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Summary 
The discovery that most pathological protein inclusions in amyotrophic lateral sclerosis (ALS) 

and frontotemporal lobar degeneration (FTLD) contain the aggregated transactive response 

DNA-binding protein 43 kDa (TDP-43) has resulted in significant research investigating the 

role this protein may play in the progressive neurodegeneration, underlying genetic factors and 

molecular characteristics of these now so-called TDP-43 proteinopathies.  

Despite these research efforts, there is still no cure for ALS and the two available therapeutics 

extend survival by mere months. ALS is the most common motor neuron disease (MND) and 

traditionally is characterised by selective degeneration of both upper and lower motor neurons 

(MNs) and the subsequent systematic destruction of the motor system. This results in a 

multitude of motor symptoms, including muscle weakness, spasticity, fasciculations, and 

eventually respiratory dysfunction and failure. 

Although recent research has proposed an important role for TDP-43 in the formation and 

maintenance of the nervous system, the molecular mechanisms underlying how TDP-43 affects 

pre- and post-synaptic compartments which make up neuronal connections in the motor system 

are not fully understood.  

Autosomal dominant point mutations in the TARPD gene that encodes TDP-43 are linked to 

both sporadic and familial ALS, indicating that alteration of TDP-43 can cause 

neurodegeneration directly (Yokoseki et al., 2008). One such point mutation is the A315T 

mutation. This ALS-linked mutation was one of the first utilised to create a mouse model of 

TDP-43 pathogenesis. In this model, driving human TDP-43 with the A315T point substitution 

mutation on the prion promotor  causes a selective loss of upper motoneurons and lower motor 

neurons, as well as loss of function on the rotarod motor function test and muscle atrophy 

(Wegorzewska, Bell et al. 2009, Guo, Wang et al. 2012, Handley, Pitman et al. 2017). 

In the last decade the classification of ALS has transformed from being a pure MN disease to 

be considered instead a complex neurodegenerative disease, where both excitatory and 

inhibitory imbalances are likely to contribute to the disease manifestations. This has been 

characterised by degeneration of inhibitory cortical circuits together with increased excitation 

of excitatory systems. Cortical hyperexcitability has been demonstrated to develop prior to 

clinical symptoms, suggesting that it may contribute to subsequent neurodegeneration. Indeed, 

increased cortical hyperexcitability of both familial and sporadic ALS patients has been 
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investigated, which proposed that altered motor network excitability may be a central 

pathogenic mechanism in the disease, possibly initiating the final progressive decline of motor 

neuron function. However, it is not fully understood whether the misprocessing of TDP-43 

alters synaptic signalling and could be driving these pathogenic alterations in excitability that 

lead to neuronal dysfunction and neurodegeneration. 

This thesis examines the potential role of TDP-43 in disease by using primary cortical neurons 

derived from the TDP-43A315T mouse model of ALS. The intent of this initial study was to 

determine why cortical neurons are vulnerable in ALS patients and how excitotoxicity 

contributes to the pathogenesis of ALS. Subsequently, the effects of TDP-43A315T on the post-

synaptic compartment was established through dendrite spine and post synaptic protein  

analysis  in vitro. An additional aim of this study was to determine the effects of TDP-43A315T 

at the pre-synapse, by using microfluidic devices. The final study investigated the potential 

effects of pathological TDP-43 in muscle cells, again using an in vitro approach, but in this 

instance with the C2C12 myoblast cell line, derived from adult mouse statellite cells, was 

transfected with small interfering RNA (siRNA) of TDP-43. 

To determine the effect of mutant TDP-43 on the development and formation of synapses in 

excitatory neurons in vitro, we derived primary cortical neuronal cultures from transgenic 

mouse embryos expressing human TDP-43A315T under the Prp promoter and yellow fluorescent 

protein (YFP) in cortical pyramidal/projection neurons under the Thy1 promoter.  

In Chapter 1, we describe our examination of the neuronal process structure and dendritic spine 

density in vitro. Immunocytochemistry using an antibody MAP2 to label dendrites was 

performed, in conjunction with subsequent cell tracing, in order to assess both dendritic 

morphology and spine density.  

Chapter 2 details how we determined if axonal development was impaired in the presence of 

the TDP-43A315T mutation in vitro. For these analyses, microfluidic chamber cultures, 

immunocytochemistry, live imaging and real time qPCR techniques were used. The 

characterisation of isolated axons in vitro allowed the evaluation of not only morphological 

alterations, but also insight into functional changes.  

The final Chapter describes the work to determine the effect of knockdown of TDP-43 on the 

differentiation of C2C12 cells. 
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Collectively, the study findings established that ALS-linked TDP-43A315T has a significant 

pathological influence on synapse development in pyramidal cortical neurons, without 

influencing muscle cell differentiation. This determination supports the hypothesis ‘TDP-43 is 

involved in synapse development and formation by acting at the formation of the ionotropic 

glutamate receptors in cortical neurons. 
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1. Introduction
Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron disease and is 

characterised by degeneration of upper and lower motor neurons (Cleveland and Rothstein 

2001, Bruijn, Miller et al. 2004, Talbot 2014, Rosenfeld 2018). It is also known as Lou Gehrig’s 

disease, and was first described by Jean-Martin Charcot (Charcot and Joffroy 1869).  

ALS is a relentlessly progressive, presently incurable, neurodegenerative disorder that causes 

muscle weakness, disability, respiratory dysfunction, and eventually death (Rowland 1998). 

ALS has a mean annual incidence of 1.68 per 100,000 people/year after standardisation 

worldwide (Marin, Boumediene et al. 2017). Prior to the age of 65, the incidence of ALS is 

higher in men than in women (Blasco, Guennoc et al. 2012). ALS is most commonly divided 

into sporadic (sALS) and familial ALS (fALS), with genetic or familial ALS representing about 

10% of all ALS cases (Byrne, Walsh et al. 2011). A recent meta-analysis suggests that different 

geographic areas may have different ALS incidence rates, when adjusted for age and sex 

(Marin, Boumediene et al. 2017).  

In 1993 the superoxide dismutase 1 (SOD1) gene was reported as an important molecular 

genetic factor, contributing to ALS (Rosen, Siddique et al. 1993). In recent years a rapidly 

expanding list of genetic variations, including C9ORF72, TAR DNA-binding protein 

(TARDBP)-encoding TDP-43, FUS genes are thought to contribute to ALS (Su, Broach et al. 

2014).  

Pathologically, ALS is characterised by the loss of upper motor neurons within the brain cortex 

and lower motor neurons within the spinal cord (Hardiman, Van Den Berg et al. 2011). 

Frontotemporal lobar degeneration (FTLD) is characterised by the progressive atrophy that 

occurs in the frontal or temporal lobes of the brain that results in a deficits in behaviour, 

language, and motor function (Rabinovici and Miller 2010). Approximately half of all patients 

with ALS only have motor involvement (classical ALS). Those patients with intact cognitive 

function at diagnosis appear to maintain cognitive function during the disease course. However, 

up to half of patients with ALS show some degree of cognitive impairment or behavioural 

changes, without fulfilling the diagnostic criteria for frontotemporal dementia (FTD) 

(Kobylecki, Jones et al. 2015). The shared clinical features, genetic factors and molecular 

characteristics of both ALS and FTD suggest that these two diseases may exist on a spectrum 

(van Es, Hardiman et al. 2017) (Figure 1.1). 
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ALS is a multifactorial disease. More than 30 different genes have been linked to the familial 

form of ALS (Renton, Chio et al. 2014). 40% of the fALS cases are related to C9orf72 and 

other mutated genes, including Superoxide Dismutase 1 (SOD1), TDP-43, fused in sarcoma 

(FUS) and ubiquilin-2 (UBQLN2) (Rosen, Siddique et al. 1993, Neumann, Sampathu et al. 

2006, Picher-Martel, Valdmanis et al. 2016). Furthermore, a number of potential pathological 

mechanisms have been proposed including abnormal RNA processing, SOD1-mediated 

toxicity, axonal transport impairment, excitotoxicity, cytoskeletal derangements, 

mitochondrial dysfunction, viral infections, apoptosis, growth factor abnormalities, 

neuroinflammation, and protein aggregation (Strong, Kesavapany et al. 2005, Barmada and 

Finkbeiner 2010, Figueroa-Romero, Hur et al. 2012, Robberecht and Philips 2013, Peters, 

Ghasemi et al. 2015).  

TDP-43 was recognised as the primary protein component of intracellular ubiquitinated 

inclusions in the majority of cases of ALS and FTD, with this subset now known as FTD-TDP 

(Neumann, Sampathu et al. 2006, Geser, Lee et al. 2010). Observations of ALS-linked 

mutations in TDP-43 within cases further demonstrated an important role for TDP-43 in disease 

pathogenesis (Sreedharan, Blair et al. 2008). Mutations in TDP-43 are different. Research has 

shown that disease pathogenesis in ALS is tightly associated with abnormal TDP-43 expression 

or dysfunction (Barmada and Finkbeiner 2010). The alterations in TDP-43 expression and 

mutations in TDP-43 are extremely harmful to cells. Such theory had been highlighted by many 

studies in laboratory animals (Gendron and Petrucelli 2011, Romano, Feiguin et al. 2012). The 

mutations in TDP-43 gene including A315T mutation have been identified from 2008 and a 

detailed description of these important findings about mutations in TDP-43 with disease has 

been reported and summarized in some reviews (Banks, Kuta et al. 2008, Gendron, 

Rademakers et al. 2013, Lattante, Rouleau et al. 2013, Buratti 2015). The A315T mutation is 

associated with pure motor neurons disease symptoms and overexpression of this mutation in 

a mouse causes ALS like phenotype, suggesting that this mutation is intrinsically linked to 

disease pathogenesis. TDP-43 is a RNA/DNA-binding protein that is required to functionally 

to meet the demands of the ever-changing microenvironment at synapse (Sephton and Yu 

2015). However, the exact mechanism of TDP-43 mediated neurodegeneration at the synapse 

remains unclear. 
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Figure 1.1. ALS and FTD: ALS and FTD might be phenotypic extremes on a spectrum disorder, the so-called 
motor neuron disease–FTD continuum (Van et al., 2017). ALS is a neurodegenerative disease rather than 
a neuromuscular disease.  In ALS, both upper motor neuron and lower motor neuron signs are present in 
this figure. ALS=amyotrophic lateral sclerosis. FTD=frontotemporal dementia. ALS-eci=ALS with evidence of 
executive dysfunction. ALS-neci=ALS with no executive dysfunction but impairment in other cognitive 
domains. ALS-bi=ALS with behavioural changes. BV-FTD=behavioural variant of FTD. PPA=primary 
progressive aphasias. NFV=non-fluent variant. SV=semantic variant. LV=logopenic variant. 

 

 

Changes in excitability of neurons may also play an important role in ALS progression. Over-

stimulation of neuronal glutamate receptors leads to excitotoxicity, thus leading to neuronal 

dysfunction and ultimately to cellular death through activation of Ca2+-dependent enzymatic 

pathways (Arundine and Tymianski 2003, Kuo, Siddique et al. 2005).  

Defects in glutamate transport that may contribute to excessive extracellular glutamate have 

been noted in patients with sporadic ALS and in the transgenic mutant SOD1 mouse model of 

ALS (Rothstein, Van Kammen et al. 1995, Lin, Bristol et al. 1998, Dunlop, Beal McIlvain et 

al. 2003). Numerous reports of alterations to glutamate receptors have also been central to the 

development of the excitotoxicity hypothesis in ALS or ALS-parkinsonism dementia complex 

(Wilson and Shaw 2007, Zhao, Ignacio et al. 2008, Blasco, Mavel et al. 2014).  

In humans, low GluR2 expression was found in both upper and lower motor neurons compared 

to other neuronal types (Shaw and Eggett 2000). Specific downregulation of GluR1 was also 

reported in a FUS depletion model of ALS (Udagawa, Fujioka et al. 2015). The drugs Riluzole 

and Edaravone, currently approved for ALS treatment, has been reported to work by an anti-

glutamate mechanism (Cheah, Vucic et al. 2010, Rothstein 2017). Previous work has shown 

ALS ALS-bi ALS-ed
ALS-neci ALS-FTD FTD-MND FTD

BV-FTD

NFV-
PPASV-

PPA

LV-PPA

Behavioural changes

Upper motor neuron signs
Primitive  reflexes
Pseudobulbar affect
Hyperreflexia
Hypertonia
Spasticity

Lower motor neuron signs
Weakness
Atrophy
Fasciculations
Hyporeflexia
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that in transgenic models expressing A315T mutation in TDP-43  there is a loss of dendritic 

spines on layer V projection neurons that has been shown to coincide with decreased 

excitability, preceding motor dysfunction and cell loss (Wegorzewska, Bell et al. 2009, 

Herdewyn, Cirillo et al. 2014, Handley, Pitman et al. 2017).  

It is highly likely that in ALS there is a long period—up to decades—of neuronal dysfunction 

occurring before the onset of clinical symptoms. Thus, for any therapeutic intervention to be 

successful an early pathogenic event must be targeted (van Zundert, Izaurieta et al. 2012). 

Further insight into the potential link between TDP-43 expression and synaptic/excitatory 

dysfunction can be obtained through in vitro investigations, as performed and described in this 

thesis, and may reveal a novel mechanistic target for early intervention. 
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1.1 Synaptic plasticity in the nervous system 

Synaptic plasticity is defined as structural and fundamental adaptations of the central nervous 

system. It relies upon a range of dynamic processes, including localised protein synthesis at the 

dendrite. The relative strengths, structures, and activity of the synaptic compartment undergo 

constant modification and underlie synaptic transmission and brain function via the integration 

of changes in experience and activity (Froemke 2015).  

In the motor system the synapse is critically important for the integration of signals between 

motor neurons and target muscles, as well as between neurons in the cortex (Azpurua and Eaton 

2015). Neuronal morphology as well as synaptic form, number and structure are tightly 

regulated, and are essential for appropriate and functional connections.  

The development of the nervous system requires both proliferation and differentiation of 

precursor cells (LoTurco, Owens et al. 1995) and appropriate branching and targeting of both 

the axon and dendrite (Hua, Smear et al. 2005). This developing nervous system, stimulated 

by changes in spontaneous activity, regulates the formation of the synapse. Effectively, cortical 

circuits require the elimination of redundant synapses during synaptogenesis and rely on 

intimate communication between pre- and post-synaptic compartments (Cohen-Cory 2002).  

The majority of excitatory glutamatergic neurotransmission in the central nervous system 

(CNS) is mediated by α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors, as glutamate plays its effects through postsynaptic receptors. Increased extracellular 

glutamate concentration or sensitivity of the postsynaptic neuron to glutamate result in 

increased activation of glutamate receptors (Van Damme, Dewil et al. 2005).  

In CNS, N-methyl-d-aspartate (NMDA) receptors are abundantly expressed, the affect synaptic 

plasticity and alterations are implicated in many neurodegenerative diseases, such as in learning 

and memory disorders (Castellano, Cestari et al. 2001) and depression-related disorders (Dang, 

Ma et al. 2014). The regulation of neuronal signaling occurs in parallel with the trafficking of 

neurotransmitter transporters, shuttling rapidly to and from the plasma membrane in response 

to the excitatory release of the neurotransmitter itself (Deken, Wang et al. 2003). Abnormal 

synaptogenesis and synaptic signalling has been implicated in the initiation and progression of 

a range of neurodegenerative diseases including ALS (Figure 1.2) (Gillingwater and Wishart 

2013) Bae and Kim 2017). 
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Figure 1.2. The alterations of presynaptic terminals in several neurogenerative diseases including ALS (Bae 
and Kim 2017). 

In the neurodegenerative diseases Alzheimer’s Disease, Parkinson’s Disease, ALS and Huntingon’s disease 

deficits in presynaptic axonal transport, vesicle dynamics and synaptic transmission have been implicated 

in disease pathogenesis.  This indicates that the synaptic dysfunction may be a conserved mechanism in 

neurodegenerative disease. APP=Amyloid Precursor Protein. Ab=Amyloid beta. ApoE4=apolipoprotein E, 

isoform 4. LRRK2 =Leucine-rich repeat kinase 2. Parkin, PINK-1=PTEN Induced Putative Kinase 1. 
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1.2 Synaptic dysfunction and excitotoxicity in ALS 

In coherence with other neurodegenerative diseases, synaptic dysfunction has been implicated 

as an early event in ALS (Sasaki and Maruyama 1994, Pieri, Albo et al. 2003, Vucic and 

Kiernan 2006, Van Zundert, Peuscher et al. 2008, Bae, Simon et al. 2013). Furthermore, recent 

investigations have shown that synaptic loss was not due to cortical atrophy, but instead was 

strongly related to the severity of cognitive impairment of the individual patients, suggesting 

that synapse loss occurs before neurodegeneration (Henstridge, Sideris et al. 2018).  

Studies focused on spinal motor neurons revealed that affected neurons within the anterior horn 

present with both synapse loss and narrowed synaptic contact, with this occurring at an early 

stage in ALS patients (Sasaki and Maruyama 1994). Moreover, transcranial magnetic 

stimulation (TMS) studies indicated that both the upper and lower motor neurons of the motor 

cortex and of the spinal cord exhibit hyperexcitability in sporadic and SOD1 familial ALS 

cases, months prior to the onset of motor symptoms (Vucic and Kiernan 2006, Van Zundert, 

Peuscher et al. 2008, Turner and Kiernan 2012, Bae, Simon et al. 2013, Menon, Kiernan et al. 

2015).  

Hyperexcitability enables neurons to have a lower threshold to fire action potentials upon 

stimulation, which is often described as a condition in which the neuron is excessively 

excitable. The mechanism leading to hyperexcitability has also been documented in the most 

characterised mutant G93A superoxide dismutase mouse (mSOD1) model of ALS, with 

changes in excitability occurring prior to cell loss (Pieri, Albo et al. 2003, Fogarty, Noakes et 

al. 2015, Murdock, Bender et al. 2015). Furthermore, in vitro and in vivo studies using 

experimentally induced excitotoxicity have demonstrated the vulnerability of both upper and 

lower motor neurons (King, Dickson et al. 2007, Southam, King et al. 2013, Blizzard, Southam 

et al. 2015).  

Hyperexcitability was also found in human iPSC-MNs derived from SOD1, FUS and C9orf72 

associated familial patients (Wainger, Kiskinis et al. 2014). This hyperexcitability might 

damage nerve cells and lead to excitotoxicity. The critical role of excitotoxicity in ALS is an 

enduring concept and poses an attractive target for potential therapeutic strategies. 

Accordingly, until the recent approval of the drug Edaravone (Rothstein 2017), the drug on the 

market for the treatment of ALS was Riluzole, which is thought to positively alter ALS 

progression by preventing excitotoxic pre-synaptic glutamate uptake (Miller, Balbas et al. 
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2012, Rothstein 2017).  

Supporting the role excitotoxic mechanisms play in disease genesis and progression, ALS 

patients display elevated levels of cerebrospinal fluid (CSF) glutamate (Shaw, Forrest et al. 

1995), and reduced expression and activity of the excitatory amino acid transporter 2 (EAAT2) 

in pathologically affected areas of the CNS (Rothstein, Martin et al. 1992, Rothstein, Van 

Kammen et al. 1995, Fray, Ince et al. 1998).  

Findings in transgenic mice expressing a rare ALS-causing G127X mutant SOD1 protein 

indicate the protein is linked to excitotoxicity in ALS pathology by increasing sensitivity of 

motor neurons to excitotoxicity (Meehan, Moldovan et al. 2010), reducing the expression and 

activity of EAAT2 (Boston-Howes, Gibb et al. 2006) and altering the inhibitory-excitatory 

synaptic ratio (Sunico, Dominguez et al. 2011).  
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1.3 Dendritic changes in ALS: TDP-43 at the post-synapse 

The post-synapse on excitatory neurons is composed primarily of membranous protrusions off 

the dendritic shaft, known as dendritic spines. Changes in the type or frequency of 

neurotransmitter signalling induces alterations in dendritic length and dendritic spine density 

during normal development and aging, in addition to pathologic alterations in psychiatric and 

neurodegenerative diseases (Luebke, Weaver et al. 2010, Sala and Segal 2014). The shape of 

spine can be affected calcium flux across the cell membrane, accordingly changes the distance 

between the spine apparatus and the postsynaptic density (Short 2019). In our in vivo study, 

the shape of  morphological spine-type analysis, including quantification of thin, stubby and 

mushroom spines, revealed that there was a significant reduction in mushroom spines in the 

motor cortex  (Handley, Pitman et al. 2017). 

Using the Golgi-Cox technique, several groups have demonstrated significant structural 

changes in dendritic shortening and decreased spine density in upper and lower motor neurons 

of ALS patients and animal models of familial ALS (Horoupian, Thal et al. 1984, Kato, Hirano 

et al. 1987, Fogarty, Mu et al. 2016). A recent study by Fogarty and colleagues, further showed 

that morphological changes occur in MNs from the dorsal striatum, brainstem MNs, and lumbar 

MNs and found that there was a decrease in dendritic spine density of MNs of SOD1 mice in 

the dorsal striatum without any changes in dendritic length or structure (Fogarty, Mu et al. 

2017). Decreased spine density was found in the frontal cortex and hippocampus of FUS 

transgenic mice (Shiihashi, Ito et al. 2017) and TDP-43A315T transgenic mice in vivo (Handley, 

Pitman et al. 2016). Detailed longitudinal studies of dendritic morphology and spine density of 

several subcortical and motor neuron populations in any rodent model of ALS are yet to be 

performed.  

TDP-43 is present in dendritic granules and is recruited into dendritic spines upon neuronal 

stimulation (Wang, Wu et al. 2008, Liu-Yesucevitz, Lin et al. 2014) (Figure 1.3). Interestingly, 

in TDP-43 mutated ALS models, manipulation of endogenous TDP-43 levels in mouse 

hippocampal neurons revealed the protein negatively regulates the generation and maturation 

of dendritic spines by suppressing activation of the Rho GTPase, Rac1 (Majumder, Bose et al. 

2012). The Rho GTPase pathway of Rac1 acts in conjunction with actin cytoskeletal 

reorganisation to suppress neurite growth and to induce retraction (Martino, Ettorre et al. 2013).  
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The TDP-43 mediated activation of Rac1 via the Rho GTPase pathway induces increased spine 

density, dendritic branching and enhances glutamatergic neurotransmission and long-term 

potentiation (LTP) in the hippocampus of mice (Martino, Ettorre et al. 2013). Furthermore, 

activation of Rac1 through TDP-43 recruits AMPA receptor to post-synaptic membranes 

during the formation of dendritic spines, enhancing excitatory synaptic transmission (Wiens, 

Lin et al. 2005).  Numerous animal models have been created with the purpose of modelling 

human TDP-43 proteinopathies. These included ALS-TDP models expressing mutant forms of 

TDP-43. The effect of pathogenic TDP-43 on dendritic structural integrity is unclear. This 

confusion is not surprising due to the tight regulation of TDP-43 protein expression (Ayala, De 

Conti et al. 2011, Avendano-Vazquez, Dhir et al. 2012) where both over-expression and 

knockdown of TDP-43 can lead to selective neuronal vulnerability (Majumder, Bose et al. 

2012). 

Meanwhile, altered TDP-43 levels have been shown to affect the morphology of dendrites and 

spines in several cellular model systems: over-expression of TDP-43 in Drosophila or mouse 

primary hippocampal neurons results in increased dendritic branching and a decreased number 

of spines, while TDP-43 knockdown causes the opposite phenotype (Lu, Ferris et al. 2009, 

Majumder, Chen et al. 2012, Han, Yu et al. 2013). Also, increasing levels of TDP-43 in cultured 

mammalian neurons suppresses dendritic growth (Herzog, Deshpande et al. 2017).  
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Figure 1.3. Physiological roles of TDP-43 in neurite mRNA metabolism. TDP-43 is present in neuronal 
granules and have been implicated in the control of mRNA stability, mRNA localisation and translation 
(Bowden and Dormann 2016) 
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1.4 TDP-43 at the pre-synapse in ALS 

The notion that dysfunction of synaptic connections is an early or initiating event in many 

neurodegenerative diseases indicate common molecular and cellular mechanisms of 

pathogenesis focused on the synapse (Wishart, Parson et al. 2006). Studies have shown that 

TDP-43 is localised and actively transported in vivo in both motor neuron dendrites and axons 

(Fallini, Bassell et al. 2012). Through cross-linking immunoprecipitation coupled with high-

throughput sequencing, TDP-43 has been shown to highly associate with RNAs encoding for 

proteins involved in synaptic activity (Polymenidou, Lagier-Tourenne et al. 2011).  

Under normal conditions TDP-43 has been observed at the neuromuscular junction (NMJ) in 

mice (Narayanan, Mangelsdorf et al. 2013) and in Drosophila this localisation is essential for 

pre-synaptic development and locomotion (Feiguin, Godena et al. 2009, Estes, Boehringer et 

al. 2011). TDP-43 regulates the maintenance of the Drosophila NMJ through binding actions 

to futsch, a microtubule associated protein. Physical interaction with TDP-43 prevents futsch 

down-regulation and subsequent defects in synaptic growth (Godena, Romano et al. 2011). 

Further studies in Drosophila over-expressing TDP-43 demonstrate a mismatch between pre-

synaptic zones and post-synaptic densities, translating into synaptic pathology and 

consequently, an ALS-like motor phenotype (Estes, Boehringer et al. 2011, Estes, Daniel et al. 

2013). Disease models using TDP-43 knockout display significant alterations to the complexity 

of the pre-synaptic terminal, as reflected by a reduced number of terminal branches and 

synaptic boutons in the muscle, in addition to locomotive defects (Feiguin, Godena et al. 2009). 

Motor dysfunction as a consequence of TDP-43 mediated NMJ disturbances have also been 

documented in C. elegans (Ash, Zhang et al. 2010) and zebrafish (Kabashi, Lin et al. 2010, 

Armstrong and Drapeau 2013). Interestingly, calcium channel agonists rescue the zebrafish 

phenotype, indicating that disruption to synaptic homeostasis plays a key role in the 

pathogenesis of G348C mutation in TARDBP (Armstrong and Drapeau 2013). Overexpression 

of M337V mutation in TDP-43 in mice has been shown to lead to neuronal dysfunction (Xu, 

Zhang et al. 2011). Additionally, synaptophysin and synapsin have been shown to decrease 

significantly in the anterior spinal horn in ALS patients (Narayanan, Mangelsdorf et al. 2013) 

providing further evidence for both a normal role for TDP-43 at the pre-synapse and 

highlighting the effect of protein dysfunction. 
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1.5 TDP-43 in the muscle in ALS 

Communication between motor neurons and downstream target muscles occurs via the 

neuromuscular junction (NMJ), a signaling structure formed by the axon of motor neurons and 

muscle fibres. A hallmark feature of ALS decline is the degeneration of the NMJ, which results 

in muscle weakness and progressive paralysis.  

The NMJ is a unique compartment, in that the cell body resides within the central nervous 

system, while the pre-synapse is localised to the periphery and innervates muscle cells. Loss 

of the NMJ is observed before symptom onset in mouse models (Frey, Schneider et al. 2000, 

Fischer, Culver et al. 2004, Pun, Santos et al. 2006), along with weakened synaptic 

transmission (Gillingwater, Thomson et al. 2002) and the progressive displacement of synaptic 

vesicles (Gillingwater, Ingham et al. 2003).  

The composition and the structure and formation of the synaptic compartment is dynamic and 

activity-dependent, requiring tightly regulated localised protein synthesis, with deficits in the 

mechanisms aforementioned having detrimental effects on neuronal viability (Spitzer 2012, 

van den Berg and Hoogenraad 2012). The synaptic compartment of lower motor neurons is 

located at a great distances from the cell soma; thus motor neuron homeostasis and function 

relies heavily on activity-dependent local protein translation (Krichevsky and Kosik 2001). 

Interestingly, TDP-43 has been identified as having a role in mediating protein synthesis at the 

NMJ, with disease-associated protein linked to synaptic misprocessing at this compartment 

(Coyne, Siddegowda et al. 2014). 
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Thesis aims and hypotheses  

It is unknown why cortical upper motor neurons are vulnerable in ALS patients and how TDP-

43 misprocessing contributes to alterations in neuronal excitability and the pathogenesis of 

ALS. There is accumulating evidence for a role of TDP-43 in ALS-involved excitability, 

however, this evidence is limited, and a systematic investigation is required.  

This thesis aims to establish the role of misprocessed TDP-43 in cortical neurons and at the 

NMJ in ALS by investigating the effect of expression of A315T mutation in TDP-43 in isolated 

systems in vitro.  

Aim 1:  Determine the effects of overexpressing a pathogenic mutant form of 
TDP-43 (A315T) on cortical neuron morphology and physiology in vitro. 

 

Hypothesis 1: TDP-43 A315T will affect the neuronal structure of cortical excitatory neurons. 

An established TDP-43 model (Wegorzewska, Bell et al. 2010) was used as an in vitro primary 

culture model. The mice express a mutant form of human TDP-43 (A315T) on the prion 

promoter. Primary culture neurons were derived from TDP-43A315T mice mated with mice 

expressing YFP (Yellow Fluorescent Protein). YFP is expressed ubiquitously in cortical 

pyramidal neurons and spinal cord neurons. Therefore, this aim will investigate the pathogenic 

effect of TDP-43A315T on cortical neurons outgrowth and synaptogenesis, using 

immunocytochemistry, live imaging microscopy and quantitative polymerase chain reaction 

(qPCR). The functional consequence of pathogenic TDP-43 overexpression on the membrane 

properties of cortical neurons will be determined using electrophysiology. 

Aim 2:  Determine the effects of TDP-43 (A315T) on the axonal-synaptic 

compartment of primary cortical neurons by isolating and growing neurons 

in microfluidic chambers. 

Hypothesis 2: TDP-43A315T will have adverse effects on axonal outgrowth and dynamics. 

Microfluidic devices have been established in our laboratory to investigate the site-specific 

excitotoxic degeneration of upper motor neurons (UMNs). Therefore, aim 2 in this thesis was 

to determine the effect of mutant TDP-43 expression at the pre- synaptic compartment. To 
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achieve this, primary cortical neurons from TDP-43A315T transgenic mice were cultured in 

microfluidic chambers where the cell bodies and dendrites are spatially separated from axons, 

which grow through the channels of the chambers, and were investigated using 

immunocytochemistry, live imaging and qPCR techniques. 

Aim 3:  Determine the functional consequence of TDP-43 knock-down on the 
development of muscle cells. 

 

Hypothesis 3:  TDP-43 knockdown affect will affect muscle cell myogenesis and 
differentiation. 

This aim will use C2C12 cells, an immortal myoblast cell line, to characterise the effects of 

knockdown of TDP-43 on skeletal muscle differentiation using western blotting and qPCR 

techniques. 
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2 Changes in dendritic outgrowth in TDP-43A315T mouse 
model of ALS 

2.1 Introduction 

Synapse degeneration is a common feature in many neurodegenerative diseases. It often plays 

a role in pathogenesis, rather than simply occurring as a secondary effect of neuron loss 

(Henstridge, Sideris et al. 2018). Loss of synaptic connectivity is preceded by weakened 

synaptic transmission and progressive displacement of synaptic vesicles in many CNS diseases 

(Gillingwater and Wishart 2013). A number of studies have found alterations to synapses in 

ALS (Sasaki and Maruyama 1994, Shahidullah, Le Marchand et al. 2013), and autosomal-

dominant point mutations in TDP-43 have been identified as a genetic cause of ALS (Neumann, 

Sampathu et al. 2006).  

TDP-43 is also localised to the synapse of both lower motor neurons (Feiguin, Godena et al. 

2009, Ash, Zhang et al. 2010, Kabashi, Lin et al. 2010, Estes, Boehringer et al. 2011, Armstrong 

and Drapeau 2013) and upper motor neurons – where it is believed to act in an activity-

dependent manner within dendritic spines (Wang, Wu et al. 2008, Majumder, Chen et al. 2012, 

Xu, Prudencio et al. 2013). Importantly, mislocalised or mutant TDP-43 is suspected to play a 

major role in ALS pathogenesis (Buratti and Baralle 2008, Sreedharan, Blair et al. 2008, 

Yokoseki, Shiga et al. 2008). Furthermore, manipulation of TDP-43 expression levels causes 

significant defects in dendritic branching and outgrowth, without an immediate effect on cell 

viability (Herzog, Deshpande et al. 2017).  

The earlier animal models of ALS  which used to investigate motor neuron dysfunction and 

loss are mutations in SOD1, before the involvement of TDP-43 in ALS (Rosen, Siddique et al. 

1993, Gurney, Pu et al. 1994, van Zundert, Peuscher et al. 2008, Vinsant, Mansfield et al. 2013, 

Delestree, Manuel et al. 2014). In one of the earliest generated TDP-43 transgenic mice, human 

mutant PrP-TDP-43A315T was overexpressed around 3-fold as compared to the endogenous 

mouse TDP-43. These mice appeared normal up to 3 months of age and then start to develop 

an abnormal swimming gait with concurrent weight loss and death at around the age of 154 

days, however survival is highly variable (Wegorzewska, Bell et al. 2009).  

In 2010, ubiquitous TDP-43 knockout mice were known to be embryonically lethal at E7.5 

(Kraemer, Schuck et al. 2010). Recent studies in our group have shown that mutated TDP-
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43A315T has a significant pathological effect on dendritic spine morphology in the motor cortex 

in vivo (Handley, Pitman et al. 2016), increasing interest in the role of TDP-43A315T in this 

model in vitro.  

To address the role of TDP-43A315T in the pathogenesis of ALS, this study aimed to determine 

the effect of mutant TDP-43 (A315T) on the development and formation of synapses in upper 

motor neurons in vitro. This chapter describes how we used primary cortical neuronal cultures 

derived from transgenic mouse embryos expressing human TDP-43A315T under the Prp 

promoter (Wegorzewska, Bell et al. 2009) and yellow fluorescent protein (YFP) in cortical 

pyramidal/projection neurons under the Thy1 promoter (Feng, Mellor et al. 2000). Neuronal 

process structure and dendritic spine density in vitro were examined.  

Thus, the first aim of this thesis is to investigate the effect of mutant TDP-43 on the 

development and formation of synapses in upper motor neurons in vitro, and to investigate 

neuronal process structure and dendritic spine density. Immunocytochemistry of MAP2 

antibody is used to assess the neuronal dendrites. Cell tracing software is used to assess 

alterations in the morphology and dendrite outgrowth. Electrophysiology is used to investigate 

the alterations on neuronal excitability. The current investigation aims to determine the 

morphology and excitability alterations in the TDP-43A315T model to better understand the 

potential for therapeutic intervention in ALS.  
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2.2 Methods 

Animals 

All experiments performed on animals were approved by the University of Tasmania Animal 

Ethics Committee (A0014118 and A0016593) and conducted according to the Australian Code 

of Practice for the care and use of animals for scientific purposes. Animals were bred at the 

University of Tasmania’s animal facility and housed in individually ventilated cages in a 

temperature-controlled environment, with a 12-hour light/dark cycle and access to food and 

water ad libitum.  

Thy1-YFP-16 transgenic mice (JAX 003709; The Jackson Laboratory, ME, USA) express 

cytosolic yellow fluorescent protein (YFP) under the control of the pyramidal/projection-

neuron-specific Thy-1 promoter (Feng, Mellor et al. 2000). Prp-TDP-43A315T transgenic mice 

(JAX 016203; The Jackson Laboratory) express human TDP-43 with a 315 A-T substitution 

mutation (TDP-43A315T). These two transgenic mouse lines were time-mated to generate YFP: 

TDP-43A315T transgenic embryos and YFP: wild type (WT) controls. Both strains were fully 

backcrossed to C57BL/6, ensuring the double-transgenic mice have an identical genetic 

background.  

Primary neuronal cortical culture  

Primary dissociated cortical neuron cultures from individual mouse embryos were prepared as 

previously described (Blizzard, King et al. 2013, Brizuela, Blizzard et al. 2015, Brizuela, 

Blizzard et al. 2017). Briefly, Thy1-YFP-16 female mice were time-mated with male Prp-TDP-

43A315T mice and pregnant females were euthanized by CO2 exposure at 15.5 days of gestation, 

and the embryos removed. Embryos were genotyped for YFP-transgenic status by fluorescent 

imaging using 470 nm light on a Carestream Image Station 4000MM Pro (Carestream 

Molecular Imaging, USA). YFP-positive embryos were used for cortical neuron culture, and 

tails from the respective embryos were kept for TDP-43A315T genotyping. 

The top layer of the cortex was dissected from each individual embryo, meninges removed and 

isolated cortex placed into 5 ml Hanks Buffered Salt Solution (HBSS; Thermo-Fisher 

Scientific, USA) and dissociated by 5 min enzymatic digestion with 0.025% w/v Trypsin 

(Thermo-Fisher Scientific, USA) at 37°C, which was halted by the addition of 1 ml of pre-

warmed initial medium [Neurobasal supplemented with 2% v/v B27, 10% v/v fetal calf serum, 

0.5 mM L-glutamine, 25 μM glutamic acid and 1% v/v antibiotic-antimycotic (Thermo 
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Scientific, USA)]. Tissue pieces were allowed to settle and gently triturate with a pipette, and 

cells resuspended 1 ml of pre-warmed medium.  

Cell viability and concentration were assessed using trypan blue (Sigma-Aldrich, USA) vital 

dye exclusion. Each coverslip was pre-coated with 0.001% poly-L-lysine (Sigma-Aldrich, 

Australia) in 0.01 M [phosphate buffer solution (PBS)] (pH 7.0). Cells plated at a density of 

4.5 x 104 cells/mm2 on 19mm diameter glass coverslips which were pre-treated and place in a 

37°C humidified atmosphere of 5% CO2 incubator. At 1 day in vitro (DIV), initial medium 

was replaced with serum-free growth medium (Neurobasal supplemented with 2% v/v B27, 

0.5 mM L-glutamax, 1% v/v antibiotic-antimycotic). Half of the media was replaced every 3~4 

days with fresh media. Cultures were maintained in a humidified incubator at 37oC in 5% CO2 

for up to 15 DIV. Cultures were either fixed at 3, 5, 10 or 15 DIV for morphological 

assessments, or 10 DIV for synaptic analysis, or used 12 DIV for electrophysiological 

assessment. 

Genotyping 

After single YFP-positive embryos had been cultured, they were subsequently genotyped for 

the TDP-43A315T transgene using a multiplexed quantitative polymerase chain reaction protocol 

(real-time qPCR). DNA was extracted from tails obtained at embryonic dissection using an 

REDExtract-N-Amp Tissue PCR Kit (Sigma-Aldrich).  

Briefly, PCR was performed as a 10 µl reaction containing 50-100ng DNA (~1 µl), 1 µl hTDP-

43 F+R primer mix, 5 µl REDExtract-N-Amp and 3 µl milliQ water. The PCR amplification 

was carried out using the following primers sequences: hTDP-43 (404 bp), forward: GGA TGA 

GCT GCG GGA GTT CT; reverse: TGC CCA TCA TAC CCC AAC TG, and T-cell receptor 

alpha/delta (positive control gene for mouse DNA), forward: CAA ATG TTG CTT GTC TGG 

TG; reverse: GTC AGT CGA GTG CAC AGT TT under the following conditions: 94oC for 3 

min, followed by 30 cycles of 94oC for 30 sec, 45 cycles of 60oC for 30 sec, 45 cycles of 72oC 

for 30 sec, 72oC for 30 sec and 4oC hold.  PCR products were separated on a 1.5% agarose gel 

and visualised under UV light (Carestream Image Station).  

Nuclear and cytoplasmic protein extraction 

Nuclear and cytoplasmic proteins were extracted using a NE-PER Nuclear and Cytoplasmic 

Extraction Reagents kit (Thermo Scientific). Briefly, cortical neurons (6 x 105 cells) were 

grown on a 6-well plate. At 15 DIV, neurons were removed from the plate using cell scraper, 
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in PBS, and then centrifuged at 500 x g for 5 min. Cells were resuspended in PBS and 

transferred (2 x 106) to a 1.5ml microcentrifuge tube and re-pelleted at 500 x g for 2-3 min. 

Cytoplasmic and nuclear extract was isolated as per the kit protocol. 

Western blot analysis 

Samples were diluted in Laemmli sample buffer (Bio-Rad Laboratories, Australia), vortexed, 

and heated to 95°C for 10 min. The samples (20 µg of protein) were separated on a 4-12% 

SDS-PAGE gel (Invitrogen, Thermo Scientific) at 220 V for 20 min. Proteins were 

electrophoretically transferred to Polyvinylidene fluoride (PVDF) membranes at 20 V for 60 

min at 4°C and blotted with antibodies (mouse anti-hTDP-43, 1:5000, Proteintech, rabbit anti-

GAPDH, 1:10000, Millipore) diluted in [ tris-buffered saline tween (TBST) (TBS, 0.05% v/v 

Tween-20) ] containing 5% w/v skim milk powder overnight at 4°C. After washing three times 

for 10 min in TBST, membranes were incubated with peroxidase-conjugated secondary 

antibodies (mouse anti-HRP, 1:5000, Dako, rabbit anti-HRP, 1:5000, Dako) diluted in TBST 

for 90 min at room temperature. The chemiluminescent signal was developed using the 

Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore, Australia) according 

to the manufacturer's instructions, and detected using a Chemi-Smart 5000 instrument (Vilber 

Lourmat, France).  

Immunocytochemistry for cortical cultures 

Three DIV, 5 DIV, 10 DIV, and 15 DIV cultures were fixed with 4% w/v paraformaldehyde 

(PFA) for 20 min at room temperature and washed with 0.01M PBS 3 times for 5 minutes then 

in PBS prior to immunolabeling. Fixed cultures were then blocked with 0.03% Triton X-100 

(Sigma-Aldrich, USA) (for NT-GluR1 and NT-GluR2, cells were washed with PBS without 

Triton X-100) in 0.01M PBS for 5 minutes then washed with 0.01M PBS 3 times for 5 minutes. 

Primary antibodies were diluted in PBS and applied for 1 h at room temperature followed by 

overnight incubation at 4°C. Coverslips were washed thrice in PBS before the application of 

isotype- and species-specific secondary antibodies, diluted 1:1000 in 0.01 M PBS and applied 

to coverslips for 1.5 h at room temperature. 4’6-diamidino-2-phenylindole [DAPI (1:10000 

dilution, 5mg/ml stock)] was added for the final 10 minutes to visualise nuclei if needed. 

Coverslips were washed thrice with PBS before mounting in fluorescent mounting medium 

(Thermo Scientific, USA). Immunolabeling was visualised and imaged using UltraView 

spinning-disc confocal microscope with Velocity Software (Perkin Elmer, MA, USA). 
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Cultures were probed for YFP expression [enhanced by rat anti-GFP (green fluorescent 

protein), 1:1000, Nacalai tesque] along with dendrite marker (mouse anti-MAP2, 1:1000, 

Millipore), synaptic markers (rabbit anti-synaptophysin, 1:1000, Abcam; mouse anti-PSD-95, 

1:200, Abcam), glutamate receptors (rabbit anti-GluR1, 1:200, Millipore; mouse anti-GluR2, 

1:200, Millipore; rabbit anti-GluR4, 1:200, Millipore) and surface glutamate receptors (mouse 

anti-NT-GluR1, 1:200, Millipore; mouse anti-NT-GluR2, 1:200, Millipore). Cultures were 

then washed a further 3 times for 10 minutes and incubated in appropriate secondary antibodies 

(Alexa Fluor anti-rat 488, anti-rabbit 647, anti-rabbit 594, anti-mouse 546) diluted in PBS 

(1:1000, Molecular Probes) for 90 minutes at room temperature. 

Confocal microscopy of cortical cultures 

Immunolabeled images were visualised using a spinning disk laser confocal 

(UltraView®VOX, Perkin Elmer) on an inverted microscope (Nikon TiE, Nikon) equipped 

with a 20x (Plan-Apo 0.75), 40x (Plan-Apo 0.95) and 60x (Plan-Apo 1.2) objective lenses. 

Images were acquired using an Orca R2 camera (C106000, Orca, Hamamatsu) and analysed 

using imaging capture software (Velocity v6 3.0, 2013, Perkin Elmer). Images of dendrites 

outgrowth were captured with a 20x objective, spine density and glutamate receptors images 

on a 40x objective. 

Dendrites outgrowth tracing  

For dendrite structure analysis, cells in confocal immunolabeled images were traced using 

Neurolucida software (MBF Bioscience, USA). MAP2-labelled neurons were traced through 

stacks with processes marked, and images then exported to NeurolucidaTM Explorer II (MBF 

Bioscience, USA). Branched structure analysis was used to analyse the length and number 

of primary, secondary, tertiary and quaternary order neurite processes. 

Dendritic spine density quantitation 

Dendritic spine density quantitation was analysed as previously described (Handley, Pitman et 

al. 2016). Briefly, images of the cortical neurons with GFP enhanced (YFP-positive) were 

analysed using NeurolucidaTM software (MBF Bioscience, USA). Dendrites were traced with 

spines marked, and images then exported to NeurolucidaTM Explorer II (MBF Bioscience, 

USA) for spine quantitation. Branched structure analysis was used to analyse the number of 

dendritic spines per μm. The spine analysis was performed by an investigator blind to genotype. 
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Quantitation of antibody co-localisation 

Primary cortical neurons fixed at 10 DIV were used to investigate expression and localisation 

of synaptic proteins. Post-synaptic receptors and synaptophysin were immunolabeled then 

imaged using an UltraView spinning-disc confocal microscope. The ratio of receptor 

expression to YFP was analysed using Image J co-localisation plugin (Schindelin, Arganda-

Carreras et al. 2012), and the ratio for WT neurons was normalised to 1 for analysis.  

Electrophysiology  

At 10 DIV, cortical neurons that had been cultured on glass coverslips were superfused 

with bicarbonate-buffered solution [155 mM NaCl, 3.5 mM KCl, 2 mM CaCl2, 1.5 mM 

MgCl2, 10 mM glucose; osmolarity adjusted to 305–310 mOsm/kg by the addition of D-

sorbitol (all Sigma-Aldrich)] at 24 ± 1°C. A single cell expressing YFP or GFP was whole-cell 

voltage-clamped and was filled with Alexa Fluor-568 dye. Electrophysiological data for 

analysis were obtained from neurons that had a resting membrane potential (RMP) below -

40mV. Voltage-gated sodium and potassium currents were elicited with a series of voltage 

steps (from -70 to 50mV, in 10mV increments) from a holding potential of -70mV. The peak 

net inward current (reflecting the difference between the inward INa and the other voltage-

dependent outward currents) was quantified after subtracting the capacity current and an 

assumed ohmic leak current, scaled from the response to hyperpolarizing pulses. Voltage 

responses to current injection were recorded from the cell’s resting potential (applying 25pA 

steps for 200ms from -100 to 500pA). After recording, the patch electrode was removed from 

the cell, where possible leaving the soma intact for imaging. Patch electrodes formed from 

borosilicate glass capillaries (1.5 mm O.D. × 0.86 mm I.D.) (Harvard Apparatus, UK) with a 

resistance of 7–9 MΩ were filled with a solution containing 130 mM K-gluconate, 4 mM NaCl, 

10 mM  [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)], 0.5 mM CaCl2, 

10 mM 1,2-bis-(o-aminophenoxy)-ethane-N,N,N0,N0-tetraacetic acid (BAPTA), 4 mM 

MgATP, 0.5 mM Na2GTP 0.5, pH set to 7.4 with KOH, and osmolarity adjusted to 

290 mOsm/kg with D-sorbitol. An Axopatch 200B amplifier (Molecular Devices, CA, USA) 

was used for voltage- and current-clamp. Data was adjusted to account for the electrode-

junction potential. Data were sampled at 10 kHz and filtered at 5 Hz using pClamp 9.2 software 

(Molecular Devices), and offline analysis was performed using Igor (WaveMetrics, OR, USA) 

and Axograph.  
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Statistical analysis 

All statistical analysis was performed in GraphPad Prism (Graph-pad Software, CA, USA) 

using t-tests and one-way or two-way analysis of variance (ANOVA) with Tukey’s post-hoc 

correction for multiple comparisons. p<0.05 was considered significant. Data is reported as 

mean ± standard error of the mean (SEM).  
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2.3 Results 

2.3.1 Human TDP-43A315T (hTDP-43A315T) expression in the cytoplasm of primary 
cortical neurons 

In determining the effect of mutant hTDP-43A315T on cortical neurons, we first sought to 

confirm overexpression of hTDP-43A315T and examine its localisation.  

Whilst TDP-43 shuttles between the nucleus and cytoplasm, its predominant localisation is 

nuclear in normal conditions (Ayala, Zago et al. 2008). In patients with sporadic and familial 

forms of ALS and FTLD, the mislocalisation of TDP-43 to the cytoplasm and the formation of 

TDP-43-positive protein aggregates in neurons and glia are pathological hallmarks that  

characterise these diseases (Arai, Hasegawa et al. 2006, Neumann, Sampathu et al. 2006).  

It is now known that specific cellular stress conditions, such as pharmacological endoplasmic 

reticulum stress (Walker, Soo et al. 2013), oxidative stress (Dewey, Cenik et al. 2011), heat 

shock, and exposure to thapsigargin (McDonald, Aulas et al. 2011) can cause TDP-43 to 

mislocalise to the cytoplasm.  

TDP-43A315T expression was detected with an antibody specific to human TDP-43. To confirm 

which cells expressed hTDP-43, we immunostained and quantified cells double-labeled for 

neuronal and glial markers (Figure 2.1). There were significantly more YFP-positive and 

MAP2-positive neurons with TDP-43A315T expression than GFAP and DAPI positive cells 

(Figure 1A, B; F(3,51)=68.84, p<0.0001, two-way ANOVA). Very few GFAP-positive cells 

(astrocytes) were positive for hTDP-43 (Figure 2.1B), confirming the neuronal expression of 

TDP-43A315T in this model.  To investigate the subcellular localization of mutant TDP-43A315T, 

cytoplasmic and nuclear extractions were performed at 15 DIV (Figure 2.1).  TDP-43A315T was 

predominately located in the nuclei of TDP-43A315T cells (Figure 2.1C,D); however, 

cytoplasmic localization was also observed (Figure 2.1C,E). Negligible hTDP-43 was detected 

in the cytoplasmic and nuclear compartments of WT cells, highlighting the specificity of the 

human TDP-43 antibody to the hTDP-43A315T protein and confirming expression of hTDP-

43A315T in the cortical neuron culture model (Figure 2.1C-E).  To determine the level of 

overexpression in the system under investigation the level of total TDP-43 in the nuclear and 

cytoplasmic fraction was next investigated (Figure 2.1 F-I).  Quantification of nuclear and 

cytoplasmic fraction of total TDP-43 expression reveal no significant difference in protein level 

between the WT and TDP-43A315T cultures (t-test, p>0.05). 
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Figure 2.1. Localisation of TDP-43A315T in primary cortical neurons 

A.  Immunocytochemistry of YFP (green), human TDP-43 (hTDP-43; red), GFAP (blue) and DAPI (yellow) in 
YFP:TDP-43A315T cortical cultures at 10 DIV (n =3 biological replicates). B.  Quantification of the number of 
DAPI, YFP, MAP2 and GFAP cells positive for human TDP-43 demonstrated that approximately 50% of 
DAPI positive cells were human TDP-43 positive, whilst nearly 100% of YFP and MAP2 cells and very few 
GFAP cells were positive for human TDP-43. C. Western blot of nuclear and cytoplasmic extractions of 15 
DIV YFP:TDP-43A315T cortical cultures. TDP-43A315T, detected with the antibody specific to human TDP-43, 
was predominately located in the nuclei of YFP:TDP-43A315T cells; however, cytoplasmic localization was 



 

Tongcui Jiang 
Cellular dysfunction in Amyotrophic Lateral Sclerosis: Investigating the role of TDP-43 31 

also observed. No hTDP-43 was detected in the cytoplasmic and nuclear compartments of YFP:WT cells, 
highlighting the specificity of the human TDP-43 antibody to the hTDP-43A315T protein and confirming 
expression of hTDP-43A315T in our cortical neuron culture model. D. Quantification of hTDP-43 in 5µg of 
cytoplasmic (Cy) and nuclear (Nu) protein fractions confirmed the specificity of hTDP-43 over-expression 
in TDP-43A315T cortical neurons, and showed that cytoplasmic levels of hTDP-43 were approximately 2% 
of nuclear levels, with only negligible/background signal detected in WT neurons. E. hTDP-43 was 
detected strongly in 20µg of cytoplasmic protein from TDP-43A315T neurons, with WT neurons showing 
negligible signal. F and G. Quantification of mouse and human TDP-43 in 5µg of cytoplasmic (Cy) and 
nuclear (Nu) protein fractions (F) confirmed the expression of total TDP-43 was predominately nuclear 
(G). H and I. Quantification of mouse and human TDP-43 in 5µg of cytoplasmic fractions alone 
determined that there was no difference in the expression of total TDP-43 in the cytoplasmic fraction. 

2.3.2 TDP-43A315T expression does not significantly affect cortical neuron dendrite 
outgrowth, but reduces dendritic arbor complexity 

Synaptic loss is a major feature of neurodegenerative disorders. To begin examining the effect 

of mutant TDP-43 on excitability, we first examined the effect of TDP-43A315T expression on 

the outgrowth of dendrites, on which the post-synaptic compartment is located.  

Neuronal dendrites undergo significant pathological changes, yet despite many studies of the 

effects of TDP-43 on cellular toxicity and neurodegeneration, little is known about specific 

compartmentalised pathogenesis by mutant TDP-43 on dendrites. We therefore investigated 

whether TDP-43A315T could affect dendrite outgrowth during neuronal development.  

Using MAP2 immunolabelling (Figure 2.2A) neurons to investigate dendrite outgrowth, we 

measured total dendrite length, mean dendrite length, dendritic branch number and dendritic 

branch order in YFP:WT (n=27 cells) and YFP:TDP-43A315T (n=66 cells) neurons at 3, 5, 10, 

and 15 DIV, from three biological replicates, statistics were performed on means for each 

separate biological replicate. 

Total dendrite length significantly increased over time, with greater total dendrite length at 15 

DIV compared to 3 DIV in both YFP:WT and YFP:TDP-43A315T neurons (YFP:WT, p<0.0001; 

YFP:TDP-43A315T, p<0.001) (Figure 2.2B). There was no significant difference in total 

dendrite length between YFP:WT and YFP:TDP-43A315T cortical neurons at any time point 

analysed (Figure 2.2B).  

Similarly, mean dendrite length significantly increased over time, with greater mean length at 

15 DIV compared to 3 DIV in both YFP:WT and YFP:TDP-43A315T neurons (YFP:WT, 

p<0.0001; YFP:TDP-43A315T, p<0.001), but there was no significant difference in mean 

dendrite length between YFP:WT and YFP:TDP-43A315T cortical neurons at any time point 

(Figure 2.2C).  
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To investigate dendrite complexity, the number of dendrite branches and frequency were 

quantified. There was no significant difference in dendritic branch number and frequency 

between YFP:WT and YFP:TDP-43A315T neurons at any time point (Figure 2.2D). 

Quantification of the number of primary (1°), secondary (2°), tertiary (3°), and quaternary (4°) 

dendrite branches at 3, 5, 10, and 15 DIV demonstrated that YFP:TDP-43A315T neurons were 

less complex, with significantly fewer quaternary branches than YFP:WT neurons at 15 DIV 

(Figure 2.2E) (p<0.05).  

Collectively, these results indicate that TDP-43A315T expression has little effect on dendrite 

outgrowth in cortical pyramidal neurons in vitro, only significantly affecting dendrite 

complexity later in development at 15 DIV. 

 

Figure 2.2. The effect of TDP-43A315T expression on dendrite development 

A. Primary cortical neurons derived from YFP:WT (‘WT’, left panel bloc) and YFP:TDP-43A315T (‘TDP-43A315T’, 
right panel bloc) single embryo cultures labeled for MAP2 at 3 DIV, 5 DIV, 10 DIV and 15 DIV.  
B. Total dendrite length significantly increased between 3 and 15 DIV in both WT and TDP-43A315T cultures. 
There was no significant difference in total dendrite length between WT and TDP-43A315T at any time point.  
C. Mean dendrite length significantly increased between 3 and 15 DIV in both WT and TDP-43A315T cultures. 
There was no significant difference in mean dendrite length between WT and TDP-43A315T at any time point.  
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D. There was no significant difference in dendritic branching number between WT and TDP-43A315T neurons 
at any time point.  
E. Quantification of the number of primary (1°) secondary (2°) tertiary (3°) and quaternary (4°) dendrite 
branches at 3, 5, 10 and 15 DIV demonstrated that TDP-43A315T neurons became significantly less complex 
in quaternary branches by 15 DIV (*p<0.05). Error bar = mean ± standard error of the mean (SEM). Scale 
bar = 20 µm. 
 

2.3.3 TDP-43A315T significantly reduces dendritic spine density in cortical neurons  

Dendrite spines are under constant turnover and morphological modification, dependent on 

stimuli, environment and location; these capacities are key for neuronal connectivity and 

synaptic plasticity (Fiala, Spacek et al. 2002, Sala and Segal 2014). TDP-43 may have a role 

in the generation and maturation of dendritic spines, shown from in vitro studies using 

hippocampal neurons (Wiens, Lin et al. 2005, Majumder, Bose et al. 2012). Furthermore, we 

have shown that mutated TDP-43A315T has a significant pathological effect on dendritic spine 

morphology and excitability in the motor cortex in vivo (Handley, Pitman et al. 2017).  

To establish whether changes to dendritic spine density are present in an isolated cortical 

system in vitro—similar to those found in the motor cortex in vivo—primary cortical neurons 

derived from YFP:TDP-43A315T embryos were grown to 10 and 15 DIV. YFP:WT and 

YFP:TDP-43A315T cortical neurons develop extensive dendritic spines by 10 and 15 DIV 

(Figure 2.3A).  

Spine density was increased by time in culture but decreased when the mutant TDP-43A315T 

was expressed; there was a significant reduction in spine density in YFP:TDP-43A315T neurons 

compared to YFP:WT controls at both 10 DIV and 15 DIV (Figure 2.3B). This result indicates 

that loss of spine density is a dendrite-specific consequence of TDP-43A315T mutation in our in 

vitro cortical neurons and occurs independently of any gross changes in dendrite and axon 

development. 
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Figure 2.3. The effect of TDP-43A315T expression on dendrite spine development 

A. YFP:WT (‘WT’) and YFP:TDP-43A315T (‘TDP-43A315T’) cortical neurons at 15 DIV develop extensive dendritic 
spines (inset).  

B. Quantification of spine density at 10 and 15 DIV demonstrated a significant increase in spine density 
between 10 and 15 DIV in both WT and TDP-43A315T cortical neurons. There was a significant reduction in 
spine density in the TDP-43A315T neurons at both 10 and 15 DIV in comparison to WT controls. (*p<0.05). 
Error bar = mean ± SEM. Scale bar = 50 µm; 20 µm inset. 

(Tongcui Jiang performed the cell culture, immuno staining and images capture. Emily Handley performed 
the spine density analysis.)  
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2.3.4 Transfection with TDP-43A315T but not TDP-43WT reduces spine density in 
cortical neurons 

To determine whether the reduction in spine density was due to over expression of human TDP-

43, YFP:WT cortical neurons were grown to 13-14 DIV and transfected with mCherry, 

mCherry-TDP-43WT or mCherry-TDP-43A315T plasmid.  

At 24 hours post-transfection, mCherry expression was ubiquitous throughout the neurons and 

mCherry-TDP-43WT and mCherry-TDP-43A315T were predominately nuclear (Figure 2.4A). 

Quantification of mCherry-positive neurons at 48 hours post-transfection demonstrated no 

significant differences in the number of dendrites or neurite complexity between mCherry-, 

mCherry-TDP-43WT- and mCherry-TDP-43A315T-transfected cortical neurons (Figure 2.4B and 

C).  

There was a significant decrease in spine density in the mCherry-TDP-43A315T neurons in 

comparison to mCherry controls, but no significant decrease in mCherry-TDP-43WT neurons 

(Figure 2.4D), indicating that the decrease in spine density in transgenic YFP:TDP-43A315T 

neurons was predominantly driven by the ALS-linked TDP-43A315T mutant. There was a trend 

towards a decrease in spine density in the mCherry-TDP-43WT neurons; thus, we cannot 

completely rule out the possibility that TDP-43 over-expression partially contributes to the 

phenotype. Spine density was not affected by transfection protocol (Figure 2.4E). 
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Figure 2.4. Plasmid-mediated mCherry TDP-43 expression in cortical neurons 

A. YFP:WT primary cortical neurons were transfected with mCherry, mCherry-TDP-43WT or mCherry-TDP-
43A315T plasmid at 14 DIV; at 15 DIV, mCherry expression was ubiquitous throughout the neurons whereas 
as mCherry-TDP-43WT and mCherry-TDP-43A315T were predominately nuclear.  
B and C. YFP:WT cortical neurons were transfected at 13 DIV; at 15 DIV, YFP morphological analysis of 
transfected (mCherry-positive) neurons demonstrated no significant differences in the number of dendrites 
or neurite complexity between the mCherry, mCherry-TDP-43WT and mCherry-TDP-43A315T cortical neurons.  
D. There was a significant decrease in spine density (relative to mCherry control neurons) in the mCherry-
TDP-43A315T neurons (*p<0.05), but no significant difference in spine density in the mCherry-TDP-43WT 
neurons in comparison to the mCherry control.  
E. Spine density was not affected by transfection protocol. Scale bar = 20 µm. 
(Edgar Dawkins performed these experiments.) 

 

2.3.5 TDP-43A315T mutation alters the expression of synaptic proteins in cortical 
neurons 

To determine if TDP-43A315T-mediated spine loss is associated with alterations in the 

expression of post-synaptic proteins, co-localisation between GFP (endogenous YFP 

fluorescence enhanced by anti-GFP antibody; denoted as GFP) and glutamate receptor subunits 

(GluR1, GluR2 and GluR4) and post-synaptic density marker PSD-95 was analysed in 

YFP:WT and YFP:TDP43A315T cortical neurons grown to 10 DIV (Figure 2.5).  

The glutamate receptor subunit GluR1 was significantly increased in the YFP:TDP-43A315T 

neurons (Figure 2.5A and B). There was no significant difference in GluR2, GluR4 and PSD-

95 in the YFP:TDP-43A315T neurons in comparison to the YFP:WT controls (Figure 2.5C-H).  

In order to investigate if this change in the amount of GluR1 subunit affected its incorporation 

into AMPA receptors at the synapse, the presence of surface GluR1 in dendritic spines was 

investigated with an antibody against the extracellular N-terminal domain (NT-GluR1) in non-

permeabilized neurons (Figure 2.6).  

We found that NT-GluR1 co-localised with the pre-synaptic marker synaptophysin in GFP-

positive dendritic spines in YFP:WT neurons (Figure 2.6A, arrowheads). However, in 

YFP:TDP-43A315T neurons the presence of co-localised NT-GluR1 and synaptophysin within 

GFP-positive spines was reduced (Figure 2.6B, arrows).  

GFP and NT-GluR1 co-localisation at 10 DIV demonstrated there was a significant decrease 

of the ratio of NT-GluR1 to GFP in the TDP-43A315T neurons (Figure 2.6C). The ratio of NT-
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GluR2 to GFP in YFP:WT and YFP:TDP-43A315T neurons was not different (Figure 2.6D), 

indicating a selective decrease of GluR1 AMPA receptor subunits at the post-synapse.  

Quantification of the ratio of pre-synaptic protein synaptophysin to GFP demonstrated 

significant decrease in the overall co-localisation of synaptophysin to GFP in YFP:TDP-

43A315T cortical neurons in comparison to YFP:WT controls (Figure 2.6E). Despite its lower 

overall presence, accumulations of synaptophysin were frequently observed in YFP:TDP-

43A315T dendrites, and quantification of the size of synaptophysin-immunoreactive particles 

confirmed a significant increase in the area of synaptophysin puncta in the YFP:TDP-43A315T 

neuronal network in comparison to YFP:WT controls with no change in NT-GluR1 particle 

area (Figure 2.6F).  

This data indicates that despite increased overall levels of GluR1, TDP-43A315T causes a 

decrease in the localisation of GluR1 to the synapse and accumulation of synaptophysin at the 

pre-synaptic site, potentially driving a reduction in excitability in TDP-43A315T cortical 

neurons. 
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Figure 2.5.The effect of TDP-43A315T expression on synaptic receptor expression 

YFP:WT (‘WT’) and YFP:TDP-43A315T (‘TDP-43A315T’) primary cortical neurons at 10 DIV were labeled for post-
synaptic receptors and GFP (antibody against GFP enhances endogenous YFP fluorescence).  
A, C and E. Immunocytochemistry labeling for the glutamate receptor subunits (red) GluR1 (A), GluR2 (C) 
and GluR4 (E) and GFP antibody (green); co-localisation (black) was identified in Image J and overlaid onto 
GFP fluorescence images (white).  
B, D and F. The ratio of GluR1 to GFP was significantly increased (B, p<0.05), with no significant 
differences in the ratio of GluR2 to GFP (D) and GluR4 to GFP (F) in the TDP-43A315T neurons in comparison 
to WT controls.  
G. Immunocytochemistry labeling for the post synaptic protein PSD-95 antibody (red) and GFP antibody 
(green), co-localisation (black) was identified in Image J and overlaid onto GFP fluorescence images (white).  

GluR1

GluR2

GluR4

PSD95
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H. There was no significant difference in the ratio of PSD-95 to GFP in the TDP-43A315T neurons in 
comparison to WT controls. Error bar = mean ± SEM. Scale bar = 10 µm.  



 

Tongcui Jiang 
Cellular dysfunction in Amyotrophic Lateral Sclerosis: Investigating the role of TDP-43 41 

 

Figure 2.6. The effect of TDP-43A315T expression at the synapse 
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A. Immunocytochemistry for NT-GluR1 (blue), synaptophysin (red) and GFP (green) demonstrated that NT-
GluR1 and synaptophysin co-localised at the dendritic spine (white) in YFP:WT (‘WT’) dendrites (A, 
arrowheads).  

B. In YFP:TDP-43A315T (‘TDP-43A315T’) dendrites, immunocytochemistry for NT-GluR1 (blue), synaptophysin 
(red) and GFP (green) demonstrated that spines were present that co-localised for NT-GluR1 and 
synaptophysin (white; arrowhead), with spines also present lacking NT-GluR1 (arrows); frequent 
accumulations of synaptophysin were observed outside the identified dendritic spines.  

C. Quantification of the ratio of NT-GluR1 to GFP demonstrated significant decrease in the co-localisation of 
NT-GluR1 in TDP-43A315T cortical neurons in comparison to WT controls.  

D. Quantification of the ratio of NT-GluR2 to GFP demonstrated no significant change in the ratio of co-
localisation of NT-GluR2 in TDP-43A315T cortical neurons in comparison to WT controls.  

E. Quantification of the ratio of synaptophysin to GFP showed significant decrease in the co-localization of 
synaptophysin in TDP-43A315T cortical neurons in comparison to WT controls (*p<0.05).  

F. Quantification of the particle size of NT-GluR1 and synaptophysin demonstrated that there was a 
significant increase in the area of the synaptophysin particles in TDP-43A315T cortical neurons in 
comparison to WT controls. Scale bar = 1 µm. Syn, synaptophysin; NT-GluR1, extracellular N-terminal 
domain of GluR1. 

 

2.3.6 TDP-43A315T mutation leads to hypoexcitability in cortical neurons 

To determine whether the decrease in spine density reflects a decrease in synaptic transmission, 

we examined the electrophysiological properties of YFP:WT and YFP:TDP43A315T neurons in 

vitro at 10 DIV.  

YFP-positive neurons were used to make whole-cell patch clamp recordings (Figure 2.7A and 

B). There were no significant differences in resting membrane potential (Figure 2.7C), 

capacitance (Figure 2.7D), and input resistance (Figure 2.7E) between YFP:WT and YFP:TDP-

43A315T cortical neurons. However, there was a significant increase in depolarisation threshold 

in the YFP:TDP-43A315T cortical neurons in comparison to YFP:WT controls (Figure 2.7F). 

There were no significant differences in peak inward current (Figure 2.7G) or peak outward 

current (Figure 2.7H). The relationship between firing frequency and injected current (the f-I 

function) was also assessed to study the net excitability of cortical neurons with the TDP-

43A315T mutation. Using a series of depolarising current steps (100 to 500pA, in 25 pA 

increments, 200 ms duration), the (f-I) relationship generated indicated a trend toward 

YFP:TDP-43A315T neurons firing at lower rates for a given current compared to YFP:WT 

neurons (Figure 2.7I).  

These results indicate that the loss of GluR1 and concurrent loss of dendritic spines correlates 

to a decreased excitability of cortical neurons in vitro. 
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Figure 2.7. The effect of TDP-43A315T expression on neuronal excitability 

A and B. Phase image of a TDP-43A315T cortical neuron (A) that is YFP positive (B, green) selected for whole 
cell patch clamp analysis at 10 DIV. Passive membrane parameters of YFP:WT (‘WT’) and YFP:TDP-43A315T 
(‘TDP-43A315T’) cortical neurons were analysed.  
C-E. There were no significant differences in resting membrane potential (C), capacitance (D) and input 
resistance (E) between WT and TDP-43A315T cortical neurons.  
F. There was a significant increase in depolarization threshold in the TDP-43A315T cortical neurons in 
comparison to WT controls (*p<0.05).  
G and H. There were no significant differences in peak inward (G) or peak outward current (H).  
I. Representative traces of WT and TDP-43A315T patched neurons. Using a series of depolarizing current 
steps (100 to 500pA, in 25 pA increments, 200 ms duration), the (f-I) relationship generated indicated that 
the TDP-43A315T neurons tended to fire at lower rates for a given current compared to WT neurons, however 
this was not significant. Error bar = mean ± SEM. Scale bar = 20 μm. 
(Tongcui Jiang performed the cell culture and Mariana Brizuela performed the cell patching and post hoc 
analysis.) 
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2.4 Discussion 

Previous studies of pathogenic TDP-43 on dendritic structural integrity have yielded varying 

results. TDP-43 protein expression is tightly regulated (Ayala, De Conti et al. 2011, Avendano-

Vazquez, Dhir et al. 2012), and both over-expression and under-expression of TDP-43 can lead 

to selective neuronal vulnerability (Majumder, Bose et al. 2012).  

The loss of normal TDP-43 affects neurite outgrowth in mammalian central nervous system 

neurons and in the Drosophila peripheral nervous system (Iguchi, Katsuno et al. 2009, Fiesel, 

Voigt et al. 2010, Yang, Tan et al. 2010, Fiesel, Schurr et al. 2011, Fallini, Bassell et al. 2012, 

Liu-Yesucevitz, Lin et al. 2014). Furthermore, plasmid-mediated expression of mutant TDP-

43A315T, TDP-43Q331K or TDP-43M337V in differentiated cortical neurons may regulate overall 

neurite morphology relative to TDP-43WT (Han, Yu et al. 2013). In previous studies TDP-43 

expression has been reported to have varying, and somewhat contradictory effects.  This may 

be due to the different rodent models used or perhaps the expression levels used.  Many 

previous studies have relied upon varying expression of TDP-43 through plasmid expression.  

TDP-43 is autoregulated and over and under expression can have significant effects. 

In the present study using a transgenic model of stable TDP-43A315T expression, we found no 

significant changes in dendrite outgrowth. However, when investigating the branching order 

of dendrites we found a loss of complexity by 15 DIV. Loss of dendrite arbour complexity can 

have dire effects on neuronal connectivity and has been shown to occur in neurodegenerative 

diseases such as Alzheimer’s disease (Dorostkar, Zou et al. 2015). It would be advantageous 

in future studies to perform a sholl analysis on these dendrites interrogate this loss of dendrite 

complexity in the TDP-43A315T neurons further. 

Our results demonstrate that when identifying dendrites, the TDP-43A315T mutant specifically 

affects structure of the dendritic arbor, potentially affecting the ability of TDP-43A315T cortical 

neurons to receive and integrate incoming synaptic transmissions. The current discussion 

highlights the potential for dendrite outgrowth to underlie dysfunction in the primary cortical 

neurons, emphasising how changes may represent a convergence on synaptic dysfunction. The 

structural changes in the primary cortical neurons are also discussed in relation to the current 

findings. 
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2.4.1 Dendrite outgrowth in primary cortical neurons is not affected by TDP-
43A315T mutant during development  

The effect of pathogenic TDP-43 on dendritic structural integrity is unclear. This confusion is 

not surprising due to the tight regulation of TDP-43 protein expression (Ayala, De Conti et al. 

2011, Avendano-Vazquez, Dhir et al. 2012) where both over-expression and under-expression 

of TDP-43 can lead to selective neuronal vulnerability (Majumder, Bose et al. 2012).  

Specifically, studies have shown that loss of normal TDP-43 affects neurite outgrowth in 

mammalian central nervous system neurons and Drosophila peripheral nervous system (Iguchi, 

Katsuno et al. 2009, Fiesel, Voigt et al. 2010, Yang, Tan et al. 2010, Fiesel, Schurr et al. 2011, 

Fallini, Bassell et al. 2012, Liu-Yesucevitz, Lin et al. 2014). Furthermore, plasmid-mediated 

expression of mutant TDP-43A315T, TDP-43Q331K or TDP-43M337V in differentiated cortical 

neurons may regulate overall neurite morphology relative to TDP-43WT (Han, Yu et al. 2013).  

In this study using a transgenic model of stable TDP-43A315T expression, we found no 

significant changes in dendrite or axonal outgrowth. However, when investigating the 

branching order of dendrites we found a loss of complexity by 15 DIV. Loss of dendrite arbor 

complexity can have dire effects on neuronal connectivity and has been shown to occur in 

neurodegenerative diseases such as Alzheimer’s disease (Dorostkar, Zou et al. 2015).  

Our results demonstrate that when identifying dendrites and axons separately, the TDP-43A315T 

mutant specifically affects structure of the dendritic arbor, potentially affecting the ability of 

TDP-43A315T cortical neurons to receive and integrate incoming synaptic transmissions. 

2.4.2 Dendritic spine density in cortical neurons is affected in the presence 
of the TDP-43A315T mutation 

We have shown here that mutant TDP-43 has a deleterious effect on dendritic spine density in 

YFP:TDP-43A315T cortical neurons. These findings are consistent with our previous in vivo 

work where synapse dysfunction was found in layer V pyramidal neurons of TDP-43A315T mice 

at P60 (Handley, Pitman et al. 2017). Whilst it would have been interesting to look at 

morphological spine type in the current in vitro investigations, due to the confluent monolayer 

nature of primary neuronal culture, spine morphology can not be reliable and reproducibly 

assessed. 
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In hippocampal neurons, TDP-43 has been identified as a negative regulator of dendritic spine 

density (Majumder, Bose et al. 2012), acting together with Fragile X Syndrome protein FMRP 

to co-repress the translation of Rac1 mRNA (Majumder, Chu et al. 2016). Activation of the 

Rac1 pathway stabilises dendritic spines and recruits AMPA receptors to the post-synaptic 

membrane, enhancing excitatory synaptic transmission (Wiens, Lin et al. 2005, Majumder, 

Bose et al. 2012). In this study we identified a loss of GluR1 at the post-synapse in TDP-43A315T 

cortical neurons, which is consistent with a potential reduction in Rac1-mediated AMPA 

recruitment.  

The reduction of GluR1 at the post-synapse may result in attenuated receptivity of TDP43A315T 

cortical neurons to inputs from surrounding neuronal cells, resulting in altered excitability.  

2.4.3 TDP-43-mediated hypoexcitability is associated with loss of the AMPA 
receptor subunit GluR1 

Several studies in transgenic animal models of ALS, such as the hSOD1G93A mouse, have 

observed a shift over time from hyperexcitable to hypoexcitable states (Pieri, Albo et al. 2003, 

Kuo, Schonewille et al. 2004, van Zundert, Peuscher et al. 2008, Carunchio, Curcio et al. 2010, 

Martin, Cazenave et al. 2013, Fogarty, Noakes et al. 2015, Saba, Viscomi et al. 2015). This 

suggests that a continuum of dynamic excitability alterations is present throughout disease. 

Indeed, ALS-patient-iPSC-derived motor neurons harboring TDP-43 mutation or C9orf72 

expansion showed an initial phase of hyperexcitability, followed by a progressive loss of both 

action potential output and synaptic activity (Devlin, Burr et al. 2015). This shift may represent 

both initiating factors and responsive compensatory mechanisms, but indicates that the 

transition from hyper- to hypoexcitability is a key feature in the pathogenic decline of motor 

neurons.  

The data from our current study demonstrate that TDP-43-mediated hypoexcitability is 

associated with loss of the AMPA receptor subunit GluR1 at the dendritic spine.  

Synaptic GluR1 levels have previously been reported as increased in spinal cord motor neurons 

prior to disease onset in the hSOD1G93A mouse (Zhao, Ignacio et al. 2008), initially suggesting 

that the increase could lead to subsequent glutamate-mediated excitotoxicity and ALS-like 

pathology. However, subsequent studies in the hSOD1G93A mouse model showed that: 

1. disease-resistant motor neurons display early intrinsic hyperexcitability (Leroy, 

Lamotte d'Incamps et al. 2014)  
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2. this hyperexcitability was absent from the adult spinal motor neurons (Delestrée, 

Manuel et al. 2014) and was not present in vulnerable motor neuron populations at 

disease end stage (Fuchs, Kutterer et al. 2013)  

3. the inhibition of pre-symptomatic motor neuron excitability accelerated disease 

progression (Saxena, Roselli et al. 2013).  

Collectively, these studies indicate that intrinsic hyperexcitability is not associated with 

vulnerability in the hSOD1G93A model. Interestingly, enhancing excitability within a vulnerable 

motor neuron population in hSOD1G93A mice was neuroprotective to the point of reversing 

disease pathology (Saxena, Roselli et al. 2013). As such, amelioration of TDP-43-induced 

hypoexcitability, by modulation of GluR1 at the post-synaptic membrane, may represent a 

novel therapeutic target in TDP-43-related neurodegenerative disease.  
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3 Axon outgrowth effects in the TDP-43A315T mouse model 
of ALS 

3.1 Introduction 

Accumulating evidence indicates that TDP-43 is localised to motor axons, where it co-localises 

with a number of mRNA-binding proteins and could regulate axonal growth (Fallini, Bassell 

et al. 2012, Tripathi, Baskaran et al. 2014, Feiler, Strobel et al. 2015). Indeed, a 

neuropathological study in ALS postmortem patient favors the possibility that TDP-43 

pathology spreads between axonally connected regions (Brettschneider, Arai et al. 2014).  

 Neurons are compartmentalized in structure and function where axons, cell bodies and 

dendrites form separate compartments. It has been suggested that TDP-43 plays a role in the 

transport of certain target mRNAs into distal neuronal processes (Lagier-Tourenne, 

Polymenidou et al. 2010). Furthermore, the axons containing TDP-43 have been reported to be 

longer when compared with the dimensions of their soma in specific projection neurons, where 

similar to cytoplasmic TDP-43-positive inclusions as in ALS (Fallini, Bassell et al. 2012). A 

growth cone is a structure that determines the direction of growth at the end of axons, which is 

thought to be an early event in axonal degeneration by its collapse and F-actin 

depolymerization (Unsain, Bordenave et al. 2018), with appropriate treatments that prevent 

axonal fragmentation failed to prevent growth cone collapse. 

These previous results indicate that a broader understanding of the different effects of TDP-43 

mutation on axons and axonal growth cones, and the possible mechanisms underlying these 

responses is needed. 

The function of an axon is to carry the signal from the cell body to the target that is being 

innervated. The early formation of synapse requires the precise execution of multiple 

developmental events, with dendritic growth and axon guidance both playing a role (Juttner 

and Rathjen 2005). Remarkably, the highly dynamic “fan-shaped” distal tip of the axon—the 

axonal growth cone—assumes many shapes and sizes and appear to probe their environment 

constantly (Dent and Gertler 2003, Lowery and Van Vactor 2009).  

Actin filaments drive growth cone protrusion and motility (Dent, Gupton et al. 2011). Many 

studies, both in cell culture (Marsh and Letourneau 1984, Lafont, Rouget et al. 1993, Dent and 

Kalil 2001) and within hamster models (Bentley and Toroian-Raymond 1986, Chien, 
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Rosenthal et al. 1993, Dent and Kalil 2001) have shown that actin dynamics are necessary for 

directed axonal outgrowth, but not necessarily for growth translocations. However, the aspects 

of the role of TDP-43A315T on axon outgrowth and axonal growth cone shapes remain unclear, 

including whether axons are vulnerable in the ALS network, or whether axonal growth cones 

may be innately susceptible to the TDP-43A315T mutation. 

Indeed, there is a potential dysfunction of axon guidance signalling and cytoskeletal structure 

in the adult central nervous system in ALS, which could have an impact on axonal plasticity 

and impair neuronal connectivity (Van Battum, Brignani et al. 2015). Transient overexpression 

of mutant SOD1 in zebrafish embryos induces decreased axon length and aberrant branching 

as does in SOD1G93A zebrafish model (Lemmens, Van Hoecke et al. 2007, Sakowski, Lunn et 

al. 2012). Furthermore, mutant TDP-43G348C could cause abnormal regenerative responses and 

reduced axonal outgrowth after neuronal injury (Swarup, Audet et al. 2012). Based on the 

different mutations and models involved in ALS, it would be interesting to see how the 

proximal part of the synapse is affected in mutant TDP-43A315T in vitro model. 

Given the important role that axon and axonal growth cone play during synapse formation, this 

aim of the work described in this chapter was to determine if axonal development was impaired 

in the presence of the TDP-43A315T mutation in vitro. For these analyses, microfluidic chamber 

cultures, immunocytochemistry, live images and real time qPCR techniques were used to 

investigate the properties of axon changes and the contributions to dysfunctional synapses in 

ALS in vitro. Microfluidic chambers that allowed growth of the axons into a fluidically isolated 

environment were used for the study of axon outgrowth, axonal growth cone morphology, and 

axonal RNA extraction (Southam, King et al. 2013). In this chapter, we describe how the 

isolated axons characterisation of neurons in vitro allowed the evaluation of not only 

morphological alterations, but also the insight into RNA changes. 
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3.2 Methods 

Microfluidic chambers and preparation  

The microfluidic chamber device enables the isolation of CNS axons without soma or dendrites 

and can be used to control where neurons will be patterned and attached (Pearce and Williams 

2007). The devices were prepared as described previously (Hosie, King et al. 2012). The 

microfluidic chamber device that allowed growth of the axons into a fluidically isolated 

environment was achieved by hydrostatic pressure, and incorporating a hydrodynamic barrier 

via embedded microgrooves (width 10 μm, height 3 μm and length 450 μm) (Figure 3.1). 

Briefly, chambers were sterilised in ethanol, dried and attached to 24 mm2 glass coverslips 

(Marienfeld, Germany). Poly-L lysine (Sigma-Aldrich, St Louis, USA) in 0.01 M PBS (pH 

7.0) was loaded into both sides of the chamber and left overnight. Poly-L lysine was removed 

and chambers were filled with medium. Chambers were equilibrated for a minimum of 4 hours 

prior to culture.  

 

Figure 3.1. The structure of microfluidic chamber used in the experiment 

A. The device consists of a somal side and an axonal side connected by microgrooves (width 10 µm, height 
3 µm and length 450 µm).  

B. Immunocytochemical image of dendrites and axons in different chambers side. [A and B adapted from 
(Taylor, Blurton-Jones et al. 2005)]. 

 

A B
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Live cell imaging of axonal outgrowth 

Cortical neurons (5 x 105 cells) were plated into the somal compartment of microfluidic 

chambers (Southam, King et al. 2013) on square coverslips pre-coated with 0.001% poly-L-

lysine. At 6 DIV, time-lapse images of the microfluidic chamber axonal compartment were 

obtained (1 image every 2 min, for 30 min) using a Nikon TiE motorized inverted microscope 

with x 40/0.95 objective (Nikon Instruments, NY, USA). Axon outgrowth and path length were 

calculated using NIS-Elements AR 3.2 software (Nikon Instruments). 

RNA extraction from axonal apartment 

Axonal part total RNA isolated from the axonal compartment in the microfluidic chambers 

using ReliaRrepTM RNA cell miniprep system (Promega, USA). Briefly, media removed from 

the axonal part and then 50 μl lysis buffer [BL+TG (1:10)] was added, and put on ice for 10 

minutes. Cells were collected in a sterile centrifuge tube and centrifuged as per instructions. 

Next, 0.35 v/v 100% isopropanol was added to the BL+TG mix and mixed by vortexing for 5 

seconds. The lysate was transferred to a ReliaPrep™ Minicolumn and centrifuged as per 

instructions. The column was washed and freshly prepared DNase I incubation mix was applied 

directly to the membrane inside the column. Finally, 30 μl Nuclease-Free Water was applied 

to the membrane according to the Elution Volume listed, and centrifuge at 13,000 × g for 1 

minute.  

Immunocytochemistry 

Cells were fixed with 4% PFA at 6 DIV as described in section 2.2. This was followed by 

incubation with primary antibodies diluted in diluent (0.01 M PBS containing 0.3% Trixton X-

100). A primary antibody (mouse anti-βIII-tubulin, 1: 1000, Serotec) used for 90 min at room 

temperature. Secondary antibody (Mouse IgG AlexaFluor 488, 1: 1000, Molecular Probes) was 

applied for 90 min at room temperature in the dark. To label filamentous actin (F-actin), 

cultures were incubated with AlexaFluor 594 phalloidin (1: 200, Molecular Probes) for 30 min 

after antibody labelling. Fixed and fluorescently labelled samples were visualized with a Leica 

DMLB2 fluorescent microscope (Leika, Germany) and images were acquired with a CCD 

camera (ORCA, Japan) and recorded in NIH elements software (Nikon, Japan).  

Growth cone quantitation 

To quantitatively examine the organization of microtubules and actin filaments of the growth 

cones of WT and TDP-43A315T axonal growth cones. The average area of growth cones in both 

WT and TDP-43A315T cultures was measured by framing the actin positive extension using the 
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freehand modus of Image J software. The amount of colocalization between microtubules (βIII-

tubulin) and F actin (phalloidin) was determined using the Image J-JacoP colocalization 

(Pearson’s Coefficient value of βIII tubulin) plug-in function. Each experiment was repeated 

three times (n=3 cultures). 

RT2 profiler PCR array 

Using 100ng purified RNA to do the reverse-transcription steps. All steps were performed by 

using Synaptic Plasticity RT2 profiler PCR array kit (purchased from QIAGEN, Australia). 

Preparing pathway-specific RT2 PreAMP Pathway Mix according instructions. Immediately 

add 84 μl nuclease-free water to mix the reaction mix after above steps done. Put 1850 μl 2xRT2 

SYBR Green Master mix, preamplification reaction and RNase-free water and mix well. 

Aliquot (25 μl per well) mix into Synaptic Plasticity RT2 profiler PCR array (PAMM-126Z) 

(QIAGEN, Australia). Cycle as protocol in real-time cycler.  Fold change and significance was 

calculated using the QIAGEN online PCR Array data software and normalized the GAPDH. 

Statistical analysis 

All statistical analysis was performed in GraphPad Prism (Graph-pad Software, CA, USA) 

using t-tests and one-way or two-way analysis of variance (ANOVA) with Tukey’s post-hoc 

correction for multiple comparisons; p<0.05 was considered significant. Data is reported as 

mean ± standard error of the mean (SEM).  
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3.3 Results 

3.3.1 TDP-43A315T does not affect the growth pattern and morphology of 
axons from cortical neurons in vitro 

To determine whether mutant TDP-43A315T influenced axonal outgrowth, the axons from 

cortical neurons were isolated using microfluidic chambers (Southam, King et al. 2013), which 

have microgrooves designed specifically for axons. Previous work has shown that the distal 

chambers are only populated with axons when seeded with primary cortical neurons (Southam, 

King et al. 2013).  

Axons were examined by immunolabeling for Tau at 10 days in vitro (DIV), when axons have 

extended through the microfluidic chambers into the distal compartment (Figure 3.2). Most 

axons in WT and TDP-43A315T cultures grew directly away from the channel opening in a 

relatively unchanged trajectory. Some axons showed changes in trajectory part way through 

growth, so that at 10 DIV the axon appeared bent or curved in TDP-43A315T neurons when 

compared with WT neurons. This indicated that TDP-43 may influence axon growth direction. 
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Figure 3.2. Tau immunolabeling images of isolated axons in microfluidic chambers 

Axon morphology of TDP-43A315T cortical neurons compared with WT. Immunolabeling for Tau to label 
axons. WT and TDP-43A315T neurons grew directly away from the channel opening in a relatively unchanged 
trajectory. Some axons from TDP-43A315T neurons appeared bent or curved when compared with WT 
neurons at 10 DIV. Scale bar =10 µm. 

 

3.3.2 TDP-43A315T expression does not significantly affect cortical neuron 
axon outgrowth 

Disease models using TDP-43 knockout display significant alterations to the complexity of the 

lower motor neuron pre-synaptic terminal (Feiguin, Godena et al. 2009) and TDP-43 is 

localised and actively transported in vivo in motor neuron axons (Fallini, Bassell et al. 2012).  

To investigate the effects of TDP-43A315T on axonal outgrowth and pre-synaptic formation in 

upper motor neurons during neuronal development, cortical neurons cultured in microfluidic 

chambers underwent live imaging video to compare YFP:WT (Figure 3.3A) and YFP:TDP-

43A315T (Figure 3.3B) neurons axonal outgrowth. Tracking of total axon outgrowth (Figure 
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3.3C) and path length (Figure 3.3D) demonstrated no significant changes between YFP:WT 

and YFP:TDP-43A315T neurons.  

 

Figure 3.3. The effect of TDP-43A315T expression on axon development 

A and B. Live microscope images for axonal growth cones (inset) were captured at 6 DIV, images were 
captured at 2 min intervals for 30 min. Tracking of total axon outgrowth (C) and path length (D) 
demonstrated no significant changes between WT and TDP-43A315T neurons. Number of axons tracked: 
WT=99, TDP-43A315T=87 respectively, altogether from three biological replicates, statistics were performed 
on means for each separate biological replicate. Error bar = mean ± SEM. Scale bar = 20 µm. 
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3.3.3 TDP-43A315T expression does not significantly affect cortical neuron 
axon growth cone 

To determine whether the size of growth cones was affected by the mutant TDP-43A315T, the 

size of the growth cones was examined in YFP:WT and YFP:TDP-43A315T neurons at 6 DIV 

by measuring their area, using the marker phalloidin (Figure 3.4A and B). Here, phalloidin was 

used to label stable actin filaments. This labelling protocol has been shown to not interfere with 

the ability of actin to reorganize (Sampath and Pollard 1991, O'Connor and Bentley 1993, Lin 

and Forscher 1995, Waterman-Storer, Duey et al. 2000). The staining incubation time of 30 

minutes was required for achieving optimal signal to noise labelling. The result showed no 

significant difference between the size of the growth cones in YFP:WT and YFP:TDP-43A315T 

neurons (Figure 3.4C) and TDP-43A315T mutation did not affect the distribution of microtubules 

and actin (Figure 3.4D), indicating that growth cones in these neurons were not significantly 

different in YFP:WT and YFP:TDP-43A315T neurons (Pearson’s coefficient= 0.76 ± 0.03).  
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Figure 3.4. Immunocytochemistry images and the effect of TDP-43A315T expression on axon growth cones 
A and B Images of axons (green; βIII tubulin) of primary cortical at 6 DIV. High magnification of axons with 
growth cones immunostained with F-actin (red) and a higher magnification of growth cone. Scale bar =50 
µm. 

C. There was no significant difference of average growth cone area from n=72 YFP:WT growth cones and 
n=60 YFP:TDP-43A315T  growth cones in neurons at 6 DIV, three biological replicates, statistics were 
performed on means for each separate biological replicate.. 

D. There was no significant difference of Pearson’s Coefficient value of βIII tubulin and F-actin between the 
growth cones from n=72 YFP:WT growth cones and n=60 YFP:TDP-43A315T  growth cones in neurons at 6 
DIV, three biological replicates. Error bar=mean ± SEM. 

3.3.4 TDP-43A315T expression reduced cortical neuron axon growth cone 
dynamics 

Despite no significant changes in axon outgrowth and axonal growth cone structure, it was 

observed in Result 3.2 that more axons appeared bent or curved in TDP-43A315T neurons when 

compared with WT neurons.  The actin cytoskeleton is concentrated in the nerve growth cone 

and its dynamics play a central role in growth cone motility. The forward advancement of the 

growth cone requires actin polymerization-driven membrane protrusion followed by selective 
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adhesion to the extracellular matrix (Dent, Gupton et al. 2011). In order to investigate axonal 

growth cone dynamics from primary cortical neurons, tracking of total axons and characterised 

axonal growth cones with moving and pausing. The percentage of moving growth cone 

decreased [F(1,8)=8.147, P=0.0213, two-way ANOVA] while the pausing growth cone 

increased [F(1,4)=138.4, P=0.0003, two-way ANOVA] in TDP-43A315T neurons in comparison 

to WT neurons (Figure 3.5). 

 

 

Figure 3.5. The effect of TDP-43A315T expression on axon growth cone dynamics 

Graph showing there was a significant decrease of the percentage of moving growth cone and a significant 
increase of pausing growth cone in n=13 YFP:TDP-43A315T neurons comparison to n=17 YFP: WT neurons 
at 6 DIV, three biological replicates, statistics were performed on means for each separate biological 
replicate. *p<0.05, **p<0.01 (two-way ANOVA with Tukey’s multiple comparisons test). Error bar=mean ± 
SEM 

 

  

*



 

Tongcui Jiang 
Cellular dysfunction in Amyotrophic Lateral Sclerosis: Investigating the role of TDP-43 59 

3.3.5 Differential expression of mouse synaptic plasticity genes in TDP-
43A315T cortical neurons 

Total RNA was isolated from axonal compartment of microfluidic chambers, and a synaptic 

plasticity array, with synaptic plasticity genes normalised to housekeeping genes was employed 

(see Appendix 1). In response to the main effect of mutant TDP-43, one gene (B2m)  was up-

regulated and three genes (Reln, Rgs2 and Ywhaq) were downregulated when compared to WT 

(Table 3.1). Beta-2-microglobulin (B2M) protein acts as a stabilizing scaffold. The major role 

of Reelin (Reln) is in the cytoarchitectonic guidance of migrating glia and/or neurons towards 

their destination (Gong, Wang et al. 2007). Regulator of G-protein signaling (RGS) proteins 

negatively regulate G-protein-mediated neurotransmission (Traynor and Neubig 2005) and 14-

3-3 (Ywhaq) has been reported up-regulated in ALS spinal cord (Malaspina, Kaushik et al. 

2000). The importance of Reln may interact with axon dynamics. This result indicates that in 

the presence of mutant TDP-43A315T, there is dysregulation of synaptic plasticity genes within 

the axon.  Indeed, the changes in Reelin found may contribute to the alterations in growth cone 

dynamic observed in Chapter 4.  In additional to validating these targets through protein 

expression with either immunocytochemsitry or western blot, future studies should focus on 

determining if reelin is involved in the axonal deficits observed in ALS’. 

Table 3.1 Mouse synaptic plasticity genes expression in WT and TDP-43A315T cortical neurons (fold change) 

Gene Fold 
regulation 

P value 

Reelin Reln -4.7349 0.010292 

Regulator of G-protein signaling 2 Rgs2 -32.5218 0.003221 

Tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, theta 
polypeptide 

Ywhaq -5.327 0.03795 

Beta-2-microglobulin B2m 10.1261 0.015884 

84 genes were analysed, only genes significantly (p<0.05) dysregulated were shown in this table. 1 out of 
84 synaptic plasticity genes were significantly enriched compared to WT axons, whereas 3 out of 84 
synaptic plasticity genes were significantly depleted compared to WT axons, three independent biological 
replicates. 



 

Tongcui Jiang 
Cellular dysfunction in Amyotrophic Lateral Sclerosis: Investigating the role of TDP-43 60 

3.4 Discussion 

Following the previous chapter, alterations of both post-synaptic GluR1 and pre-synaptic 

synaptophysin lead to the investigation of the pre-synaptic compartment. In vitro experiments 

are important to achieve a better understanding of the cellular mechanisms that contribute to 

ALS-related synaptic dysfunction. Previous studies show that axon outgrowth and axon growth 

cones play an important role in synapse formation (Van Battum, Brignani et al. 2015). The 

relationship between the axon and growth cone is that the growth cone is a specialized motile 

structure and formed at the tip of growing axons of developing neurons, which plays a role in 

accurate synaptogenesis for neuronal network construction. 

Normally, axon growth cones exhibit microtubules that extend into the peripheral region where 

they overlap with actin bundles at the bases of filopodia (Gordon-Weeks 2004). Combining the 

previous studies of pathogenic TDP-43 on axonal structural integrity (Ayala, De Conti et al. 

2011, Avendano-Vazquez, Dhir et al. 2012). In this study, within the axonal compartment we 

investigated axonal outgrowth and axonal growth cone morphology to examine the effects of 

TDP-43 on these parameters. In the study described in this chapter, a microfluidic device was 

used to isolate the axons from neuronal cell bodies and dendrites with the aim to investigate 

the axonal compartment to determine if the A315T TDP-43 mutation may cause deficits in 

axonal outgrowth growth cone morphology in a model of ALS. Such microfluidic devices are 

widely used for neurological studies, to study mechanisms underlying axon degeneration 

(Taylor, Blurton-Jones et al. 2005, Francisco, Yellen et al. 2007, Yap, King et al. 2017). This 

microfluidic device physically isolates axons from the soma, enabling the technique which 

could extract the RNA separately from the axon compartment. Using this device, we 

demonstrated that mutant TDP-43 did not affect axonal outgrowth or morphology and axonal 

growth cones’ structures. We identified several mRNA species that are dysregulated by TDP-

43A315T which may affect axonal outgrowth and TDP-43A315T itself affect axonal growth cone 

dynamics. 

3.4.1 Mutant TDP-43 does not affect axon outgrowth and axonal growth 
cones in primary cortical neurons  

It is not yet clear whether increased cytoplasmic accumulation (as shown in Chapter 1) 

mediates neuron degeneration observed in ALS. Resolving the role that increased cytoplasmic 

TDP-43 and potential subsequent aggregation does is of fundamental importance not only for 



 

Tongcui Jiang 
Cellular dysfunction in Amyotrophic Lateral Sclerosis: Investigating the role of TDP-43 61 

understanding the underlying cellular mechanisms TDP-43 in ALS but also for the 

development of future therapeutic strategies.  We investigated the consequences of the TDP-

43 in ALS mice models. We demonstrate a different effect of TDP-43 in axon outgrowth. 

A recent study has shown that TDP-43 mis-localises and the re-distribution is enhanced in rat 

primary cortical neurons in vitro (Baskaran, Shaw et al. 2018) compared to that previously 

observed in murine myoblast cell line C2C12 in vitro (Straube and Merdes 2007). Rat cortical 

neurons transfected with TDP-43 Q331K and M337V mutations impair axon outgrowth, 

microtubule and growth cone dynamics (Baskaran, Shaw et al. 2018), which is consistent with 

our finding that TDP-43A315T mutant showed increase in pausing growth cones and decrease in 

moving growth cones in mouse cortical neurons.  

Overexpression of TDP-43 M337V and Q382T mutations caused a significant severe 

impairment in axon outgrowth (Fallini, Bassell et al. 2012), which was dependent on the C-

terminal protein-interacting domain of TDP-43. We used primary cortical cultures from TDP-

43A315T transgenic mice, which could express TDP-43A315T mutant in neurons and indicated no 

effects on axon outgrowth but influenced axon growth direction. The results from our TDP-

43A315T transgenic neurons are different to TDP-43 transfected neurons possibly due to 

different cell type used and TDP-43 mutation. 

3.4.2 Synaptic plasticity genes are affected by mutant TDP-43A315T displayed 
in mouse synaptic plasticity PCR array 

Here we demonstrate that TDP-43A315T in the cortical neurons of a mouse ALS model, results 

in transcriptional changes of synaptic plasticity-related genes. This observation reveals a 

molecular mechanism that could potentially explain how TDP-43A315T impairs axon dynamics, 

and underlines the importance of TDP-43 as a potential target for protecting synapses from 

ALS. Axonal mRNA transport is a possible target of RNA-binding protein-mediated 

neurodegeneration and is necessary for local translation (Alami, Smith et al. 2014).  

We speculate that degeneration of synapse may be due to the dysregulation in the mRNA 

regulation of TDP-43 binding partners. The finding of B2m was up-regulated and Reln, Rgs2 

and Ywhaq were downregulated when compared to WT. The finding of downregulation of Reln 

has important implications for glia and/or neurons. The major role of Reln is in the 

cytoarchitectonic guidance of migrating glia and/or neurons towards their destination (Gong, 

Wang et al. 2007). Thus Reln may interact with axon dynamics. Interestingly, the percentage 
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of moving growth cone decreased while the pausing growth cone increased in TDP-43A315T 

neurons in comparison to WT neurons in this chapter. This result indicates that in the presence 

of mutant TDP-43A315T, there is dysregulation of synaptic plasticity genes within the axon. This 

dysregulation of axonal mRNA is an early event in neurodegeneration suggesting that 

disruption of the mRNA related to synaptic plasticity eventually leads to degenerative 

processes. 
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4.1 Introduction 

The primary symptoms of ALS are associated with motor dysfunction, such as muscle 

weakness, spasticity and dysphagia. Muscle weakness is considered the pivotal sign of ALS 

and debate still exists as to whether denervation originates from the neuron or the muscle  

(Dadon-Nachum, Melamed et al. 2011).  

As described in Chapter 1 of this thesis, mislocalised or mutant TDP-43 has been widely 

suspected to play a major role in ALS pathogenesis (Buratti and Baralle 2008, Sreedharan, 

Blair et al. 2008, Yokoseki, Shiga et al. 2008). ALS presents with muscle weakness and the 

muscle histology from TDP-43 mutant transgenic mice showed muscle fasciculations, and 

muscle denervation upon histological examination (Wegorzewska, Bell et al. 2009). Normal 

TDP-43 could promote neuron survival or neuroprotection via increased histone deacetylase 6 

(HDAC6) expression, as HDAC6 has recently been implicated in mitophagy and the clearance 

of misfolded protein aggregates (Kawaguchi, Kovacs et al. 2003, Lee, Nagano et al. 2010).  

A recent study found that a novel long non-coding RNA Myolinc could regulate myogenesis 

through TDP-43 in C2C12 myoblasts (Militello, Hosen et al. 2018). We were interested in the 

effect of TDP-43 on myogenesis, with implications for neuromuscular junction synaptic 

connection with lower motor neurons. Here, C2C12 myoblasts were used to investigate the 

effects of TDP-43 on muscle cell’s differentiation. Myoblast cell lines were induced to 

differentiate by alerting the serum level in the media. Originally, the C2 myoblast,  as a control 

cell line, was developed in 1977 to study muscular dystrophies in vitro (Yaffe and Saxel 1977). 

The C2C12 line has since become widely used to study skeletal muscle, including for example, 

aspects of cell differentiation (McMahon, Anderson et al. 1994), as these cells differentiate and 

fuse into myotubes when exposed to low-serum differentiation media. In this chapter, we used 

C2C12 cell lines and asked whether TDP-43 enables the acquisition of competence for muscle 

cell C2C12 differentiation. 

The fusion process of muscle cells is a critical step in the formation and regeneration of the 

neuromuscular junction (NMJ). Indeed, over-expression of TDP-43 in skeletal muscle 

produces a progressive myopathy (Stallings, Puttaparthi et al. 2010). We know that 

degeneration of muscle control is a key process in ALS, however, the sequence of pathological 

changes is not fully known. The identification of early NMJ morphological alterations and the 

implications of specific protein changes are still poorly understood in the TDP-43A315T mouse 
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model of ALS. Since knowledge about the skeletal muscle degeneration process and the 

myogenic potential is limited in ALS patients, a study of how TDP-43 affects muscle cells is 

needed.  

Much of our understanding about ALS disease progression has been established using the 

SOD1G93A mouse model (Gurney, Pu et al. 1994). Previous studies show that muscle-specific 

expression of mutant SOD1 in mice leads to an ALS phenotype and degradation of MNs 

(Dobrowolny, Aucello et al. 2008, Wong and Martin 2010). In vitro cultures of ALS patient 

skeletal muscle stem cells (the satellite cells, SCs), which are essential for skeletal muscle 

regeneration (Ehrhardt and Morgan 2005), demonstrated a senescent-like morphology, 

disturbed differentiation, and an apparent inability to proceed through the myogenic program 

resulting in a decreased ability to regenerate and mature to functional myofibres (Pradat, Barani 

et al. 2011, Scaramozza, Marchese et al. 2014). The regulation of SCs to functional myofibres 

is highly complex and is far from understood. However, it is currently unknown whether this 

regulation was involved in loss of function of TDP-43, in comparison to mutant TDP-43. 

Identification of the effect of TDP-43 knockdown on muscle cell differentiation may increase 

our understanding of this process in ALS patients.  

The key process of myocytes fusion is complex. During muscle denervation, SCs are activated 

and they re-enter the cell cycle and begin proliferating to co-express myogenic differentiation 

antigen 1 (MyoD) (Smith, Janney et al. 1994, Cooper, Tajbakhsh et al. 1999). Subsequently, 

satellite cells promote myogenin expression and elongate to form new myotubes to regenerate 

muscle (Seale and Rudnicki 2000).  

Since skeletal muscle is the main target of motor neurons, muscle maintenance could be 

disturbed with motor neuron death has been reported in a study of ALS-derived SCs, however, 

the mechanisms are unclear. The aim of the work described in this Chapter was to use C2C12 

cells, a mouse myoblast satellite cell line (Banachewicz, Suplat et al. 2005) that has been 

extensively used as an in vitro model for studying the differentiation and regeneration of 

skeletal muscle (Yaffe and Saxel 1977), to investigate specific alterations to loss of TDP-43. 

In this chapter the effect of knockdown TDP-43 on the differentiation of C2C12 was examined. 

Since RNA interference (RNAi) therapy for the treatment of ALS caused by SOD1 mutations 

has been developed (Xia, Zhou et al. 2005) and studies in the SOD1 mouse have been 

successful in delaying the onset of ALS symptoms by 100% and extending SOD1 mouse life 

by 80% (Ralph, Radcliffe et al. 2005). siRNAs of TDP-43 have been successfully designed and 
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tested against mouse anti-TDP-43. TO investigate the effect of TDP-43 siRNA, C2C12 cells 

were grown to confluency in growth medium and the medium was then changed to 

differentiation medium, at which time cells were transfected with siRNA of TDP-43.  Cells 

were harvested and western blot analysis of the expression of Myogenin, Myosin Heavy Chain 

(MHC) and Desmin proteins and RT PCR using the Skeletal Muscle Myogenesis and 

Myopathy RT2 Profiler PCR Array was performed.  
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4.2 Methods 

C2C12 cultures 

The mouse myogenic C2C12 cells were used up until passage number 8. Myoblasts were 
maintained on plastic cell culture dishes in growth medium-Dulbecco’s Modified Eagle 
Medium (DMEM) (Thermo Scientific, USA) [supplemented with 10% (v/v) fetal bovine 
serum, 1% (v/v) antibiotic-antimycotic (Thermo Scientific, USA)] in a humidified incubator 
kept at 37°C and 5% CO2. When cells reached 70%~80% confluency, they were separated and 
plated on multiwell plates or on a fresh plastic cell culture dish at 1.5 × 105 cells per 35 mm 
dish. Once confluent, cells were serum restricted with differentiation medium (DMEM, 10% 
horse serum, 1% antibiotic-antimycotic) and left to differentiate. Growth or differentiation 
medium was replenished daily. 

siRNAs transfection 

Two small interfering RNAs (siRNA) (synthesised by Sigma Aldrich) of TDP-43 were 
designed as follows: siRNA1, forward: GUUCUUAUGGUUCAGGUCA; reverse: 
CAAGAAUACCAAGUCCAGU. siRNA2, forward: CUGUAAACUUCCCAACUCU; 
reverse: GACAUUUGAAGGGUUGAGA. Negative control siRNA was designed as follows: 
TTCTCCGAACGTGTCACGT for siRNA1 and siRNA2. Cells were plated at a density of 
36,000 on 12-well culture plate, and grown in growth medium for 1-2 days before the 
transfection experiment. The growth medium was changed to DMEM-only 1 h prior to 
transfection. Control and each siRNA of TDP-43 were prepared and transfected into C2C12 

cells using Lipofectamineâ RNAiMAX (Thermo Scientific, USA) according to the 

manufacturer’s protocol. The timeline for transfection is as follows: 
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C2C12 differentiation 

The transfected cells were incubated at 37°C and 5% CO2 for knockdown with DMEM-only 
medium for 24 h. The medium was then changed to differentiation medium (DMEM 
supplemented with 10% (v/v) horse serum, 1% (v/v) antibiotic-antimycotic) and incubated for 
48h, 72h respectively. RNA and protein were extracted at each time point. The experiment was 
performed in triplicate. 

Protein extraction 

Each well was washed twice with pre-warmed DMEM (without serum) and placed on ice. 150 
μl of cell lysis buffer [50 mM Tris-HCl, 150 mM NaCl, 16 mM nonyl 
phenoxypolyethoxylethanol-40 (NP-40), 24 mM Sodium deoxycholate, 3.5 mM SDS, and one 
protease inhibitor tablet (Roche Diagnostics Pty Ltd, Australia) containing Trichostatin A 
(TSA; 1:10000, Sigma)] was added to each well on ice for 10 minutes. Whole cell protein was 
removed from the plate using a cell scraper and transferred to 1.5 ml eppendorf. Following 
centrifugation at 13,000 x g for 10 min, the supernatant was removed and the protein content 
quantified used a Bio-Rad-DC assay in microplate format (Bio-Rad Pty Ltd, Australia).  

Western blotting 

Samples were diluted in Laemmli sample buffer (Bio-Rad Laboratories, Australia), vortexed, 

and heated to 95°C for 10 min. The samples (20 µg of protein) were separated on a 4-12% 

SDS-PAGE gel (Invitrogen, Thermo Scientific) at 220 V for 20 min. Proteins were 
electrophoretically transferred to [poly (vinylidene fluoride) (PVDF)] membranes using 
NuPAGE transfer buffer (Life Technologies) with 10% ethanol (Sigma-Aldrich). Membranes 
were blocked using 5% w/v non-fat milk powder in Tris-buffered saline with 0.05% Tween-20 
(Sigma- Aldrich) (TBS-T), then incubated with primary antibodies (mouse anti-TDP43, clone 
3H8, 1:1000, Millipore, mouse anti-Myogenin, 1:1000, Thermo, mouse anti-Desmin, 1:1000, 
Proteintech, mouse anti-Myosin Heavy Chain, 1:1000, Proteintech, rabbit anti-GAPDH, 
1:10000, Millipore) overnight at 4°C, washed in TBS-T, incubated for 1 h with secondary 
antibodies (mouse anti-HRP, 1:5000, Dako, rabbit anti-HRP, 1:5000, Dako) at room 
temperature and washed in TBS-T. The chemiluminescent signal was developed using the 
Immobilon Western Chemiluminescent horseradish peroxidase (HRP) Substrate (Merck 
Millipore, Australia) according to the manufacturer's instructions, and detected using a Chemi-
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Smart 5000 instrument (Vilber Lourmat, France). Quantification of western blot bands was 
performed with integrated density values obtained using ImageJ. 

Statistical analysis 

All statistical analysis was performed in GraphPad Prism (Graph-pad Software, CA, USA) 
using t-tests and one-way or two-way analysis of variance (ANOVA) with Tukey’s post-hoc 
correction for multiple comparisons. p<0.05 was considered significant. Data is reported as 
mean ± standard error of the mean (SEM).  
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4.3 Results 

4.3.1 The characterisation and optimization of siRNAs  

C2C12 cells were plated on 12-well plates 1-2 days before the experiment. As described in 

Methods, cells were changed into differentiation medium after 24 h knockdown in growth 

medium. The images of C2C12 cells after transfection was captured at 0 h, 24 h, 48 h and 72 

h (Figure 4.1A). The images show the cells get over- crowded over time and more like myotube 

phenotype. 

Proteins were extracted at 24 h, 48 h and 72 h after transfected with siRNA1 and siRNA2. The 

ability of different concentrations of siRNA1 and siRNA2 to knock down the endogenous TDP-

43 was confirmed by western blotting assay, followed by the measurements of altered 

percentage compared with control siRNA. An antibody specific for mouse anti-TDP-43 (~ 43 

KDa) was used (Figure 4.1B mTDP-43 western blot) and calculated the altered percentage of 

knockdown efficiency (Figure 4.1C).  

As shown in (Figure 4.1B and C), the endogenous TDP-43 was mostly knocked down by 10 

pmol/μl siRNA1 (around 80% at 48 h) and 20 pmol/μl siRNA1 (around 80% at 48 h). Similarly, 

the endogenous TDP-43 was mostly knocked down by 10 pmol/μl siRNA2 (around 80% at 48 

h) and 20 pmol/μl siRNA1 (only 10% at 48 h) (Figure 4.1D and E).  

These findings suggest that both siRNA at 10 pmol/μl or 20 pmol/μl could knockdown 

endogenous TDP-43 in C2C12, 10 pmol/μl concentrations of siRNA1 and siRNA2 had a high 

efficiency.  
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The morphology of C2C12 after transfection was imaged at 0 h, 24 h, 48 h and 72 h (A), which shows the 
fibrillation of C2C12 on a time dose. Graph showing the efficiency after knockdown of TDP-43 (B-E). 
Western blot performed on 24 h, 48 h and 72 h after transfected with siRNA1 (B) and siRNA1 (D). The 
altered percentage of knockdown efficiency analysed (normalised to GAPDH) of siRNA1 (C) and siRNA2 (E), 
three independent biological replicates.  
  

Figure 3.6. Morphology and the efficiency of TDP-43 siRNAs in C2C12 
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4.3.2 10 pmol/µl siRNAs were selected to investigate the effects of TDP-43 
knockdown 

Based on the different concentration results (Figure 4.1) 10 pmol/μl siRNAs were used to 
transfect into C2C12. The lower siRNA concentration transfection could reduce cell toxicity. 
The expression of TDP-43 was significantly reduced in C2C12 cells with si-TDP-43 
transfection when compared to si-Control transfection. 

The effect of 10 pmol/μl siRNAs was assessed using western blot (Figure 3.7A) at 24 h, 48 h 
and 72 h. The experiment was repeated three times, and the percentage of mouse TDP-43 
protein levels was measured and compared with si-Control groups (Figure 3.7B). As shown in 
Figure 4.2B, 10 pmol/μl siRNA1 had a sufficient knockdown ability at 24 h (t=10.47, 
P=0.0005, t-test), 48 h ((t=9.791, P=0.0006, t-test) and 72 h (t=7.392, P=0.0018, t-test) when 
compared to si-Control groups. Also, 10 pmol/μl siRNA2 had a sufficient knockdown ability 
at 24 h (t=7.783, P=0.0015, t-test), 48 h (t=28.85, P=0.0001, t-test) and 72 h (t=13.12, 
P=0.0002, t-test) when compared to si-Control groups. The results suggest that lower 
concentration 10 pmol/μl siRNAs reduce TDP-43 sufficiently for subsequent analysis.  

 

 

Figure 3.7. The efficiency of 10 pmol/µl TDP-43 siRNAs in C2C12 

10 pmol/µl siRNA1 and siRNA2 were assessed using western blot (A) at 24 h, 48 h and 72 h. Graph 
showing there was a significant decrease of the expression of TDP-43 after transfected C2C12 with 10 
pmol siRNA1 or 10 pmol siRNA2 after 24 h, 48 h and 72 h, three independent biological replicates. The 
extra band in the GAPDH blot (A) is due to an incomplete stripping of mTDP-43. *p<0.05 (t-test). Error 
bar=mean ± SEM. 
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4.3.3 Knockdown of TDP-43 did not affect myogenesis markers in C2C12  

To investigate the specific contributions of TDP-43 to myogenic differentiation, we used RNA 
interference for the TDP-43 gene in the C2C12 myoblast cell line. Myogenin, Desmin and 
Myosin Heavy Chain (MHC) as key proteins have been reported to be involved in the 
myoblasts’ differentiation. The characterization of the TDP-43-knockout myoblasts reveals 
that the expression of the 3 proteins is differently regulated in the C2C12, and this regulation 
showed no significant changes to these three proteins after knockdown of endogenous TDP-43 
at 24 h, 48 h and 72 h, including differentiation at 24 h and 48 h in C2C12.  

This result was normalised and graphed as shown in Figure 3.8. There was no significant 
difference on the expression of Myogenin (A), Desmin (B) and MHC (C) after treatments. This 
suggested that TDP-43 might play a role in myogenesis during NMJ formation. 
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Figure 3.8. The effects on myogenesis markers of knockdown of TDP-43 in C2C12 

Quantification of protein levels form western blot indicated that there was a no significant difference of the 
expression of Myogenin (A), Desmin (B) and MHC (C) after knockdown of TDP-43, three independent 
biological replicates. Error bar=mean ± SEM. 

  

24 h
 KD

48 h
 KD and 24

 h Diff

72 h
 KD and 48

 h Diff
0.0

0.2

0.4

0.6

0.8

1.0

Control

siRNA1

siRNA2

Re
lat

ive
 D

es
mi

n 
lev

el

24 h
 KD

48 h
 KD and 24

 h Diff

72 h
 KD and 48

 h Diff
0.0

0.2

0.4

0.6

0.8

Control

siRNA1

siRNA2

Re
lat

ive
 M

HC
 le

ve
l

24 h
 KD

48 h
 KD and 24

 h Diff

72 h
 KD and 48

 h Diff
0.0

0.2

0.4

0.6

0.8

Control

siRNA1

siRNA2
Re

lat
ive

 M
yo

ge
nin

 le
ve

lA

B

C



 

Tongcui Jiang 
Cellular dysfunction in Amyotrophic Lateral Sclerosis: Investigating the role of TDP-43 74 

4.3.4 Knockdown of TDP-43 did not affect myogenesis markers in PCR Array 

Based on RNAi technology as a newly designed protocol based on C2C12 myoblasts, aiming 

identification of novel factors involved in myogenesis. Next, in order to exam the effect of 

knock down of TDP-43 on myogenesis associated gene’s mRNA (factors) levels, 48 h (24 h 

differentiation and 48 h Knockdown) was chose to extract RNA to run PCR array about 

Myogenesis. We chose to silence TDP-43 by transient transfection of siRNA duplexes rather 

than stable transfection with small hairpin RNA (shRNA) in order to prevent technical 

difficulties related to time selection and position effect.  Knockdown efficiency was checked 

with western blot (Figure 4.4). After running a skeletal muscle myogenesis and myopathy 

genes PCR array, no phenotype with the two siRNA in C2C12 cells.  

  

 

 

mTDP-43

GAPDH

siR
NA1

siR
NA2

co
nt

ro
l

~43 KDa

~37 KDa

Figure 3.9. The efficiency of TDP-43 siRNAs at 48 h (24 h differentiation and 48 h Knockdown) in C2C12 

10 pmol/µl siRNA1 and siRNA2 were assessed using western blot after 48 h knockdown, it was hsown 

that both siRNAs resulted in effective TDP-43 knock down. 
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4.4 Discussion 

Myogenesis is a multistep process occured during pre- and postnatal stages for muscle 

formation, growth, and regeneration. It is a highly regulated process involving many molecular 

factors which act during myoblast proliferation and differentiation. Reports have been 

indicated that the prenatal myogenesis can be divided into two parts: an early embryonic stage 

(E10.5-E12.5 in mouse) and a later fetal stage (E14.5-17.5 in mouse) (Stockdale 1992, Biressi, 

Tagliafico et al. 2007). As to myogenesis, it could be performed in cultured primary motor 

neurons, and this could be done in future work.  

Skeletal muscle is a key part of multinucleated myofibers (Braun and Gautel 2011) and 

myogenesis is required for skeletal muscle formation and maturation. During myogenesis, 

muscle-specific genes are expressed during the whole cell cycle. The current research does not 

explain all the possible interactions between the genes affecting muscular function and the 

processes of myoblast proliferation and differentiation classically described. Thus, cell culture 

as a novel technique to identify new partners involved in myogenesis is of great interest. Cell 

culture systems are necessary tools for studying regulation and developing of many 

fundamental biological cases or for clinical in-vitro studies. In  functional genomics field, RNA 

interference (RNAi) has been re-energized (Agrawal, Dasaradhi et al. 2003) and small 

interfering RNA (siRNA) became one form of the post-transcriptional gene silencing inducer 

(Tuschl 2001). In this chapter, C2C12 cells was used for in vitro experiment. TDP-43 was 

inhibited during the differentiation of C2C12 cells. Myogenin, MHC and Desmin were detected 

to determine the differentiation of C2C12 cells. Briefly, we used siRNAs of TDP-43 to 

investigate the effects of TDP-43 on the differentiation of C2C12 cells. siRNA screens in 

mammalian primary cultures (Khanjyan, Yang et al. 2013) or cell lines (Echeverri, Beachy et 

al. 2006) such as C2C12 myoblasts (Ge, Waldemer et al. 2013).  

Several molecular and pathophysiological defects may contribute to altering the molecular 

signature in ALS myoblasts. Indeed, the differentiation program of ALS myoblasts seems to 

be partly affected (Scaramozza, Marchese et al. 2014). A better understanding of the role of 

muscle is crucial to design effective therapeutic strategies for this multi-systemic disease. A 

study has shown that both normal and ALS patient-derived human Induced Pluripotent Stem 

Cells (iPSCs) can be converted to functionally mature myotubes in vitro (Lenzi, Pagani et al. 

2016), which further analysis to muscle differentiation showing that ALS mutations did not 

impair myogenesis, as assessed by muscle markers expression, which the same with C2C12 
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experimental studies here. In this Chapter, to understand the molecular mechanism of 

myogenesis, we describe how C2C12 cells were used as an in vitro model to study the 

differentiation and regeneration of skeletal muscle (Yaffe and Saxel 1977). We found that 

knockdown of endogenous TDP-43 in C2C12 did not affect same of the genes in muscle 

myogenesis.  

4.4.1 Knockdown of endogenous TDP-43 did not affect protein nor the 
profiles of genes involved in myogenesis 

During our investigation into the function of TDP-43, we found that there were no significant 

changes in the expression of myogenesis markers during differentiation of C2C12 myoblasts 

into myotubes. Here, we lacked the data of Myosin reconstructed images, which should be used 

to evaluate the size and morphology of myotubes. Myosin and DAPI reconstructed images 

should be superposed in order to measure the fusion index. Percentages of fluorescent area 

(DAPI and myosin), myotube size and morphology and fusion index should be defined as 

phenotypic criteria to classify candidate genes.  

In animal models, mice exhibited degeneration of the large motor axon, grouped atrophy of the 

skeletal muscle, and denervation in NMJ after TDP-43 knockout (Iguchi, Katsuno et al. 2013). 

Drosophila locomotion and reduced levels of cacophony protein in whole animals and at the 

NMJ when other groups performed investigations using null mutations in the Drosophila 

orthologue of TDP-43 (TBPH) (Chang, Hazelett et al. 2014). TDP-43 could bind to Myolinc 

and knockdown of TDP-43 inhibits myogenic differentiation in C2C12 cells (Militello, Hosen 

et al. 2018). Furthermore, motor neurons are capable of recreating neuromuscular junctions in 

culture with C2C12 myotubule cells (Faravelli, Bucchia et al. 2014). Collectively the data from 

this thesis suggests that the deficits may not be from the post synaptic muscle cell, instead 

arising from the pre-synaptic motor neurons.  Future experiments quantifying neuromuscular 

junction formation in vitro with immunocytochemistry and functional synaptic vesicle activity 

studies using wild type lower motor neurons and lower motor neurons derived from the mutant 

model of TDP-43 expression utilized in the previous Chapters, co cultured with the C2C12 line 

under investigated would shed light on this.  Furthermore it is also possible that Mutant TDP-

43 may have a gain of function effect, and therefore culturing muscle cells derived from the 

mutant mouse modal and investigating neuromuscular junction formation would also be 

warranted. 
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Collectively, our studies found that there was no significant changes in the expression of 

Myogenin, MHC and Desmin during differentiation of C2C12 myoblasts into myotubes with 

TDP-43 knockdown; it is possible that TDP-43 alterations cause loss of neuronal-muscle 

synapses in ALS by affecting muscle innervation rather than muscle cell differentiation. Three 

hypotheses could explain this absence of phenotype: (1) the functional redundancy that can 

happen between these three genes and their paralogues belonging to the same multigenic 

family, (2) no contribution of these three genes in C2C12 myogenesis.  

4.4.2 The effects from transfected C2C12 with TDP-43A315T mutation 

To further validate the exact mechanism of TDP-43 in skeletal muscle-derived satellite cells 

differentiation. TDP-43A315T should transfect to C2C12 and observe cell differentiation. The 

lack of this part of work need to add. Our investigation of the function of knockdown of TDP-

43 in C2C12 indicated no significant changes in the expression of myogenesis markers during 

differentiation of C2C12 myoblasts into myotubes. Another factor by which TDP-43 can 

regulate C2C12 differentiation is through the mutations in TDP-43. In this study, we have 

identified knockdown of TDP-43 to be no significant changes in the expression of myogenesis 

markers. It may be possible that TDP-43A315T is involved in C2C12 myotube formation. It was 

recently reported that myolinc regulates myogenesis through TDP-43 (Militello, Hosen et al. 

2018). The direct evidence of TDP-43A315T on myogenesis is lacking. Therefore, it is possible 

that TDP-43A315T is involved in the C2C12 myotube formation. Identifying the molecules that 

are regulated by TDP-43A315T will be our future work. We suppose of 

differentiation, Myolinc recruits TDP-43A315T to regulate myogenesis. And, the complex 

between Myolinc and TDP-43 A315T  binds to promoters of muscle marker genes (e.g. MyoD) to 

regulate myogenic regulatory networks for the differentiation of myoblasts into myocytes and 

the fusion of myocytes to myotubes.  
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5  Discussion 
ALS has been defined as selectively affecting both upper motor neurons and lower motor 

neurons, and eventually leads to the death of motor neurons. The exact cause of ALS is 

unknown. The evidence from clinical, imaging, and neuropathological data shows that more 

genetic factors, cellular mechanisms and environmental factors are thought to be involved in 

ALS than previously recognised.  

Clinically, phenotyping data shows that 50% of patients with ALS develop cognitive and/or 

behavioural impairments and 5-15% have FTD (Phukan, Elamin et al. 2012, Elamin, Bede et 

al. 2013), while 12.5% of people with FTD have ALS (van Es, Hardiman et al. 2017).  

Currently the treatment of ALS is limited to Riluzole and Edaravone, which are thought to 

prevent excitotoxic pre-synaptic glutamate uptake and oxidative stress pathways respectively 

(Miller, Balbas et al. 2012, Rothstein 2017). However, both treatments currently only extend 

life by several months. Protein aggregations, which are frequently positive for TDP-43, have 

been reported in patients with ALS and FTD (Neumann, Sampathu et al. 2006). This creates a 

possible clinical and molecular connection between symptoms and mechanisms.  

It is assumed that the consequence of TDP-43 misprocessing in ALS is associated with the 

death of motor neurons and hence the preceding synaptic dysfunction that characterises ALS 

(Ling 2018). However, the exact mechanisms of pathogenic TDP-43 and synaptic dysfunction 

and cell death remain unclear. Therefore, we need to identify the changes of the morphology, 

synapse formation, excitability alterations and muscle cell differentiation by misprocessed 

TDP-43 to understand ALS and harness the potential for therapeutic intervention in ALS.  

The current thesis primarily examined the role of TDP-43 in cortical neurons in disease by 

investigating in vitro primary cortical neurons derived from TDP-43A315T mouse model of ALS. 

The intent of this was to determine how cortical neurons are vulnerable in ALS patients and 

how excitotoxicity contributes to the pathogenesis of ALS.  

Although TDP-43A315T transgenic mice used in this thesis developed motor dysfunction, the 

paper published in 2009 failed to identify lower motoneurons loss (Wegorzewska, Bell et al. 

2009) Thus, this thesis investigated the effect of mutant TDP-43 on the development and 

formation of synapses in upper motor neurons in vitro and in the muscle cell line C2C12. The 

focus is on examining neuronal process structure, dendritic spine density, synaptic protein 
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localisation, axonal structures, electrophysiological excitability and C2C12 differentiation, to 

provide novel insight into how ALS-linked TDP-43A315T has a significant pathological 

influence on synapse development in ALS. This thesis investigated three aims as outlined 

below: 

§ In Aim 1, the effect of TDP-43A315T expression on cortical neuronal process structure and 

dendritic spine density in vitro were investigated using cell tracing software to assess 

alterations in dendrite morphology and outgrowth. Comparisons were made between 

structure changes and excitability alterations (Chapter 2).  

§ In Aim 2, the effect of TDP-43A315T expression on cortical neuron axonal development 

was examined using microfluidic chamber cultures following analysis by 

immunocytochemistry, live images and real time qPCR techniques (Chapter 3).  

§ In Aim 3, the effects of TDP-43 knockdown on C2C12 cell differentiation were 

investigated using siRNA followed by assessment of skeletal muscle myogenesis markers 

and Myopathy RT2 Profiler PCR Array (Chapter 4).  

 

Previous research has shown that the morphology of dendritic trees and the location of dendritic 

arbors are related to their passive electrophysiological properties (London and Hausser 2005, 

Li, Gervasi et al. 2015). In neurodegenerative diseases, the alterations of neural connectivity 

and computation caused by dendritic developmental defects are thought to underlie 

neurodegenerative mechanisms.  

Previous studies of pathogenic TDP-43 on dendritic structural integrity have yielded varying 

results. TDP-43 protein expression is tightly regulated (Ayala, De Conti et al. 2011, Avendano-

Vazquez, Dhir et al. 2012), and both over- and under-expression of TDP-43 can lead to 

selective neuronal vulnerability (Majumder, Bose et al. 2012).  

This thesis, using a transgenic model of stable TDP-43A315T expression, indicated TDP43A315T 

neurons showed reduced complexity at 15 DIV, while there was no significant difference in 

mean dendrite length. The results from this thesis have some consistencies and inconsistencies 

with the current literature on the effect of TDP-43 and mutation to TDP-43 on neurite 

outgrowth, with some previous studies demonstrating difference in total neurite outgrowth 

(Zhang, Caulfield et al. 2013) in vitro. The advantage of the current thesis is that using 

microfluidic chambers and monolayers the reliable quantification of pure dendrite and axon 
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populations was achieved.  This showed that mutant TDP-43 did affect dendrites but not frank 

axonal growth, similar to what found in sensory neurites (Vaughan et al., 2018). Dendrite 

outgrowth has no significant difference in TDP-43A315T cortical neurons and this result is same 

after we transfected TDP-43A315T plasmids in primary cortical neurons in aim 1 indicated that 

there may be key differences in the vulnerability of cortical and motor neurons to the effect of 

TDP-43 mutation. Furthermore, cultured sensory neurons grow neurites at a slower rate by 

TDP43A315T  and elaborate fewer neuritic branches compared to control neurons (Vaughan, 

Sutherland et al. 2018).  In aim 1, the branching order of dendrites has a significant loss of 

complexity on 15 DIV by TDP-43A315T, which the same with the cultured sensory neurons had 

less complex neurites by TDP43A315T (Vaughan, Sutherland et al. 2018). The localised TDP-

43 in the cytoplasm probably involved in the increase of dendritic branching (Wang, Wu et al. 

2008). This is consistent with a loss of dendritic spine density in TDP-43A315T cortical neurons. 

All of these findings are consistent with our previous in vivo work where synapse dysfunction 

was found in layer V pyramidal neurons of TDP-43A315T mice at P60 (Handley, Pitman et al. 

2017). Such loss of dendrite arbor complexity can have dire effects on neuronal connectivity 

and has been shown to occur in neurodegenerative diseases such as Alzheimer’s disease 

(Dorostkar, Zou et al. 2015).  

Further results presented in Chapter 2 using mCherry human TDP-43 plasmids indicate that 

expression of mCherry-TDP-43A315T but not mCherry-TDP-43WT leads to a significant decrease 

in spine density in comparison to mCherry controls. There was a slight decrease in the 

mCherry-TDP-43WT spine densities. Therefore at this stage the results cannot completely rule 

out the possibility that TDP-43 over-expression partially contributes to the changes of dendrite 

phenotype, however TDP-43A315T has a more severe effect.  

This thesis identified TDP-43A315T expression is associated with loss of the AMPA receptor 

subunit GluR1 at the dendritic spine. The identification of a loss of GluR1 at the post-synapse 

in TDP-43A315T cortical neurons in Chapter 2 and the reduction of GluR1 at the post-synapse 

may result in attenuated receptivity of TDP43A315T cortical neurons to inputs from surrounding 

neuronal cells, resulting in altered excitability. Previous studies have indicated that altered 

excitability in ALS is a complex and evolving phenonmenon, involving both hyper and hypo 

excitability. 

Hyperexcitability is associated with the exaggerated influx of calcium through AMPA 

receptors (AMPARs), and alterations to key synaptic receptors are linked to toxic alterations 
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in calcium permeability (Kawahara, Ito et al. 2004, Kwak and Kawahara 2005, Hardingham 

and Bading 2010, Lau and Tymianski 2010). Motor neurons express abundant glutamate 

receptors and as such, the cell type is especially vulnerable to AMPAR-mediated excitotoxicity 

(Krieger, Jones et al. 1994, Carriedo, Yin et al. 1996, Van Den Bosch, Vandenberghe et al. 

2000). The calcium permeability of AMPARs is largely mediated by the ionotropic glutamate 

receptor 2 (GluA2) subunit, and the process of post-transcriptional editing to induce calcium 

impermeability at the Gln/Arg site (Kawahara, Ito et al. 2004, Grosskreutz, Van Den Bosch et 

al. 2010, Yamashita and Kwak 2014, Sasaki, Yamashita et al. 2015). The low expression of 

GluA2 and calcium-buffering proteins render motor neurons uniquely vulnerable to motor 

neurons of the cortex in the ALS, though clear evidence indicating that it is the primary disease 

mechanism is lacking.  

Intriguingly, recent studies have now shown that the most vulnerable motoneuron populations 

lose the ability to fire repetitively- a signature of hypoexcitability (Devlin, Burr et al. 2015, 

Martinez-Silva, Imhoff-Manuel et al. 2018). These insights have challenged the notion of 

hyperexcitability being responsible for cell death, evidenced by the resilience of hyperexcitable 

subsets of motor neurons, and the protection of motor neurons from ALS-linked pathology 

following induction of excitability (Saxena, Roselli et al. 2013, Leroy and Zytnicki 2015). 

Studies utilising ALS human induced pluripotent stem cells (iPSCs) have indicated evidence 

for both hypo- and hyperexcitability; however, some light has been shed on these contradictory 

findings from a 2015 study, where a switch from initial hyperexcitability to later 

hypoexcitability was reported in motor neurons differentiated from patient-derived iPSCs 

harbouring TARDBP and C9ORF72 gene mutations (Naujock, Stanslowsky et al. 2016). The 

susceptibility of motor neurons to hypoexcitability has been further elucidated following the 

identification of the most vulnerable populations being larger motor units containing fast-

contracting muscle fibers, breaking down at a faster rate than slower motor units. Furthermore, 

these large motor units display an inability to fire repetitively even though their neuromuscular 

junctions are still functional (Martinez-Silva et al 2018). Together, these studies suggest 

intrinsic hyperexcitability is unlikely to be the major cause of motor neuron degeneration, and 

that hypoexcitability may be a key player in the progression of ALS. Though we have evidence 

of changes in the excitability of neurons within the motor system, we still do not understand 

the mechanisms driving these changes; nor do we know when these insults are occurring over 

a timeline of disease. The misprocessing of the protein TDP-43 is another hallmark feature of 

ALS that is shared across the vast majority of cases, and the potential for an association 
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between this and excitability may be key to identifying early disease mechanisms. Indeed, 

electrophysiological studies in this thesis did show that the TDP-43A315T were less excitable 

than their WT controls. Thus, the amelioration of TDP-43-induced hypoexcitability, by 

modulation of GluR1 at the post-synaptic membrane, may represent a novel therapeutic target 

in TDP-43-related neurodegenerative disease.  

AMPA receptors have been previously implicated in ALS.  The AMPA receptors are composed 

of four subunits: GluR1, GluR2, GluR3 and GluR4. All of them have been proposed to play a 

role in ALS. For example, GluR2 mediated neuronal death in sporadic ALS (Kwak, Hideyama 

et al. 2010), and reducing GluR2 levels promoted motor neuron death and degeneration in vitro 

and in vivo (Van Damme 2009). Synaptic GluR1 levels have previously been reported as 

increased in spinal cord motor neurons prior to disease onset in the hSOD1G93A mouse (Zhao, 

Ignacio et al. 2008), initially suggesting that the increase could lead to subsequent glutamate-

mediated excitotoxicity and ALS-like pathology. The current thesis conforms these 

observations an links the alterations to in a different familial model of ALS, suggesting that 

this may be a conserved disease mechanism. 

Experiments were performed in this thesis on AMPA receptors, however it would be interesting 

in future studies to investigate if NMDA receptors are also effected.  Recent studies highlighted 

the potential role of N-Methyl-D-Aspartic Acid (NMDA)-mediated mechanisms to presynaptic 

plasticity. However, electrophysiological study in cultured SOD1G93A cells showed 

that NMDA-evoked currents were not significantly different from control cells (Antonini, 

Caioli et al. 2018). Sceniak and colleagues showed that the activation of NMDA receptors 

(NMDARs) by appropriate agonists in vitro affects the accumulation and clustering of both 

synaptic vesicles and active zone proteins at premature presynaptic sites (Sceniak, Berry et al. 

2012).  

Axonal mRNA transport is a possible target of RNA-binding protein-mediated 

neurodegeneration and is necessary for local translation (Alami, Smith et al. 2014). In the study 

described in Chapter 3, a microfluidic device was used to isolate the axons from neuronal cell 

bodies and dendrites, aiming to investigate the pre-synaptic alterations in ALS. Such 

microfluidic devices are widely used for neurological studies, in particular to study 

mechanisms underlying axon degeneration (Taylor, Blurton-Jones et al. 2005, Francisco, 

Yellen et al. 2007, Yap, King et al. 2017).  
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Chapter 3 demonstrated that mutant TDP-43 did not affect axonal outgrowth or morphology 

and axonal growth cones structures. However, TDP-43A315T did affect axonal growth cone 

dynamics. The results from this thesis implies that TDP-43 may affect neuronal connections 

through altered growth cone dynamics rather than growth cone structure, specifically the actin 

and microtubule structure, itself. 

In Chapter 3 we speculate if that degeneration of synapse may be due to the dysregulation in 

the mRNA regulation of TDP-43 binding partners. Therefore, a PCR array targeting synaptic 

plasticity was used to identify if there were specific changes in growth cones. In PCR array, 1 

out of 84 synaptic plasticity gene (B2m) was significantly enriched compared to WT axons, 

whereas 3 out of 84 synaptic plasticity genes (Reln, Rgs2 and Ywhaq) were significantly 

decreased compared to WT axons. This result indicates that in the presence of mutant TDP-

43A315T, there is dysregulation of synaptic plasticity genes within the axon. As the most 

downregulated gene is Rgs2, which was first reported as a G0/G1 switch regulatory gene and 

has a negatively effect on protein translation (Heximer, Cristillo et al. 1998). The mechanism 

of TDP-43 affecting synapse formation may be through local protein translation. 

Non-neuronal cells are possibly involved in the motor neuron degeneration reported in several 

studies, showing that ALS is a non-cell autonomous pathology. Astrocytes, microglia, 

oligodendrocytes, and Schwann cells participated in triggering and/or exacerbating the 

pathology (Boillee, Vande Velde et al. 2006, Di Giorgio, Carrasco et al. 2007, Dobrowolny, 

Aucello et al. 2008, Pinheiro and Mulle 2008), while data is lacking on the role of muscle in 

ALS pathogenesis (Boillee, Vande Velde et al. 2006). In fact, the differentiation program of 

ALS myoblasts seems to be partly affected (Scaramozza, Marchese et al. 2014).  

Several molecular and pathophysiological defects may contribute to altering the molecular 

signature in ALS myoblasts. A better understanding of the role of muscle is crucial to design 

effective therapeutic strategies for this multi-systemic disease.  

Chapter 4 in this thesis showed that knocking down TDP-43 expression caused no significant 

changes in the expression of myogenesis markers during differentiation of C2C12 myoblasts 

into myotubes. However, it was recently reported that myolinc regulates myogenesis through 

TDP-43 (Militello, Hosen et al. 2018). This raises the question whether it is possible that the 

mechanism for TDP-43 involvement in myogensis is not present in C2C12 cells and more work 
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is required in primary cells. Furthermore, it is possible that mutant TDP-43 may have a different 

role in muscle formation and thus its role in disease cannot be ruled out. 

 

Conclusions and Future Directions 

In vitro experiments are important to achieve a better understanding of the cellular mechanisms 

that contribute to ALS-related synaptic dysfunction. It has been demonstrated in this thesis that 

the possible mechanism leading to synaptic dysfunction is a complicated process involving 

both pre- and post-synaptic changes. The research described in this thesis demonstrated that 

the expression of mutant TDP-43 causes a subcellular mislocalisation of TDP-43 and 

significant dendritic spine loss and loss of the AMPA subunit GluR1 at the membrane. Future 

research will investigate if this AMPA subunit may be playing a crucial role in the onset and 

possible progression of ALS. First it will be imperative to determine if these alterations are 

present in vivo specifically in the motor cortex or wide spread throughout the central nervous 

system. This will be crucial when devising potential therapeutic interventions, as wide spread 

AMPA manipulation would affect the calcium permeability of the whole brain.  It is also 

important to determine the specific alteration to the GluR1 subunit.  TDP-43 is known to be 

involved in alternate splicing and also a negative regulator of mRNA.  How TDP-43 is affecting 

the localization of GluR1 to the membrane is not known and understanding the specific role it 

plays in GluR1 regulation may shed light on this.  The axonal investigations included in this 

thesis indicate that perhaps the effect of TDP-43 is cell type dependent.  Therefore using the 

current system, it would be interesting to compare a variety of neuronal cell types to determine 

if the effect is specific to cortical neurons. Additionally, it is important to investigate if the 

results are specific to the A315T mutation or can be generalized to other TDP-43 mutations by 

investigating the effect of the other known TDP-43 mutations on cortical cell health and 

synapse development. Finally, future experiments in muscle tissue are require to confirm if 

TDP-43 does paly any role at the post synaptic muscle site.  In summary, the current thesis 

provides a link between the pathological effect of TDP-43 mutation and attenuated neuronal 

synaptic function. Identification of the timing of altered neuronal excitability within ALS 

patient disease progression, the exact mechanisms by which mutant TDP-43 lowers synaptic 

GluR1, and modulation of synaptic GluR1 levels, may provide novel therapeutic targets for the 

treatment of this devastating neurodegenerative disease.  
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Appendix 1: Total PCR array results for axonal compartments of wild-type (WT) and TDP-

43A315T cultures. 

Gene Wt TDP-43A315T 

 Average CT SD Average CT SD 

Adam10 31.26 3.316268 31.36 3.189676 

Adcy1 28.39 0.583981 30.54 0.806164 

Adcy8 34.25 1.304812 35 0 

Akt1 28.93 0.391535 29.91 1.038476 

Arc 30.02 2.318822 33.65 2.344042 

Bdnf 30.04 1.894949 35 0 

Camk2a 27.09 0.37018 28.67 1.380592 

Camk2g 29.92 1.43 31.63 2.962201 

Cdh2 32.09 2.343608 33.24 1.491208 

Cebpb 30.74 1.958239 32.09 3.004047 

Cebpd 33.03 3.41214 35 0 

Cnr1 29.57 2.392551 30.94 1.772465 

Creb1 28.63 0.833447 33.43 2.71932 

Crem 31.61 3.472765 33.87 1.957217 

Dlg4 28.05 0.849137 29.71 0.47697 

Egr1 29.3 1.430524 29.82 1.134592 

Egr2 32.97 3.51029 32.92 2.526862 
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Egr3 31.06 2.615824 32.98 1.460582 

Egr4 33.11 3.267803 33.17 2.819527 

Ephb2 28.56 1.908673 29.73 1.818681 

Fos 31.03 3.546848 32.87 3.695042 

Gabra5 28.33 0.410528 32.95 3.544931 

Gnai1 28.35 1.155393 30.22 0.855823 

Gria1 28.81 0.532948 30.47 0.865583 

Gria2 30.24 3.1055 30.69 0.840773 

Gria3 30.64 2.369873 32.36 2.317333 

Gria4 28.52 1.948392 32.34 3.41425 

Grin1 29.08 1.542606 29.88 0.224796 

Grin2a 28.98 3.054674 30.86 3.946268 

Grin2b 29.69 0.510033 33.52 2.557662 

Grin2c 32.92 3.596892 32.97 3.51029 

Grin2d 30.44 1.755287 33.92 1.876388 

Grip1 31.28 1.422053 33.38 2.805922 

Grm1 32.65 4.076093 34.98 0.034641 

Grm2 31.67 3.052889 32.36 2.438244 

Grm3 27.9 0.670994 33.06 3.360179 

Grm4 31.01 3.875891 31.65 2.939427 

Grm5 28.27 1.019134 29.88 0.722103 
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Grm7 27.92 0.19975 29.89 1.140365 

Grm8 33.21 3.094597 34.26 1.281718 

Homer1 27.75 1.563682 31.29 3.215385 

Igf1 31.45 3.247137 33.17 3.169653 

Inhba 32.8 3.444837 33.38 2.800149 

Jun 30.42 1.142118 31.89 3.225632 

Junb 35 0 35 0 

Kif17 33.1 3.29667 35 0 

Klf10 33.97 1.784012 34.2 1.379867 

Mapk1 27.03 1.147127 28.16 1.262115 

Mmp9 29.84 2.519425 31.58 0.306649 

Ncam1 26.56 1.517443 27.79 0.91309 

Nfkb1 32.75 3.902888 33.03 1.764691 

Nfkbib 35 0 34.84 0.271355 

Ngf 32.71 3.966396 33.6 2.430645 

Ngfr 32.99 2.898695 33.31 2.927166 

Nos1 32.9 1.821876 33.09 1.654882 

Nptx2 31.36 3.316338 35 0 

Nr4a1 31.72 3.520682 31.22 3.293271 

Ntf3 32.06 2.54849 33.64 2.349816 

Ntf5 33.02 3.423687 34.11 1.535752 



 

Tongcui Jiang 
Cellular dysfunction in Amyotrophic Lateral Sclerosis: Investigating the role of TDP-43 105 

Ntrk2 26.92 0.280951 29.03 1.837643 

Pcdh8 30.37 1.393174 33.75 2.170837 

Pick1 29.93 1.472153 31.34 3.19234 

Pim1 33.13 2.985537 31.68 2.498986 

Plat 28.62 1.600791 29.32 0.869713 

Plcg1 29.32 2.169432 31.99 2.618059 

Ppp1ca 29.06 0.863153 30.72 2.043306 

Ppp1cc 27.63 1.830228 28.98 2.104448 

Ppp1r14a 32.58 4.191563 32.17 2.668957 

Ppp2ca 27.31 0.130128 29.37 0.677348 

Ppp3ca 26.85 0.890749 30.37 2.664851 

Prkca 28.75 1.823577 33.07 3.337085 

Prkcg 29.06 1.264371 31.79 2.836976 

Prkg1 31.38 3.413327 31.46 3.260491 

Rab3a 27.63 1.453421 29.02 0.962566 

Rela 31.94 2.982957 35 0 

Reln 28.09 1.501899 33.93 1.859068 

Rgs2 28.04 0.760986 33.61 2.401777 

Rheb 31.73 2.891528 30.49 2.035297 

Sirt1 33.04 3.39482 33.35 2.857884 

Srf 32.49 4.347448 30.17 0.926139 



 

Tongcui Jiang 
Cellular dysfunction in Amyotrophic Lateral Sclerosis: Investigating the role of TDP-43 106 

Synpo 30.61 4.093426 33.37 2.817469 

Timp1 32.81 2.632052 33.88 1.939897 

Tnf 33.24 3.054183 33.19 3.129238 

Ywhaq 30.84 1.207739 34.07 1.610807 

Actb 25.18 1.24952 26.15 0.692411 

B2m 31.73 2.889885 29.21 1.520077 

Gapdh 24.61 1.54496 26.29 1.945619 

Gusb 30.62 3.333292 33.29 2.961807 

Hsp90ab1 25.94 0.913583 27.22 0.435086 

MGDC 33.69 2.263213 33.51 2.574982 

 


