I-V) relationships or peak Na+ currents were found 

between MNs derived from patient and control iPSCs at weeks 3-4 post-plating (Peak 

current: 𝑥  control 1375 ± s.e.m 93 pA, n=196; TARDBP 1132 ± 101 pA, n=103; 

C9ORF72 1075 ± 103 pA, n=102; Fig. 2.6B, D). However, from week 5 post-plating 

a progressive loss of Na+ currents in MNs derived from patient iPSCs was observed. 

Peak Na+ currents were reduced compared to controls from weeks 5-10 post-plating in 

C9ORF72 iPSC-derived MNs (P<0.0001) and from weeks 7-10 post-plating in 

TARDBP iPSC-derived MNs (P<0.01), while peak currents were also smaller in 

neurons derived from C9ORF72 iPSCs compared to those derived from TARDBP 

iPSCs (P<0.05) from week 7 onwards (weeks 5-6: 𝑥  control 875 ± s.e.m 53 pA,  
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Figure 2.6: Loss of fast-inactivating Na+ currents in patient iPSC-derived MNs.  

Figure caption on following page 
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Figure 2.6: Loss of fast-inactivating Na+ currents in patient iPSC-derived MNs.  

(A) Raw data showing fast, inactivating Na+ currents in control, TARDBP and 

C9ORF72 iPSC-derived MNs at week 3–4 and weeks 9–10. (B) Current–voltage 

relationships of peak Na+ currents recorded from control and patient iPSC-derived 

MNs at weeks 3–4. (C) Current–voltage relationships of peak Na+ currents recorded 

from control and patient iPSC-derived MNs at weeks 9–10. (D) Peak fast, inactivating 

Na+ currents plotted from weeks 3–10 for control (n=847), TARDBP (n=452) and 

C9ORF72 (n=264) iPSC-derived MNs. (data are plotted as 𝑥  ± s.e.m, *, patient line 

significantly different to controls, P<0.05; ***, P<0.0001; #, significant difference 

between patient lines, P<0.05; ##, P<0.001; linear model with multiple Wald’s tests 

and Bonferroni correction). 
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n=322; TARDBP 751 ± 64 pA, n= 171; C9ORF72 587 ± 84 pA, n=69; weeks 7-8: 

control 902 ± 64 pA, n=216; TARDBP 741 ± 85 pA, n=96; C9ORF72 371 ± 66 pA, 

n=52; weeks 9-10: control 1196 ± 78 pA, n=111; TARDBP 529 ± 108 pA, n=82; 

C9ORF72 236 ± 49 pA, n=42; Fig. 2.6A, C, D). Having revealed a progressive loss of 

Na+ currents, it was next assessed whether this reflected a more general decrease in 

voltage-activated currents in patient iPSC- derived MNs.   

This was achieved by measuring persistent K+ currents (Fig. 2.7A) elicited by a series 

of depolarising voltage steps (-70 to 40 mV, 10 mV increments, 500 ms duration) 

from a holding potential of -60 mV (Fig. 2.7B, C). At weeks 3-4 post-plating peak K+ 

currents were comparable in TARDBP and control iPSC-derived MNs but were 

smaller in MNs derived from C9ORF72 iPSCs when compared to controls (Peak 

current:  𝑥  control 853 ± s.e.m 57 pA, n=196; TARDBP 799 ± 86 pA, n=103; 

C9ORF72 565 ± 57 pA, n=102; Fig. 2.7A, B, D). A progressive decline in peak K+ 

currents in patient iPSC- derived MNs was next observed, with MNs harbouring a 

C9ORF72 mutation having significantly smaller K+ currents than controls at all time-

points (P<0.0001) and MNs derived from TARDBP iPSCs having smaller K+ currents 

compared to controls from weeks 7-8 post-plating onwards (weeks 5-6:  𝑥  control 769 

± s.e.m 44 pA, n= 322; TARDBP 661 ± 54 pA, n= 171; C9ORF72 490 ± 61 pA, n=69; 

weeks 7-8: control 804 ± 57 pA, n=216; TARDBP 626 ± 84 pA, n=96; C9ORF72 276 

± 41 pA, n=52; weeks 9-10: control 897 ± 64 pA, n=111; TARDBP 505 ± 95 pA, 

n=82; C9ORF72 158 ±29 pA, n=42;  P<0.05; Fig. 2.7B, C, D). K+ currents were also 

smaller in MNs derived from C9ORF72 compared to TARDBP iPSCs from weeks 5-6 

post-plating onwards (P<0.05).   
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Figure 2.7: Loss of persistent voltage-activated K+ currents in patient iPSC-

derived MNs. 

Figure caption on following page 
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Figure 2.7: Loss of persistent voltage-activated K+ currents in patient iPSC-

derived MNs. 

(A) Raw data showing persistent K+ currents in control, TARDBP and C9ORF72 

iPSC-derived MNs at week 3–4 and weeks 9–10. (B) Current–voltage relationships of 

peak K+ currents recorded from control and patient iPSC-derived MNs at weeks 3–4. 

(C) Current–voltage relationships of peak K+ currents recorded from control and 

patient iPSC-derived MNs at weeks 9–10. (D) Peak K+ currents plotted from weeks 

3–10 for control (n=847), TARDBP (n=452) and C9ORF72 (n=264) iPSC-derived 

MNs (data are plotted as 𝑥  ± s.e.m; *, patient line significantly different to control, 

P<0.05; ***, P<0.0001; #, significant difference between patient lines, P<0.05; ###, 

P<0.0001; linear model with multiple Wald’s tests and Bonferroni correction).            
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Taken together these data demonstrate a progressive reduction in both fast, 

inactivating Na+ currents and persistent, voltage -activated K+ currents in patient 

iPSC-derived MNs. Given the similar time courses of current loss and action potential 

loss, and the observation that current loss precedes changes in the probability of 

firing, it is likely that reductions in voltage-activated currents underlie the progressive 

loss of functional output in MNs harbouring ALS-related mutations. To examine this 

further, the relationship between the magnitude of voltage-activated Na+ and K+ 

currents and the type of output produced by iPSC-derived MNs was investigated for 

cells in which both voltage- and current-clamp data were available (control n = 448; 

TARDBP n = 230; C9ORF72 n =176). Plots of raw data indicated similar 

relationships between peak currents and firing categories in all iPSC lines 3-6 weeks 

post-plating; larger currents were associated with greater output (Fig. 2.8A).  To 

assess this relationship further multinomial logistic regressions were fitted to the data 

using the firing categories (No Spike/ Single/ Adaptive/ Repetitive) as the outcome 

variables with the type of iPSC line (control, TARDBP or C9ORF72) and peak current 

(Na+ or K+) as the predictor variables. Using these models the predicted probabilities 

for each firing category based on the measured currents were assessed. Models 

showed that both Na+ and K+ currents were strong predictors of firing category (Na+ 

model, P< 0.001; K+ model, P< 0.001). In addition, the type of iPSC line contributed 

to the predicted firing outcome (Na+ model, P< 0.01; K+ model, P< 0.05).  As 

expected, the probability of a cell failing to spike in response to current injection 

decreases with increasing peak Na+ or K+ currents (No- Spike category; Fig. 2.8B, C).  
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In comparison, the probability of a cell exhibiting adaptive or repetitive firing in 

response to current injection increases with increasing peak Na+ or K+ currents 

(Adaptive and Repetitive categories; Fig. 2.8B, C). Whereas, the probability of a cell 

exhibiting only single spikes is highest at an intermediary value of peak Na+ or K+ 

currents (Single category; Fig. 2.8B, C).  Overall, the modelled probabilities suggest 

an ordered response of firing outcome when Na+ or K+ currents are increased (No-

Spike < Single < Adaptive < Repetitive; Fig. 2.8B, C). In summary, these findings 

suggest that the mode of iPSC-derived MN firing (Single/Adaptive/Repetitive) is 

governed by the size of Na+ and K+ currents. Therefore the reduced probability of 

spiking observed in patient iPSC-derived MNs (Fig. 2.8C) is likely to reflect 

perturbations in Na+ and K+ currents as a consequence of the TARDBP and C9ORF72 

mutations they harbour. 

3.6. iPSC-derived MNs harbouring C9ORF72 mutation display 

promising functional recovery after amiloride treatment  

Having revealed a progressive loss of action potential output, Na+ currents and K+ 

currents, in patient iPSC-derived MNs we next wanted to determine if the observed 

phenotype could be modified by pharmacological agents which target ion channels. 

The effects of the acid-sensing ion channel blocker amiloride was first assessed 

because it has been shown to have neuroprotective roles in studies involving multiple 

sclerosis and also blocks Na+ and Ca2+ channels (Friese et al., 2007). iPSC-derived 

MNs harbouring C9ORF72 mutations were cultured in amiloride at concentrations 

between 25 µM and 100 µM from 24 hours post-plating until recordings were 

obtained. At weeks 7-8 and 9-10 post-plating, recordings were obtained from patient 
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Figure 2.8: Peak Na+ and K+ currents predict firing categories of iPSC-derived 

MNs  

(A) Relationship between peak Na+ and K+ currents and action potential firing 

category were determined using multinomial logistic regressions in control (n=448), 

TARDBP (n=230) and C9ORF72 (n=176) iPSC-derived MNs at 3–6 weeks post 

plating. Values in parentheses denote the proportion, as a percentage, of iPSC-derived 

MNs exhibiting each firing category. (B) Predicted probability of each firing category 

calculated over a range of peak Na+ currents. (C) Predicted probability of each firing 

category calculated over a range of peak K+ currents. (Joshua Foster from Gareth 

Miles’ lab at the University of St Andrews generated this figure). 
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Figure 2.9: Physiological properties of MNs derived from individual iPSC lines. 

Figure caption on following page 
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Figure 2.9: Physiological properties of MNs derived from individual iPSC lines. 

(A) Firing properties for each of the 8 iPSC lines utilised: (controls lines: D9, D6, M2 

and R6; TARDBP lines: D1 and D3; C9ORF72 lines: S6 and R2). (B) Percentage of 

cells in which synaptic activity was present for each iPSC line. (C) Peak Na+ currents 

and (D) peak K+ currents in each iPSC line from 3- 10 weeks post-plating (see Table 

2.3 for sample sizes). 
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Table 2.3: Properties of each line separated. 

D6#Control#
V+clamp##
No.#Cells#

I+clamp##
No.#Cells#

Wks#3+4# 53# 46#
Wks#5+6# 85# 64#
Wks#7+8# 33# 30#
Wks#9+10# 34# 32#

D9#Control#
Wks#3+4# 33# 22#
Wks#5+6# 97# 82#
Wks#7+8# 38# 24#
Wks#9+10# 19# 18#

R6#Control#
Wks#3+4# 35# 29#
Wks#5+6# 74# 55#
Wks#7+8# 51# 45#
Wks#9+10# 33# 33#

M2#Control#
Wks#3+4# 77# 68#
Wks#5+6# 66# 50#
Wks#7+8# 94# 81#
Wks#9+10# 25# 23#

D1#TARDBP#
Wks#3+4# 50# 38#
Wks#5+6# 54# 43#
Wks#7+8# 34# 34#
Wks#9+10# 35# 34#

D3#TARDBP#
Wks#3+4# 53# 43#
Wks#5+6# 118# 90#
Wks#7+8# 61# 54#
Wks#9+10# 47# 44#

S6#C9ORF72#
Wks#3+4# 73# 61#
Wks#5+6# 40# 35#
Wks#7+8# 38# 36#
Wks#9+10# 28# 28#

R2#C9ORF72#
Wks#3+4# 29# 27#
Wks#5+6# 29# 26#
Wks#7+8# 14# 13#
Wks#9+10# 13# 13#

SynapJc#events##
No.#cells#

f+I#relaJonship##
No.#cells#

D6#Control# 11# 10#

D9#Control# 13# 3#

R6#Control# 5# 24#

M2#Control# 9# 25#

D1#TARDBP# 11# 7#

D3#TARDBP# 16# 12#

S6#C9ORF72# 8# 15#

R2#C9ORF72# 1# 4#

A" B"

D6#Control# Cm#(pF)# RN#(MΩ)# RMP#(mV)#

Wks#3+4# 12.7#±#0.8# 519.7#±#40.1# +45.7#±#1.6#

Wks#5+6# 13.8#±#0.7# 756.9#±#49.7# +41.6#±#1.4#

Wks#7+8# 12.9#±#1.2# 672.7#±#60.0# +47.4#±#2.3#

Wks#9+10# 14.6#±#0.9# 619.3#±#52.7# +50.4#±#1.7#

D9#Control#

Wks#3+4# 9.4#±#1.1# 784.1#±#62.1# +40.7#±#2.2#

Wks#5+6# 10.5#±#0.4# 793.5#±#38.0# +41.2#±#1.1#

Wks#7+8# 12.3#±#0.7# 685.4#±#63.5# +44.5#±#2.1#

Wks#9+10# 10.7#±#0.8# 784.2#±#84.1# +48.6#±#2.1#

R6#Control#

Wks#3+4# 9.3#±#0.4# 831.2#±#27.3# +46.5#±#1.3#

Wks#5+6# 10.9#±#0.6# 721.7#±#40.5# +48.1#±#1.4#

Wks#7+8# 9.8#±#0.6# 749.5#±#48.7# +49.1#±#1.6#

Wks#9+10# 12.3#±#0.9# 801.9#±#47.1# +49.5#±#1.8#

M2#Control#

Wks#3+4# 9.8#±#0.5# 758.9#±#35.7# +46.9#±#1.4#

Wks#5+6# 10.9#±#0.5# 827.7#±#38.1# +40.8#±#1.6#

Wks#7+8# 9.7#±#0.4# 859.4#±#33.2# +45.5#±#1.3#

Wks#9+10# 18.0#±#1.7# 652.7#±#68.1# +50.45#±#3.2#

D1#TARDBP#

Wks#3+4# 13.6#±#0.9# 652.1#±#52.3# +39.0#±#1.7#

Wks#5+6# 12.9#±#0.8# 773.3#±#51.3# +40.4#±#1.7#

Wks#7+8# 24.3#±#2.4# 602.7#±72.7# +43.6#±#2.5#

Wks#9+10# 28.4#±#1.6# 503.6#±#51.9# +43.9#±#3.9#

D3#TARDBP#

Wks#3+4# 10.5#±#0.5# 668.8#±#43.4# +40.9#±#1.3#

Wks#5+6# 10.4#±#0.4# 795.9#±#32.3# +40.4#±#1.3#

Wks#7+8# 11.5#±#0.6# 850.7#±#41.3# +43.1±#1.6#

Wks#9+10# 12.8#±#1.1# 834.0#±#48.3# +37.2#±#1.6#

S6#C9ORF72#

Wks#3+4# 9.4#±#0.4# 734.7#±#41.8# +45.3#±#1.3#

Wks#5+6# 11.5#±#0.6# 761.9#±#61.0# +43.7#±#1.7#

Wks#7+8# 11.8#±#0.9# 769.5#±#52.3# +39.0#±#1.9#

Wks#9+10# 15.9#±#0.9# 520.8#±#69.7# +47.1#±#2.2#

R2#C9ORF72#

Wks#3+4# 7.5#±#0.4# 694.5#±#54.1# +43.6#±#2.4#

Wks#5+6# 8.1#±#0.6# 777.9#±#55.7# +44.9#±#2.7#

Wks#7+8# 12.2#±#2.6# 781.51#±#93.0# +35.1#±#2.3#

Wks#9+10# 11.6#±#1.1# 887.7#±#75.0# +41.4#±#3.5#

C"
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Table 2.3: Properties of each line separated 

(A) Passive membrane properties, (B) number of cells used for analysis from voltage 

and current clamp recordings, (C) number of cells used for synaptic activity and f-I 

relationships broken down by line.    
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Figure 2.10: iPSC-derived MNs harbouring C9ORF72 mutation display 

promising functional recovery after amiloride treatment. 

Figure caption on following page 
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Figure 2.10: iPSC-derived MNs harbouring C9ORF72 mutation display 

promising functional recovery after amiloride treatment. 

(A) Proportion of cells exhibiting each firing category observed in iPSC-derived MNs 

harbouring C9ORF72 mutation untreated (n=90) and treated (n=43) with 25 µM-100 

µM amiloride (repetitive, adaptive, single or no firing) across weeks 7–10 post plating 

(#, significant difference between treated and untreated lines, P<0.05). (B) Peak Na+ 

currents plotted from weeks 7–10 for C9ORF72 (n=79) and C9ORF72 amiloride 

treated (n=60) iPSC-derived MNs (data are plotted as 𝑥  ± s.e.m; #, significant 

difference between treated and untreated lines, P<0.05; # #, significant difference 

between treated and untreated lines, P<0.01; two-tailed t-tests). (C) Peak K+ currents 

plotted from weeks 7–10 for C9ORF72 (n=79) and C9ORF72 amiloride treated 

(n=60) iPSC-derived MNs (data are plotted as 𝑥  ± s.e.m; two-tailed t-tests).
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iPSC-derived MNs to determine if their dysfunctional phenotype could be reversed 

after drug exposure. The number of cells able to fire action potentials increased 

significantly (P<0.05) in the C9ORF72 iPSC-derived MNs treated with amiloride 

compared to the non-treated cells at weeks 7-10 (Weeks 7-8: C9ORF72 firing 32.6%, 

n=49; C9ORF72 amiloride treated firing 50%, n=30; Weeks 9-10: C9ORF72 firing 

14.6%, n=41; C9ORF72 amiloride treated firing 30.7%, n=13; Fig. 2.10A). These 

data demonstrate a partial functional recovery of the C9ORF72 iPSC-derived MNs 

treated with amiloride compared to those that were untreated. Amiloride treatment on 

control MNs did not affect their output properties (data not shown).  

We next investigated whether amiloride affected the loss of fast, inactivating Na+ 

currents in iPSC-derived MNs harbouring C9ORF72 mutations by using a series of 

depolarising voltage steps (-70 to 20 mV, 2.5 mV increments, 10 ms duration) from a 

holding potential of -60 mV (Fig. 2.10B). Peak Na+ currents were significantly larger 

in C9ORF72 MNs treated with amiloride at weeks 7-8 (P<0.01) and 9-10 (P<0.05) 

compared to those untreated (Peak current: weeks 7-8 𝑥  C9ORF72 371 ± s.e.m 67 pA, 

n=52; C9ORF72 amiloride treated 853 ± 151 pA, n=40; weeks 9-10 C9ORF72 236 ± 

49 pA, n=42; C9ORF72 amiloride treated 484 ± 109 pA, n=20; Fig. 2.10B). However, 

when we assessed whether this reflected a more general effect on voltage-activated 

currents, we found no changes in the persistent K+ currents in amiloride treated 

C9ORF72 iPSC-derived MNs compared to those untreated (Peak current: weeks 7-

8  𝑥  C9ORF72 276 ± s.e.m 41 pA, n=52; C9ORF72 amiloride treated 277 ± 41 pA, 

n=36; weeks 9-10 C9ORF72 158 ± 29 pA, n=42; C9ORF72 amiloride treated 163 ± 

73 pA, n=11; Fig. 2.10C). These data demonstrate that using pharmacological agents 
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that target ion channels, the pathophysiological phenotype can be modified. These 

data also support the use of human iPSC based model to study ALS as their culture 

conditions can be manipulated easily and, when accompanied by electrophysiological 

analyses, can be utilised as a model for drug screening. 

3.7. Genetic editing of iPSC-derived MNs harbouring C9ORF72 

mutations reverses the dysfunctional phenotype  

It was next investigated whether mutant genes could be removed from patient iPSC- 

derived MNs to reverse their dysfunctional phenotype. Through the use of the 

CRISPR/Cas9 genome editing, an isogenic control line was generated from the iPSCs 

of a C9ORF72 patient (S6, Carrier-1). The Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR) system, based on a bacterial protein from the 

Streptococcus pyogenes, targeted and modified the genomic sequence of the 

C9ORF72 patient iPSC line by removing the G4C2 hexanucleotide repeat expansion. 

Upon removal of the G4C2 repeat expansion, an isogenic control line was generated. 

From this line, MNs were generated, plated and recorded from at weeks 3-10 and 

compared to the non-edited C9ORF72 MN line. The number of cells able to fire 

action potentials increased significantly (P<0.0001) in the gene-edited C9ORF72 

iPSC-derived MNs (2H9 Carrier-1Δ) compared to the non-edited lines (C9 Carrier-1) 

at weeks 3-6 and 7-10 post-plating (Weeks 3-6: C9 Carrier-1 firing 60.4%, n=96; 2H9 

Carrier- 1Δ firing 100%, n=20; Weeks 7-10: C9 Carrier-1 firing 14.1%, n=64; 2H9 

Carrier-1Δ firing 93.3%, n=45; Fig. 2.11A). 

We next investigated the currents underlying the functional output of the iPSC-

derived MNs (Fig. 2.11B, C). The magnitude of peak Na+ currents were significantly 
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greater in the 2H9 Carrier-1Δ MNs at weeks 3-6 and 7-10 (P<0.0001) compared to 

the unedited C9 Carrier-1 iPSC-derived MN line (Peak current: weeks 3-6 𝑥  C9 

Carrier-1 889 ± s.e.m 107 pA, n=89; 2H9 Carrier-1Δ 2129 ± 246 pA, n=20; weeks 7-

10 C9 Carrier-1 237 ± 55 pA, n=52; 2H9 Carrier-1Δ 3429 ± 268 pA, n=46; Fig. 

2.11B). Persistent K+ currents were also larger in C9ORF72 gene edited iPSC-derived 

MNs compared to the unedited lines (Peak current: weeks 3-6  𝑥  C9 Carrier-1 453 ± 

s.e.m 45 pA, n=137; 2H9 Carrier-1Δ 1824 ± 166 pA, n=20; weeks 7-10 C9 Carrier-1 

137 ± 20 pA, n=112; 2H9 Carrier-1Δ 2422 ± 169 pA, n=44; Fig. 2.11C). These data 

demonstrate a functional recovery of patient iPSC-derived MNs upon editing of the 

C9ORF72 gene and that by using an isogenic control line, further implicates the 

presence of the G4C2 hexanucleotide repeat expansion as the cause of the 

pathophysiological phenotype observed.    
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Figure 2.11: Gene-edited C9ORF72 iPSC-derived MNs display a reversed 

phenotype compared to the non-edited line. 
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Figure 2.11: Gene-edited C9ORF72 iPSC-derived MNs display a reversed 

phenotype compared to the non-edited line. 

(A) Proportion of cells exhibiting each firing category (repetitive, adaptive, single or 

no firing) observed in iPSC-derived MNs harbouring C9ORF72 mutation (S6 line, C9 

Carrier-1; n=160) and in its isogenic control line (2H9 Carrier-1Δ; n=65) across 

weeks 3–10 post plating (###, significant difference between C9 mutant and isogenic 

control lines, P<0.0001; binomial logistic regression). (B) Peak Na+ currents plotted 

from weeks 3–10 for S6 line, C9 Carrier-1 (n=141) and 2H9 Carrier-1Δ (n=66) iPSC-

derived MNs (data are plotted as 𝑥  ± s.e.m; ###, significant difference between C9 

mutant and isogenic control lines, P<0.0001; two-tailed t-tests). (C) Peak K+ currents 

plotted from weeks 7–10 for C9ORF72 (n=141) and 2H9 Carrier-1Δ (n=66) iPSC-

derived MNs (data are plotted as 𝑥  ± s.e.m; ###, significant difference between C9 

mutant and isogenic control lines, P<0.0001; two-tailed t-tests). 
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4. Discussion 

This study demonstrated that MNs derived from human iPSCs obtained from healthy 

individuals or patients harbouring TARDBP or C9ORF72 ALS mutations develop 

appropriate physiological properties. However, temporal analysis revealed that patient 

iPSC-derived MNs display an initial period of hyperexcitability, followed by a 

progressive loss in action potential output and synaptic activity. This loss of 

functional output appears to result from a progressive decrease in voltage-activated 

Na+ and K+ currents that occurs in the absence of overt changes in cell viability. It has 

also shown that treatment of iPSC-derived MNs harbouring C9ORF72 mutations with 

amiloride improves their functional output, likely due to increasing their peak Na+ 

currents, while removal of the mutant C9ORF72 gene from one of the C9ORF72 ALS 

patient iPSC lines led to them retaining their functional output capability, behaving in 

a similar manner as MNs derived from healthy individuals. These novel data from 

ALS-affected human MNs indicate that early dysfunction or loss of ion channels may 

contribute to the initiation of downstream degenerative pathways that ultimately lead 

to MN loss in ALS and highlights the potential usefulness of human iPSC-derived 

neurons as a model for therapeutic drug screening.   

Given that all neurons must be by definition excitable, it is critical that protocols 

established for the derivation of MNs from iPSCs are validated via the 

electrophysiological demonstration of appropriate functional properties. Previous 

studies have demonstrated the ability of human iPSC-derived MNs to fire action 

potentials in response to current injection and to receive spontaneous synaptic inputs 

(Bilican et al., 2012; Almeida et al., 2013; Amoroso et al., 2013; Sareen et al., 2013; 
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Zhang et al., 2013; Wainger et al., 2014). In this study, both current- and voltage- 

clamp recordings were utilised to not only demonstrate that iPSC-derived MNs can 

develop appropriate output and receive synaptic input, but to also investigate the 

temporal profile of voltage-activated currents underlying these functional properties. 

Comparable rates of morphological and physiological maturation were observed in 

control and patient iPSC-derived MNs, with all lines reaching equivalent maturity 

approximately 3 weeks post-plating. These analyses provide a detailed validation of 

the phenotype of iPSC-derived MNs as well as enabling more sensitive functional 

comparisons between control and patient iPSC-derived MNs. The protocol utilised in 

this study preferentially generated MNs expressing markers of limb-innervating 

lateral motor column MNs, the most susceptible MNs in ALS. Furthermore, this 

protocol also preferentially generates lateral motor column interneurons and 

astrocytes, enabling the study of the most vulnerable and toxic cells involved in ALS 

(Amoroso et al., 2013). Given that the ultimate goal of ALS therapeutics is to 

preserve vulnerable MN function, it is critical that detailed functional analyses of 

iPSC-derived MNs are performed alongside more common analyses of cellular 

pathology such as, protein aggregation, RNA accumulation and changes in gene 

expression (Mitne-Neto et al., 2011; Bilican et al., 2012; Almeida et al., 2013; 

Donnelly et al., 2013; Sareen et al., 2013; Zhang et al., 2013; Kiskinis et al., 2014; 

Wainger et al., 2014). 

 Previous studies of ALS patients (Kanai et al., 2006; Vucic and Kiernan, 2006; Vucic 

et al., 2008), human iPSCs (Wainger et al., 2014) and animal models of the disease 

(Pieri et al., 2003; Kuo et al., 2005; Zona et al., 2006; Bories et al., 2007; van Zundert 

et al., 2008; Quinlan et al., 2011; Fuchs et al., 2013) have reported early 
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hyperexcitability of spinal MNs and corticospinal neurons of the motor cortex. In this 

study, it was shown that the most functionally mature (repetitive firing) MNs derived 

from patient iPSCs harbouring TARDBP or C9ORF72 mutations also exhibit 

hyperexcitability at early stages in culture. Although hyperexcitability was transient in 

this study and does not persist into symptomatic stages in animal models of ALS 

(Fuchs et al., 2013; Delestrée et al., 2014) an initial phase of increased activity might 

contribute to and/or trigger a cascade of excitotoxic disease mechanisms involving 

pathological changes in Ca2+ handling, (von Lewinski et al., 2008; Jaiswal and Keller, 

2009) accumulation of intracellular Ca2+ and the eventual activation of cell death 

pathways. In opposition to this, however, recent work supports a link between 

hyperexcitability and neuroprotection (Saxena et al., 2013), particularly when 

hyperexcitability is induced via activation of cholinergic C-bouton inputs to MNs 

(Miles et al., 2007; Zagoraiou et al., 2009) which are known to be enlarged 

presymptomatically in ALS model mice (Pullen and Athanasiou, 2009; Herron and 

Miles, 2012). These data suggest that MN hyperexcitability might represent an early 

compensatory mechanism in ALS-affected MNs. To determine the true role of 

hyperexcitability in ALS, it will be important for future studies to examine the effects 

of finely controlled manipulations of excitability on human MNs. 

Following an early stage of hyperexcitability, patient iPSC-derived MNs were found 

to progressively lose their ability to generate action potentials. This was evidenced by 

a reduction in the proportion of patient iPSC-derived MNs which were able to fire 

repetitive or even single spikes. In comparison, the proportion of control iPSC-

derived MNs in each of the firing categories remained unchanged throughout the 10 
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weeks studied. Thus, despite remaining viable in culture, ALS-affected MNs were 

gradually rendered non-functional. These findings of a progressive loss of MN output 

are consistent with recent reports of hypoexcitability of iPSC-derived MNs 

harbouring a C9ORF72 mutation (Sareen et al., 2013) and reduced output of spinal 

MNs in mSOD1 mice (Delestrée et al., 2014). The latter study, which involved in vivo 

recordings from presymptomatic mSOD1 mice, showed that a significant proportion 

of MNs could not discharge repetitively in response to current ramps although their 

NMJs remained functional. Thus, dysfunction at the MN cell body appears to precede 

that at the NMJ. Taken together, these findings highlight the importance of addressing 

early perturbations in mechanisms underlying spike generation at the MN soma when 

considering disease pathogenesis and potential treatment strategies for ALS.  

Importantly, this work has addressed an apparent contradiction arising from recent 

studies performing similar electrophysiological analysis of ALS patient iPSC-derived 

MNs. Wainger et al (Wainger et al., 2014) recently reported hyperexcitability of 

iPSC-derived MNs harbouring a SOD-1 mutation at approximately 4 weeks post-

plating, a time point equivalent to when this study also observed hyperexcitability in 

iPSC-derived MNs harbouring TARDBP or C9ORF72 mutations. In contrast, Sareen 

et al (Sareen et al., 2013) reported hypoexcitability in iPSC-derived MNs harbouring 

C9ORF72 mutations at a time point comparable to week 7-8 post-plating in this study, 

when loss of MN output was first observed. Thus, these recent studies support this 

study’s observation of a progression from hyperexcitability to hypoexcitability. 

Although this progression is consistent with work in animal models (Delestrée et al., 

2014), it should be noted that iPSCs represent a developmental model that may be 

difficult to directly compare to aging in vivo. It also remains unclear whether
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mechanistic links exist between hyperexcitability and hypoexcitability, which will be 

important to address in future studies. The fibroblasts utilised for the generation of 

iPSCs for present study were obtained from patients between the ages of 39-67 within 

one year post-diagnosis. These differences are also an important caveat to consider 

when comparing disease time-courses in vivo, which could widely differ depending 

on disease progression. 

Although the focus was on the intrinsic properties of MNs, a concomitant reduction in 

the proportion of patient iPSC-derived MNs that received synaptic inputs was 

observed. Loss of synaptic activity may simply reflect a general loss of action 

potential generation in culture. However, given evidence of loss and dysfunction of 

synapses in ALS (Matsumoto et al., 1994; Sasaki and Maruyama, 1994; Ince et al., 

1995; Schutz, 2005; Chang and Martin, 2009; Jiang et al., 2009), specific deficits in 

synaptic transmission might also contribute to reductions in synaptic activity recorded 

from patient iPSC-derived MNs. Although it was demonstrated that iPSC-derived 

MNs expressed post-synaptic receptors required to receive input, comparisons could 

not be made between the magnitude of responses to NTs across control and patient 

iPSC-derived MNs due to difficulties in obtaining long-term recordings, as required 

for drug applications, from sufficient numbers of cells. It will be interesting in future 

studies, focussed on synaptic function, to investigate the possibility that either pre-or 

post-synaptic machinery is altered in cultures from patient iPSCs.  

Following the demonstration of reduced output from patient iPSC-derived MNs, 

voltage-clamp recordings were utilised to investigate the mechanisms likely to 

underlie this loss of function. Previous studies have demonstrated changes in both the 

density and function of Na+ and K+ channels in animal models of ALS 
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(Kuo et al., 2005; Zona et al., 2006; Pieri et al., 2009; Quinlan et al., 2011), ALS 

patients (Bostock et al., 1995; Tamura et al., 2006; Vucic and Kiernan, 2006) and 

patient iPSC-derived MNs (Sareen et al., 2013; Wainger et al., 2014). These analyses 

revealed a progressive loss of voltage-activated Na+ (fast, inactivating) and K+ 

(persistent) currents in patient iPSC-derived MNs. Given that current loss began 

before and continued in parallel with changes in firing probability, and that Na+ and 

K+ current magnitudes are excellent predictors of firing patterns, reductions in 

voltage-activated currents most likely underlie the loss of functional output observed 

in patient iPSC-derived MNs.  It has also been shown that treatment of the C9ORF72 

patient line with amiloride, an acid-sensing ion channel blocker found to be 

neuroprotective in studies of multiple sclerosis (Friese et al., 2007), led to the partial 

recovery of firing capabilities and a mild preservation of Na+ currents in MNs. 

However, peak K+ currents were unaffected by the treatment. These data show that by 

manipulating ion channels using pharmacological agents, the pathophysiological 

phenotype can be modified. Mechanisms underlying the initial hyperexcitability of 

MNs are less clear. Waigner et al (Wainger et al., 2014) proposed that reductions in 

delayed rectifier K+ currents underlie hyperexcitability in iPSC-derived MNs 

harbouring SOD-1 mutations. Although a lower K+ current magnitude in MNs 

harbouring C9ORF72 mutations was observed at hyperexcitable stages, the same was 

not true for MNs harbouring TARDBP mutations. Thus, reductions in K+ currents are 

unlikely to be the sole mechanism underlying hyperexcitability in patient iPSC-

derived MNs. Either loss or dysfunction of channels may underlie the loss of current 

observed in patient iPSC-derived MNs. Regardless of the exact effect on ion channels, 

these data are consistent with the recent proposal that ALS involves channelopathy-

like mechanisms, a view which stemmed from the demonstration that mutant SOD1 
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inhibits the conductance of a mitochondrial ion channel (Israelson et al., 2010). 

Interestingly, although ALS-related mutations may cause a general loss of voltage-

activated currents, the lack of change in input resistance in patient iPSC-derived MNs 

indicates that leak channels are unaffected. Furthermore, depolarisation of the resting 

membrane potential, again with no changes in input resistance, suggests additional 

membrane proteins are affected, one possibility being the Na+/K+ pump for which 

reduced expression has been shown in mSOD1 mice (Ellis et al., 2003). 

In this study, iPSC-derived MNs harbouring mutations in two different genes 

associated with ALS, TARDBP and C9ORF72, were utilised. TARDBP encodes the 

RNA-binding protein TDP-43 which can act as a transcription repressor, and splicing 

regulator, and can also contribute to RNA stability and transport (Tollervey et al., 

2011; Arnold et al., 2013; Alami et al., 2014). Mutations in TARDBP are associated 

with deficits in RNA processing (Xu et al., 2011; Lagier-Tourenne et al., 2012). 

Although the exact function of C9ORF72 remains unknown, its mutant form also 

appears to cause aberrant RNA processing (DeJesus-Hernandez et al., 2011; Renton et 

al., 2011; Donnelly et al., 2013). Thus, defects in RNA processing provide a 

mechanistic link between TARDBP and C9ORF72-mediated ALS and may contribute 

to loss of voltage-activated currents in patient iPSC-derived MNs. This study also 

demonstrates that by genetically editing a C9ORF72 patient iPSC line by removing 

the G4C2 repeat expansion, the pathophysiological phenotype is reversed, linking the 

presence of the hexanucleotide repeat expansion with the observed dysfunction. In 

support of this, recent work has shown that the expression of genes involved in 

neuronal excitability, including those encoding ion channels, is altered in iPSC-

derived MNs with C9ORF72 mutations (Sareen et al., 2013). Common effects on 
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RNA processing might also in part explain why MNs derived from TARDBP and 

C9ORF72 iPSC lines exhibited similar pathophysiology; hyperexcitability followed 

by a loss of functional output due to a reduction in the magnitude of voltage-activated 

currents. Alternative interpretations include the possibility that perturbations in ion 

channels and MN output represent core disease mechanisms common to many forms 

of ALS, including both familial and sporadic ALS given the demonstration of 

TARDBP and C9ORF72 mutations in both of these forms of the disease. The 

successful removal of the ALS phenotype, which was caused by the presence of the 

G4C2 repeat expansion, using the CRISPR/Cas9 technique, has demonstrated the 

importance and benefits of using an isogenic control line. As there are many 

unresolved technical challenges to overcome before this tool has the potential to be 

used in gene therapies, taking advantage of this technology in a variety of patient 

iPSC lines to confirm that the presence of certain mutations are the cause of the 

phenotypes observed is important. Further experiments utilising a variety of patient 

iPSC lines will be needed to confirm the relevance of the findings described in this 

study to a wide spectrum of ALS cases.  

In summary, this study has provided important new insight into early ALS disease 

mechanisms by investigating pathophysiological changes in iPSC-derived MNs from 

ALS patients with two different genetic mutations. It was also shown that MN output 

is severely compromised, due to the loss of voltage-activated currents, prior to any 

other overt signs of neurodegeneration. These data suggest that ‘functional loss’ of 

MNs may render the motor system inactive prior to neurodegeneration of MNs, which 

would likely occur at a time-point extended beyond that used in this study, 

highlighting the importance of addressing MN function, perhaps by targeting ion 
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channels, when designing new treatment strategies for ALS. Furthermore, these 

findings demonstrate the usefulness of sensitive physiological studies of human iPSC- 

derived MNs for future work aiming to develop much needed therapeutics for this 

devastating disease.  
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1. Introduction 

Selective degeneration and death of one or more neuronal type is the defining feature 

of human neurodegenerative diseases. One such fatal, incurable neurodegenerative 

disease is ALS which is characterized by the selective, premature degeneration and 

death of MNs (Robberecht and Philips, 2013). Mice expressing various ALS-related 

mutations, including SOD1 (Rosen et al., 1993)  and TARDBP (Wegorzewska et al., 

2009) mutations, have recapitulated the fatal paralysis seen in ALS patients, and their 

use has been an important contributor to defining FALS disease mechanisms. These 

mechanisms include mitochondrial dysfunction, protein aggregation and misfolding, 

glutamate excitotoxicity, hyperexcitability, oxidative stress, and dysregulation of 

transcription and RNA processing (Beckman et al., 2001; Bruijn et al., 2004; Kuo et 

al., 2004; Ferraiuolo et al., 2011). Most recently, the development of human stem cell-

based models have aided the study of this disease, enabling the investigation of 

disease processes in cells derived from SALS and FALS patients. Unlike many of the 

currently available animal models, patient derived cells express disease relevant levels 

of ALS-related mutations.  

The fundamental pathological basis for ALS remains to be determined along with the 

insults that specifically target and cause degeneration of MNs. Although traditionally 

viewed as a disease mainly affecting MNs due to dysfunctional processes occurring 

within them, evidence suggests that degeneration also involves toxic signals from 

multiple other cell types including astrocytes, microglia and oligodendrocytes (Ilieva 

et al., 2009). Non-cell autonomous disease mechanisms were first implicated in ALS 

when increased levels of glutamate were found in CSF samples from ALS patients 

(Rothstein et al., 1990; Shaw et al., 1995a).  These increased levels were associated 
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with a decrease in the expression of the astroglial transporter, EAAT2 (GLT-1 in 

rodents), which removes glutamate from the extracellular space, terminating neuronal 

excitation (Bruijn et al., 1997; Bendotti et al., 2001b; Pardo et al., 2006; Kim et al., 

2011). The failure of glutamate re-uptake by EAAT2 results in sustained elevation of 

neuronal intracellular Ca2+, initiating a cell death cascade. The permeability of AMPA 

receptors to Ca2+ also plays a role in excitotoxicity, as MNs express low levels of the 

GluR2 subunit making them more permeable to Ca2+, leaving MNs to rely on 

astrocytes to induce GluR2 subunit up-regulation. Astrocytes expressing mutant 

hSOD1 lose their ability to regulate GluR2 expression thereby increasing MN 

vulnerability to AMPA receptor-mediated excitotoxicity (Van Damme et al., 2007). 

Additional research has firmly established the contribution of neighbouring glial cells 

to the degeneration of MNs (Boillée et al., 2006; Lobsiger and Cleveland, 2007; 

Yamanaka et al., 2008). These studies, which utilise primary mutant SOD1 astrocytes 

from rodent models (Di Giorgio et al., 2007; Nagai et al., 2007; Cassina et al., 2008; 

Fritz et al., 2013; Phatnani et al., 2013; Rojas et al., 2014) and patient samples 

(Marchetto et al., 2008; Haidet-Phillips et al., 2011; Re et al., 2014), illustrate how 

wild-type MNs from rodent models or derived from human embryonic stem cells are 

selectively targeted, leaving other cell types unaffected. Non-cell-autonomous 

processes involving glial cells harbouring mutant SOD1 are implicated not only in 

disease progression, but also the onset and early stages of the disease. 

Mutant SOD1 genes are expressed ubiquitously in humans and mice and expression 

exclusively in mouse MNs is not sufficient to cause disease (Pramatarova et al., 2001; 

Lino et al., 2002; Boillée et al., 2006). However, mutant SOD1 expression in non-

neuronal cells contributes to MN toxicity and thereby, disease onset and progression 

(Ilieva et al., 2009). The involvement of microglia in ALS has also been supported by 
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studies in which, upon deletion of mutant SOD1 from microglia, disease progression 

slowed and fewer toxic factors were released, compared to when the microglia 

expressed mutant SOD1 (Clement et al., 2003; Beers et al., 2006; Boillée et al., 2006; 

Lee et al., 2012; Frakes et al., 2014). Evidence that astrocytes also play a negative role 

in human ALS was provided by a recent study showing that astrocytes generated from 

post mortem spinal cords from SOD1 or sporadic ALS patients adversely affect the 

viability of cultured ESC-derived mouse MNs (Haidet-Phillips et al., 2011). There is 

therefore increasing evidence that the presence of the mutant SOD1 protein in these 

glial cells contributes significantly to the progression of ALS in animal models.  

Relatively little is known regarding the non-cell-autonomous toxicity mediated by 

ALS mutations other than SOD1, or in SALS cases. Unlike studies of astrocytes 

harbouring mutant SOD1, which are in agreement that they are toxic to MNs, studies 

investigating the toxic effects of astrocytes harbouring TARDBP mutations have 

reported conflicting results. Human iPSC-derived astrocytes from a patient harbouring 

an M337V TARDBP mutation did not effect the survival of control iPSC-derived 

MNs (Serio et al., 2013). Similarly, astrocytes lacking TDP-43 or overexpressing 

mutant TARDBP failed to cause the death of control MNs in co-culture or when 

implanted into wild-type rat spinal cords (Haidet-Phillips et al., 2013). Conversely, 

wild-type MNs in transgenic rats, where the TARDBP M337V mutation was restricted 

to astrocytes, progressively degenerated indicating that TARDBP mutations can cause 

non- cell autonomous death of MNs (Tong et al., 2013). Primary wild-type MNs 

exposed to astrocyte- conditioned medium (ACM) from primary astrocyte cultures of 

mutant TDP-43 mice also provides evidence for the non-cell autonomous effect of 

TARDBP mutations by causing MN death (Rojas et al., 2014). Astrocytes taken from 

SALS patient post-mortem samples have also been shown to cause control MNs to die 
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(Haidet-Phillips et al., 2011), as have induced astrocytes (i-astrocytes), generated 

from SALS patients and patients with C9ORF72 mutations (Meyer et al., 2013). 

MN excitability alterations have been described in mutant SOD1 mouse models (Pieri 

et al., 2003; Kuo et al., 2004; van Zundert et al., 2008; Quinlan et al., 2011; Delestrée 

et al., 2014), in ALS patients (Vucic and Kiernan, 2006; Kanai et al., 2012) and in 

iPSC-derived MNs harbouring SOD1, C9ORF72, TARDBP or FUS mutations (Sareen 

et al., 2013; Wainger et al., 2014; Devlin et al., 2015). These studies focused on the 

possible cell autonomous mechanisms that could lead to the onset and progression of 

ALS. However, a recent study showed that these changes can be mediated by non-cell 

autonomous disease mechanisms (Fritz et al., 2013). Acute exposure of mouse 

primary wild-type spinal cord MN cultures to conditioned medium derived from 

mouse astrocytes (ACM) expressing mutant SOD1 caused MN hyperexcitability, a 

similar phenotype to those described in early embryonic and postnatal mutant SOD1 

MNs (Pieri et al., 2003; Kuo et al., 2004; Quinlan et al., 2011) and iPSC-derived MN 

studies (Wainger et al., 2014; Devlin et al., 2015). In the present study, detailed 

electrophysiological analyses of a humanised in vitro model has been carried out 

where healthy control iPSC-derived MNs are co-cultured with iPSC-derived 

astrocytes from control, TARDBP, C9ORF72 and C9 gene edited patient lines. These 

data reveal the ability of control iPSC-derived MNs to develop appropriate functional 

properties when co-cultured with all iPSC-derived astrocyte lines. However, iPSC-

derived MNs co-cultured with TARDBP or C9ORF72 iPSC-derived astrocytes 

undergo a progressive loss of action potential output and a decrease in ionic 

conductances compared to MNs co-cultured with the control iPSC-derived astrocyte 

line. These pathophysiological alterations occurred in the absence of any overt 

changes in MN viability. Recordings obtained from control MNs co-cultured with 
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astrocytes derived from an iPSC line in which the C9ORF72 mutation was removed 

revealed a reversal of the pathophysiological phenotype.  
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2. Methods 

2.1. iPSC Lines  

For this study we used 6 iPSC lines from 6 individuals: 1 male M337V TDP-43 ALS 

patient (1 clone, M337V1); 1 male G298S TDP-43 ALS patient (1 clone, G298S); 1 

female C9ORF72 ALS patient (1 clone, Carrier 1 gene edited clones); 2 male 

C9ORF72 ALS patients (1 clone, Carrier 2; 1 Clone, Carrier 3) and 1 female healthy 

control (1 clone, CTRL). iPSCs were generated from fibroblasts as previously 

described (Yusa et al., 2011; Bilican et al., 2012; Devlin et al., 2015). In addition, an 

isogenic/gene edited control line was generated from the Carrier 1 C9ORF72 patient 

line using the CRISPR-Cas9 system to remove the G4C2 repeat expansion on 

C9ORF72 (Carrier1-ΔG4C2). At least 4 iPSC differentiations were performed for each 

line with control and patient iPSC differentiations always run in parallel. iPSCs were 

established by virally transducing 105 fibroblasts with the Yamanaka reprogramming 

factors OCT4, SOX2, KLF4 and c-MYC using either lentiviral (Vectalys) or Sendai 

(Life technologies) reprogramming kits. See Chapter 2 methods for full details. 

Members of Siddharthan Chandran’s lab at the University of Edinburgh, Chris Shaw’s 

lab at King’s College London and Ludovic Vallier’s lab at the University of 

Cambridge carried out the generation and differentiation of iPSCs into neuronal 

lineages.  

                                                
1 Subsequent data available post-submission revealed that the most recent iPSC-
derived astrocytes generated from the M337V TDP-43 patient had irregular 
karyotyping which likely impacted the results from co-cultures with this line. 
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2.2. Generation of Astrocytes from iPSC Lines 

Generation of neurospheres from iPSC lines and their patterning to acquire MN 

progenitor identity were carried out as previously described (Bilican et al., 2012; 

Serio et al., 2013). Neurospheres were mechanically chopped at the beginning of the 

enrichment phase and cultured in NSCR EF20 medium containing Advanced 

DMEM/F12 (Invitrogen), 1% N2 supplement (Invitrogen), 0.1% B-27 supplement 

(Invitrogen), 1% nonessential amino acids (NEAA; Invitrogen), 1% 

penicillin/streptomycin (Invitrogen), 1% GlutaMAX solution (Invitrogen), 20 ng/mL 

fibroblast-growth factor 2 (FGF-2; PeproTech), and 20 ng/mL epidermal growth 

factor (EGF; R&D Systems) for 2–4 weeks (depending on the size of the chopped 

spheres). After enrichment, the spheres were propagated in NSCR medium and 

passaged mechanically by chopping them every 2 weeks. Monolayer cultures were 

generated by dissociating the spheres with the Papain Dissociation System 

(Worthington Biochemical) and plated on plates coated with Matrigel (BD 

Biosciences; 1:80 dilution). The monolayer astrocyte progenitor cells (APCs) cultures 

were propagated in NSCR EF20 medium and passaged when confluent by using 

Accutase (Sigma) (split ratio 1:2–1:3). Astrocyte populations were obtained by 

differentiating the APCs for 14 days with AstroMED CNTF containing Neurobasal 

medium (Invitrogen), 0.2% B-27 supplement, 1% NEAA, 1% penicillin/streptomycin, 

1% GlutaMAX and 10 ng/mL ciliary neurotrophic factor (CNTF; R&D Systems), on 

Matrigel-coated plates or tissue culture flasks. Differentiated astrocytes were plated 

on Matrigel coated 96-well plates at a density of 3 × 104 cells per well. Chen Zhao in 

Siddharthan Chandran’s lab carried out astrocyte generation from neurospheres.   
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2.3. MN generation from iPSC lines 

Differentiation of iPSCs into a neuronal and MN lineage was performed using 

modifications of previously established and validated protocols (Bilican et al., 2012; 

Amoroso et al., 2013; Devlin et al., 2015). Only control iPSC-derived MNs were used 

for these studies. See methods Chapter 2 for full details. Technical staff in 

Siddharthan Chandran’s lab at the University of Edinburgh performed these steps. 

2.4. Astrocyte and MN co-cultures 

Astrocytes were plated at a density of 150 x 103 cells per well in 24-well plates on 

plastic coverslips (Thermo Scientific) coated with laminin (Sigma), fibronectin 

(Sigma) and Matrigel (BD Biosciences) in EF20 medium for between 5-7 days. 

Astrocytes were then differentiated for a further two weeks in AstroMED CNTF. 

Control iPSC-derived MN progenitors were dissociated with the Papain Dissociation 

System (Worthington Biochemical) and plated at a density of 50 x 103 cells per well 

on top of the astrocytes once the astrocyte medium had been removed. MN plate 

down medium consisted of Neurobasal medium, 1% penicillin/streptomycin, 0.5% 

GlutaMAX, 0.5% B-27, 0.5% N-2 Supplement, 20 ng/ml basic FGF, 1 µM retinoic 

acid, 1 µM purmorphamine, 1 µM mouse Smo agonist SAG (Merck 

Millipore)(Amoroso et al., 2013). 24 hours post MN plating, 20 ng/ml CNTF; R&D, 

10 ng/ml GDNF and 10 µM forskolin) were added, with this medium used until day 

14, feeding every 3 days. From day 14, RA, SAG, purmorphamine and forskolin was 

removed from the medium, with cells then maintained for up to 10 weeks. 
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2.5. Immunofluorescence 

Cells were fixed in 4% (wt/vol) paraformaldehyde for 10 minutes, permeabilized in 

0.1% Triton X-100 at room temperature for 10 minutes and blocked in 3% (vol/vol) 

goat or donkey serum for 45 minutes. They were then incubated in primary antibodies 

for 45 minutes (Table 3.1) followed by secondary antibodies for 20 minutes (Alexa 

Fluor dyes, Invitrogen). The nuclei were counterstained with DAPI (Sigma) for 5 

minutes and coverslips were mounted on slides with FluorSave (Merck). Fluorescent 

imaging was performed on fields of view containing uniform DAPI staining using an 

Axioscope (Zeiss) microscope. Images were processed with Axiovision V 4.8.1 

(Zeiss) and immunolabelled cells counted manually by a blinded observer within 

ImageJ64 (v 1.47) software. Chen Zhao in Siddharthan Chandran’s lab at the 

University of Edinburgh carried out the immunofluorescence staining and imaging 

presented in Fig. 1A. 

 

 

 

 

An#body( Host( Company( Concentra.on(
Vimen#n( Goat0polyclonal0 Millipore0 1:500
Β3/Tubulin( Mouse0monoclonal0 Sigma0 1:10000
GFAP( Rabbit0polyclonal0 Dako0 1:5000
NFIA( Rabbit0polyclonal0 Abcam0 1:1000
S100β( Rabbit0polyclonal0 Dako0 1:4000

Table 3.1: List of primary antibodies used 
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2.6. RNA- FISH 

FISH was performed using an Alexa 546- conjugated (GGCCCC)4 oligoneucleotide 

probe (IDT). See methods Chapter 2 for full details. Immunostaining was performed 

as described above. Elaine Cleary in Siddharthan Chandran’s lab at the University of 

Edinburgh carried out these steps and provided the images for Fig. 3.1C.  

2.7. CRISPR/Cas9 

The isogenic C9ORF72 Δ G4C2 iPSC line was generated from a C9ORF72 ALS 

patient iPSC line using CRISPR/Cas9 mediated genome editing. See methods Chapter 

2 for full details. Bhuvaneish Thangaraj Selvaraj in Siddharthan Chandran’s lab at the 

University of Edinburgh performed these steps.  

2.8. Cell viability assays  

For LDH assays, cell culture medium was collected from control iPSC-derived MNs 

co-cultured with control, patient derived and gene-edited iPSC-derived astrocytes, 

which were differentiated in parallel to enable direct comparisons. Medium was 

collected twice per week across weeks 3-10 post-plating from MN co-cultures with 

control, C9ORF72 (Carrier 1) and gene-edited (Carrier-1 Δ) astrocytes. LDH activity 

(mU/ml) was calculated for each cell type using LDH assay kits (Abcam). LDH 

activity was plotted versus post-plating date, and compared between cell types using 

one-way ANOVAs.  

Survival analysis of control iPSC-derived MNs was performed, with the observer 

blinded to the cell lines, by counting the number of MNs on the Carrier (C9) or 

Carrier-1 Δ astrocytes stained with the MN marker SMI-32. 20 images were taken 
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from each line at weeks 5-6 and 7-10 post-plating. Statistical analysis was performed 

using a one-way ANOVA followed by Tukey’s post-hoc test.  

2.9. Electrophysiology  

Whole-cell patch-clamp recordings were used to assess the functionality of control 

iPSC-derived MNs. Voltage-clamp mode was used to investigate intrinsic membrane 

properties. Current-clamp mode was used to investigate the firing properties of MNs. 

Experiments were carried out in a recording chamber which was perfused 

continuously with oxygenated artificial cerebral spinal fluid (aCSF) at room 

temperature (22-24°C). Whole-cell patch-clamp recordings were made from cells 

visualised by infrared-differential interference contrast (IR-DIC) microscopy using an 

Olympus upright BX51WI microscope with a 40X submersion lens. Patch electrodes 

(4.0-5.0 MΩ resistance) were pulled on a Sutter P-97 horizontal puller (Sutter 

Instrument Company, Novato, CA) from borosilicate glass capillaries (World 

Precision Instruments, Sarasota, FL). Recorded signals were amplified and filtered 

(4kHz low-pass Bessel filter) using a MultiClamp 700B amplifier (Axon Instruments, 

Union City, CA) and acquired at ≥ 10kHZ using a Digidata 1440A analog-to-digital 

board and pClamp10 software (Axon Instruments). Whole-cell capacitance (Cm), 

input resistance (RN), series resistance (RS) and resting membrane potential (RMP) 

values were calculated using pClamp10 software. Only cells with an Rs < 20MΩ, a 

RMP more hyperpolarised than -20mV and RN > 100 MΩ were included in data 

analysis. Rs values were not significantly different between control iPSC-derived MNs 

co-cultured with control, C9ORF72, TARDBP or gene edited iPSC-derived astrocytes. 

Cells were defined as neurons if they had clear fast-inactivating inward currents (≥ 

50pA). Recordings from glial cells were excluded from all analyses. An on-line P4 
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leak subtraction protocol was used for all recordings of voltage-activated currents. 

Descriptions of voltage and current-clamp protocols are provided in the results 

section.  

The aCSF used for all electrophysiological recordings contained the following in mM; 

127 NaCl, 3 KCl, 2 CaCl2, 1 MgSO4, 26 NaHCO3, 1.25 NaH2PO4, 10 D- glucose 

(equilibrated with 95% O2 and 5% CO2 at room temperature, pH 7.45; osmolarity, ~ 

310mOsm). The pipette solution contained (in mM): 140 potassium methane-

sulfonate, 10 NaCl, 1 CaCl2, 10 HEPES, 1 EGTA, 3 ATP-Mg, 0.4 GTP, (pH 7.2-7.3, 

adjusted with KOH; osmolarity adjusted to ~ 300mOsm with sucrose).  

Electrophysiological data were analysed using Clampfit10 software (Axon 

Instruments). Data from control iPSC-derived MNs co-cultured with the C9ORF72 

iPSC-derived astrocytes lines (3 lines) and the gene- edited iPSC-derived astrocytes 

(3 lines) were pooled for all analyses. Peak Na+ currents and peak K+ currents (log10 

transformed), Cm, RN, and RMP were compared across the five different co-culture 

groups using one-way ANOVAs. Frequency-Current (f-I) relationships were 

compared across cell lines using general linear models. Pair-wise comparisons were 

made using Tukey’s honest significant difference test, where necessary.   

For the purposes of statistical comparisons, spontaneous synaptic activity and action 

potential generation were classified as either present or absent. These binary data 

were fitted with a general linear model and contrasts were made using Wald’s tests 

and P values adjusted using a Bonferroni correction.  
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3. Results 

3.1. Generation of iPSCs and differentiation into astrocytes 

Using a previously described method (Bilican et al., 2012), six iPSC lines were 

generated from fibroblasts, including one line from one healthy individual (CTRL), 

three lines from three ALS patients carrying the C9ORF72 mutation (Carrier 1, 

Carrier 2 and Carrier 3) and two lines from two ALS patients harbouring TARDBP 

mutations, one with an M337V mutation and one with an G298S mutation. 

Additionally, a gene-edited line was generated from Carrier 1 using CRISPR-Cas9 

technology to remove the G4C2 repeat expansion on C9ORF72 (Carrier1-ΔG4C2). 

Immunocytochemistry showed high expression levels of APC markers, vimentin and 

nuclear factor I-A (NFIA), and astrocyte markers, S100 calcium binding protein β 

(S100β) and glial fibrillary acidic protein (GFAP) in our cultures (Fig. 3.1A). 

Quantification of immunolabelling for S100β, GFAP and a neuronal marker βIII-

tubulin revealed that highly pure astrocyte populations were generated from iPSC 

lines with comparable differentiation (Fig. 3.1B). This suggests that the presence of 

the ALS mutations do not interfere with the differentiation of astrocytes from iPSCs. 

Next, we asked whether RNA foci could be detected in astrocytes harbouring 

C9ORF72 mutations derived from patient iPSCs. To determine this, RNA FISH was 

performed using a probe against the GGGGCC repeat. Nuclear RNA foci were 

detected in all C9ORF72 mutant astrocyte lines but not in control or the isogenic 

gene-edited (Carrier-1Δ) lines demonstrating that the presence of the G4C2 repeat 

expansion causes formation of RNA foci in astrocytes (Fig. 3.1C).  
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Figure 3.1: Generation of astrocytes from ALS patient and healthy control iPSCs 

do not affect MN viability in co-culture. 
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Figure 3.1: Generation of astrocytes from ALS patient and healthy control iPSCs 

do not affect MN viability in co-culture  

 (A) Representative immunohistochemical images of astrocyte progenitor cells 

(APCs), labelled with vimentin and NFIA, and of astrocytes, labelled with GFAP and 

S100β, derived from iPSCs (scale bar, 50 µm; Images generated by Chen Zhao at the 

University of Edinburgh). (B) Quantification of the percentage of differentiated 

astrocytes in control, C9ORF72, TARDBP and gene edited iPSC lines. (C) 

Representative images of cells containing RNA foci, revealed using an antisense 

probe against the G4C2 repeat expansion, co-labelled with the astrocytic marker GFAP 

(Scale bars, 10 µm top panel, 2.5 µm bottom panel; Images generated by Chen Zhao 

at the University of Edinburgh). (D) LDH activity plotted for control MNs co-cultured 

with control, C9 patient and gene-edited iPSC-derived astrocytes cultures from weeks 

3–10 post plating (data are plotted as 𝑥  ± s.e.m. P<0.01; one way ANOVA). (E) 

Quantification of the percentage of MNs when co-cultured with C9 patient and gene-

edited iPSC-derived astrocytes. 
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3.2. Patient iPSC-derived astrocytes do not alter the viability of 

control iPSC-derived MNs 

Having established equivalent astrocyte enriched cultures from both control and 

patient iPSC lines, we first investigated whether there were any differences in cell 

viability between MNs co-cultured with control, patient or gene edited iPSC-derived 

astrocytes. Our initial observations suggested that control iPSC-derived MNs plated 

on control, patient or gene edited iPSC-derived astrocytes were morphologically 

indistinguishable. To confirm this we performed quantitative analyses of cell viability 

using lactate dehydrogenase (LDH) assays and MN cell counts. Analysis of LDH 

activity in control iPSC-derived MNs co-cultured with 1 control line (CTRL), 3 

C9ORF72 lines (Carrier 1, 2 and 3) and 2 gene edited lines (Carrier-1Δ1 and Carrier-

1Δ2) revealed greater LDH activity in C9ORF72 astrocyte co-cultures and in the gene 

edited astrocyte co-cultures compared to co-cultures with control astrocytes at weeks 

7-10 (P<0.01; one way ANOVA with Tukey’s honest significant difference; Fig. 

3.1D). However, as there was an indication from general observations using IR-DIC 

microscopy of higher astrocytic death in the C9ORF72 astrocytes, we performed 

immunocytochemistry on the iPSC-derived MN and astrocyte co-cultures at weeks 5-

6 and 7-10. We found that there was a similar proportion of SMI-32 positive control 

iPSC-derived MNS co-cultured with either C9ORF72 mutant astrocytes or the gene 

edited astrocytes (Fig. 3.1E). In summary, although an LDH assay suggested higher 

cell death in co-cultures with C9ORF72 and gene edited astrocytes compared to 

controls, MN counts failed to reveal any differences in MN viability when co-cultured 

with C9ORF72 astrocytes or gene edited astrocytes. 
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3.3. Patient iPSC derived astrocytes cause control iPSC-derived 

MNs to lose functional output 

As the standard cell viability assays failed to uncover overt pathologies in control 

iPSC-derived MNs caused by the patient iPSC-derived astrocytes, we next used 

electrophysiological analyses to investigate whether patient iPSC-derived astrocytes 

had any affect on the function of control MNs. Whole-cell patch-clamp recordings 

were obtained from the largest neurons visualized via IR-DIC microscopy in the co-

cultures from 3 to 10 weeks post MN plating. Selecting the largest neurons ensured 

recordings were predominantly obtained from MNs (Devlin et al., 2015).  

We first compared the passive membrane properties of control iPSC-derived MNs co-

cultured with control, patient or gene edited iPSC-derived astrocytes. For these and all 

other electrophysiological analyses, data were pooled for control iPSC-derived MNs 

co-cultured with the C9ORF72 (Carrier 1,2 and 3) iPSC-derived astrocyte lines and 

for the gene edited (Carrier 1- Δ1, 2 and 3) iPSC-derived astrocyte lines. At weeks 3-

4, whole-cell capacitance (Cm) values were similar across MNs plated on CTRL, 

C9ORF72, gene edited and TARDBP G298S astrocytes but were significantly smaller 

in MNs plated on TARDBP M337V astrocytes (see Table 3.2 for 𝑥  ± s.e.m. and 

sample sizes; one-way ANOVA with Tukey’s honest significant difference). From 

weeks 5-10, MNs plated on C9ORF72 astrocytes had significantly smaller Cm values 

compared to those on gene-edited astrocytes and from weeks 7-10 compared to MNs 

on CTRL astrocytes. MNs co-cultured with both TARDBP astrocyte lines had 

significantly smaller Cm values compared to those on CTRL and gene edited 

astrocytes at weeks 7-10. Input resistance (RN) values were significantly higher in  
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'
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!

789!±!64*�†!
!

560!±!73!

Weeks'576! 377!±!38! 391!±!44!
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†!Significantly!different!from!gene4edited!paSent!lines(†,!P<0.05;!†††,p<0.0001)!
!
!
!
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MNs co-cultured with M337V astrocytes at weeks 3-4 and 7-10 compared to those on 

CTRL, C9ORF72, gene edited and G298S TARDBP astrocytes. MNs co-cultured with 

C9ORF72 astrocytes had a more depolarised resting membrane potential (RMP) at 

weeks 3-4 compared to MNs co-cultured with gene edited astrocytes while MNs co-

cultured with M337V TARDBP astrocytes had a more depolarised RMP compared to 

CTRL astrocytes at weeks 7-10 (Table 3.2; P<0.05). These findings indicate that ALS 

patient iPSC-derived astrocytes cause changes to the passive membrane properties of 

control iPSC-derived MNs. Most changes are associated with measurements of cell 

size therefore it is likely that the patient iPSC-derived astrocytes impair or reduce the 

ability of axons and dendrites to grow, as seen in studies of ALS mouse models and 

patient samples (Nagai et al., 2007; Gallardo et al., 2014). 

Current-clamp mode recordings of control iPSC-derived MNs, co-cultured with 

control, C9ORF72, gene edited or TARDBP iPSC-derived astrocytes, demonstrated 

their ability to repetitively fire trains of action potentials in response to current 

injection. In order to compare the excitability of repetitively firing MNs co-cultured 

with control, patient or gene edited iPSC-derived astrocytes, frequency-current (f-I) 

relationships were generated from responses to a series of injected current steps (0 to 

145pA, in 10pA increments, 1s duration). Comparisons were performed on data 

pooled from recordings of repetitively firing cells at weeks 3-6 post MN plating (Fig. 

3.2A). Analyses of the slope of the combined f-I relationship found no differences 

between MNs co-cultured with control, C9ORF72, gene edited or TARDBP astrocytes 

(Fig. 3.2B). However, rheobase current differed between MNs plated on C9ORF72 

astrocytes compared to MNs plated on control astrocytes and on TARDBP M337V 

astrocytes (Control 𝑥  15.6 ± s.e.m. 1.4pA, n=16, C9ORF72 26.1 ± 3.2, n=26, gene  
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Figure 3.2: Loss of action potential output in control iPSC-derived MNs co-

cultured with C9ORF72 and TARDBP G298S iPSC-derived astrocytes.  

Figure caption on following page 
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Figure 3.2: Loss of action potential output in control iPSC-derived MNs co-

cultured with C9ORF72 and TARDBP G298S iPSC-derived astrocytes.  

 (A) Repetitive firing in response to square current injection in control iPSC-derived 

MNs co-cultured with CTRL, C9ORF72, gene-edited, TARDBP M337V and G298S 

iPSC-derived astrocytes. (B) Frequency-current (f–I) relationships generated for 

repetitively firing control iPSC-derived MNs co-cultured with CTRL (n=15), 

C9ORF72 (n=26), gene-edited (n=15), TARDBP M337V (n=7) and G298S (n=5) 

astrocyte lines recorded from weeks 2–6 post plating (data are plotted as 𝑥± s.e.m.) 

(C) Properties of repetitively firing MNs including (i) firing frequency and (ii) 

threshold (*, significantly different to MNs on control astrocytes, P<0.05; ♯, 

significantly different to MNs on patient astrocytes, P<0.05.) (D) Examples of the 

four categories of firing observed in iPSC-derived MNs (repetitive, adaptive, single or 

no firing). (E) Proportion of cells exhibiting each firing category in MNs co-cultured 

with CTRL (n=87), C9ORF72 (n=247), gene-edited (n=155), TARDBP M337V 

(n=106) and G298S (n=59) iPSC-derived astrocyte lines across weeks 3–10 post 

plating (*significantly different to MNs on control astrocytes, P<0.05; ***, P<0.0001; 

††significantly different to MNs on gene edited astrocytes, P<0.01; †††, P<0.0001; 

general linear model with multiple Wald’s test and Bonferroni correction). 
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edited 22.3 ± 1.2, n=15; M337V 12.1 ± 1.8, n=7; G298S 21 ± 4, n=5; P<0.05; one-

way ANOVA; Fig. 3.2C(ii)), suggesting some degree of hypoexcitability in MNs on 

C9ORF72 iPSC-derived astrocytes.  

Four output patterns including repetitive, adaptive, single and no firing were observed 

in MNs cultured on astrocytes in response to current injections (Fig. 3.2D). Repetitive 

firing was defined as a train of action potentials that lasted for the duration of the 

square current injection (1s), while adaptive firing was defined as multiple action 

potentials that stopped before the end of the current stimuli. Cells defined as having 

an adaptive output pattern were unable to repetitively fire in response to any of the 

series of current steps applied. When firing output data of control iPSC-derived MNs 

co-cultured with control, C9ORF72, gene edited or TARDBP iPSC-derived astrocytes 

were compared, the relative proportion of firing versus non-firing cells from weeks 3-

4 post MN plating was smaller in MNs co-cultured with TARDBP astrocytes 

compared to those on control or gene edited astrocytes (Control firing 82.9%, n=47; 

C9ORF72 firing 78.1%, n=151; gene edited firing 84.9%, n=73; TARDBP M337V 

63.2%, n=49; TARDBP G298S 63.8%, n=36 Fig. 3.2E; *significantly different to 

MNs on CTRL astrocytes, P<0.05; †† significantly different to MNs on gene edited 

astrocytes, P<0.01; general linear model with multiple Wald’s tests and Bonferroni 

correction). At weeks 5-6 and 7-10 post MN plating, the number of cells able to fire 

action potentials decreased significantly in MNs co-cultured with C9ORF72 or 

TARDBP G298S astrocytes compared to MNs co-cultured with gene edited and 

control astrocytes. The ratio of firing versus non-firing remained unchanged in MNs 

co-cultured with control or gene edited astrocytes throughout these time-points 

(Weeks 5-6: C9ORF72 firing 40.3%, n=38; gene edited firing 93.7%, n=48; Weeks 7-

10: control firing 85%, n=40; C9ORF72 firing 12.0%, n=58; gene edited firing 
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79.4%, n=34; TARDBP M337V firing 77.1%, n=57; TARDBP G298S firing 34.7%, 

n=23; Fig. 3.2E; ***significantly different to MNs plated on CTRL astrocytes, 

P<0.0001; ††† significantly different to MNs on gene edited astrocytes, P<0.0001) 

(See Fig. 3.3 for firing separated by line). These data demonstrate a loss of functional 

output in control iPSC-derived MNs co-cultured with C9ORF72 or TARDBP G298S 

iPSC-derived astrocytes compared to those on control or gene edited astrocytes, with 

the number of firing cells on TARDBP M337V astrocytes returning to a similar 

proportion as control and gene edited co-cultures at weeks 7-10. 

3.4. Synaptic inputs to control iPSC-derived MNs are not affected 

by ALS patient iPSC-derived astrocytes   

Following investigation of the output produced by iPSC-derived MNs, we next 

examined their ability to receive synaptic input. The proportion of cells that received 

any synaptic input (defined as at least 1 event per minute) was similar in MNs co-

cultured with CTRL, ALS patient and gene edited iPSC-derived astrocytes from 

weeks 3-10 post-plating (3-4 weeks: 14.3% on CTRLs, n=49; 35.9% on C9ORF72, 

n=114; 8.1% on gene edited, n=74; 13.4% on TARDBP M337V, n=52; 17.9% on 

TARDBP G298S, n=39; 5-6 weeks: 15.1% on C9ORF72, n=33; 30.7% on gene 

edited, n=39; weeks 7-10: 16.2% on CTRL, n= 43; 9.5% on C9ORF72, n=42; 13.6% 

on gene edited, n=22; 17.9% on TARDBP M337V, n=67; 8.6% on TARDBP G298S, 

n=23; Fig. 3.4A). In cells cultured from 2-6 weeks we analysed the inter-event-

interval and amplitude of synaptic events. The inter-event interval differed between 

MNs co-cultured with TARDBP G298S astrocytes compared to those on gene-edited 

astrocytes (P<0.05; one-way ANOVA; Fig. 3.4B), whilst the amplitude remained the  
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Figure 3.3: Action potential output in control iPSC-derived MNs co-cultured 

with control, C9ORF72, gene edited, TARDBP M337V or G298S iPSC-derived 

astrocytes. 

Figure caption on following page 
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Figure 3.3: Action potential output in control iPSC-derived MNs co-cultured 

with control, C9ORF72, gene edited, TARDBP M337V or G298S iPSC-derived 

astrocytes. 

Proportion of control iPSC-derived MNs exhibiting each firing category when co-

cultured with (A) CTRL iPSC-derived astrocytes (n=87), (B) C9ORF72 iPSC-derived 

astrocytes (Carrier 1, n=103; Carrier 2, n=77; Carrier 3, n=81), (C) gene-edited iPSC-

derived astrocytes (Carrier-1Δ1, n=50; Carrier-1Δ2, n=74; Carrier-1Δ3, n=31), (D) 

TARDBP M337V (n=106) and G298S (n=59) iPSC-derived astrocyte lines across 

weeks 3–10 post plating. Firing data for MN co-cultured with TARDBP M337V 

astrocytes at weeks 3-4 were significantly different from those at weeks 7-10. 



Chapter 3: Non-cell autonomous disease mechanisms in a human iPSC based model 
 

162 162 

 

Figure 3.4: MN synaptic inputs are unaffected by the presence of patient iPSC-

derived astrocytes. 

Figure caption on following page 
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Figure 3.4: MN synaptic inputs are unaffected by the presence of patient iPSC-

derived astrocytes. 

(A) Proportion of cells displaying synaptic activity from weeks 3–10 post plating in 

control iPSC-derived MNs co-cultured with CTRL (n=92), C9ORF72 (n=189), gene 

edited (n=135), TARDBP M337V (n=119) or G298S (n=62) iPSC-derived astrocytes. 

(B) Graphs of inter-event interval and (C) amplitude of synaptic events recorded from 

control iPSC-derived MNs co-cultured with control, patient and gene edited iPSC-

derived astrocytes (†significantly different to MNs on gene edited astrocytes, P<0.05; 

one way ANOVA with Tukey’s post-hoc tests and Bonferroni correction). 
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same in all lines (Fig. 3.4C) (See Fig. 3.5 for data separated by line). In summary, 

these data demonstrate that synaptic input to control iPSC-derived MNs remains 

largely unaffected by ALS patient iPSC-derived astrocytes despite the loss of action 

potential output in these cultures. 

3.5. Patient iPSC derived astrocytes cause loss of voltage-activated 

currents in control iPSC-derived MNs  

To investigate the mechanisms underlying the progressive loss of action potential 

output in control MNs co-cultured with C9ORF72 and TARDBP G298S iPSC-derived 

astrocytes, voltage-clamp recordings were performed to assess voltage-activated 

currents involved in action potential generation.  

Fast inactivating Na+ currents were first investigated by using a series of voltage steps 

(-70 to 20 mV, 2.5 mV increments, 10 ms duration) from a holding potential of -60 

mV (Fig. 3.6A). We found no differences in the current (I-V) relationships or peak 

Na+ currents between MNs co-cultured with control, C9ORF72 or gene edited iPSC-

derived astrocytes at 3-4 weeks post MN plating. However MNs co-cultured with 

both TARDBP astrocyte lines had significantly lower peak Na+ currents than those on 

control, C9ORF72 or gene edited astrocyte lines (Peak current: control 𝑥  2,232 ± 

s.e.m. 211 pA, n= 49; C9ORF72 2,067 ± 120 pA, n= 153; gene edited 2,110 ± 209 

pA, n= 74; TARDBP M337V 1,446 ± 180 pA; TARDBP G298S 1,272 ± 167 pA; Fig. 

3.6C; P<0.05; one-way ANOVA after log transformation with Tukey’s post-hoc test). 

From weeks 5-10 post MN plating, there was a progressive decrease in peak Na+ 

currents in MNs co-cultured with C9ORF72 or TARDBP G298S iPSC-derived 

astrocytes compared to co-cultures with control or gene edited iPSC-derived  
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Figure 3.5: MN synaptic inputs in co-cultures with CTRL, patient and gene 

edited iPSC-derived astrocyte lines. 
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Figure 3.5: MN synaptic inputs in co-cultures with CTRL, patient and gene 

edited iPSC-derived astrocyte lines. 

(A) Proportion of cells displaying synaptic activity from weeks 3–10 post plating in 

control iPSC-derived MNs co-cultured with CTRL (n=92), C9ORF72 (Carrier-1, 

n=104; Carrier-3, n=83), gene edited (Carrier-1Δ1, n=29; Carrier-1Δ2, n=75; Carrier-

1Δ3, n=31), TARDBP M337V (n=119) or G298S (n=62) iPSC-derived astrocytes. (B) 

Graphs of inter-event interval and (C) amplitude of synaptic events recorded from 

control iPSC-derived MNs co-cultured with control, patient and gene edited iPSC-

derived astrocytes. 
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Figure 3.6: Loss of fast, inactivating Na+ currents in control iPSC-derived MNs 

co-cultured with ALS patient iPSC-derived astrocytes.  

Figure caption on following page 
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Figure 3.6: Loss of fast, inactivating Na+ currents in control iPSC-derived MNs 

co-cultured with ALS patient iPSC-derived astrocytes.  

(A) Raw data showing fast, inactivating Na+ currents in control iPSC-derived MNs 

co-cultured with CTRL, C9ORF72, gene-edited and TARDBP iPSC-derived 

astrocytes at week 3–4 and weeks 7–10. (B) Current–voltage relationships of peak 

Na+ currents recorded from control iPSC-derived MNs on CTRL, patient and gene-

edited iPSC-derived astrocytes at weeks 7–10. (C) Peak fast, inactivating Na+ currents 

plotted from weeks 3–10 for MNs co-cultured with CTRL (n=93), C9ORF72 (n=266), 

gene-edited (n=156), TARDBP M337V (n= 118) or TARDBP G298S (n=62) iPSC-

derived astrocytes (data are plotted as  𝑥  ± s.e.m; *significantly different to MNs on 

controls astrocytes, P<0.05; ***, P<0.0001; #significant difference between MNs co-

cultured with patient astrocyte lines, P<0.05; ###, P<0.0001; †significantly different 

to MNs on gene edited astrocytes, P<0.05; †††, P<0.0001; one way ANOVA with 

Tukey’s post-hoc tests and Bonferroni correction). 
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astrocytes, with peak Na+ currents in MNs co-cultured with TARDBP M337V  

astrocytes remaining smaller than those on control astrocytes (Weeks 5-6: 

C9ORF72  𝑥 1,174 ± s.e.m. 233 pA, n= 53; gene edited 3,795 ± 371, n= 49; Weeks 7-

10: control 2,480 ± 268 pA, n=44; C9ORF72 458 ± 113 pA, n=60; gene edited 2,147 

± 345 pA, n=33; TARDBP M337V 1,501 ± 189; TARDBP G298S 1052  ± 335; Fig. 

3.6B,C; P<0.05) (See Fig. 3.7 for data separated by line).  

We next investigated whether the progressive loss of Na+ currents reflected a more 

general decrease in voltage -activated currents in control MNs co-cultured with 

C9ORF72 iPSC-derived astrocytes. Persistent K+ currents were measured by eliciting 

a series of voltage steps (-70 to 40 mV, 10 mV increments, 500 ms duration) from a 

holding potential of -60 mV (Fig. 3.8A). At weeks 3-4 post MN plating, peak K+ 

currents were comparable in MNs co-cultured with control, C9ORF72, gene edited 

and TARDBP G298S iPSC-derived astrocytes but were lower in MNs co-cultured 

with TARDBP M337V iPSC-derived astrocytes (Peak current: Control 𝑥 1,788 ± 

s.e.m. 148 pA, n=46; C9ORF72 1,913 ± 98 pA, n=147; gene edited 1,634 ± 127 pA, 

n=74; TARDBP M337V 1,125 ± 130 pA, n=52; TARDBP G298S 1,564 ± 128 pA, 

n=38; Fig. 3.8C, one-way ANOVA after log transformation with Tukey’s post-hoc 

test). Similar to Na+ currents, peak K+ currents progressively declined in control MNs 

co-cultured with C9ORF72 and TARDBP iPSC-derived astrocytes from weeks 5-10 

compared to MNs co-cultured with control or gene edited iPSC-derived astrocytes 

(Weeks 5-6: C9ORF72 𝑥 1,070 ± s.e.m. 165 pA, n=53; gene edited 2,673 ± 233 pA, 

n=43; Weeks 7-10: Control 2,069 ± 160 pA, n=41; C9ORF72 438 ± 99 pA, n=60; 

gene edited 1,816 ± 248 pA, n=33; TARDBP M337V 997 ± 118 pA, n= 66; TARDBP 

G298S 988 ± 217 pA, n=21; Fig. 3.8B,C; P<0.05) (See Fig. 3.9 for data separated by 

line). 
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Figure 3.7: Fast, inactivating Na+ currents in control iPSC-derived MNs co-

cultured with control, ALS patient and gene edited iPSC-derived astrocytes.  

Figure caption on following page 
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Figure 3.7: Fast, inactivating Na+ currents in control iPSC-derived MNs co-

cultured with control, ALS patient and gene edited iPSC-derived astrocytes.  

Peak fast, inactivating Na+ currents plotted from weeks 3–10 for MNs co-cultured 

with (A) CTRL (n=93), (B) C9ORF72 (Carrier1, n=106; Carrier 2, n=79; Carrier 3, 

n=82), (C) gene-edited (Carrier-1Δ1, n=50; Carrier-1Δ2, n=75; Carrier-1Δ3, n=31), 

(D) TARDBP M337V (n= 118) or TARDBP G298S (n=62) iPSC-derived astrocytes 

(data are plotted as  𝑥 ± s.e.m.). 
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Figure 3.8: Loss of persistent voltage-activated K+ currents in control iPSC-

derived MNs co-cultured with ALS patient iPSC-derived astrocytes. 

Figure caption on following page 
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Figure 3.8: Loss of persistent voltage-activated K+ currents in control iPSC-

derived MNs co-cultured with ALS patient iPSC-derived astrocytes.  

(A) Raw data showing persistent K+ currents in control iPSC-derived MNs co-

cultured with CTRL, C9ORF72, gene-edited and TARDBP iPSC-derived astrocytes at 

week 3–4 and weeks 7–10. (B) Current–voltage relationships of peak K+ currents 

recorded from control iPSC-derived MNs on CTRL, patient and gene-edited iPSC-

derived astrocytes at weeks 7–10. (C) Peak K+ currents plotted from weeks 3–10 for 

MNs co-cultured with CTRL (n=93), C9ORF72  (n=266), gene-edited (n=156), 

TARDBP M337V (n= 118) or TARDBP G298S (n=62) iPSC-derived astrocytes (data 

are plotted as  𝑥 ± s.e.m; * significantly different to MNs on controls astrocytes, 

P<0.05; ***, P<0.0001; #significant difference between MNs co-cultured with patient 

astrocyte lines, P<0.05; ###, P<0.0001; †significantly different to MNs on gene edited 

astrocytes, P<0.05; †††, P<0.0001; one way ANOVA with Tukey’s post-hoc tests and 

Bonferroni correction). 
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These data demonstrate a progressive reduction in both fast, inactivating Na+ currents 

and persistent, voltage-activated K+ currents in control iPSC-derived MNs co-cultured 

with C9ORF72 iPSC-derived astrocytes, which likely underlies their loss of 

functional output. Therefore, non-cell autonomous disease mechanisms involving 

interactions between astrocytes harbouring C9ORF72 or TARDBP G298S mutations 

and healthy control MNs cause dysfunction in healthy MNs, despite unaltered 

viability of MNs. 
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Figure 3.9: Persistent voltage-activated K+ currents in control iPSC-derived MNs 

co-cultured with control, ALS patient and gene edited iPSC-derived astrocytes.  

Figure caption on following page 
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Figure 3.9: Persistent voltage-activated K+ currents in control iPSC-derived MNs 

co-cultured with control, ALS patient and gene edited iPSC-derived astrocytes  

Peak persistent K+ currents plotted from weeks 3–10 for MNs co-cultured with (A) 

CTRL (n=93), (B) C9ORF72 (Carrier1, n=106; Carrier 2, n=79; Carrier 3, n=82), (C) 

gene-edited (Carrier-1Δ1, n=50; Carrier-1Δ2, n=75; Carrier-1Δ3, n=31), (D) 

TARDBP M337V (n= 118) or TARDBP G298S (n=62) iPSC-derived astrocytes (data 

are plotted as 𝑥 ± s.e.m.). 
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4. Discussion 

Although the pathophysiology of ALS involves the selective dysfunction and ultimate 

death of MNs, processes within neighbouring non-neuronal cells significantly 

contribute to the development of MN-specific degeneration. To study in more detail 

how non-neuronal cells adversely affect MNs, whole-cell patch-clamp recordings 

were obtained from control iPSC-derived MNs co-cultured with control, C9ORF72, 

gene edited or TARDBP (M337V and G298S) iPSC-derived astrocytes. These results 

demonstrated that control iPSC-derived MNs develop appropriate physiological 

properties when co-cultured with control, ALS patient and C9 gene edited iPSC-

derived astrocytes at weeks 3-4. However, temporal analysis revealed that C9ORF72 

and TARDBP G298S patient iPSC-derived astrocytes cause control iPSC-derived 

MNs to undergo a progressive loss of action potential output resulting from a 

progressive decrease in voltage-activated Na+ and K+ currents that occurs in the 

absence of changes in synaptic activity or overt changes in MN viability. It is also 

revealed that control iPSC-derived MNs co-cultured with gene edited astrocytes retain 

their functional properties providing further evidence that the presence of the G4C2 

repeat expansion is deleterious to cells in which it is present as well as neighbouring 

cells. These novel data come from the first reported study in which human iPSC-

derived MNs have been co-cultured with human iPSC-derived astrocytes harbouring 

the C9ORF72 mutation and the first demonstrating non-cell autonomous disease 

mechanisms through the use of electrophysiological recordings in a humanised in 

vitro model. It has also been demonstrated that by removing the G4C2 repeat 

expansion from astrocytes, control MNs remain functional. These data strongly 

suggest that C9ORF72 and TARDBP G298S mutations act via non-cell autonomous 



Chapter 3: Non-cell autonomous disease mechanisms in a human iPSC based model 
 

178 178 

disease mechanisms in ALS and that mechanistic variations exist between TARDBP 

mutations. 

It has previously been shown, utilising both current- and voltage-clamp recordings, 

that the current protocol for MN generation from iPSCs yields MNs that develop 

appropriate output due to the expression of voltage-activated currents and receive 

synaptic input, (Bilican et al., 2012; Devlin et al., 2015). Comparable rates of 

morphological and physiological maturation were observed in control and patient 

iPSC-derived MNs, followed by a loss of functional output in iPSC-derived MNs 

from patients harbouring TARDBP and C9ORF72 mutations. These findings were 

initially associated with cell autonomous disease mechanisms as 80% of the cultures 

were neurons, 50% of which were MNs (Devlin et al., 2015). However, the present 

study implicates astrocytes as mediators of MN dysfunction. Many studies report that 

ALS involves, at least in part, non-cell- autonomous disease mechanisms and that 

astrocytes participate these processes which lead to the death of MNs (Rothstein et al., 

1995; Bruijn et al., 1997; Di Giorgio et al., 2007; Nagai et al., 2007; Cassina et al., 

2008). Astrocytes, broadly subclassified as protoplasmic or fibrous, are diverse and 

have many heterogeneous functions. The proposed mechanisms through which 

astrocytes have been shown to cause MN death so far are by triggering nitroxidative 

stress, necroptosis and MN hyperexcitability (Fritz et al., 2013; Re et al., 2014; Rojas 

et al., 2014). A population of astrocytes have been isolated in the grey matter of the 

spinal cord in mutant SOD1 rats and have been termed “aberrant astrocytes”. These 

astrocytes are highly proliferative, do not express detectable levels of GLT-1 and 

appear to drive MN death in a cell-type specific manner (Diaz-Amarilla et al., 2011). 

Therefore by studying astrocytes from regions in which vulnerable MNs in ALS are 

located, specific secretion factors may be identified which cause or influence MN 
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degeneration, aiding in the search for treatment targets for ALS patients.  It has also 

been shown that the enrichment of the protein complex of α2-Na/K ATPase and α-

adducin in mutant SOD1 mice astrocytes cause MN degeneration as, after knockdown 

of the protein complex in mutant SOD1 astrocytes or treatment with digoxin, MNs 

were spared and the lifespan of mutant SOD1 mice was increased (Gallardo et al., 

2014). Direct astrocytic contact does not appear to be required to cause MN death as 

studies in which medium was collected from primary astrocytes harbouring ALS 

mutations in vitro, caused wild-type MNs to degenerate (Nagai et al., 2007; Rojas et 

al., 2014). Astrocyte conditioned medium (ACM) taken from primary cultures of 

mutant SOD1 astrocytes also cause wild-type MNs to undergo electrophysiological 

changes, namely hyperexcitability (Fritz et al., 2013). Therefore it is possible that 

previous evidence of hyperexcitability demonstrated in mutant SOD1 mouse models 

(Pieri et al., 2003; Kuo et al., 2004; van Zundert et al., 2008; Quinlan et al., 2011) and 

iPSC-derived MNs harbouring SOD1, C9ORF72 or TARDBP mutations (Wainger et 

al., 2014; Devlin et al., 2015) could result from influences of mutation harbouring 

astrocytes.  

There is ample evidence that astrocytes expressing mutant SOD1 contribute to the 

pathogenesis of ALS, with studies indicating that such astrocytes release neurotoxic 

factors that kill healthy control MNs in culture (Nagai et al., 2007; Cassina et al., 

2008; Marchetto et al., 2008; Fritz et al., 2013; Re et al., 2014). Understanding 

whether the TARDBP or C9ORF72 mutation carrying astrocytes have a comparable 

neurotoxic effect is therefore of great interest. Previously reported studies on non- cell 

autonomous disease mechanisms associated with TARDBP mutations are conflicting 

whilst there is only one reported study of the potential non-cell autonomous effect of 

astrocytes harbouring the C9ORF72 mutation. Human iPSC-derived astrocytes from a 
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patient harbouring an M337V TARDBP mutation were found to display the 

characteristic TDP-43 pathologies, a pathological hallmark in non SOD1 ALS cases, 

and were more vulnerable to cell death under basal culture conditions. Although the 

astrocytes themselves were more vulnerable, they did not affect the survival of control 

iPSC-derived MNs (Serio et al., 2013). In the present study, although the TARDBP 

M337V astrocytes caused control MNs to have smaller Na+ and K+ currents 

throughout the period they were studied, MNs only showed a transient deficit in firing 

output and a weeks 3-4 but were functional at weeks 7-10, having the same ability to 

produce functional output as control MNs on control and gene edited astrocytes. 

Similarly, astrocytes derived from mice lacking TDP-43 or overexpressing mutant 

TARDBP failed to cause the death of control MNs in co-culture or when implanted 

into wild-type rat spinal cords (Haidet-Phillips et al., 2013). In opposition to these 

findings it has been demonstrated that wild-type MNs undergo degeneration in 

transgenic rats in which the expression of the TARDBP M337V mutation is restricted 

to astrocytes (Tong et al., 2013) and that control MNs degenerate as a result of 

nitroxidative stress after exposure to astrocyte- conditioned medium (ACM) from 

primary astrocyte cultures of mutant TDP-43 mice, (Rojas et al., 2014). In the present 

study, astrocytes harbouring the TARDBP G298S mutation caused control MNs to 

lose their ability to produce functional output and led to a decrease in their peak Na+ 

and K+ currents throughout the time period that they were studied. Within this study 

alone, it is therefore evident that variations occur in the potential non-cell autonomous 

involvement of mutations within and between various genes associated with ALS. A 

key question in understanding how TARDBP mutations cause cellular toxicity in ALS 

is how the various mutations alter the normal function of TDP-43. One study, using 

stable isogenic cell lines expressing a single copy of either wild type TDP-43, 
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TARDBP G298S, TARDBP Q331K or TARDBP M337V, showed that all three 

TARDBP mutations exhibit longer protein half-lives compared with wild-type TDP-

32, suggesting that abnormal stability may be a common feature for TARDBP 

mutations in ALS. However, it was also shown that the TARDBP G298S mutation 

generates higher TDP-43 stability suggesting that an intrinsically increased half-life 

may contribute to the underlying mechanism for the accumulation of TDP-43 

aggregations found in ALS patients (Ling et al., 2010). This study alone supports the 

idea that inherent variability exists between TARDBP mutations therefore TDP-43 

protein stability should be taken into account in these studies in order to directly 

compare the apparent conflicting results, which may be due to abnormal TDP-43 

stability. 

Potential non-cell-autonomous disease mechanisms in SALS have been explored 

using SALS patient post-mortem astrocytes which, when co-cultured with control 

MNs, cause MN degeneration (Haidet-Phillips et al., 2011). Induced astrocytes (i-

astrocytes) have also been generated from SALS patients and patients with C9ORF72 

mutations and co-cultured with mouse embryonic stem cell (ESC) derived MNs. The 

i-astrocytes are generated directly from patient fibroblasts, bypassing the formation of 

iPSCs (Meyer et al., 2013; Caiazzo et al., 2015). The i-astrocytes from C9ORF72 

ALS patients, SALS patients and SOD1 ALS patients caused the mESC-derived MNs 

to degenerate. In the present study, using both human iPSC-derived MNs and 

astrocytes harbouring the C9ORF72 mutation cause control iPSC-derived MNs to 

become dysfunctional, without altering their viability. The phenotype caused by one 

of the C9ORF72 astrocyte lines (Carrier 3) was so severe at weeks 7-10 that no 

recordings obtained from MNs co-cultured with these astrocytes were included in the 

results as their electrophysiological properties did not fit required criteria (had 
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currents < 50pA and had a membrane potential more depolarised than -20mV).  

Previous studies of ALS patients (Kanai et al., 2006; Vucic et al., 2008), human 

iPSCs (Sareen et al., 2013; Wainger et al., 2014; Devlin et al., 2015) and animal 

models of the disease (Pieri et al., 2003; Kuo et al., 2005; Zona et al., 2006; Bories et 

al., 2007; van Zundert et al., 2008; Fritz et al., 2013; Fuchs et al., 2013; Delestrée et 

al., 2014) have reported excitability alterations in spinal cord MNs and in 

corticospinal neurons of the motor cortex. These alterations in excitability include 

hyperexcitability (Pieri et al., 2003; Vucic and Kiernan, 2007; Quinlan et al., 2011; 

Kanai et al., 2012; Wainger et al., 2014; Devlin et al., 2015) and hypoexcitability/ loss 

of function (Fuchs et al., 2013; Sareen et al., 2013; Delestrée et al., 2014; Devlin et 

al., 2015). Whilst it has been suggested that preventing hyperexcitability in MNs 

increases MN survival (Fritz et al., 2013; Wainger et al., 2014) hyperexcitability was 

transient in the previous study (Devlin et al., 2015) and did not persist into 

symptomatic stages in animal models of ALS (Fuchs et al., 2013; Delestrée et al., 

2014). However, it has recently been shown that MNs degenerate even in the absence 

of hyperexcitability and those that are hyperexcitable are typically spared in the 

disease (Leroy et al., 2014). Recent work supports this link between hyperexcitability 

and neuroprotection (Saxena et al., 2013), particularly when hyperexcitability is 

induced via activation of cholinergic C-bouton inputs to MNs (Miles et al., 2007; 

Zagoraiou et al., 2009) which are known to be enlarged presymptomatically in ALS 

model mice (Pullen and Athanasiou, 2009; Herron and Miles, 2012). In the present 

study, there was no evidence of hyperexcitability in control MNs during the early 

stages of co-culture with patient iPSC-derived astrocytes, however they still went on 

to become dysfunctional and lose the ability to produce functional output. Therefore, 

it is likely that the hyperexcitability seen at presymptomatic stages in ALS mouse 
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models and iPSC-derived MNs, and at symptom onset in ALS patients, is not the 

underlying cause of MN degeneration in ALS. It also shows that hyperexcitability is 

not required to cause the loss of functional output as previously described but rather a 

consequence of disrupted processes underlying ALS, with hyperexcitability acting as 

a compensatory mechanism.  

In summary, the present study has provided important new insight into early ALS 

disease mechanisms by investigating pathophysiological changes in control iPSC-

derived MNs when co-cultured with astrocytes from patients harbouring TARDBP or 

C9ORF72 ALS mutations. It has been shown that MN output is severely 

compromised, due to the loss of voltage-activated currents, prior to any other overt 

signs of neurodegeneration when co-cultured with C9ORF72 and TARDBP G298S 

astrocytes. These data suggest that non-cell autonomous disease mechanisms are a 

major contributor to the onset and progression of ALS, causing MNs to undergo a 

functional loss, rendering the motor system dysfunctional prior to neurodegeneration. 

Furthermore, these findings demonstrate the usefulness of sensitive physiological 

studies of human iPSC-derived astrocyte and MN co-cultures, where mutations are 

expressed at disease relevant levels, facilitating future work aiming to develop much 

needed therapeutics for this devastating disease.  
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1 Summary 

Neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease, 

multiple sclerosis and ALS, are characterized by an initial and progressive loss or 

dysfunction of a specific subset of neurons. These diseases are devastating, 

debilitating and largely incurable, affecting millions of people each year. Although 

ALS is largely a sporadic disorder, the clinical manifestations of familial and sporadic 

ALS are very similar; therefore determining the mechanisms underlying the 

progression of FALS may also provide insights into SALS. To date, studies into the 

the rare ALS- causing genetic mutations, discussed in the introduction, have led to 

several breakthroughs in our understanding of the neurobiology of this fatal paralytic 

disorder. These include, but are not limited to, the identification of pathogenic disease 

mechanisms such as mitochondrial dysfunction, oxidative stress, excitotoxicity, 

protein aggregate formation and non-cell autonomous  processes. As alterations in 

electrophysiological properties have been revealed as the earliest changes to occur in 

mutant SOD1 mouse models of ALS (Pieri et al., 2003; Kuo et al., 2004; van Zundert 

et al., 2008; Quinlan et al., 2011), in this project, whole-cell patch-clamp recordings 

were obtained from ALS patient iPSC-derived MNs and compared to those derived 

from healthy controls iPSC-derived MNs. Given the evidence for the involvement of 

non-cell autonomous disease mechanisms in ALS (Boillée et al., 2006; Di Giorgio et 

al., 2007; Nagai et al., 2007; Ilieva et al., 2009), recordings were also obtained from 

control iPSC-derived MNs co-cultured with ALS patient iPSC-derived astrocytes. The 

findings from these studies are discussed below, along with future research directions. 

For the first part of the study, described in Chapter 2, it is demonstrated that MNs 

derived from human iPSCs obtained from healthy individuals or patients harbouring 
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TARDBP or C9ORF72 ALS mutations can develop appropriate physiological 

properties. However, despite the absence of overt changes in cell viability, patient 

iPSC-derived MNs display electrophysiological changes: an initial period of 

hyperexcitability, followed by a progressive loss of function. The loss of functional 

output appears to result from the progressive decrease in voltage-activated Na+ and K+ 

currents, likely due to a loss or dysfunction of ion channels. Further studies using 

RNA sequencing or immunocytochemistry would provide information on the levels of 

channel expression  in these MN cultures, whilst pharmacologically isolating channels 

in voltage-clamp to reveal the functional properties of the channels would determine 

if the channels were dysfunctional. 

The potential usefulness of human iPSC-derived neurons as a model for therapeutic 

drug screening, in combination with electrophysiological analysis, has also been 

demonstrated when iPSC-derived MNs harbouring C9ORF72 mutations displayed 

improvement in their functional output after treatment with amiloride, which targets 

ion channels. Previous studies on mutant SOD1 animal models have shown that 

hyperexcitability is often accompanied by increases in persistent Na+ currents (INaP) 

(Kuo et al., 2005; Pieri et al., 2009; Quinlan et al., 2011). By modifying culture 

conditions using Na+ channel blockers (Fritz et al., 2013) or K+ channel activators 

(Wainger et al., 2014), hyperexcitability present pre-treatment was alleviated and MN 

death prevented. It remains unknown if the hyperexcitability phenotype seen in the 

present study or in previous work is required to initiate the degenerative pathways 

involved in ALS or if it is simply a consequence of the degenerative process and 

presents to act as a compensatory mechanism. Future studies in which the excitability 

of control iPSC-derived MNs is altered using pharmacological agents including K+ 

channel blockers 4-aminopyridine (4-AP) or 3,4-diaminopyridine (3,4-DAP) may 
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uncover if MN degeneration occurs as a result of hyperexcitability.   

The recent development of a new genetic techniques based on a bacterial Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR)-associated protein-9 

nuclease (Cas9) from Streptococcus pyogenes has provided an efficient and reliable 

way to make precise changes to the genome of living cells (Cong et al., 2013). Using 

this technique, iPSCs derived from patients with a C9ORF72 mutation were 

genetically edited, removing the disease causing G4C2 hexanucleotide repeat 

expansion. The removal of the repeat expansion from Carrier-1, thus generating a 

gene edited, isogenic line, led to MNs retaining their functional output capability, 

behaving in a similar manner as MNs derived from healthy individuals. This further 

illustrates that the G4C2 hexanucleotide repeat expansion is responsible for the 

dysfunctional phenotype revealed in this project in the C9ORF72 lines. It also 

provides hope for its potential use in gene therapies, providing remedies for genetic 

disorders. Among the unresolved technical challenges is figuring out the best way to 

deliver the treatment, based on this technology, to the target cells. Studies suggest that 

adeno-associated viruses or lipid nanoparticles are the most promising delivery 

methods so far (Cai and Yang, 2014; Feng et al., 2015).  

In Chapter 3, the influence of astrocytes harbouring ALS mutations on healthy control 

MNs is investigated by performing whole-cell patch-clamp recordings of control 

human iPSC-derived MNs co-cultured with iPSC-derived astrocytes from healthy 

controls, ALS patients harbouring TARDBP and C9ORF72 mutations and a gene 

edited C9 iPSC line. These analyses revealed a progressive loss of function of control 

MNs co-cultured with C9ORF72 and TARDBP G298S iPSC-derived astrocytes, in 

parallel with decreases in Na+ and K+ currents, in the absence of overt changes in MN 
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viability. MNs co-cultured with the gene edited iPSC-derived astrocytes maintained 

their ability to produce functional output, providing further evidence that the presence 

of the G4C2 repeat expansion is deleterious to cells in which it is present as well as 

neighbouring cells.  

From the data in Chapter 2, cell-autonomous disease mechanisms were associated 

with the loss or dysfunction of ion channels leading to the loss of functional output 

capabilities. However, the data in Chapter 3 strongly implicate non-cell autonomous 

disease mechanisms due to the severity of dysfunction demonstrated in control iPSC-

derived MNs when co-cultured with ALS patient iPSC-derived astrocytes. This severe 

phenotype was not seen when MNs were cultured with the C9 gene edited iPSC-

derived astrocytes. The MN enriched culture in Chapter 2 consisted of a population of 

80% neurons, 50% of which were MNs, and 20% astrocytes. Therefore, it is likely 

that the astrocytes in the MN enriched culture contributed to the dysfunction seen in 

the mutation harbouring MNs, which were already vulnerable as they themselves 

contained the ALS mutation. Recently, a new protocol for MN generation from iPSCs 

was developed (Maury et al., 2015) which can consistently produce cultures of 95-

98% neurons, 60% of which are MNs, with 2-5% glial cells. Therefore, using this new 

protocol to generate a purer neuronal culture, a clearer understanding of the 

mechanisms behind MN dysfunction could be found.  

In chapter 2, hyperexcitability was demonstrated in patient iPSC-derived MNs and 

was followed by a progressive loss of function. However, as this was not seen in the 

data from chapter 3 in the control iPSC-derived MNs co-cultured with patient iPSC-

derived astrocytes, it is unlikely that hyperexcitability is the cause of the later 

dysfunction uncovered in these studies. Future studies manipulating the excitability of 
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control MNs will help determine its true role.  

iPSC-derived MNs and astrocytes harbouring TARDBP or C9ORF72 mutations were 

used in this project. TARDBP encodes the RNA-binding protein TDP-43 which 

contributes to RNA stability and transport (Alami et al., 2014), mutations which are 

associated with deficits in RNA processing (Xu et al., 2011; Lagier-Tourenne et al., 

2012). Although the exact function of C9ORF72 remains unknown, its mutant form is 

associated with aberrant RNA processing and defects in membrane trafficking 

(DeJesus-Hernandez et al., 2011; Renton et al., 2011). Therefore, defects in RNA 

processing may contribute to loss of function in iPSC-derived MNs by affecting the 

protein synthesis and transport of ion channels, resulting in the loss of voltage 

activated currents seen in the patient iPSC-derived MNs and in the control iPSC-

derived MNs after co-culturing with patient iPSC-derived astrocytes harbouring 

C9ORF72 or TARDBP G298S mutations. As perturbations in ion channels and MN 

output have been demonstrated in other forms of ALS, including studies implicating 

cell autonomous and non-cell autonomous disease mechanisms, these may represent 

core disease mechanisms common to familial and sporadic ALS.  

In conclusion, early diagnosis of ALS is difficult and is often delayed by the subtle 

onset of manifestations that mimic other conditions. The generally rapid progression 

of the disease makes conducting thorough clinical trials difficult, with patients dying 

before determining whether a treatment has any potential benefit or not. The 

development of human iPSC technology has provided an excellent model for the 

study of patient relevant cells, expressing mutations at disease relevant levels. In 

combination with the benefits they possess for relatively simple manipulation in 

culture and the ability to culture specific cells together and determine the interactions, 



Chapter 4: General discussion and conclusion 

190 190 

they can be used as a model for drug discovery, enabling high-throughput studies of 

many cell types and cell lines, especially in the current gene therapy drug discovery 

studies. As an increasing body of evidence suggests that non-cell autonomous 

processes play critical roles during the initiation and progression of ALS pathology, 

these findings describing early cell autonomous and early non-cell autonomous 

pathogenic mechanisms in a human iPSC-based model, provide a deeper 

understanding of the neurobiology of ALS and could aid the development of effective 

therapeutic approaches for preventing or reversing the progression of ALS.
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