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Changes in mitochondrial dynamics, including alterations in the fusion/fission balance, have repeatedly been observed in ageing and neurodegenerative disease, including ALS. We investigated the effect ageing or disease has on mitochondrial network complexity in primary dermal fibroblasts, derived from ALS patients or controls. Increased network complexity during ageing was observed in the control cohort, though motility was unaffected. Conversely, network complexity decreased in the sporadic ALS patient cohort upon ageing. We speculate that this alteration in mitochondrial dynamics may contribute to the significant detrimental effect age has on disease prognosis in ALS.
In mutant TARDBP (mTARDBP) patient fibroblasts, a trend towards increased network complexity compared to age-matched controls was observed. Moreover, despite no discernible differences in ATP levels in the mTARDBP fibroblasts compared to control samples, microarray analysis hinted at changes in two metabolic pathways, glycolysis and the TCA cycle, both known to influence mitochondrial dynamics. Subtle changes in the interaction of the ER and mitochondria were also observed in the mTDP-43 fibroblasts. Furthermore, expression of two autophagy genes, MAP1S and Atg12, was significantly altered in the mTARDBP fibroblasts. However, LC3-II western blotting in either mTDP-43 or mC9ORF72 fibroblasts did not reveal any significant differences, suggesting that changes in autophagy is not the primary cellular process responsible for the mitochondrial morphology alterations. 
HSP is characterised by defects in axonal transport, including mitochondrial transport. A mouse model of SPG4-mediated HSP showed axonal swellings in cortical neurons, correlating with impaired axonal transport. We showed that Tro19622 (a microtubule-interacting drug) did not ameliorate the number of axonal swellings in the mutant neurons, though alterations in microtubule integrity were apparent. Conversely, HDAC6 inhibitor, Tubastatin A, reduced the number of axonal swellings in SPG4-mutant neurons to wild type levels, suggesting that microtubule acetylation state could be an interesting therapeutic target for future investigation in HSP.
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Chapter 1- Introduction
[bookmark: _Toc222329041][bookmark: _Toc222332448][bookmark: _Toc222332620][bookmark: _Toc222332792][bookmark: _Toc222333136][bookmark: _Toc222333308]1.1: Mitochondria
Mitochondria are highly specialised organelles in eukaryotic cells with multiple roles, including the production of ATP, regulation of calcium homeostasis and induction of the intrinsic apoptotic cascade. The mitochondrion is surrounded by a double unit membrane, composed of the outer mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM), with the intermembrane space (IMS) in between. The IMM has extensive folds (cristae) that project into the interior of the mitochondria, named the mitochondrial matrix. This matrix harbours the ribosomes, mitochondrial deoxyribonucleic acid (mtDNA), and enzymes involved in the catalysis of ATP synthesis (Frey et al. 2000; Malka et al. 2005).
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A process termed oxidative phosphorylation achieves the synthesis of ATP; electrons, derived from catabolic biochemical processes, flow along a sequence of four protein complexes spanning the IMM, named the electron transport chain (ETC), before being passed onto the terminal electron acceptor, oxygen. The transfer of electrons via specialised electron carriers, and the resultant release of energy, is coupled to the pumping of H+ ions across the IMM, into the IMS. This electrochemical proton gradient, and the subsequent flow of ions back across the membrane into the matrix, is utilised by the enzyme ATP synthase to drive the energetically unfavourable process of ATP synthesis (DiMauro 2004; Rezin et al. 2009; Valsecchi et al. 2010). It has recently been shown that the four protein complexes, rather than moving freely within the IMM, are actually organised into supramolecular structures, termed “supercomplexes”. The formation of these supercomplexes enables the mitochondria to function more efficiently by permitting faster transport of electrons (Acin-Perez et al. 2008).
The mitochondria also act as key calcium buffers; in response to cytosolic calcium of around 2M, calcium levels in the mitochondria rise simultaneously to around 10M (Rizzuto et al. 2006; de Brito et al. 2010). In this role, the mitochondria are capable of influencing the patterning of calcium propagation, and thus signalling, a trait particularly important at the synapse of neuronal cells. Accordingly, mitochondria are found clustered at the synaptic bouton (Billups et al. 2002; Cai et al. 2011). The buffering capability of the mitochondria is assisted via the organelle’s linkage with the endoplasmic reticulum (ER), as later discussed. For example, calcium released by the ER after inositol-1.4.5-triphosphate (IP3) stimulation is taken up by mitochondria much more efficiently than calcium leaked from the ER (Rizzuto et al. 1993; Hajnoczky et al. 1995).
Influx of calcium into mitochondria is also capable of influencing the cellular metabolic output; multiple enzymes of the tricarboxylic acid (TCA) cycle and the ETC, including -ketoglutarate, isocitrate dehydrogenase and pyruvate dehydrogenase, are regulated by the influx of calcium (Bernardi 1999; de Brito et al. 2010). Thus, there is an intricate and bi-directional relationship between mitochondria and cellular calcium levels, allowing mitochondrial metabolic output to match demand (Van Den Bosch et al. 2006; Celsi et al. 2009).
Furthermore, excessive calcium signalling at the mitochondria determines the fate of the cell. The mitochondria are central to the intrinsic apoptotic cascade, containing, or interacting with, several proteins capable of either initiating or regulating the controlled-death process. For example, excessive calcium influx, mediated by signalling at the ER or plasma membrane, can result in permeability of the mitochondrial membrane, with release of the pro-apoptotic protein cytochrome c. Once in the cytosol, cytochrome c is capable of activating the adaptor protein, apoptotic protease activating factor 1 (Apaf-1), initiating the caspase cascade (Zimmermann et al. 2001). The Bcl-2 family of proteins regulate the apoptotic process, capable of blocking, or conversely, stimulating cytochrome c release from the mitochondria (Zimmermann et al. 2001). Reflecting a common theme in cellular homeostasis, the morphology of the mitochondria is critical in the regulation of all of the functions mentioned above.
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Mitochondria are highly dynamic organelles, with their morphology ranging in shape from highly branched networks to individual small rod-shape structures. This morphological plasticity derives from a continuous cycle of fusion and fission, closely regulated by several mitochondria-associated proteins (Seo et al. 2010). 
Mitochondrial fusion is a two-stage process, requiring the fusion of both the outer and inner membranes. The first mediator of mitochondrial fusion was identified in Drosophila melanogaster. Fzo1 is a mitochondrial transmembrane GTPase capable of mediating OMM fusion (Hales et al. 1997). Fzo1 has two mammalian orthologs, named Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2), which can be found anchored to the OMM via their C-terminal membrane-binding domain (Santel et al. 2001; Eura et al. 2003). OMM fusion is mediated by the GTPase-dependent tethering of opposing mitochondrial membranes, via the formation of homomultimeric or heteromultimeric complexes composed of Mfn1 or Mfn2 (Santel et al. 2001; Chen et al. 2003). IMM fusion is achieved via another GTPase, named optic atrophy 1 (OPA1) (Cipolat et al. 2004). This protein localises to the IMM as an integral membrane protein and is subject to both alternative splicing and post-translational proteolytic cleavage; however, the precise function of these multiple isoforms remains unclear (Alexander et al. 2000; Delettre et al. 2001).
Conversely, two proteins, Fission 1 homolog (Fis1) and Dynamin related protein 1 (Drp1), regulate mitochondrial fission (Mozdy et al. 2000). Drp1, also a GTPase, basally localises to the cytosol. Upon activation of mitochondrial fission, it is recruited to the mitochondria by the OMM protein, Fis1, where it subsequently oligomerises, forming an OMM-localised complex (Smirnova et al. 2001). Once at the mitochondrial surface, Drp1 undergoes a series of post-translational modifications, such as phosphorylation and sumoylation, stabilising the complex at the mitochondria (Chang et al. 2010). The Drp1 complex is then thought to encircle the mitochondrial tubule, utilising its GTP-dependent hydrolysis to constrict both membranes and eventually fragment the organelle (Ingerman et al. 2005; Friedman et al. 2011). 
Upon fission, two daughter mitochondria are produced, possessing significant differences in membrane potential. The daughter with the higher membrane potential proceeds to re-fuse back into the mitochondrial network, while the depolarised daughter mitochondria may proceed to be degraded by mitochondrial autophagy, as later discussed (Twig et al. 2008). Thus, regulation of mitochondrial morphology is utilised as part of a cellular quality control system, segregating defective mitochondria from the rest of the network.
Conversely, fusion enables the mitochondria to maintain an efficient system for: the deliverance of ATP all over the cell (Koopman et al. 2005), the buffering of calcium levels (Raimondi et al. 2006), complementation of mtDNA (Karbowski et al. 2003), and the facilitation of lipid membrane exchange (Osman et al. 2011). All of these processes are crucial in the maintenance of mitochondrial functioning (Rube et al. 2004). Indeed, a study of mitochondrial morphology in human primary fibroblasts revealed an increase in superoxide production results in an increase in mitochondrial fusion and branching (Koopman et al. 2005). Thus, the notion has arisen that networking of the mitochondria is an adaptive mechanism, enhancing the efficiency of the mitochondria so that they are better able to cope with cellular stress (Koopman et al. 2005; Mortiboys et al. 2008). 
Accordingly, it has been noted that loss of this mitochondrial connectivity, concomitant with the formation of more punctate morphology, is seen upon conditions of mitochondrial dysfunction (Karbowski et al. 2003; De Vos et al. 2005). Mitochondrial fragmentation, created by either an inhibition of fusion or an increase in fission, can block the transmission of apoptotic calcium waves throughout the mitochondrial network (Szabadkai et al. 2004). However, this fragmentation is also capable of facilitating the induction of the intrinsic apoptotic cascade by aiding the release of cytochrome c into the cytoplasm (Breckenridge et al. 2003; Germain et al. 2005; Knott et al. 2008). 
Thus, the morphology of mitochondria has significant impact on the ability of the organelle to function efficiently, and, as discussed later, aberrant functioning of the mitochondria influences their morphology, which may lead to further deleterious effects (Koopman et al. 2005).
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In the face of mitochondrial dysfunction, a pathological phenomena occurs, in which certain mitochondrial proteins associate to form a pore in the IMM, permeabilising the membrane, as evidenced by the associated swelling of the mitochondria (Iverson et al. 2004).  Concomitant with this, the ionic homeostasis of the organelle is disrupted, deregulating the proton-motive force and subsequently diminishing the mitochondrial membrane potential (m), consequently uncoupling oxidative phosphorylation (Zoratti et al. 1995). The resultant generation of reactive oxygen species (ROS) and decrease in the production of ATP, alongside the release of cytochrome c through the permeable membrane, renders the cell in an apoptotic state (Iverson et al. 2004; Leung et al. 2008).
The composition of the mitochondria transition permeability pore (MPTP) remains controversial. However, it is appreciated the multi-protein transmembrane channel forms at contact sites between the OMM and the IMM (Martin 2010). The structural and modulatory components of this channel have been suggested to include the voltage-gated anion channel (VDAC) (Szabo et al. 1993; Martin 2010), adenine nucleotide translocator (ANT) (Halestrap et al. 2003; Martin 2010) and cyclophilin D (CypD) (Crompton et al. 1998).
Formation and opening of the MPTP has been known to occur in the presence of calcium overload, or oxidative stress; small ions and metabolites can then move freely across the IMM, uncoupling electron flux and proton pumping, and inducing the collapse of the m (Crompton et al. 1998). Thus, several components key in the generation of mitochondrial dysfunction appear to converge on the formation of the MPTP, mediating the release of cytochrome c into the cytoplasm. 
[bookmark: _Toc222329045][bookmark: _Toc222332452][bookmark: _Toc222332624][bookmark: _Toc222332796][bookmark: _Toc222333140][bookmark: _Toc222333312]1.2: Amyotrophic Lateral Sclerosis
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder with an incidence of 1-2/100,000 people (Wong et al. 1998). The disease is pathologically defined by the progressive loss of motor neuron groups in the brain stem, motor cortex and spinal cord, including the corticospinal tracts, the lower motor neurons (LMN) and anterior horn cells (Hughes 1982). The degeneration of the pyramidal cells of the primary motor cortex is also observed (Maekawa et al. 2004). Clinical presentation of the disease includes LMN signs of skeletal muscle wasting, fasciculations and weakness and upper motor neuron (UMN) signs of spasticity, brisk reflexes and pyramidal distribution weakness. Death typically results from respiratory failure within 3-5 years of disease onset (Shaw 2005; Bacman et al. 2006; Pasinelli et al. 2006). 
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The neuropathology of ALS is defined by the presence of various inclusion bodies, including perikaryal inclusions composed of phosphorylated neurofilaments and ubiquitinated proteins (Cluskey et al. 2001). Lewy body-like cytoplasmic inclusions are also present, observed in the LMNs of the spinal cord and brainstem and the corticospinal tract UMNs (Murayama et al. 1989). In some cases, these cytoplasmic inclusions contain aggregates of ubiquitin-immunoreactive, TAR DNA binding protein-43 (TDP-43) or Superoxide dismutase 1 (SOD1), as discussed later (Wong et al. 1995; Shaw 2005; Arai et al. 2006; Pasinelli et al. 2006). Hyperphosphorylated neurofilamentous swellings are observed at the proximal axon and cell body, forming axonal spheroids and hyaline conglomerate inclusions respectively (Munoz et al. 1988; Corbo et al. 1992). Pathogenic inclusions are also observed in the surrounding reactive astrocytes, termed astrocytic hyaline inclusions, indicative of the contribution the dysfunction of these supporting cells makes to the pathogenesis of ALS (Barbeito et al. 2004).
At a cytopathological level, mitochondrial dysmorphology is observed; swollen and vacuolated mitochondria populate the motor neurons, as later discussed (Afifi et al. 1966; Sasaki et al. 2007). Fragmentation of the golgi apparatus (GA) is also apparent in the motor neurons, contributing to the atrophy of the cells (Fujita et al. 2002).
The identification of ubiquitinated TDP-43 inclusions in the degenerating neuron consolidated previous evidence of a clinical overlap between ALS and fronto-temporal dementia (FTD). Approximately 7% of patients with ALS also exhibit clinical signs of dementia (Ringholz et al. 2005); in patients with bulbar onset ALS, the incidence of FTD is as high as 48% (Portet et al. 2001; Arai et al. 2006). Furthermore, around 50% of FTD patients also meet the criteria for ALS (Lomen-Hoerth et al. 2002). Neuropathological examination revealed these ubiquitinated TDP-43 inclusions to be present in FTD with ubiquitinated inclusions (FTD-U) with or without ALS, sporadic ALS (sALS) and mutant SOD1 (mSOD1)- negative familial ALS (fALS) (Cairns et al. 2007; Mackenzie et al. 2007). Thus, the notion of a clinical continuum of a single disease has arisen, characterised by the presence of TDP-43 proteinopathy, as later discussed.
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Despite intense research, the aetiology of ALS remains largely ambiguous, with the majority of cases being sporadic in nature, and several pathogenic processes being implicated (Manfredi et al. 2005; Shaw 2005) (Figure 1.1). However, in up to 10% of cases, the disease is familial in origin; mutations in several genes have been identified and implicated in its pathogenesis. However, both clinically and pathogenically, familial forms of the disorder are mainly indistinguishable from the sporadic variant, indicating that similar pathogenic processes may be involved in both forms of the disease (Manfredi et al. 2005; Shaw 2005). This is supported by evidence that mutations in certain genes being causal or contributory to both familial and sporadic forms of ALS (Table 1.1) (Shaw 2005; Pasinelli et al. 2006; Dion et al. 2009). 

[bookmark: _Toc232523063]Figure 1.1: Multiple pathogenic processes implicated in ALS
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Figure 1.1: Several pathogenic processes have been implicated as either causal or contributory to the aetiology of ALS, including excitotoxicity, mitochondrial dysfunction, oxidative stress, aberrant release of inflammatory mediators from surrounding glial cells, ER stress, impaired ribonucleic acid (RNA) metabolism and impaired protein regulation. It is currently unclear which of these processes, if any, represent the main pathogenic mechanism in disease initiation. Figure adapted from Shaw, 2005.
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1.2.2.1: MND-linked genetic loci
Table 1.1: Genes implicated in ALS, with functional role
	ALS Disease Type
	Chromosome Location
	Gene and Protein Name
	Age of Onset
	Cellular function
	Implicated in SALS?

	DNA/RNA metabolism

	ALS4
	9q34
	SETX: Senataxin
	Juvenile
	DNA/RNA Metabolism (Chen et al. 2004)
	No

	ALS6
	16p11.2
	FUS/TLS: Fused in sarcoma/translocated in liposarcoma
	Adult
	DNA Repair, RNA Processing: Cytoplasmic aggregation, with subsequent neuronal clearance implicated in ALS (Kwiatkowski et al. 2009; Vance et al. 2009).
	Yes: Cytoplasmic aggregates have been noted in SALS Postmortem neurons.

	ALS10
	1p36.2
	TARDBP (TAR DNA binding protein): TDP-43 (transactive response DNA binding protein)
	Adult
	RNA Binding and processing: Neuronal clearance and cytoplasmic aggregation seen in post-mortem tissue (Arai et al. 2006; Sreedharan et al. 2008).
	Yes: Mutations in both SALS and FALS have been reported in equal proportions (Dion et al. 2009)

	Trafficking and transport regulation

	ALS2
	2q33
	ALS2: Alsin
	Juvenile
	GEF Signalling: Abnormal neurotransmission and impaired neurotrophic factor trafficking implicated in ALS (Topp et al. 2004)
	No

	ALS5
	14q11.2
	SPG11: Spatacsin
	Juvenile
	Outgrowth of motor neuron axons (Martin et al. 2012). Endosomal trafficking (Blackstone 2012)
	No

	ALS8
	17q21
	VAPB: Vesicle-associated membrane protein-associated protein B/C (VAPB)
	Adult
	Vesicular trafficking (Rare) (Nishimura et al. 2004)
	No

	ALS11
	6q21
	FIG4: PI(3,5)P(2)5-phosphatase
	Adult
	Regulates the synthesis and turnover of lipids. Regulates retrograde transport of endosomal vesicles to the trans-Golgi network (Chow et al. 2009)
	Yes

	ALS12
	10p15-p14
	OPTN: Optineurin
	Adult
	Membrane trafficking, cell division, protein secretion, immune response (Maruyama et al. 2010)
	Yes

	ALS
	
	DCTN1: Dynactin
	Adult
	Retrograde axonal transport (Puls et al. 2003)
	Yes

	Mitochondrial genes

	ALS-M
	Mitochondrial
	COX1: Cytochrome c oxidase 1
	Juvenile
	Component of the ETC (Comi et al. 1998)
	Yes

	ALS-M
	Mitochondrial
	IARS2: Isoleucyl-tRNA synthetase 2
	Adult
	Mitochondrial aminoacyl-tRNA synthetase (Borthwick et al. 2006)
	Yes

	Other

	ALS1
	21q22
	SOD1: Superoxide dismutase 1
	Adult
	Detoxification enzyme: Oxidative stress and aggregation implicated in ALS (Rosen 1993; Rothstein 2009)
	Yes: Aberrant folding of wtSOD1, induced by oxidation, also has toxic properties (Dion et al. 2009)

	ALS9
	14q11.2
	ANG: Angiogenin
	Adult
	Neurovascularisation: Decreased neuroprotective ability in the face of hypoxic injury implicated in ALS (Greenway et al. 2006; Dion et al. 2009; Sebastia et al. 2009)
	Yes

	ALS-FTDP
	17q21
	MAPT: Microtubule-associated protein tau
	Adult
	Microtubule assembly and stability (Zarranz et al. 2005)
	Yes

	ALS-X
	Xp11-q12
	UBQLN2: Ubiquilin2
	Adult
	Regulates proteasome-mediated protein degradation (Deng et al. 2011)
	No

	ALS-FTDP
	9p13.2-p21.3
	C9ORF72: C9ORF72
	Adult
	Unknown
	Yes (Pathogenic expansion identified in 4-21% of sporadic cases).
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[bookmark: _Toc247430365]20% of familial cases of ALS result from autosomal dominant mutations in the gene encoding SOD1 (Rosen 1993). This ubiquitous enzyme catalyses the conversion of a superoxide anion, derived from oxidative phosphorylation, into hydrogen peroxide and dioxygen, and thus plays imperative role in antioxidant defense (Banci et al. 2008).
MENTION RECESSIVE D-A MUTATION.EXPALAIN I113T SPORADIC MUTATION
1.2.2.2.1: Structure and location of ALS-causing mutations
SOD1 is a 32kDa homodimeric metalloenzyme, localised mainly in the cytosol of the cell. Each of the two subunits forms a -barrel structure and possesses an active site capable of binding a copper ion, which catalyses the dismutase activity, and a regulating zinc ion (Fridovich 1978; Banci et al. 2008). The protein undergoes several post-translational modifications in order to become functional, including the acquisition of the catalytic metal ions, the formation of disulfide bonds and dimerisation of the two subunits (Arnesano et al. 2004; Banci et al. 2008).
The vast majority of mutations in SOD1 associated with ALS are missense point mutations, which have been identified at over forty different locations throughout the gene. A large number of these mutations are found clustered at the edges of the -barrels, at the dimer interface, or in the zinc-binding pocket (Beckman et al. 2001). As pathogenic mutations have been identified in SOD1 that do not cause impairment of enzymatic function, and because knock-out of the SOD1 gene does not cause motor neuron degeneration (Shefner et al. 1999), it appears that cellular toxicity is not mediated by the loss of dismutase function. Thus, it is currently postulated that mSOD1 confers toxicity via a gain of function mechanism (Pasinelli et al. 2006).
Most current knowledge of the pathogenic process of fALS in vivo has come from studies of mSOD1 transgenic mouse models (reviewed by (Manfredi et al. 2005)). Furthermore, as the pathology is largely indistinguishable between sporadic and familial ALS, these mouse models can also be used to understand the pathogenesis of sALS. 
Mitochondrial dysfunction is central to the aetiology of ALS, correlating with findings in several other neurodegenerative disorders (Bacman et al. 2006; Lin et al. 2006). Accordingly, SOD1 has been found to be, at least partially, localised to various regions of the mitochondria (Jaarsma et al. 2001). Moreover, mSOD1 is highly abundant in mitochondria from nervous tissue, when compared to tissue derived from other organs, such as the liver or heart (Mattiazzi et al. 2002; Liu et al. 2004; Vijayvergiya et al. 2005; Damiano et al. 2006).  However, its actions once localised to mitochondrion is a highly debated topic. A diverse range of pathogenic processes have been implicated, such as aberrant redox chemistry and oxidative stress. The majority of the suggested processes correlate with the postulated sporadic pathogenic perturbations in the neuronal system (Figure 1), again highlighting the commonality between the familial and sporadic forms ALS (Manfredi et al. 2005; Pasinelli et al. 2006).
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3% of all familial cases of ALS and 1.5% of sALS (LOW PENETRANCE?) are predicted to arise from mutations in transactive response-DNA binding protein (TARDBP), encoding TDP-43 (Sreedharan et al. 2008). This protein, structurally related to the hnRNP (heterogeneous nuclear ribonucleoprotein) family, is composed of 414 amino acids, containing two RNA-recognition motifs and a glycine-rich C-terminal domain (Wang et al. 2004). The hnRNP family are nuclear ribosome-binding proteins, capable of forming complexes that bind heterogeneous nuclear RNA. These complexes are present in the nucleus, regulating gene transcription and post-transcriptional modification of the pre-mRNA, such as intron-splicing (Krecic et al. 1999). The N-terminal domain of TDP-43 contains two nuclear-localisation signals, and the deletion of the C-terminal domain of the protein decreases the shuttling of TDP-43 between the nucleus and the cytoplasm (Ayala et al. 2008). The intracellular localisation of TDP-43 has been implicated as important in the pathogenesis of ALS, as later discussed.
Though the biological role of this protein in the cell needs further characterisation, its structure and basal localisation implicates TDP-43 in transcriptional regulation via control of RNA splicing, transport and localisation (Buratti et al. 2008). Indeed, the C-terminal glycine domain has been identified as important for interactions with other proteins, including hnRNPA1 and hnRNPA2/B1 (Buratti et al. 2005). Furthermore, TDP-43 was first identified as a binding protein of the tar-region of the DNA of HIV-1, mediating its transcriptional repression (Ou et al. 1995). It has since been found that the aforementioned association of TDP-43 with the hnRNP family mediates exon skipping of the pre-mRNA, as noted with cystic fibrosis transmembrane conductance regulator (CFTR) and survival motor neuron (SMN) transcripts (Colombrita et al. 2011). Additionally, in the case of SMN2, TDP-43 mediates the inclusion of exon 7, increasing the levels of full-length SMN2 mRNA in the neuron (Bose et al. 2008). This interaction with SMN also mediates the association of TDP-43 with Gemini of coiled bodies in the nucleus (Wang et al. 2002), further implicating the protein in the regulation of RNA processing.
SMN INVOLVEMENT IN SMA
Additionally, TDP-43 has recently been identified as a component of stress granules, helping to mediate the cessation of mRNA translation under conditions of cellular stress. These granules act to block translation via the sequestration of actively translating mRNA. However, it is currently unclear if the presence of TDP-43 is necessary for the formation of this complex (Colombrita et al. 2009).
A systematic screen of ALS-associated and synthetic TDP-43 isoforms in both Drosophila and a chick vertebrae system revealed an inherent need for the RNA-binding function of TDP-43 to invoke neurotoxicity upon overexpression of the protein. This was observed in a dose-dependent manner, implicating defects in the RNA-binding ability, and thus regulation of mRNA processing in the pathogenesis of neurodegeneration (Voigt et al. 2010).
Furthermore, high throughput sequencing following depletion of TDP-43 in an adult mouse brain identified 601 mRNA expression level changes and 965 altered mRNA splicing events compared to control samples. Many of the affected genes are involved in the regulation of synaptic activity, indicative of how malfunction of the protein could result in motor neuron degeneration (Polymenidou et al. 2011).
Sequence analysis has revealed that the majority of ALS pathogenic mutations of TARDBP are located in exon 6, encoding the C terminal glycine-rich domain (Kabashi et al. 2008; Kirby et al. 2010). As mentioned, this region is implicated in protein-protein interaction, with specific binding to hnRNPs (Liscic et al. 2008; Sreedharan et al. 2008). Thus, the pathogenic action of the protein is hypothesised to arise from aberrant splicing or stabilisation of mRNA species. 
Several genes important for neuronal functioning are regulated by the action of TDP-43. The editing of GluR2, a subunit of the glutamatergic 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl) propanoic acid (AMPA) receptor, is regulated by TDP-43 (Sommer et al. 1991). Thus, the regulation of calcium homeostasis may be compromised in the presence of mTDP-43. TDP-43 also mediates the nuclear to cytoplasmic shuttling of RNA granules, including the mRNA of neurofilament-light polypeptide and -actin. Furthermore, the binding of TDP-43 to its 3’ UTR also stabilizes the neurofilament-light mRNA (Strong et al. 2007). Therefore, the stability of the neuronal cytoskeleton may be disrupted by the expression of mutant TDP-43 (mTDP-43). Thus, TDP-43 participates in the functioning of pathways essential for the maintenance of motor neuronal physiology. This was further demonstrated by experiments in transgenic mice overexpressing wild type TDP-43. The nuclear distribution and abundance of SMN-interacting Gemini of coiled bodies (GEMs) are disrupted in this model. Conversely, depletion of TDP-43 prevents the formation of GEMs (Shan et al. 2010), providing further evidence of perturbed neuronal RNA metabolism in the face of TDP-43 dysregulation. 
Furthermore, the toxicity of the deregulation of TDP-43 can also manifest itself in mitochondrial dysfunction; alterations in mitochondrial fusion and fission proteins have been noted in TDP-43 transgenic mouse models. Abnormal trafficking and aggregation of defective mitochondria was also observed (Xu et al. 2010). Thus, the bioenergetic status of the neuron could be altered in the presence of mTDP-43. This mitochondrial defect will be discussed in further detail later.
1.2.2.3.1: Pathogenesis
TDP-43 was first predicted to have a pathogenic role in ALS after identification of hyper-phosphorylated, insoluble, C terminal fragments of the protein in the ubiquitinated cytoplasmic inclusions that characterise sALS and non-SOD1 cases of fALS (Arai et al. 2006; Neumann et al. 2006). This cytoplasmic accumulation of the TDP-43 arises concomitant with nuclear depletion of the protein, further implicating defective transcriptional regulation as the pathogenic mechanism of the mTDP-43 protein (Arai et al. 2006). As previously mentioned, several neurodegenerative diseases are characterised by the presence of inclusions composed of abnormal TDP-43, including FTD-U and Lewy-body related disease, now given the umbrella term of TDP-43 proteinopathy (Geser et al. 2009). The pathological form of TDP-43 in these diseases typically shows the same abnormal processing, including hyperphosphorylation, ubiquitination and loss of the N-terminal portion of the protein (Liscic et al. 2008). 
Other pathological inclusions identified in ALS, such as skein-like inclusions, neuronal intranuclear inclusions and glial inclusions, also stain positive for TDP-43 (Arai et al. 2006), indicating widespread dysfunction of this protein contributes to the neurodegeneration.
1.2.2.3.2: Models of TDP-43-mediated degeneration
Current mouse models of TARDBP have provided conflicting reports concerning the pathogenic mechanism of dysregulated TDP-43. Differences may have arisen from the various methods of model generation, including transient or stable transfection, random or targeted insertion of the transgene, or whether the wild type or mutant form of the TDP-43 is inserted (Voigt et al. 2010). For example, it is debated whether the cleavage and aggregation of TDP-43 is necessary to mediate its neurotoxic effects (Wils et al. 2010; Igaz et al. 2011).
However, the overall consensus is that overexpression of the wild type form of TDP-43 is as toxic as the expression of the mutant form. Studies in both mice and Drosophila revealed the expression of wild type TDP-43 resulted in the degeneration of various neuronal subpopulations WHY NEURONAL? (Li et al. 2010; Wils et al. 2010). In the Drosophila melanogaster model, axonal swelling, reduction in the number of synaptic boutons and a reduction in the number of axonal branches were observed alongside motor neuron loss (Li et al. 2010). Thus, it has been postulated that aberrant regulation of TDP-43 levels or a decreased ability to effectively clear the protein may contribute to the pathogenesis of ALS.
Overexpression of full-length wild type human TDP-43 in mouse brain and spinal cord resulted in the phosphorylation, N-terminal cleavage, intranuclear and cytoplasmic aggregation of the ubiquitinated protein, mimicking the pathogenic state of the protein in ALS neurons. Motor deficits are also evident, manifesting in gait abnormalities. This deficit arises from the axonal degeneration of cortical and spinal motor neurons, resulting in early mortality in the transgenic mice. Interestingly, a dose-dependent downregulation of endogenous mouse TDP-43 was seen, implicating a self-regulating expression pattern of TDP-43 (Xu et al. 2010).
Expression of mutant forms of human TDP-43 throughout the nervous system in transgenic mice also resulted in the aggregation of ubiquitinated proteins in neuronal populations, including the spinal motor neurons. However, though the typical cytoplasmic aggregates of TDP-43 were not observed in this model of ALS, expression of mTDP-43 still resulted in a progressive and fatal neurodegenerative disorder (Wegorzewska et al. 2009).
1.2.2.3.3: Gain or loss of function in pathogenesis
It is currently unclear whether the neurotoxicity mediated by mTDP-43 expression derives from a gain or loss of function mechanism. The identification of fragmented, hyperphosphorylated TDP-43-containing cytoplasmic aggregates not only in ALS, but also in other neurodegenerative disorders, supports a toxic gain of function mechanism of the protein. This is supported by evidence derived from animal models where the overexpression of both the wild type and mutant forms of TDP-43 are toxic. This toxicity was found to be dose-dependent; in primary rat cortical neurons, the cellular degeneration correlated with the amount of mTDP-43 localised in the cytoplasm (Barmada et al. 2010). 
Additionally, transfection of C-terminal fragments (CTFs) of TDP-43 into SH-SY5Y cells recapitulated the pathological features of a TDP-43 proteinopathy, including the cytoplasmic accumulation, hyperphosphorylation and ubiquitination of the protein, mediating cellular toxicity (Nonaka et al. 2009). Furthermore, aggregates of these 25kDa CTFs of TDP-43 have been observed to increase during the progression of the disease in transgenic mice (Wils et al. 2010). Thus, the accumulation of TDP-43 in the cytoplasm does appear to be toxic, reflecting a common theme of pathogenic protein accumulation in neurodegeneration.
Conversely, the fact that the cytoplasmic deposition of TDP-43 is associated with a reciprocal reduction of TDP-43 in the nucleus, suggests a loss of function mechanism in TDP-43-related pathogenesis (Arai et al. 2006; Neumann et al. 2006). This theory is supported by the identification of numerous genes implicated in neuronal maintenance that are under the control of TDP-43, including SMN2, -actin and neurofilament-light (Strong et al. 2007; Bose et al. 2008; Colombrita et al. 2011), as well as the reliance on TDP-43 expression for the formation of GEMs in the neuron (Shan et al. 2010). Furthermore, as mentioned, studies of TDP-43 mouse models noted that ALS-like symptoms arose in the absence of TDP-43 cytoplasmic inclusions, suggesting that disease in this model arises from defective functioning (Wegorzewska et al. 2009), i.e., compromised processing of nuclear pre-mRNA, and not the cytoplasmic aggregation, of TDP-43. In support of this, it has been noted that the nuclear clearance of TDP-43 is an early event in sALS, preceding the formation of the cytoplasmic aggregates (Giordana et al. 2010). Dispersed cytoplasmic TDP-43, termed pre-inclusions have also been observed in FTD-TDP (Brandmeir et al. 2008), further implicating nuclear clearance, and not cytoplasmic aggregation, in the degeneration of neurons.
However, it is possible that mTDP-43 acts by both a gain and loss-of-function mechanism; overexpression of human mTDP-43 in zebrafish resulted in the formation of shortened motor neuron axons, excessive axonal branching and motor deficits. However, knockdown of zebrafish TDP-43 resulted in the same pathogenic phenotype, which could be rescued by the expression of human wild type TDP-43 (Kabashi et al. 2010). Thus, it appears that both gain and loss of function defects in TDP-43 can mediate neurotoxicity.
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Recently, two independent groups have identified a GGGGCC hexanucleotide repeat expansion in the non-coding region of C9ORF72, located at locus 9p21, as being pathogenic in both ALS and FTD ((DeJesus-Hernandez et al. 2011; Renton et al. 2011). Results between cohorts have been variable, with factors such as ethnicity influencing frequency (Majounie et al. 2012), but this pathogenic expansion is present in an average 37.5  12.2% of fALS cases across 3 cohorts, and 10.7  9% of sporadic cases, thus making it the most common genetic cause of ALS identified to date (DeJesus-Hernandez et al. 2011; Renton et al. 2011; Cooper-Knock et al. 2012). However, the function of C9ORF72 in the cell is currently unknown, and is the subject of intense research due to the implications for both ALS and FTD.
Analysis of the non-coding region of C9ORF72 revealed the polymorphic hexanucleotide repeat expansion in intron 1, located between exons 1a and 1b. The length of the pathogenic expansion is estimated to be between 6.5-12kb, corresponding to around 700-1600 repeats (DeJesus-Hernandez et al. 2011; Renton et al. 2011). Conversely, control subjects were found to possess around 2 repeats; however, expanded repeat sequences have been identified in healthy control subjects (Cooper-Knock et al. 2012). The precise number of repeats required to be pathogenic is presently unknown. 30 repeats has been set as a cut-off for the threshold for a pathogenic expansion currently (Cooper-Knock et al. 2012).
Alternative splicing produces three transcript variants, predicted to result in the expression of 2 alternative protein isoforms of C9ORF72 (DeJesus-Hernandez et al. 2011). It is currently unclear whether the pathogenic expansion has different effects on either isoform. However, as discussed shortly, RNA expression levels may be isoform specific.
Presently, there is no common consensus as to which antibody against C9ORF72 is the best. In spite of this, initial immunohistochemistry experiments revealed a punctate staining pattern throughout the grey matter of the central nervous system (CNS) (Cooper-Knock et al. 2012). The protein appears largely cytoplasmic in the neurons (DeJesus-Hernandez et al. 2011; Cooper-Knock et al. 2012). Analysis of RNA levels saw the highest expression in the cerebellum (Renton et al. 2011). It is currently unclear if there is isoform specificity in tissue expression. No difference was observed in protein expression patterns between patients possessing the pathogenic expansion and control samples, using a rabbit polyclonal antibody whose epitope has been mapped to an internal region of human C9ORF72 (Santa Cruz Bio-tech) (Cooper-Knock et al. 2012). 
The clinical manifestation of ALS as a result of this pathogenic expansion is fairly typical. Both disease duration and age of onset are lower when compared to other variants of ALS, but otherwise, disease progression is relatively standard (Cooper-Knock et al. 2012). With regards to the neuropathology, the presentation was also typical. The classical TDP-43-positive inclusions were present in the spinal motor neurons, along with substantial loss of LMNs in the spinal cord anterior horn. However, of note in the C9ORF72 expansion cases, was the significant increase in extra-motor p62-positive neuronal cytoplasmic inclusions. These inclusions, most pronounced in subregions of the hippocampus, may also stain positive for OPTN and TDP-43, but a proportion are p62-positive and TDP-43-negative (Al-Sarraj et al. 2011). Furthermore, a significant increase in the number of nuclear RNA foci was observed in the frontal cortex and spinal cord neurons in patients possessing the pathogenic expansion (DeJesus-Hernandez et al. 2011; Cooper-Knock et al. 2012). 
It has been postulated that the intronic expansion results in the generation of toxic RNA species. These foci may sequester key RNA binding proteins, disrupting the splicing of mRNA. Indeed, disruption of RNA metabolism has previously been implicated in the pathogenesis of ALS due to mutations in TARDBP and FUS/TLS (Wegorzewska et al. 2009; Lagier-Tourenne et al. 2010; Yang et al. 2010). Furthermore, in a family possessing the pathogenic expansion in C9ORF72, defects in the metabolism of RNA encoding excitatory amino acid transporter 2 (EAAT2) was discovered (Lin et al. 1998; Renton et al. 2011). 
Conversely, the repeat expansion in C9ORF72 may manifest in disease through a loss of function mechanism. DISCUSS!!!! There have been reports of a decrease in the RNA expression levels of transcript variant 1 of C9ORF72 in patient lymphoblast cells, compared to non-repeat patients (DeJesus-Hernandez et al. 2011). However, C9ORF72 RNA levels remained unchanged in frontal cortex patient samples, though results were inconsistent between laboratories (Renton et al. 2011). Furthermore, this loss of expression could not be experimentally verified at the protein level (DeJesus-Hernandez et al. 2011). It is possible that the turnover or function of the protein is affected (DeJesus-Hernandez et al. 2011). However, there are controversies surrounding the currently available commercial antibodies, impeding quantification of C9ORF72 protein levels and localisation (DeJesus-Hernandez et al. 2011; Renton et al. 2011).
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1.2.3: Mitochondrial dysfunction in ALS: evidence in models and patients
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1.2.3.1.1: Oxidative phosphorylation defects
Oxidative stress, particularly that derived from oxidative phosphorylation, has been implicated in the pathogenesis of ALS (Mattiazzi et al. 2002; Wiedemann et al. 2002). Studies in patients with ALS have identified; (i) a sporadic micro-deletion in COI, encoding subunit I of cytochrome-c oxidase, causing defective assembly of the holoenzyme (Comi et al. 1998); (ii) evidence of reduced activity of the respiratory chain complexes in post-mortem spinal cord tissue (Wiedemann et al. 2002); (iii) a significant increase in the levels of oxidised ETC cofactor, CoQ10, in sALS cerebrospinal fluid (CSF) (Murata et al. 2008); (iv) an increase in the amount of both lactate and ROS in patient blood samples, following exercise (Siciliano et al. 2002).
These observations have been supported by data generated using mSOD1 transgenic mice. A reduction in ETC complex activity, beginning with a pre-symptomatic decrease in activity of complex I, and progressing to decreased function of complex IV following disease onset, has been observed in the ventral horn motor neurons of G93A mSOD1 transgenic mice (Gurney 1994; Jung et al. 2002; Mattiazzi et al. 2002). This decrease in ETC activity could be rescued with the introduction of exogenous reduced cytochrome c. Thus, oxidised cytochrome c has been implicated as a key defective protein in the respiratory chain in ALS (Kirkinezos et al. 2005). 
1.2.3.1.2: Oxidative stress
The generation of ROS, derived from multiple sources including defective oxidative phoshorylation, is devastating for both the mitochondria and the cell (Kruman et al. 1999; Mattiazzi et al. 2002; Martin et al. 2009; Murphy 2009).

DEFECTIVE MITOCHONDRIA GIVE INCREASED ROS….HOW SPECIFIC?
ROS IN GLIA….ALSO IMPLICATED IN MND
 Evidence of free radical damage, including increased levels of 3-nitrotyrosine, indicating peroxynitrite-mediated nitration of protein tyrosine residues, has been found in patient CSF (Tohgi et al. 1999). Furthermore, mSOD1 mouse models also displayed evidence of oxidative stress in spinal motor neurons, including peroxidation of mitochondrial membrane lipids, carbonylation of proteins and increased oxyradical production (Kruman et al. 1999). 
This free radical-mediated damage can have severe consequences for both the mitochondria and, indeed, the cell. For example, the peroxidation of the anionic IMM lipid cardiolipin disrupts both its hydrophobic and electrostatic interactions with cytochrome c. Consequently, cytochrome c becomes concentrated in the IMS, disrupting oxidative phosphorylation and rendering the cell vulnerable to apoptotic induction (Guegan et al. 2001; Iverson et al. 2004; Kirkinezos et al. 2005; Paradies et al. 2009). Furthermore, the levels of ROS produced by the mitochondria is exacerbated, resulting in further cellular toxicity (Paradies et al. 2009).
LOOK FOR PAPER ON SOD1 IN IM….PNAS
1.2.3.1.4: Mitochondrial permeability transition
Recent evidence has implicated pathological MPTP in ALS, as the product of the convergence of the aforementioned mitochondrial dysfunction. The dominant feature in G93A mSOD1 transgenic mice is the swelling of mitochondria, likely due to alterations in permeability of the mitochondrial membrane, suggestive of VDAC opening (Jaarsma et al. 2001). Further study of these mice have shown that genetic ablation of CypD, or pharmacological modulation of VDAC, significantly delays onset and progression of the disease phenotype (Bordet et al. 2007; Martin et al. 2009); thus, evidence suggests that formation of the MPTP is causally involved in the ALS phenotype.
Conversely, there is evidence negating the role of mitochondria permeability transition in ALS. It has been suggested that the vacuolisation observed in the mitochondria is not indicative of pore formation, nor is there expansion of the mitochondrial matrix, a feature normally associated with pore formation (Xu et al. 2004). Thus, activation of permeability transition appears superfluous in the degeneration of motor neurons in ALS. It is evident that the pro-apoptotic protein Bax is able to induce permeabilisation of the mitochondrial membrane, permitting the cytosolic release of cytochrome c independent of the MPTP (Degli Esposti et al. 2003). Levels of Bax are increased in ALS motor neurons; it is therefore possible that this is sufficient for the induction of apoptosis (Ekegren et al. 1999). 
1.2.3.1.5: Excitotoxicity and impaired calcium buffering capacity
Evidence from both patients and models of the disease suggest that impaired calcium buffering by mitochondria in the motor neuron is a key pathophysiological process in ALS. Raised levels of glutamate have been reported in ALS patient CSF, possibly indicating elevated intracellular calcium levels (Rothstein et al. 1990). Additionally, mSOD1-expressing neuroblastoma cells showed increased levels of cytoplasmic calcium, found to be associated with a significant decrease in m (Carri et al. 1997).
Furthermore, an early decrease in the calcium buffering capacity of the mitochondria, taken from the brain and spinal cord of mSOD1 transgenic mice, has been noted, reducing the m and creating dysfunctional mitochondria. Following challenge with calcium, these mitochondria were also less efficient at membrane re-polarisation, suggesting that, in the presence of mSOD1, the mitochondria are defective at calcium buffering, and thus sensitise the motor neuron to excitotoxic stress (Damiano et al. 2006). Indeed, mSOD1 transgenic mice, crossed with mice showing a decrease in the calcium permeability of spinal motor neuron AMPA receptors, demonstrated a substantial delay (19.5%) in ALS symptom onset (Tateno et al. 2004). The cause of the early increase in motor neuronal calcium levels is currently unknown. In sALS, it may derive from the observed decreased expression of the glutamate transporter, EAAT2 (Shaw et al. 1994; Guo et al. 2000). Furthermore, resulting from low expression of the GluR2 AMPA receptor subunit, sALS patient motor neurons express a higher amount of calcium permeable AMPA receptors than control samples (Kawahara et al. 2004). Thus, in sALS, extracellular glutamate results in the excessive stimulation of the calcium-permeable AMPA receptor. 
In fALS, murine models have demonstrated that mSOD1 is capable of interacting with AMPA receptors in such a way as to render them more permeable to calcium (Spalloni et al. 2004). Additionally, mSOD1 expression results in a significant loss of EAAT2 expression, specifically in areas of neurodegeneration (Bendotti et al. 2001). Indeed, in numerous mSOD1 mouse studies, the application of high concentrations of glutamate was toxic to the motor neurons, consistent with the evidence of decreased calcium buffering in these cells (Roy et al. 1998; Kruman et al. 1999; Jung et al. 2002). Therefore, upon expression of mSOD1, the physiological calcium influx will exacerbate mitochondrial dysfunction leading to the eventual degeneration of the motor neuron (Van Den Bosch et al. 2006).
[bookmark: _Toc247430373]As later discussed, dysfunction of the calcium buffering-interaction between mitochondria and ER may contribute to deregulated calcium homeostasis in the degenerating motor neuron (Grosskreutz et al. 2010). The ER stress reported in mSOD1 models contribute to the disruption of this calcium buffering process (Atkin et al. 2006; Atkin et al. 2008).
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1.2.3.2.1: Aberrant vacuolisation of mitochondria
Abnormalities in the morphology of mitochondria were initially noted in patient autopsy specimens; subsarcolemmal aggregates of mitochondria were observed in the skeletal muscle (Afifi et al. 1966). Fragmentation of the mitochondrial network, alongside swelling of mitochondrial cristae, has also been detected sALS patients, specifically in the proximal axons of anterior horn motor neurons (Sasaki et al. 2007; Magrane et al. 2009). In transgenic G93A mSOD1 mice (Gurney 1994), ultrastructural studies revealed the presence of  membrane bound vacuoles, originating from the degenerating mitochondria, via distension of the OMM and expansion of the IMS (Jaarsma et al. 2001). 
[bookmark: _Toc247430368]1.2.3.2.2: Defective mitochondrial dynamics
Post-mortem examination of the anterior horn in sALS patients showed fragmentation of the motor neuronal mitochondria, suggesting defective fusion or an increase in mitochondrial fission is involved in the pathogenesis of ALS (Sasaki et al. 2007). This notion is supported by a study of cultured motor neurons derived from G93A mSOD1 transgenic mice; mitochondria displayed a decreased aspect ratio, suggesting a “rounding up” of individual mitochondria (De Vos et al. 2007). Furthermore, an NSC-34 cell line stably transfected with mSOD1 also showed fragmentation of the mitochondrial network, as well as significant remodelling of the mitochondrial cristae (Menzies et al. 2002; Raimondi et al. 2006). Similarly, a morphological study of differentiated NSC-34 cells transfected with IMS-targeted mSOD1 also demonstrated a significant decrease in mitochondrial length, further indicative of mitochondrial fission in the presence of mSOD1 (Magrane et al. 2009). 
Consistent with this, the functioning of mitochondrial fusion protein OPA1 is reliant on the maintenance of the m. Dissipation of this is sufficient to abolish the fusion process (Duvezin-Caubet et al. 2006). Accordingly, a reduction in the m was seen in motor neurons derived from mSOD1 mice. Thus, mitochondrial dysfunction can have substantial secondary effects on the dynamic capabilities of mitochondria, impacting on their morphology (De Vos et al. 2007). 
Further evidence for defective mitochondrial fusion in ALS has also emerged from study of both TDP-43 models and biosamples from sALS patients. In a transgenic mouse model with neuronal expression of wild type human TDP-43, abnormal juxtanuclear clusters of mitochondria were observed in the spinal motor neurons. These mitochondria appeared to be degenerating, with vacuoles in the matrix and decreased cristae. Interestingly, expression levels of Mfn1 were decreased, with concomitant increase in the expression of Fis1 and phosphorylated Drp1, suggestive of a defect in the regulation of mitochondrial dynamics in the presence of toxic levels of TDP-43 (Xu et al. 2010). It is possible that overexpression of TDP-43 alters the RNA processing of genes implicated in mitochondrial maintenance, resulting in the accumulation of dysfunctional, fragmented mitochondria. Evidence of defective mitochondrial dynamics has also emerged from the study of sALS patient keratinocytes. Electron microscopy revealed a significant decrease in the length, area and perimeter of the mitochondria in sALS patient skin cells compared to control samples. Cristolysis was also observed, indicative of mitochondrial degeneration in these peripheral cells (Rodriguez et al. 2012).
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1.3: Relationship between Dysmorphology and Dysfunction
A wealth of evidence supports the notion of an intricate relationship between dysfunction and dysmorphology, particularly in the mitochondria. Investigation in CV1 cells revealed that inhibition of electron transport, or ATP synthase, mimicking an oxidative phosphorylation deficit, results in fragmentation of the mitochondrial network. The observed decrease in the aspect ratio of the mitochondria resulted from Drp-1-mediated reversible fission (De Vos et al. 2005). Furthermore, the aforementioned consequences of defective oxidative phosphorylation, such as lipid peroxidation, superoxide production and an altered REDOX state can all manifest in morphological alterations (Shutt et al. 2012). For example, pathological levels of superoxide in fibroblasts, derived from defects within the ETC, decrease the complexity of branching patterns of the mitochondria, an effect postulated to arise from increased lipid peroxidation in the mitochondrial membrane (Koopman et al. 2005).
Secondary consequences of defective oxidative phosphorylation can also impact on mitochondrial morphology. As mentioned, depolarisation of the mitochondrial membrane inhibits the action of the fusion protein OPA1 contributing to the observed fragmentation of the mitochondrial network (Duvezin-Caubet et al. 2006). Furthermore, as later discussed, the activation of the intrinsic apoptotic cascade in response to mitochondrial dysfunction results in the recruitment of Drp-1 to the mitochondria, where it is seen to colocalise on the OMM with Bax (Karbowski et al. 2002). This Drp1-mediated fission is possibly recapitulated in the ALS motor neurons, where an aberrant increase in Bax mRNA level has been reported (Mu et al. 1996; Martin 1999; Gonzalez de Aguilar et al. 2000).
Thus, the functional deficits in motor neuron mitochondria result in a profound effect on the morphology of the mitochondria. Interestingly, the reverse is also true; a change to the morphological state of the mitochondria will serve to exacerbate, or indeed induce, functional deficits in the organelle. The shift towards an unbranched, fragmented morphological state, noted in models of ALS, could exacerbate mitochondria functional defects, via activation of apoptosis and loss of the efficient energy delivery system required to meet the demands of the metabolically active motor neuron (Karbowski et al. 2003; Koopman et al. 2005; Knott et al. 2008).
Furthermore, alterations in mitochondrial morphology will undoubtedly alter the organelle’s interaction with surrounding structures, such as the ER, with further functional consequences (Simmen et al. 2005). Additionally, the mitochondrial quality control system, mitochondrial autophagy, is highly dependent on the morphology of the organelle (Ziviani et al. 2010).  Finally, axonal transport of mitochondria is also reliant on their morphology, as recently demonstrated in a cellular model of mSOD1 ALS; fragmentation of the mitochondria abrogated their axonal transport in both directions (Song et al. 2013). These processes, and their relationship to mitochondrial morphology, are discussed in further detail below.
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The morphology and localisation of organelles is essential for their efficient functioning. The association of ER and mitochondria highlights this; bidirectional communication between the two is now appreciated as necessary for the maintenance of multiple cellular functions, such as the homeostasis of calcium levels, lipid metabolism and regulation of apoptosis (Hayashi et al. 2009; de Brito et al. 2010). 
The notion of this close positioning of the ER and the mitochondria first arose in the 1960s (Ruby et al. 1969), with empirical evidence emerging in the 1990s, through fractionation experiments (Vance 1990; Hayashi et al. 2009). Electron microscopy confirmed the direct communication between the ER and mitochondria, mediated by physical linkers (Morre et al. 1971; Csordas et al. 2006). It is estimated that roughly 12% of the mitochondrial network is associated with the peripheral tubular ER, at sites termed the “mitochondria associated membrane” or “MAM”. The two organelles interact at distances ranging from 10-200nm (Soltys et al. 1992; Csordas et al. 2006), though this association is appreciated to be highly dynamic. 

[bookmark: _Toc222329058][bookmark: _Toc222332465][bookmark: _Toc222332637][bookmark: _Toc222332809][bookmark: _Toc222333153][bookmark: _Toc222333325]1.3.1.1: Roles of the ER-mitochondria association
1.3.1.1.1: Lipid metabolism
One of the first identified roles for the MAM was in the homeostasis and membrane shuttling of sphingolipids, phospholipids and cholesterol. The metabolic enzymes of cholesterol and its derivatives are highly enriched at the MAM, suggesting that this area serves as a site for both cholesterol synthesis and processing of its metabolites (Rusinol et al. 1994). Furthermore, the enzyme required for the conversion of cholesterol to pregnenolone (cytochrome P450scc) is located in the mitochondria, indicative of the shuttling of cholesterol between the two organelles (Thomson 2003; de Brito et al. 2010), and highlighting the importance of the close juxtaposition of the ER and the mitochondria.
1.3.1.1.2: Calcium homeostasis
Homeostasis of calcium levels is critical for the physiological functioning of the cell. However, despite the effective calcium buffering capacity of mitochondria, the OMM calcium uniporter has a notably low affinity for calcium (Rizzuto et al. 1993; Rizzuto et al. 1998; de Brito et al. 2010). This led to the proposal for the existence of a calcium microdomain, allowing focal release of calcium at a high enough concentration to be efficiently buffered by the mitochondria (Rizzuto et al. 1993; Rizzuto et al. 1998; de Brito et al. 2010). Accordingly, the close contact points between the ER tubules and mitochondria are enriched in Inositol trisphosphate receptors, type 3 (IP3R3s) (Mendes et al. 2005). 
These calcium microdomains at the MAM allow mitochondrial metabolism to be finely tuned to cellular calcium signals (Hayashi et al. 2009). Calcium regulates the activity of a number of enzymes of the TCA cycle and the ETC (Bernardi 1999; de Brito et al. 2010). Thus, hormonal stimulation can activate IP3 signalling, increasing subsequent calcium uptake into the mitochondria, leading to increased output of the TCA cycle and the ETC (Hayashi et al. 2009). 
However, this calcium uptake represents a delicate balance for the mitochondria. The entry of calcium into the mitochondrial matrix is energetically costly due to transient depolarisation of the IMM (de Brito et al. 2010). Furthermore, too much calcium entering the mitochondria results in the opening of the MPTP, subsequent dissipation of the m, and the onset of apoptosis (Bernardi 1999; Brustovetsky et al. 2002; de Brito et al. 2010). Indeed, a distance of less than 5nm between the mitochondria and the ER is sufficient to result in calcium overloading in the mitochondria (Csordas et al. 2006). This PTP-mediated induction of apoptosis results in a deadly self-propagating loop; cytochrome c can stimulate the IP3R enriched at the MAM, ensuring further overload of calcium into the mitochondria (Boehning et al. 2003). Conversely, increasing the space between the two organelles abrogates this calcium transmission, with subsequent damage to the metabolism of the mitochondria (Csordas et al. 2006).
1.3.1.1.3: Apoptosis 
As well as regulating the calcium-mediated induction of apoptosis the morphology at the MAM can also influence cell death. DRP1 and phosphofurin acidic cluster sorting protein 2 (PACS-2), both involved in the maintenance of the MAM, as later discussed, can modulate the induction of apoptosis through the fragmentation of the mitochondrial network and recruitment of the pro-apoptotic protein Bid to the mitochondria. With such a key role in the regulation of apoptosis, the distance between the ER and the mitochondria is finely regulated. It has been observed that the distance can alter in response to increases in cytosolic calcium induced by IP3 stimulation (Csordas et al. 2006). 
[bookmark: _Toc222329059][bookmark: _Toc222332466][bookmark: _Toc222332638][bookmark: _Toc222332810][bookmark: _Toc222333154][bookmark: _Toc222333326]1.3.1.2: Protein linkers of the MAM
The proteins responsible for the formation and regulation of the linkage between the ER and the mitochondria are still being discovered, though some have been well characterised (Figure 1.2 and Table 1.2).

[bookmark: _Toc232523064]Figure 1.2: The mitochondria-associated membrane (MAM) 
[image: ]        
Figure 1.2: The identified physical linkers between the ER and the mitochondria are depicted. The Mmm1 and Mdm protein complex has only been identified in yeast; the mammalian counterpart remains elusive (Kornmann et al. 2009). Drp1 and PACS-2 play an indirect role in the regulation of the MAM (de Brito et al. 2010). Figure adapted from de Brito et al, 2010.
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Table 1.2: Identified Protein Linkers and Regulators at the MAM

	ER protein linker
	Mitochondria protein linker
	Significance at the MAM
	Consequence of knockdown
	Reference:

	IP3R
	VDAC
	First proteins linked to the juxtaposition of the ER and mitochondria.
	Linkage between ER and mitochondria remained, indicating that additional tethering proteins are present at the MAM.
	(Csordas et al. 2006; Szabadkai et al. 2006).

	Mfn2
	Heterotypic interaction with Mfn1 or homotypic interaction with Mfn2.
	First identification of calcium microdomain.
	Mfn2 knockout MEFs saw 40% reduction in the juxtaposition of the ER and mitochondria, with subsequent decrease of mitochondrial calcium uptake.
	(de Brito et al. 2008).

	Mmm1
	Mdm34, Mdm10, Mdm12
	Only present in yeast as a tethering multimeric complex termed the ERMES*. Possibly a linker specifically for the transfer of phospholipids.
	
	(Kornmann et al. 2009; de Brito et al. 2010). 

	VAPB
	PTPIP51
	Implicates defective MAM regulation in ALS.
	Knockdown in a HEK293 (human embryonic kidney) cell line resulted in a reduction and delay in mitochondrial calcium uptake.
	(De Vos et al. 2012)

	Adaptor, Chaperone and Regulatory Proteins at the MAM

	Location
	Protein
	Consequence of knockdown
	Reference

	ER
	Sig-1R
	Impaired functional recovery of IP3R3s after ATP stimulation, reducing mitochondrial calcium uptake following repeated IP3 stimulation.
	(Hayashi et al. 2007)

	Cytoplasm
	Grp-75
	Decreased mitochondrial accumulation of calcium following IP3R3 stimulation.
	(Szabadkai et al. 2006)

	Cytoplasm
	PACS-2
	Mitochondrial fragmentation via induction of cleavage of Bap31 and subsequent production of p20 and Drp1 activation. Activation of BiP in the ER, increasing cytosolic calcium levels.
	(Simmen et al. 2005)

	Cytoplasm
	Drp1
	Mitochondrial fusion, reduction in ER membranes.
	(Cereghetti et al. 2010; Friedman et al. 2011)


Table 1.2: A list of the proteins thus far identified in either tethering or regulating the linkage of ER and mitochondria at the MAM. * ERMES: “ER-mitochondria –encounter-structure”
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1.3.1.3: MAM and neurodegenerative disease
The maintenance of MAMs is particularly important for neuronal survival, and as such, has been implicated in the pathogensis of several neurodegenerative diseases. Mutations in VAPB result in a rare form of ALS (Nishimura et al. 2004). The ALS8 mutant, VAPBP56S, leads to an increase in the binding of the protein to PTPIP51, and accumulation at the MAM. Enhanced levels of mitochondrial calcium, with a concomitant decrease in cytosolic calcium levels, were observed upon expression of VAPBP56S in cultured rat cortical neurons, confirming that expression of this pathogenic mutation can disturb MAM regulation in a physiologically relevant cell type (De Vos et al. 2012). 
Mutations in Mfn2 result in the peripheral axonal neuropathy, Charcot-Marie-Tooth 2A (CMT2A) (Zuchner et al. 2004). The disease may result from a defect of mitochondrial axonal transport, possibly stemming from the inability to form MAMs upon mutation of Mfn2, resulting in bioenergetic failure. Transfection of disease-relevant mutant constructs of Mfn2 failed to rescue the downregulation in the number of MAMs in Mfn2 knockout mouse embryonic fibroblasts (MEFs) (de Brito et al. 2008; Raturi et al. 2013).
Mutations in the calcium-regulating protein Presenilin (PSEN) are the main cause of familial Alzheimer’s disease (fAD). Expression of fAD-relevant PSEN-2 mutants in primary neurons results in the excessive transfer of calcium into the mitochondria following IP3 R3 stimulation, via the strengthening of the linkage between the two organelles (Zampese et al. 2011). Furthermore, PSEN-2 also associates with the IP3R3s, leading to the suggestion that AD is a disease of the MAM (Schon et al. 2010).
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The “Unfolded Protein Response”, or UPR, in the ER is initiated by increased levels of misfolded proteins in the cell. The subsequent signal transduction to the cytosol and nucleus mediates the suppression of protein translation and the induction of both the ER chaperones and ER-associated degradation (Hetz et al. 2009; Kanekura et al. 2009). Finally, if under chronic stress, this pathway can lead to the induction of apoptosis. As previously mentioned, protein aggregation is a common theme in neurodegeneration. Consequently, the UPR has been implicated in the pathogenesis of ALS. Indeed, pathological hallmarks of ER stress are evident in patients including enlargement of the rough ER and dissolution of Nissl bodies (Wakayama 1992; Cruz-Sanchez et al. 1993).
Increased levels of protein disulfide isomerase (PDI), binding immunoglobulin protein (BiP) and phosphorylated eukaryotic translation initiation factor 2A (eIF2) have been observed in the spinal cord of sALS patients and in animal models of ALS (Atkin et al. 2006; Wootz et al. 2006; Ilieva et al. 2007), indicating increased levels of ER stress in the spinal motor neurons. Additionally, in mSOD1 transgenic mice, aggregates of mSOD1 accumulate in the ER, forming high molecular weight species that physically interact with the ER chaperones, possibly contributing to the defective UPR response (Atkin et al. 2006). Furthermore, the ALS pathogenic mutation in VAPB nullifies the UPR-mediating function of the protein, leaving the cell vulnerable to ER stress (Nishimura et al. 2004). TDP-43 mutations have also been shown to induce ER stress; transgenic expression of mTDP-43 in C.elegans resulted in an upregulation of BiP expression, indicative of UPR induction in this model (Vaccaro et al. 2012).
The cause of this increase in ER stress in ALS is unclear. It has been suggested that defective mitochondria, resulting in increased oxidative stress and excitotoxicity in the cell may be the cause (Ilieva et al. 2007). Furthermore, studies in mSOD1 NSC-34 cell lines revealed a substantial increase in the levels of s-nitrosylated PDI, rendering this protein functionally inactive, despite its upregulation in ALS spinal cord. Thus, PDI is unable to catalyse the correct folding of proteins and protect against ER stress in the spinal cord (Walker et al. 2010).
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Macroautophagy (referred to here as autophagy) describes the process of controlled degradation of cytosolic components and organelles (Figure 1.3). This is achieved by the formation of an isolation membrane, which elongates to enclose the condemned cargo in a double membrane structure, termed the autophagosome. This structure then undergoes a series of maturation steps, with input from various points along the endocytic pathway and its regulatory proteins, including the endosomal sorting complex required for transport (ESCRT) proteins, SNAREs and Ras-associated protein 7 (Rab7) (Hara et al. 2006). Finally, the mature autophagosome undergoes acidification via fusion with the lysosome. This requires the trafficking of the autophagosome to the lysosomal compartment, achieved using the microtubule tracks and the molecular motor dynein (Ravikumar et al. 2005; Hara et al. 2006). Vacuolar-ATPases pump H+ into the lysosome, thus activating lysosomal enzymes, including acid hydrolase, which function optimally at low pH (Mehrpour et al. 2010). Upon degradation of the macromolecules, the resulting metabolites are released back into the cytosol.
Under nutrient-rich conditions, the cell requires autophagy to dispose of damaged organelles, superfluous long-lived proteins and to prevent the toxic accumulation of aggregate-prone proteins (Rubinsztein 2006; Mehrpour et al. 2010). In these instances, specific signals enable the selective degradation of components no longer required. Upon starvation, the cell utilises non-specific autophagy to maintain the levels of amino acids and fatty acids, thus ensuring the continuation of metabolism and production of ATP (Kuma et al. 2004; Mehrpour et al. 2010).
[bookmark: _Toc232523065][image: ]Figure 1.3: The canonical macro-autophagy pathway

Figure 1.3: Upon induction of autophagy, AMPK inhibits the mTOR complex, activating the ULK:Atg13:FIP200 complex. Alongside the Beclin1 complex, ULK and binding partners initiate the formation of the isolation membrane, via the conjugation of the Atg5-Atg12 complex and the generation of LC3-II. Following elongation, the membrane closes around the cargo, forming the completed autophagosome. Subsequent fusion with the lysosome releases acid hydrolase, degrading both the cargo and the autophagosome. PE: phosphatidylethanolamine; AMPK: AMP-activated protein kinase; mTOR: mammalian target of rapamycin; ULK: unc-51-like kinase; Atg13: autophagy related 13; FIP200: FAK family kinase-interacting protein of 200 kDa. Figure adapted from (Ryter et al. 2012).


1.3.3.1: Regulation of autophagy
Over 30 autophagy-related (Atg) proteins have so far been identified, aiding both non-specific and selective autophagy (Mehrpour et al. 2010). Under basal conditions, phophorylation mediated by the mTOR complex inhibits ULK. However, upon induction of autophagy, AMPK phosphorylates mTOR, resulting in the latter dissociating from the ULK:Atg13:Fip200 complex, which thus becomes activated (Ganley et al. 2009; Jung et al. 2009; Mehrpour et al. 2010). The subsequent activation of several Atg proteins, and nucleation of an isolation membrane, is dependent on the joint function of the activated ULK complex and the class III phosphatidylinositol 3-kinase (PI3K) complex, composed of the PI3K, Vps34, Beclin 1, p150 and Atg14L (Itakura et al. 2008; Mehrpour et al. 2010). Debate has arisen as to the source of the lipids which make up the isolation membrane, with the ER, mitochondria and the plasma membrane all being implicated (Axe et al. 2008; Hailey et al. 2010). 
In the cytoplasm, autophagy-related 12 (Atg12) conjugates to Atg5 and interacts with Atg16L. This complex is essential for the elongation of the isolation membrane (Mizushima et al. 1998; Mizushima et al. 2003). Atg12 also aids in the generation of the key autophagy protein, LC3-II (Tanida et al. 2002). Atg4 cleaves the pre-cursor protein LC3 in the cytoplasm, revealing a glycine residue at the C-terminus. Upon induction of autophagy, this C-terminus of LC3-I becomes conjugated to the polar head of phosphatidylethanolamine under the mediation of the Atg12-Atg5:Atg16L complex, Atg7 and Atg3 (Hanada et al. 2007; Fujita et al. 2008; Mehrpour et al. 2010). The result of this conjugation is the generation of LC3-II. The Beclin 1 complex recruits the Atg12-Atg5:Atg16L complex and LC3-II to the isolation membrane to aid in its elongation (Kabeya et al. 2000; Mizushima et al. 2003; Mehrpour et al. 2010), and subsequent closure around the cargo to form the double membranous autophagosome.

[bookmark: _Toc222329063][bookmark: _Toc222332470][bookmark: _Toc222332642][bookmark: _Toc222332814][bookmark: _Toc222333158][bookmark: _Toc222333330]1.3.3.2 Mitophagy
As mentioned, the cell is capable of carrying out content-specific autophagy. The specific autophagic degradation of mitochondria has been termed mitophagy. In yeast, following enforced respiration, the OMM-anchored autophagy protein, Atg32 confers selectivity by mediating the association between the mitochondria and the autophagosome, via interaction with Atg8 (Kanki et al. 2009).










[bookmark: _Toc232523066][image: ]Figure 1.4: An example of two pathways feeding into the induction of mitophagy

Figure 1.4: Defective mitochondrial function leads to an activation of AMPK and the subsequent inhibition of the mTOR complex. The resultant canonical autophagy pathway mediates the degradation of the defective mitochondria. Alternatively, a decrease in mitochondrial membrane potential causes accumulation of PINK1 on the OMM, the subsequent recruitment of Parkin, and the ubiquitination of mitochondrial proteins. This ubiquitination leads to the recruitment of p62 and LC3, formation of an isolation membrane and degradation of the defective mitochondria. Figure adapted from (Ding et al. 2012) and (Youle et al. 2011).

1.3.3.2.1: Mechanisms of mitophagy
In basal mammalian cellular homeostasis, several proteins have been identified as regulating the induction of mitophagy (Figure 4.1). For example, a decrease in ATP production has been found to induce the activity of AMPK, with the subsequent inhibition of mTOR and induction of the canonical autophagy pathway (Ding et al. 2012). 
However, of interest for the investigation of neurodegeneration, is the identification of both Parkin and PTEN induced putative kinase (PINK1) as players in the mitophagy pathway (Youle et al. 2011). PINK1 is rapidly turned over by proteolysis in healthy mitochondria. However, upon damage and subsequent depolarisation of the mitochondria, proteolysis is inhibited and PINK1 accumulates on the OMM, leading to the consequent recruitment of Parkin (Kim et al. 2008; Narendra et al. 2010; Vives-Bauza et al. 2010). Preliminary evidence suggests the PINK1 mediated phosphorylation of Parkin lead to this recruitment (Kim et al. 2008). The ubiquitinated mitochondrial substrates of Parkin include Mfn and VDAC (Gegg et al. 2010; Geisler et al. 2010). p62, a known ubiquitin-binding adaptor, subsequently accumulates on the mitochondria (Geisler et al. 2010). From here, p62 recruits the autophagosome to the damaged mitochondria via its interaction with isolation membrane-bound LC3-II (Pankiv et al. 2007). Furthermore, Parkin also binds with autophagy/Beclin-1 regulator 1 (AMBRA1), a protein capable of promoting autophagy, via its interaction with the Beclin-1 complex (Van Humbeeck et al. 2011). Interestingly, genetic studies in Drosophila showed that inhibition of the PINK1/Parkin pathway is capable of influencing the mitochondrial fusion/fission balance, highlighting the mutual relationship between mitophagy and mitochondrial morphology (Poole et al. 2008).
1.3.3.2.1.1: Influence of mitochondrial morphology on mitophagy
However, evidence suggests that, though mitochondrial morphology is capable of influencing the mitophagic response, it cannot initiate the pathway. The culture of primary cortical neurons in the presence of nitric oxide initiated Fis1-regulated mitophagy (Barsoum et al. 2006). However, a mutant active form of Fis1-induced mitochondrial fission but did not lead to mitochondrial dysfunction or mitophagy (Gomes et al. 2008). Thus, dysfunction rather than fission is responsible for the induction of mitophagy (Ding et al. 2012). 
Overexpression of OPA1 in INS cells increased mitochondrial fusion and reduced levels of mitophagy (Twig et al. 2008). Therefore, although fission does not induce mitophagy, it does segregate defective mitochondria and ensure efficient degradation of the organelles. It has been postulated that Parkin-mediated ubiquitination of Mfn1 and Mfn2 aids fission by preventing the homotypic or heterotypic interactions of Mfn, thus inhibiting fusion of the defective mitochondria back into the network (Ziviani et al. 2010). Parkin appears to have a dual role in the mitophagy pathway, regulating its induction and priming the mitochondrial morphology to achieve efficient degradation. 
The involvement of PINK1 and Parkin in mitophagy has implicated this pathway in the pathogenesis of PD. Evidence of defective mitophagy has also been observed in other neurodegenerative diseases. In AD models and patients, dysfunctional cytochrome oxidase (Maurer et al. 2000) and accumulation of -amyloid fragments (Casley et al. 2002) have both been observed in the malfunctioning mitochondria. In Huntington’s disease (HD), the pathogenesis has been partly attributed to defects in the recognition of autophagic cargo, resulting in the accumulation of dysfunctional mitochondria (Casley et al. 2002).
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1.3.3.3: Autophagy and neurodegeneration
The maintenance of autophagy in the neuron is essential for its functioning. Basally, autophagosomes are barely detectable in the healthy neuron, as the turnover of autophagic degradation is extremely efficient. Neurons require this efficient degradation of cellular components in order to maintain homeostasis; these post-mitotic cells cannot dilute the accumulation of damaged organelles and misfolded proteins through cell division. Therefore, the appearance of autophagic vacuoles in neurons hints at defects in the progression of the autophagy pathway and possible induction of autophagic stress (Lee 2012).
Defects in autophagy have long been suggested to be a pathogenic mechanism in the aetiology of neurodegeneration, as evidenced by the common theme of toxic accumulation of proteins. Mice deficient in Atg5, specifically in neural cells, developed neuronal cytoplasmic ubiquitin-positive inclusion bodies, along with axonal swellings in several brain regions. Progressive deficits in motor function were also observed (Hara et al. 2006).
In ALS, mSOD1 transgenic mice show an increase in autophagosome formation beginning at the presymptomatic stage, suggesting that autophagic stress contributes to the neurodegeneration (Li et al. 2008). Furthermore, these mice present with numerous proteinaceous aggregates, indicating defective protein degradation (Chen et al. 2012). It is possible that mSOD1 prevents the trafficking of the autophagosome to the lysosome, via its disruption of the dynein/dynactin motor system, causing pathogenic accumulation of autophagosomes in the neurons (Chen et al. 2012) (Strom et al. 2008). 
In mTDP-43 models and patients, as well as the observed accumulation of ubiquitinated proteins in the spinal motor neurons (Xu et al. 2011), the aggregated cytoplasmic 25kDa fragments of TDP-43 interact with both p62 and LC3, suggesting a possible mechanism for disrupting autophagy (Chen et al. 2012). Finally, patients expressing the pathogenic hexanucleotide expansion in C9ORF72 present with a significant increase in cytoplasmic inclusions composed of p62, ubiquitin, OPTN and TDP-43 in the brain, suggestive of defective protein clearance in the presence of the pathogenic expansion (Cooper-Knock et al. 2012). 
There is also evidence of dysfunctional autophagy in other neurodegenerative diseases, such as AD and HD (Ravikumar et al. 2004; Son et al. 2012), resulting from the impaired maturation and degradation of the autophagosome, and a failure of the autophagosome to recognize the cytosolic cargo respectively (Casley et al. 2002; Yu et al. 2005) (Lee et al. 2010). 
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In addition to the functional and morphological deficits afflicting mitochondria in ALS, their intrinsic role in the initiation of the apoptotic cascade may also be an important factor. As mentioned, changes in mitochondrial morphology are intricately associated with apoptosis; mitochondria in apoptotic cells are converted from long reticular tubules to smaller, punctate structures, implicating mitochondrial fission (Karbowski et al. 2002). Induction of apoptosis requires the permeabilisation of the OMM, allowing release of pro-apoptotic cytochrome c from the IMS (Liu et al. 1996). Mitochondrial fusion and fission proteins regulate this intrinsic apoptotic cascade, in addition to the control of mitochondrial dynamics. For example, Drp1 mediates both a pro-fission and a pro-apoptotic role via the association with the OMM. The protein is stabilised here by Bax-mediated sumoylation, linking fission and apoptosis (Wasiak et al. 2007). Indeed, overexpression of a dominant-negative form of Drp1 mediates mitochondrial fusion, conferring resistance against the induction of apoptosis via the preservation of the m and the inhibition of cytochrome c release (Frank et al. 2001). Furthermore, overexpression of Mfn2 prevented the translocation of Bax to the mitochondria (Karbowski et al. 2006), whereas knockdown of Opa1 led to the depolarisation of the m, fragmentation of the network and release of cytochrome c from the IMS (Olichon et al. 2003).
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As previously mentioned, in both patient samples and models of the disease, mitochondrial fragmentation has been noted as a pathological feature of ALS, supporting a model in which the motor neuron is vulnerable to induction of the apoptotic cascade. Indeed, in ALS patients, biochemical markers of apoptosis have been reported at the final stages of disease (Yoshiyama et al. 1994; Ekegren et al. 1999; Pasinelli et al. 2000; Guegan et al. 2003). Additionally, it has been seen that, compared to control levels, pro-apoptotic Bax dimerisation in the motor cortex is increased, and the protective Bax-Bcl-2 interaction is diminished in both sALS and fALS patients (Martin 1999). 
Evidence from mSOD1 models has contributed to the notion of apoptotic cell death in the pathogenesis of ALS; sequential activation of caspases has been observed in G85R mSOD1 transgenic mice (Pasinelli et al. 2000; Pasinelli et al. 2004; Sathasivam et al. 2005). It is possible that apoptosis initiation arises secondary to mSOD1-induced mitochondrial dysfunction. This may be a direct consequence of mSOD1 localisation; anti-apoptotic Bcl-2 is sequestered in the mSOD1 mitochondrial aggregates noted in fALS cases (Pasinelli et al. 2004). In neuroblastoma cells, the formation of mSOD1 inclusions rendered the cells vulnerable to apoptosis via caspase 3 activation, following oxidative stress. However, expression of dispersed mSOD1 prevented apoptotic induction; thus the apoptosis-inducing ability of mSOD1 appears to be linked to its aggregation state (Soo et al. 2009).
However, there is controversy surrounding the role of apoptosis in the neuronal degeneration in ALS. mSOD1 transgenic mice lacking the upstream regulator of caspase 1, caspase 11, did not present with any improvement in the disease phenotype (Kang et al. 2003; Pasinelli et al. 2004). Furthermore, both morphological and biochemical markers of apoptosis, such as terminal deoxynucleotide transferase dUTP nick end labeling (TUNEL) staining are scant, both in ALS patients and models (Migheli et al. 1999). 
Thus, in contrast to apoptosis-mediated neurodegeneration, the concept of ALS as a dying-back neuropathy has arisen. Local toxicity resulting from the dysfunctional mitochondria induces damage to the distal axon with the cumulative defects eventually spreading to the cell body. This hypothesis, though speculative, specifically correlates with denervation noted at the neuromuscular junction (NMJ) in both mouse models and ALS patients (Fischer et al. 2004; Manfredi et al. 2005; Pun et al. 2006; Mead et al. 2011). 
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Ageing is defined as the gradual impairment of biological processes, caused by progressive deterioration of both function and structure of biological molecules in the cell. Interestingly, the characteristics of ageing such as oxidative damage, impaired mitochondrial dynamics and autophagy, are also associated with multiple disease states, including neurodegeneration (Mammucari et al. 2010).
Due to their central role in bioenergetics, mitochondria have long been implicated in the ageing process. One longstanding theory of ageing is that the cumulative damage to the cell caused by ROS eventually results in senescence (Harman 1956). It is postulated that ROS, generated by the leakage of electrons from the ETC in the mitochondria, result in cumulative damage to macromolecules and other organelles in the cell (Mammucari et al. 2010). Additionally, increasing ROS levels cause the accumulation of mtDNA mutations and deletions over time (Corral-Debrinski et al. 1992; Krishnan et al. 2007). As well as exacerbating the defects in the ETC, mtDNA mutations also lead to deficiencies in protein production in the mitochondria (Guja et al. 2012); a decrease in the levels of cytochrome c oxidase (COX) have been observed in aged cells, contributing to the dysfunction of the mitochondria (Bua et al. 2006). Under the stress of overwhelming oxidative damage, the aged cell eventually undergoes apoptosis.
As previously mentioned, mitochondrial morphology has a substantial influence on several cellular processes, including mitochondrial metabolism, regulation of REDOX signalling and the maintenance of mtDNA integrity (Seo et al. 2010). It has been noted that the morphological plasticity of mitochondria decreases with age due to reduction in the activity of peroxisome proliferator activated receptor gamma coactivator 1 alpha (PGC-1), a key regulator of mitochondrial biogenesis, with severe consequences for the cell (Seo et al. 2010). PGC-1 regulates expression of Mfn2, providing a link between mitochondrial morphology, biogenesis and ageing (Cartoni et al. 2005). Indeed, in the skeletal muscles of aged individuals, a decrease in the expression of Mfn2 and Drp1 was observed, alongside mitochondrial dysfunction (Crane et al. 2010). 
The decreased capacity for mitochondrial biogenesis upon ageing also influences mitophagic flux in the cell. The levels of autophagy decline upon ageing (Wohlgemuth et al. 2010), as evidenced by the appearance of giant mitochondria in ageing cells (Tandler et al. 1986); thus the defective mitochondria accumulate in the cell, contributing to the oxidative damage (Mammucari et al. 2010). The age-related dysregulation of mitochondrial dynamics appears to contribute to this decline in mitophagy levels. Overexpression of Fis1 blocked the development of the senescence-related phenotype in ageing cells, suggesting the inefficient segregation of defective mitochondria contributes to senescence (Yoon et al. 2006). It is postulated that, in post-mitotic ageing cells, the decrease in mitophagy-regulated mitochondrial biogenesis and turnover leads to accumulation of oxidative damage and induction of the apoptotic cascade (Mammucari et al. 2010).
However, controversy surrounds the ROS theory of ageing due to conflicting evidence from mice; the depletion of DNA polymerase subunit gamma (POLGA), a catalytic subunit of mitochondrial DNA polymerase, led to an increase in mtDNA mutations, impairment of the respiratory chain, and a reduced life span, but with no evidence of an increase in oxidised macromolecules or cellular hydrogen peroxide (Kujoth et al. 2005). As such, the theory of a direct link between levels of ROS, mtDNA and respiration has been disputed. Furthermore, mutations in mtDNA only reach a critical threshold in a proportion of senescent cells. Thus, there must be another trigger for cellular senescence and global ageing (Mammucari et al. 2010).
Another popular theory for ageing is the progressive shortening of telomeres, preventing the replication of cells (Harley et al. 1990). A recent study identified a link between DNA damage and impaired mitochondrial biogenesis, unifying the two popular theories (Sahin et al. 2012). It has been proposed that the accumulative telomere dysfunction leads to the activation of p53, which subsequently binds to promoters of PGC-1, impairing regulation of mitochondrial biogenesis (Sahin et al. 2010; Sahin et al. 2012). Consequently, the production of ROS increases, impairing function in the cell (Sahin et al. 2010). Thus, both mitochondrial morphology and function appear imperative for the continued functioning of the cell (Sahin et al. 2012)….ELABORATE….MOUSE MODELS…SOD1 IN NEURONS AND GLIA
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Motor neurons are highly polarised cells; the cell body, the primary site of metabolism and protein synthesis, must supply new proteins, functioning organelles and metabolites to the long axonal and dendritic processes. Some axonal processes stretch for over a metre throughout the body. Thus, the survival of the neuron is highly dependent on efficient axonal transport. Accordingly, defective cellular transport is implicated as one of the key pathogenic features in neurodegenerative disease (De Vos et al. 2008), and may provide an answer to selective neuronal vulnerability, as later discussed.
Mitochondria are highly motile organelles, utilising the microtubule tracks to distribute evenly along the axon, and travel to areas of metabolic demand. The m dictates their movement; depolarisation results in the retrograde transport of the mitochondria. Conversely, mitochondria with a high potential are preferentially transported anterogradely along the axon (Miller et al. 2004)…..HOW DOES THIS WORK?! This bioenergetic regulation ensures that functioning mitochondria are positioned in areas of high metabolic demand, and dysfunctional mitochondria are efficiently degraded at the soma.
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Axonal trafficking is dramatically perturbed in ALS motor neurons, as evidenced in mSOD1 transgenic mouse models. Deficits in retrograde axonal transport represents one of the earliest pathological features seen in mSOD1 transgenic mouse motor neurons, appearing before onset of clinical symptoms and accumulating throughout progression of the disease (Bilsland et al. 2010).
Dramatic impairment of both anterograde and retrograde transport of mitochondria has been noted both in vitro and in vivo. A selective decrease in anterograde transport of mitochondria has been observed in G93A mSOD1 motor neurons, resulting in a net increase in retrograde transport, with a corresponding increase in mSOD1 immunoreactive mitochondria clustering at the cell body (De Vos et al. 2007). Additionally, in sALS patients, abnormal accumulation of mitochondria has been noted in the soma and proximal axon of the anterior horn neurons (Sasaki et al. 2007). 
mSOD1 has been implicated in this aggregation propensity of mitochondria; expression of the mutant proteins in transgenic rats resulted in the pre-symptomatic accumulation of mSOD1-enriched mitochondria into discrete clusters (Sotelo-Silveira et al. 2009). There are several implications of this mitochondrial clustering; aggregation of the mitochondria will lead to the depletion of mitochondria from along the axon. Distal depletion, due to the aforementioned retrograde directional selectivity, would result in energy impairment near the NMJ, conducive to the distal axonopathy in ALS. Additionally, sequestration and dysfunction of the mitochondria will severely decrease energy available to power axonal transport, possibly accounting for the impaired bi-directional transport of membrane-bound organelles noted in transgenic mice motor neurons (De Vos et al. 2007).
Recent evidence also implicates TDP-43 as a regulating factor in the axonal transport of mitochondria. Neuronal overexpression of human TDP-43 in a transgenic mouse model resulted in the formation of cytoplasmic inclusions, containing accumulated mitochondria. This was seen concomitant with the clearance of mitochondria from the motor axon terminals (Shan et al. 2010). It is possible that the RNA processing of proteins involved in axonal transport is disrupted upon overexpression of TDP-43. It remains to be seen whether pathogenic mutations in TARDBP also result in this defect in axonal transport.
Defects in axonal transport are also evident in several other neurodegenerative disorders, including AD, HD and hereditary spastic paraplegia (HSP) (Gauthier et al. 2004; Karle et al. 2012; Shahpasand et al. 2012). The latter of these diseases shall now be discussed in further detail.
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Hereditary Spastic Paraplegia (HSP) is the collective name of a group of heterogeneous neurological disorders unified by the presence of spasticity and weakening of the lower limbs, with the relative sparing of the upper limbs (Salinas et al. 2008) (Blackstone 2012). The disease is relatively rare with a prevalence of around 3-9/100,000 people in Europe (Blackstone 2012). Pathologically, it is defined by the retrograde degeneration of the axons of the lateral corticospinal tract and posterior columns. In some instances, degeneration of the spinocerebellar tracts has also been reported, as has the loss of Betz cells present in layer V of the motor cortex (Salinas et al. 2008). The near absence of cell death in HSP has led to the disorder being characterised as a dying back axonopathy, making it ideal for understanding the cause of isolated axon impairment (Blackstone 2012). The HSPs can be classified as either a pure form of the disease if the spastic paraplegia remains isolated, or complicated if the spasticity is associated with additional clinical neurological features, such as ataxia, dementia or peripheral neuropathy (Harding 1983). 
The age of onset is variable, ranging from childhood to late in life. Severity and disease progression is also variable, though life expectancy is normally unaffected. This phenotypic heterogeneity is reflected in the genetic inheritance of the disease, which can be autosomal dominant (accounting for 70% of cases) autosomal recessive or X-linked recessive (Salinas et al. 2008). Furthermore, nearly 50 loci have been formally implicated (designated SPG1+), and over 20 genes have been identified to date as causal or contributory to the pathogenesis of HSP, though with variable penetrance, compounding the underlying variability in the onset and progression of the disease (Blackstone 2012)(Table 1.3). 
Out of the 48 known loci, 19 are autosomal dominant, 24 are autosomal recessive and 5 are due to X-linked inheritance. Broadly speaking, the disease tends to present itself as pure if derived from an autosomal dominant mutation in one of the known causative genes. Conversely, the autosomal recessive forms tend to be juvenile onset and present as a complicated form of HSP (Finsterer et al. 2012). The functional activities of the causative genes are multiple and diverse (Table 1.3). However, common cellular pathogenic pathways have started to emerge, with many of the genes being implicated in several pathways. The microtubule severing protein Spastin, mutated in SPG4-related HSP, is one such protein implicated in several pathogenic pathways, as will be discussed (Blackstone 2012).
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	HSP Disease Type
	Chromosome Location
	Gene and Protein Name
	Mode of Inheritance and Age of Onset
	HSP Phenotype
	Cellular function

	Membrane trafficking

	SPG4
	2p22.3
	SPAST: Spastin
	ADom: Adult onset
	Both
	Microtubule severing (Errico et al. 2002). ER morphogenesis (Park et al. 2010), endosomal trafficking (Reid et al. 2005), inhibitor of BMP signalling (Tsang et al. 2009).

	SPG6
	15q11.1
	NIPA1: Non imprinted in Prader-Willi/Angelman syndrome 1
	ADom: Adult onset
	Pure
	Endosomal trafficking, inhibitor of BMP signalling (Tsang et al. 2009), magnesium transporter (Goytain et al. 2008).

	SPG8
	8q24
	KIAA0196: Strumpellin
	ADom: Adult onset
	Pure
	Endosomal trafficking, regulation of actin polymerisation (Jia et al. 2010).

	SPG10
	12q13.3
	KIF5A: Kinesin family member 5A
	ADom: Juvenile to adult onset
	Pure
	Subunit of kinesin; anterograde, microtubule based, fast axonal transport (Xia et al. 2003).

	SPG11
	15q13-q15
	KIAA1840: Spatacsin
	AR: Juvenile to adult onset
	Both
	Outgrowth of motor neuron axons (Martin et al. 2012). Endosomal trafficking (Blackstone 2012)

	SPG15
	14q22-q24
	ZFYVE26: Spastizin
	AR: Juvenile onset
	Complicated
	Abscission stage of cytokinesis (Sagona et al. 2010), endosomal trafficking (Blackstone 2012).

	SPG20
	13q12.3
	SPG20: Spartin
	AR: Juvenile onset
	Complicated
	Endosomal trafficking (Edwards et al. 2009), lipid droplet turnover (Eastman et al. 2009), inhibitor of BMP signalling (Tsang et al. 2009).

	SPG21
	15q21
	ACP33: Maspardin
	AR: Juvenile onset
	Complicated
	Endosomal trafficking (Simpson et al. 2003).

	* SPG33
	10q24.2
	ZFYVE27: Protrudin
	ADom: Adult onset
	Pure
	Rab-11 mediated membrane trafficking. Promotion of neurite extension  (Mannan et al. 2006; Shirane et al. 2006).

	SPG47
	1p12-p13.2
	AP4B1: Adaptor-related protein complex 4, beta 1 subunit
	AR: Juvenile onset
	Complicated
	Subunit of endocytic adaptor protein complex targeting proteins from trans-Golgi network to endosomal system (Abou Jamra et al. 2011)

	SPG48
	7p22.2
	AP-5: subunit of KIAA0415
	AR: Adult onset
	Pure
	DNA repair (Slabicki et al. 2010). Subunit of AP-5, an endocytic adaptor protein complex (Hirst et al. 2011)

	Regulation of mitochondria

	SPG7
	16q24.3
	SPG7: Paraplegin
	AR: Juvenile to adult onset
	Complicated
	Subunit of the mitochondrial m-AAA ATPase complex; controls protein translation and quality in the mitochondria (Tzoulis et al. 2008)

	SPG13
	2q33.1
	HSPD1: Heat shock 60kDa protein 1
	ADom: Adult onset
	Pure
	Facilitates correct folding of proteins newly imported into the mitochondria (Hansen et al. 2002).

	Organelle shaping

	SPG3A
	14q11-q21
	ATL1: Atlastin
	ADom: Juvenile onset
	Pure
	ER / Golgi morphogenesis (Park et al. 2010), inhibitor of BMP signalling (Fassier et al. 2010).

	SPG12
	19q13
	RTN2: Reticulon 2
	ADom: Juvenile onset
	Pure
	ER morphogenesis (Montenegro et al. 2012).

	SPG17
	11q12-q14
	BSCL2:  Seipin
	ADom: Early adult onset
	Complicated
	Lipid droplet assembly at the ER (Szymanski et al. 2007).

	SPG18
	8p12-p11.22
	ERLIN2: Erlin2
	AR: Juvenile onset
	Complicated
	ER associated degradation of IP3Rs (Pearce et al. 2007)

	SPG31
	2p21
	REEP1: Receptor accessory protein 1
	ADom: Juvenile onset
	Both
	Coordinates ER morphogenesis and microtubule dynamics (Park et al. 2010).

	Lipid or sterol modification and myelination

	SPG2
	Xq21
	PLP1:   Myelin proteolipid protein
	X-linked: Adult onset
	Complicated
	Formation or maintenance of myelin in the central nervous system (Inoue 2005).

	SPG5
	8q12-q13
	CYP7B1: cytochrome P450, family 7, subfamily B, polypeptide 1
	AR: Juvenile to adult onset
	Pure
	Metabolism of cholesterol (Goizet et al. 2009).

	SPG35
	16q21-q23
	FA2H: Fatty acid 2-hydroxylase
	AR: Juvenile onset
	Complicated
	Hydroxylation of myelin lipids (Alderson et al. 2004)

	SPG39
	19p13.2
	PNPLA2: Neuropathy target esterase
	AR: Juvenile onset
	Complicated
	Deacylation of phospholipids (Glynn 2005).

	SPG44
	1q42.13
	GJC2: Connexin-47
	AR: Adult onset
	Complicated
	Central myelination (Menichella et al. 2003), formation of gap junction channels between glial cells (Wasseff et al. 2011).

	Inter/intra-cellular transport

	SPG22
	Xq21
	SLC16A2: Mono-carboxylic acid transporter 8
	X-linked: Juvenile onset
	Complicated
	Transporter of thyroid hormone (Friesema et al. 2003).

	SPG30
	2q37
	KIF1A: Kinesin 3
	AR: Early adult onset
	Complicated
	Anterograde microtubule dependent axonal transport (Okada et al. 1995).

	SPG42
	3q24-q26
	SLC33A1: solute carrier family 33, member 1
	ADom: Juvenile to adult onset.
	Pure
	Acetyl-CoA transporter (Kanamori et al. 1997).

	Axonal pathfinding

	SPG1
	Xq28
	L1CAM: L1 cell adhesion molecule
	X-linked: Perinatal
	Complicated
	Neural cell adhesion, neuronal migration and differentiation (Jouet et al. 1994).



Table 1.3: As of 2012, 48 different loci have been implicated in HSP. Listed are those loci whose HSP-causative genes have been identified. These genes are functionally grouped according to their main cellular processes, though many of the genes fall into numerous categories. (AR = Autosomal recessive; AD = Autosomal dominant). Table adapted from Blackstone, 2012.
[bookmark: _GoBack]* Debate has arisen as to whether the G191V mutation identified in protrudin does result in SPG33, as it has been identified in only one family in Germany, and has also now been identified as a polymorphism in control cohorts (Martignoni et al. 2008). 
[bookmark: _Toc222329073][bookmark: _Toc222332480][bookmark: _Toc222332652][bookmark: _Toc222332824][bookmark: _Toc222333168][bookmark: _Toc222333340]1.4.2: Spastin
Mutations in spast gene are the most common cause of autosomal dominant HSP, responsible for up to 40% of autosomal dominant cases. It is relatively common for carriers of the mutant gene not to develop symptoms until they reach their third decade. The disease then manifests itself as slowly progressive spasticity in the lower limbs, with loss of mobility only occurring after two decades of symptoms (Salinas et al. 2008). However, in some cases of SPG4-related HSP, onset of symptoms occurs in childhood, with a much more aggressive progression of symptoms. In humans, spast expression is widespread throughout the CNS, though it is absent in glial cells. Expression is both cytoplasmic and nuclear, except in the basal ganglia where expression is solely nuclear (Wharton et al. 2003).
The spast gene, encoding the protein Spastin, was first identified as a candidate gene in autosomal dominant HSP through a positional cloning strategy (Hazan et al. 1999). The gene has a transcript length of 5212 base pairs, which translates into a 616-residue protein. The resultant protein product was identified as belonging to sub-group 7 of the family of ATPases associated with various cellular activities (AAA proteins) (Frohlich 2001; Frickey et al. 2004). 
The AAA proteins are a large family of proteases, first described by Erdmann et al, with diverse cellular roles, including protein degradation, gene expression, membrane fusion and maturation and microtubule disassembly (Erdmann et al. 1991). However, despite this diversity, for each process it is believed that the protein exerts its function through the coupling of ATP hydrolysis and mechanical disassembly of the substrate (Frickey et al. 2004).
Each member is characterised by the presence of an AAA domain, a highly conserved P-loop NTPase domain (Patel et al. 1998). This region contains two highly conserved motifs, namely the Walker A and Walker B motifs, which represent the signature sequences of P-loop ATPases (Walker et al. 1982). Functional studies of these motifs have revealed that the Walker A motif is the area where ATP binding occurs and that this area is essential for ATP hydrolysis (Whiteheart et al. 1994). Later investigation showed that mutations in the Walker A motif abrogate the ability of the protein to bind ATP. Conversely, mutations in the Walker B motif permit ATP binding, but prevent hydrolysis (Ogura et al. 2001; Evans et al. 2005). Therefore, it appears only the Walker A motif is essential for the ATPase activity of the proteins.
The AAA proteins typically present with distinct modular domains, with the AAA domain at the C-terminal end of the protein (Frickey et al. 2004). The N-terminal domain does not possess ATPase activity. Instead it is believed to be the substrate recognition site, dictating the sub-cellular localisation of the protein. Of those that have been studied, the AAA proteins are capable of forming a hexameric ring structure upon oligomerisation, though in some proteins, such as Katanin, this only occurs under specific conditions (Frickey et al. 2004). Though the AAA proteins are highly diverse, the Spastin AAA domain bears a marked homology with the domain in Katanin, also a microtubule severing protein capable of regulating the length of the individual microtubules (McNally et al. 1993). It has been implicated in the regulation of meiosis and mitosis, as suggested by the localisation of katanin to the centrosome and mitotic spindles (Buster et al. 2002; Srayko et al. 2006).  
The modular domain organisation of Spastin, depicted in Figure 1.5, provides insights into its cellular function. The N-terminal portion of the protein is involved in the targeting of Spastin to specific subcellular domains; the binding of certain adaptor proteins often mediates this process. The transmembrane (TM) domain (Kammermeier et al. 2003; Blackstone 2012) is predicted to form a partial membrane spanning hairpin loop, allowing the targeting of Spastin to membranous organelles, including the endoplasmic reticulum (Park et al. 2010), which will be discussed in further detail later. The Microtubule Interacting and Transport (MIT) domain spans amino acid residues 116 to 197 and is predicted to form a 3 helical bundle (Ciccarelli et al. 2003; Yang et al. 2008), mediating interactions with the CHMP (charged multivesicular body protein) family of proteins involved in endosomal trafficking and membrane scission, such as Chmp1b (Reid et al. 2005). Finally in the N terminal portion, there is a Microtubule Binding Domain (MTBD), capable of binding microtubules in an ATP-independent manner. As discussed later, this domain is required for the severing of microtubules, alongside the C-terminal catalytic AAA ATPase domain (White et al. 2007).

[bookmark: _Toc232523067][image: ]Figure 1.5: The Structural Domains of Spastin

Figure 1.5: TM: Transmembrane domain, MIT: Microtubule interacting and transport domain, MTBD: Microtubule binding domain, AAA: ATPase associated with various cellular activities. Figure adapted from (Shoukier et al. 2009).

Four different isoforms of Spastin are expressed in mammalian cells; a 67kDa product is produced through translation from the 1st start codon, beginning at residue 1, and is hence called M1 Spastin. Alternatively, a 60kDa protein (M87 Spastin) is produced via an alternative translation initiation codon starting at residue 87 and driven by a cryptic promoter in exon 1 of the gene (Claudiani et al. 2005; Mancuso et al. 2008). Both of these isoforms are subject to post-transcriptional regulation through mRNA splicing. Exon 4 is lacking in a common splice variant of the protein, resulting in variants of both M1 and M87 spastin without a 32 amino acid region, though the function of this splicing is unknown (Svenson et al. 2001). Over 150 mutations have been identified in spast-associated HSP to date. However, no known HSP mutations are present in exon 4, meaning the splice variants are not implicated in the pathogenesis of the disease (Salinas et al. 2008). Though mainly clustered in the AAA domain, the spectrum of identified mutations and deletions cover the entire gene, possibly explaining the phenotypic heterogeneity. As discussed, the presence of different domains has profound influences on the cellular localisation, and therefore function, of the protein.
One major implication of the expression of these different isoforms is the consequence of complicated subcellular localisation. M87 Spastin lacks the first 85 amino acids, resulting in the loss of expression of the TM domain. Subsequently, this isoform is predominantly localised in the cytosolic pool, though it can be recruited to the endosomes and the cytokinetic midbody. It is also expressed in the nucleus (Claudiani et al. 2005; Connell et al. 2009). Alternatively, M1 Spastin, possessing the hydrophobic transmembrane domain, is solely cytoplasmic due to the presence of 2 nuclear export signals (Claudiani et al. 2005), and has been implicated in the early secretory pathway, localizing to the ER and the very early ER to Golgi intermediate compartment (Connell et al. 2009). Indeed, M1 Spastin was confirmed to exist as an integral membrane protein through a partitioning experiment using Triton-X. M1 Spastin was observed in the detergent phase as opposed to the aqueous phase, leading to the prediction that this isoform partially spans the membrane using its hairpin loop domain (Park et al. 2010). Thus, due to the expression of different isoforms and association with various adaptor proteins, Spastin is active in various cellular processes, all with the potential to be pathogenically involved in HSP.
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1.4.2.1.1: Microtubule severing
1.4.2.1.1.1: Role of microtubule severing in neuronal maintenance
Microtubules form one of the major components of the cytoskeleton. Composed of heterodimers of  and -tubulin, the microtubules form polarised tracts throughout the neuron. The fast growing plus-end points towards the synapse whereas the slow growing minus end faces the cell body (De Vos et al. 2008).
The important role of the microtubules in the maintenance of the neurons is reflected in the level of regulation to which the microtubules are subjected.  A variety of microtubule-associating proteins (MAPs), as well as the intrinsic GTPase activity of tubulin, act to ensure efficient assembly and localisation of the microtubules. Furthermore, the tubulin polymers are subject to a diverse range of post-translational modifications including acetylation, tyrosination and polyglutamylation, all of which regulate the stabilisation or dynamicity of the cytoskeletal track (Baas et al. 2006; Fukushima et al. 2009).
In the developing neuron the microtubules are dynamic, coordinating extension or retraction of the neurite, and permitting the motility of the growth cone. In the mature neuron, the microtubule network acts as a railway for cargo transport bidirectionally along the axon (De Vos et al. 2008; Fukushima et al. 2009). Common cargoes include neurofilaments, mitochondria and lipids. Additionally, the microtubule polymers themselves are transported bidirectionally along neurites, for maintenance of the cytoskeletal tracks. The capacity of a microtubule to be transported is strictly related to its length; the short microtubules are bidirectionally mobile whereas the longer polymers tend to exist in a stationary form (Baas et al. 2006). Thus, any proteins acting to regulate microtubule length will have a key role in the maintenance of the cytoskeleton in the neuron.
1.4.2.1.1.2: Evidence for role of spastin in microtubule severing
Spastin was first suggested to have a role in microtubule severing in light of its homology with Katanin, a subgroup 7 AAA protein that severs microtubules in processes such as mitosis and meiosis (Errico et al. 2002). Transfection studies with epitope-tagged Spastin in Cos7 cells established the microtubule connection of the protein. Spastin was found localise to discrete punctate structures near the GA and the centrosome when expressed at low levels, suggestive of a localisation at the microtubule-organising centre. Furthermore, a dramatic reduction in the intensity of tubulin staining was observed in 50% of wild type Spastin-transfected cells, indicating a role for Spastin in the disassembly of microtubules (Errico et al. 2002). Additionally, overexpression of mutant forms of Spastin revealed a filamentous expression pattern, immunostaining positive for -tubulin, thus confirming the N-terminal-mediated association of mutant Spastin with the microtubule network (Errico et al. 2002).
As mentioned, the enzymatic core of the AAA domain contains a central / nucleotide binding domain (termed the Walker A and Walker B motif (Walker et al. 1982)). Mutations in these Walker A or B motifs prevent either ATP binding or hydrolysis. In order to investigate the pathogenic relevance of such mutations, recombinant forms of Spastin were generated harbouring disease-related mutations in either the Walker A or Walker B residues. Transfection studies with these constructs revealed that if ATPase activity is diminished, the mutant Spastin (mSpastin) becomes kinetically trapped on the microtubules, resulting in the aforementioned filamentous pattern in the cell body. This pattern was not observed when the mutant protein was unable to bind ATP, indicating that upon binding, Spastin is targeted to the microtubules (Evans et al. 2005). Thus, the cellular distribution of mSpastin depends on where in the AAA domain the mutation is located, and this in turn can dictate the effect the mutation has on the pathophysiology of the disease.
An additional study observed that overexpression of a disease relevant, ATPase deficient mSpastin colocalised with a subset of microtubules but did not result in the degradation of tubulin (McDermott et al. 2003). Thus, the microtubule severing activity of Spastin, and its subsequent defect in the presence of an SPG-related mutation, occurs in neurons.
Further evidence of the role of Spastin in microtubule severing was established using an elegant time-lapse experiment, where ATP and wild type Spastin were added to permeabilised, cytosol depleted mammalian cells. A resultant time-dependent decrease in microtubule content was observed; however, this severing effect was not observed when ATPase activity deficient mSpastin was used, confirming the role of the AAA domain in microtubule severing (Evans et al. 2005).
Independent structural studies of Spastin have resulted in conflicting models as to the how Spastin achieves the severing of microtubules. It is appreciated that the protein forms a hexameric ring, such that the pore entrance harbours the helices belonging to the AAA domain. This hexameric form of Spastin assembles on the microtubule by seizing the acidic tubulin tails. The protein is then anchored in place by the MTBD (White et al. 2007; Roll-Mecak et al. 2008). Experiments in HeLa cells found that the addition of glutamate side chains on tubulin increases the efficiency of Spastin microtubule severing; likely by increasing the acidity of the C-terminal tubulin tail, and therefore strengthening its interaction with the basic residues of the pore loop in the ATPase domain (Lacroix et al. 2010; Lumb et al. 2012).
Some of the adaptor proteins known to interact with the N-terminal domain of Spastin have been identified as being either integral membrane or membrane-associated proteins. Thus, it has been suggested that the Spastin acts to coordinate microtubule-severing activity with the maintenance of specific membrane dynamics (Connell et al. 2009). Consequently, Spastin has been found to have physiological roles in the regulation of ER morphogenesis and endosomal dynamics.   
1.4.2.1.2: Endoplasmic reticulum morphogenesis
The M1 isoform of Spastin has been found localised to the ER (Connell et al. 2009). Regulation of ER morphogenesis has become increasingly of interest with regards to the pathogenesis of HSP as more Spastin-interacting partners are identified. The interaction of the TM domain of M1 Spastin with Atlastin, Reticulon 2 (Rtn2) and Receptor accessory protein 1 (REEP1) is postulated to form an “ER morphogen complex”, acting in a coordinated manner with the microtubule network to regulate ER morphogenesis.  The complex promotes the alignment of the ER along the microtubular cytoskeleton (Park et al. 2010; Blackstone 2012).
WHAT IS THE DISEASE MECHANISM IN HSP….RELATION TO ATLASTIN?
1.4.2.1.3: Endosome dynamics
The M87 (short) isoform of Spastin is localised on endosomes via its MIT domain mediated interaction with members of the ESCRT-III family of proteins, including Chmp1b (Reid et al. 2005; Connell et al. 2009). The interaction between Spastin and the ESCRT-III family appears to be critical in the microtubule disruption event accompanying the final abscission stage of cytokinesis (Yang et al. 2008; Connell et al. 2009).
Furthermore, preliminary evidence in immortalised cells revealed that Spastin interacts with another endosomal protein, Protrudin (also known as ZFYVE27) (Mannan et al. 2006; Zhang et al. 2012). This interaction promotes neurite outgrowth in a PC12 cell line, suggesting that Spastin and Protrudin may play a role in the outgrowth of motor neuron axons (Zhang et al. 2012). If verified in neurons with endogenous proteins, this interaction could be pathologically relevant; Protrudin has been implicated in the regulation of neurite extension and directional membrane trafficking (Shirane et al. 2006). Both of these processes require the coordinated activity of cytoskeletal remodeling and membrane trafficking: processes that could be coupled through the microtubule severing input of Spastin. 
1.4.2.1.4: Regulation of BMP signalling
A recent role for Spastin in coupling microtubule severing with membrane scission has emerged with regards to regulation of the BMP signalling pathway. In the mature neuron, BMP signalling regulates both axonal growth and synaptic function (Wang et al. 2007; Blackstone 2012). 
Regulation of the BMP pathway has recently been identified as a unifying process in HSP, involving several of the causative HSP genes, namely Spastin, Spartin, Atlastin and NIPA1. It is likely that Spastin regulates the BMP pathway through the control of BMP receptor levels, since abscission is essential in the trafficking of membranes in the endosomal pathway (Lumb et al. 2012). Knockdown of atlastin in zebrafish demonstrated that overactivation of BMP signalling resulted in the development of an abnormal architecture of the spinal motor axons, namely a significant increase in axonal branching (Fassier et al. 2010)…..WHICH MOUSE MODEL IS THIS ALSO SEEN IN?....zhu 2006?  Furthermore, depletion of either Spastin or Spartin in HeLa cells increased the concentration of phosphorylated SMAD1/5, a transcription factor downstream in the BMP pathway, even in the absence of BMP4 stimulation (Fassier et al. 2010). 
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Several models have been generated to provide insight into the pathological consequences of mutations in, or loss of expression of, Spastin.
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Knockdown of Drosophila Spastin (dSpastin) resulted in the accumulation and stabilisation of the microtubule network, with a concomitant decrease in synaptic area. Overexpression of wild type dSpastin resulted in the disassembly of the microtubules alongside a decrease in synaptic strength (Trotta et al. 2004).
The importance of the AAA ATPase domain in this severing of microtubules was confirmed using recombinant dSpastin with mutations either in the Walker A or Walker B pore loop. The ATPase activity of the protein was diminished; subsequent microtubule severing activity was also markedly decreased (Roll-Mecak et al. 2008).
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The role of Spastin function in the developing zebrafish embryo was examined using morpholino-mediated transient gene knockdown. In these Spastin-knockdown fish, the branchiomotor neurons exhibited decreased axonal outgrowth alongside aberrant positioning of the neuronal cell bodies. Impaired outgrowth of spinal motor neuron axons was also observed. 
The dynamicity of the microtubule network is regulated by a family of MAPs, termed the microtubule plus-end tracking proteins (+TIPs), which form “comet-like” complexes at the plus-end of the polymerising microtubules. Two of these +TIPs, end-binding protein 1 and 3 (EB1 and EB3), are recruited to the microtubule plus-end specifically to regulate axonal growth and elongation, via microtubule polymerisation (Akhmanova et al. 2008).
Microinjection of EB3-green fluorescent protein (GFP), under the control of a neural-specific promoter, into one-to-two cell zebrafish embryos allowed the visualisation of the microtubule plus-end dynamics and therefore microtuble-mediated outgrowth. Upon knockdown of Spast expression, an almost complete loss of EB3-GFP fluorescence in the discrete puncta was observed, indicating an absence of the comet-like structures at the plus ends and thus a defect in axon outgrowth. Furthermore, the same result was seen when the embryos were treated with a microtubule destabilising drug, highlighting a novel role of microtubule severing in the maintenance of growth cone activity. Spastin expression is necessary for the promotion of coordinated anterograde growth. Accordingly, the observed neuronal defects in these knockdown zebrafish manifested in the impairment of motility (Wood et al. 2006).
The aforementioned role of Spastin and protrudin in axonal outgrowth has also been highlighted in zebrafish. Protrudin is an upstream inhibitor of rab-11, which in turn aids coordination of membrane trafficking during neurite extension (Shirane et al. 2006). In the zebrafish embryo, the outgrowth of the spinal motor neurons was inhibited, alongside abnormal axonal branching, when the fish were injected with either spastin or protrudin morpholinos. The severity of the phenotype increased when both genes were simultaneously inhibited, and could be rescued with the injection of either human spastin or protrudin (Zhang et al. 2012). Therefore, spastin and protrudin may collaborate to regulate motor axon outgrowth.
[bookmark: _Toc222329078][bookmark: _Toc222332485][bookmark: _Toc222332657][bookmark: _Toc222332829][bookmark: _Toc222333173][bookmark: _Toc222333345]1.4.3.3: Mus musculus
Tarrade utilised a mouse model expressing a deletion mutation in the spast gene, resulting in a premature stop codon and a loss of expression at the protein level. Progressive axonal degeneration was observed in the CNS, manifesting in a late and mild motor defect, as defined by alterations in step length (Tarrade et al. 2006). A dosage effect was observed with expression levels of spastin. Both the axonopathy and subsequent motor defect was more severe in the homozygous mice compared to the heterozygotes, which were, in turn, more severe than the wild type mice.
At a cellular level, the axonopathy was characterised by the appearance of axonal swellings, which increased in number over time. Investigation of these swellings in primary cortical neurons established that they developed after four days in culture. Intriguingly, these focal swellings appeared to arise exclusively in the distal region of the neurite, at an area of microtubule transition from a stable to dynamic state…..HOW DO YOU KNOW THAT THIS IS THE PLACE WHERE DYNAMIC TO STABLE MT? Thus, it can be inferred that these axonal swellings cause a disruption to the microtubule dynamics. Indeed, though not directly quantified, retrograde axonal transport also appeared impaired in the neurons; abnormal accumulation of mitochondria was observed in the proximal part of the neurite swellings (Tarrade et al. 2006).
Defective axonal transport was also evident in a separate novel mouse model of SPG4, generated using N-ethyl-N-nitrosourea (ENU)-induced mutagenesis to induce a pathogenic splice site mutation in Spast. 
Splice site mutation…..novel 50 cterm bases, premature stop codon, 
A novel transcript was created encoding a truncated spastin protein, which was not detectable at the protein level, essentially creating a spastin knockout mouse model (Kasher et al. 2009). Mutations in this splice site have also been reported in human patients, making this mouse a bone fide model of human disease (Fonknechten et al. 2000). As with the ATPase deficient mouse model, gait abnormalities were also evident, developing from aged 7 months.
At a cellular level, axonal swellings were also present in cultured cortical neurons derived from both heterozygous and homozygous mice. These swellings immunostained positive for multiple components of the cytoplasm, including mitochondria, tau, neurofilaments, as well as -tubulin. However, in contrast to the previous aforementioned mouse model, the distribution of swellings in the axons was random rather than distally localised…..WHAT CAUSES THIS?!!!! 
UNCLEAR WHY THESE DIFFERENCES OBSERVED….DIFFERENCE IN PLATING DENSITIES?, EXPERIMENTAL SET-UP? GENETIC BACKGROUND?
A dosage effect of spastin was also evident in this mouse model, with regards to the frequency of axonal swellings (Kasher et al. 2009).
Defects in axonal transport were also directly quantified, with a decrease in the anterograde transport of membrane bound organelles (MBO) and mitochondria in both heterozygous (mitochondria only) and homozygous (mitochondria and MBO) neurons. Furthermore, the presence of the axonal swellings appeared to exacerbate the distal transport defect; in homozygous mice, the frequency of movement decreased 40% distal to the swellings. Anterograde transport was quantified as being decreased both proximal and distal to the swellings, whereas retrograde transport only appeared defective distal to the swelling. Transport of cargo was perturbed by an increased duration of pausing rather than blockage at the swelling. This defect also appeared to be cargo specific, with mitochondrial anterograde transport reduced in heterozygote neurons, whereas transport of MBOs was unaffected, again highlighting the imperative role mitochondria have in maintaining neuronal health.
Interestingly, immunohistochemistry carried out on sections of cervical and lumbar spinal cords derived from SPG4 patients revealed the presence of swellings in the long descending axons of the corticospinal tracts (Kasher et al. 2009). Thus, the defects observed in mouse models are relevant for the pathogenesis of the disease in humans.
The murine models of HSP strongly implicate defective axonal transport as causative or contributing to the disease process. SPG10 and SPG30 also provide a precedent that abrogation of axonal transport can manifest itself into HSP. KIF5A, encoding a subunit of the microtubule-based anterograde motor protein, Kinesin, is mutated in SPG10 (Reid et al. 2002). Furthermore, KIF1A is mutated in several families with autosomal recessive SPG30 (Klebe et al. 2012). 
HSP-linked mutant forms of KIF5A perturb axonal transport, reminiscent of the increase in the levels of pausing of cargo in an SPG4 mouse model (Karle et al. 2012). Thus, impairment of motor based transport, either through defects in the motor itself, or in the microtubule track on which it travels, can manifest itself in neurodegenerative disease. Retrograde degeneration of the corticospinal tract highlights the need for efficient axonal transport in maintaining the metabolically demanding, exceptionally long neurons of the pyramidal motor pathway. 
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It is currently unclear whether the pathogenic spast mutations in HSP act in a dominant negative manner or whether the disease arises as a consequence of haploinsufficiency. In fruitfly, zebrafish and mouse models of the disease, decreasing or knocking out spastin activity results in a stabilisation of the microtubule network, defects in axonal outgrowth and, in the mouse models, an appearance of axonal swellings (Trotta et al. 2004; Tarrade et al. 2006; Wood et al. 2006; Kasher et al. 2009). Furthermore, no pathogenic swellings were observed in the axons when mSpastin was transfected into wild type neurons (Tarrade et al. 2006). These models, therefore, appear to support the notion that the disease arises due to the haploinsufficiency of spastin. Indeed, the deletion mutant models only support the loss of function hypothesis. Further support for a loss of function model in mSpast-mediated HSP has arisen following identification of patients possessing whole exon deletion of Spast (Depienne et al. 2007).
However, in the cellular models of SPG4, the overexpression of mutant forms of spastin results in the disturbance of microtubule dynamics, redistribution of spastin and defective morphogenesis of membranous organelles such as the ER (Errico et al. 2002; McDermott et al. 2003; Evans et al. 2005). Furthermore, the co-transfection of mutant and wild type forms of spastin in a mammalian cell line results in their colocalisation, raising the possibility that the mutant form segregates the wild type protein in a dominant negative manner (Errico et al. 2002). Finally, some mutant forms of M1 spastin diminished the enzymatic activity of wild type M87 spastin, further suggestive of the dominant negative action of mspastin (Solowska et al. 2008).
It is possible that both forms of mutant activity occur. Evidence in Drosophila found that both knockdown of dspastin and overexpression of mspastin results in the excessive stabilisation of the microtubule network at the NMJ, alongside neurodegeneration and locomotor impairment (Orso et al. 2005). Thus, it is possible that both mechanisms may be pathogenically relevant in SPG4, accounting for the phenotypic heterogeneity observed in the disease.
There has been some debate as to which isoform of Spastin is pathogenic in SPG4. There is evidence to suggest that the less abundant, long M1 isoform mediates the toxic function; the N-terminal region of spastin, only present in the M1 isoform, inhibited fast axonal transport in squid axon (Solowska et al. 2008). Thus, M1 spastin’s ability to target the endoplasmic reticulum and the endosomes may be important in the pathogenesis of the disease. Furthermore, although M87 spastin is the most abundant isoform, M1 spastin is specifically enriched in the brain and spinal cord (Connell et al. 2009), possibly explaining neuronal vulnerability and implicating it as the main pathogenic form in SPG4.
The identification of several HSP proteins as key proteins in the maintenance of both endosomal dynamics and ER morphogenesis suggests that abrogation of membrane modelling in the axon is a primary cause of axonal degeneration in HSP. It has been suggested that the correct morphogenesis of the ER or the endosomal network is required to maintain bioenergetically efficient axonal transport (Blackstone et al. 2011). Spastin likely functions in maintaining the microtubules responsible for the transport of the ER or endosomal membranes. This disruption to axonal transport is probably compounded by splicing of the microtubules affecting the transport of cargo by the motor proteins on the microtubule track. 
It has also been suggested that defects in membrane modeling could affect the trafficking of receptors involved in signalling pathways important for the regulation and maintenance of axonal transport. In Drosophila, it has been demonstrated that BMP signalling regulates microtubule dynamics and inhibition of this pathway inhibits axonal transport (Wang et al. 2007). As mentioned, Spastin, along with several other HSP genes, has been implicated in regulating the trafficking of the receptors of the BMP pathway (Tsang et al. 2009). Thus, the multi-faceted nature of Spastin may integrate multiple cellular processes, making it pathologically relevant.
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It has been shown that motor neurons are highly susceptible to excitotoxicity due to their subunit composition of the AMPA receptor. It is relatively deficient in GluR2, potentially as a consequence of transcriptional regulation, and thus highly permeable to calcium, upon glutamate stimulation (Shaw et al. 1999). It is also notable that motor neurons also have a lower calcium buffering ability compared to other cells, due to decreased levels of calcium buffering proteins, such as parvalbumin and calbindin (Ince et al. 1993). Thus, the mitochondria are forced to play a more pivotal role in the homeostasis of cytosolic calcium. Interestingly, motor neurons within the oculomotor nuclei in the brainstem, and Onuf’s nucleus, spared degeneration in ALS, do express calcium-binding proteins (Ince et al. 1993). Furthermore, overexpression of parvalbumin delays disease onset in transgenic mice (Beers et al. 2001).
Moreover, elegant co-culture studies demonstrated that non-autonomous expression of mSOD1 can mediate the degeneration of the motor neuron. Expression of mSOD1 in astrocytes leads to the degeneration of motor neurons, via the induction of motor neuron mitochondrial dysfunction, namely a decrease in the mitochondrial redox state and the subsequent depolarisation of the mitochondrial membrane potential (Bilsland et al. 2008)….EXPLAIN 
Structural features of motor neurons may also render them vulnerable to degeneration. For example, as discussed, the extreme axonal length of the long descending corticospinal tracts, vulnerable in HSP, makes them susceptible to axonal transport deficits (Blackstone et al. 2011). The lack of protein synthesis occurring in neurites serves to exacerbate this reliance on fast axonal transport (Shaw 2005). Additionally, maintenance of these long axons requires a certain level of membrane plasticity, also reliant on axonal transport and efficient functioning of the endosomal pathway (Blackstone 2012). As mentioned, both of these processes are defective in HSP. Furthermore, motor neurons have a high metabolic rate, necessary to meet the transport demands, as well as to maintain the excitable nature of the cell. However, this high metabolic rate leaves the cell extremely vulnerable to any deficits in respiration, such as those seen in ALS (Shaw 2005). 
Finally, it has been postulated that the motor neurons are selectively vulnerable in ALS due to the specificity of protein composition seen in spinal cord mitochondria. mSOD1 may be specifically recruited to spinal cord mitochondria due to the particular complement of proteins expressed on the cytoplasmic face of the organelles (Liu et al. 2004). However, this evidence is controversial; conflicting results refute any specificity of mSOD1 recruitment (Jaarsma et al. 2001; Vijayvergiya et al. 2005).

[bookmark: _Toc222329081][bookmark: _Toc222332488][bookmark: _Toc222332660][bookmark: _Toc222332832][bookmark: _Toc222333176][bookmark: _Toc222333348]1.5.1: Models of neurodegenerative disease
Immortalised cell lines are frequently used in research as a simple model to understand complex biological functioning in higher systems. The cell lines are favoured in research as they are highly amenable to genetic manipulation, such as gene knock-down and stable or transient transfection. A clonal population can also be derived from the cells, removing genetic heterogeneity as a confounding factor. Furthermore, their fast growth rate allows the conduction of high through-put studies, such as drug screens. However, immortalised cell lines invariably have different metabolic rates and genetic make-up compared to neurons, meaning results should be interpreted with caution. Furthermore, although the cells generally have originated from a recognisable tissue, they will have undergone significant mutations when immortalised, which may have an effect on their biology. 
Conversely, primary cellular models, though less amenable to manipulation, represent a more clinically relevant model to work on. Primary neurons derived from animal models have the advantage of being relevant for investigation of neurodegenerative disease. These cells can be genetically manipulated to further recapitulate the disease of interest. However, the primary neurons are generally derived from an organism expressing a pure genetic background, and therefore lacking the phenotypic heterogeneity present at the clinical level. Furthermore, the in vitro conditions of culture is likely to influence results; as with any cellular model, in vitro data requires validation using an in vivo model. 
The use of in vivo models allows the understanding of the functioning of genes and protein pathways in the context of the whole organism. Thus, the pathogenesis of disease can be better understood. Targeted deletion of part of a gene can be used to study haploinsufficiency in vivo. This targeted approach can be preferable to complete gene knock-out models, which are often embryonically lethal. It also negates the need to generate a control model; if a mutant transgene approach is adopted, a control line overexpressing the wild type protein is necessary. However, this overexpression is often lethal, as demonstrated with the overexpression of Spastin and TDP-43 (Trotta et al. 2004; Wils et al. 2010).
Several biomarkers have been developed to help elucidate pathogenic mechanisms of ALS, as well as to try and improve efficiency of diagnosis of the disorder. These include: 
· Increased levels of glutamate, or increased evidence of oxidative stress, in the CSF (Rothstein et al. 1990; Shaw et al. 1995; Bradley 1999; Spreux-Varoquaux et al. 2002; Ilzecka et al. 2003) (Shaw et al. 1995; Tohgi et al. 1999; Simpson et al. 2004; Migliore et al. 2005).
· The presence of oxidative products, such as free radicals and protein associated carbonyls, or increased levels of glutamate in the blood (Bradley 1999).
· Evidence of impaired EAAT2 expression in the CSF (Rothstein et al. 1995; Fray et al. 1998).
   However, these current molecular biomarkers, particularly those found in blood, are susceptible to confounding, external factors linked to diet and drug intake (Migliore et al. 2005). In light of this, fibroblasts derived from patients provide an ideal, easily accessible substrate on which to conduct studies (Migliore et al. 2005). Primary human patient dermal fibroblasts also express any pathogenic mutant proteins at a physiological level. Previous investigations have ascertained that disease state fibroblasts do display functional abnormalities.
For example, both sALS and fALS fibroblasts exhibited increased sensitivity to oxidative stress when exposed to SIN-1 (3-morpholinosydnonimine) or H2O2, respectively (Aguirre et al. 1998). Furthermore, ALS patient-derived fibroblasts had impaired calcium homeostasis when challenged with Bradykinin, and a dysfunctional glutamate re-uptake system compared to control cells (Witt et al. 1994) (Tremolizzo et al. 2004).
However, it should be noted that fibroblasts are metabolically different to neurons; the majority of their ATP production is derived from glycolysis, instead of oxidative phosphorylation, as favoured by neurons (Benard et al. 2007). Thus, any metabolic data derived from human fibroblasts should be interpreted with caution with regards to neurodegenerative disease. 
Despite these differences, fibroblasts have recently come to the forefront in the search for biomarkers of neurodegenerative disease. Fibroblasts derived from mutant Parkin (mParkin)-mediated PD patients revealed a decrease in the activity of Complex I of the ETC, alongside decreased ATP production and m (Mortiboys et al. 2008). An increase in the branching complexity of the mitochondria was also observed when compared to control fibroblasts, exacerbated by the presence of a Complex I inhibitor (Mortiboys et al. 2008). These observations support the findings observed in fibroblasts afflicted with isolated Complex I defects; minor deficits in ETC activity increases branching of the mitochondria, representing an adaptive response of the cell. The formation of these interconnected networks creating an efficient mechanism of energy deliverance (Koopman et al. 2005). Conversely, severe defects in Complex I activity significantly decreases the networking of the mitochondria, suggestive of a failure to cope with the resultant energy deficits (Koopman et al. 2005). Thus, this proof of principle data generated in PD patient fibroblasts provides a precedent for utilising peripheral cells not directly implicated in the pathogenesis of the disorder (Mortiboys et al. 2008). 
IPS CELLS BETTER?

[bookmark: _Toc222329082][bookmark: _Toc222332489][bookmark: _Toc222332661][bookmark: _Toc222332833][bookmark: _Toc222333177][bookmark: _Toc222333349]1.6: Hypothesis and aims of PhD
The efficient functioning of mitochondria is essential for the survival of the cell. With its critical roles in matching bioenergetic demand with output, maintenance of calcium homeostasis and regulation of the apoptotic cascade, any perturbation in mitochondrial function may have far-reaching consequences. As discussed, dysfunction of the mitochondria has been highly implicated in the pathogenesis of neurodegenerative disease, including ALS and HSP. In ALS, mitochondrial dysfunction has been noted in both sporadic and familial forms of the disease. The majority of evidence has derived from mSOD1 disease models (Magrane et al. 2009). However, recent evidence indicates that expression of mutant TARDBP (mTARDBP) may also result in mitochondrial dysfunction (Xu et al. 2011). In HSP, caused by mutations in Spast, transport of the mitochondria along the axon is severely disrupted, contributing to the dying back of the neuronal processes (Kasher et al. 2009).
Mitochondrial dysfunction is intricately related to the morphology of the organelle. Thus, any defects in mitochondrial activity tend to result in changes in mitochondrial dynamics. Furthermore, disease-related, activity-dependent changes in mitochondrial form have been noted in peripheral cells, such as dermal fibroblasts (Mortiboys et al. 2008). There is thus precedent that study of peripheral cells can be used to recapitulate the defects found in the neurons upon neurodegeneration. 
In light of this evidence, three main hypotheses were formed for this PhD:
· Disruption of mitochondrial function in ALS, including excessive production of ROS, biochemical changes and disruption of calcium homeostasis, will lead to mitochondrial dysmorphology in patient dermal fibroblasts.

· Physiological expression of mTARDBP in patient fibroblasts will result in defects in gene expression, disturbing the functioning of the mitochondria.

· Pharmacological intervention of microtubule dynamics in mSpast-expressing cortical neurons will restore axonal transport in this model of HSP…..WHY?


In order to confirm these hypotheses, several aims were established:
· To quantify mitochondrial morphology in both aged and patient fibroblasts; specific changes in mitochondrial networking will be measured, indicating alterations in mitochondrial dynamics.
· I will assess whether primary patient fibroblasts recapitulate the changes in mitochondrial morphology that were reported in axons. 

· To characterise mTARDBP-expressing patient fibroblasts using available gene expression microarray data, with the aim of elucidating the main pathological roles of mTDP-43 in ALS.

· To assess the impact of pharmacological intervention on axonal dysfunction in an SPG4 model. Dysfunction will be quantified by measuring the number of pathogenic axonal swellings previously noted in this model of HSP.
· Primary cortical neurons from mSpast mice will be grown in the presence or absence of microtubiule-targeting drugs to see if they are capable of restoring efficient axonal transport in these cells.



· EXPAND….
[bookmark: _Toc222329083][bookmark: _Toc222332490][bookmark: _Toc222332662][bookmark: _Toc222332834][bookmark: _Toc222333178][bookmark: _Toc222333350]
Chapter 2 - Materials and Methods
[bookmark: _Toc222329084][bookmark: _Toc222332491][bookmark: _Toc222332663][bookmark: _Toc222332835][bookmark: _Toc222333179][bookmark: _Toc222333351]2.1: General
[bookmark: _Toc222329085][bookmark: _Toc222332492][bookmark: _Toc222332664][bookmark: _Toc222332836][bookmark: _Toc222333180][bookmark: _Toc222333352]2.1.1: Ethics
For research involving human fibroblast biopsies, all samples were taken with informed consent in accordance with the guidelines and regulations set by the Local Ethics Committee. For research involving neurons obtained from mice, all procedures were conducted in accordance with the regulations set by the Animals (Scientific Procedures) Act, 1986.
[bookmark: _Toc222329086][bookmark: _Toc222332493][bookmark: _Toc222332665][bookmark: _Toc222332837][bookmark: _Toc222333181][bookmark: _Toc222333353]2.1.2: Chemicals and reagents
[bookmark: _Toc247430381]Unless otherwise stated, all chemicals and reagents were purchased from Sigma-Aldrich (Poole, Dorset, UK). For Real Time, Quantitative Polymerase Chain Reaction (RT qPCR), primers were obtained from Sigma-Aldrich (Haverhill, UK). The PBS used throughout the project was Ca2+, Mg2+ free PBS from Sigma Aldrich (U.K).
[bookmark: _Toc222329087][bookmark: _Toc222332494][bookmark: _Toc222332666][bookmark: _Toc222332838][bookmark: _Toc222333182][bookmark: _Toc222333354]2.1.3: Image analysis
All image analysis was carried out under blinded conditions using Image J software (http://rsbweb.nih.gov/ij/).
[bookmark: _Toc222329088][bookmark: _Toc222332495][bookmark: _Toc222332667][bookmark: _Toc222332839][bookmark: _Toc222333183][bookmark: _Toc222333355]2.1.4: Statistical analysis
All statistical analysis was carried out using GraphPad Prism 5 software. For all experiments P value = 0.05.
[bookmark: _Toc222329089][bookmark: _Toc222332496][bookmark: _Toc222332668][bookmark: _Toc222332840][bookmark: _Toc222333184][bookmark: _Toc222333356]2.2: Establishment and culture of human primary dermal fibroblasts 
Fibroblasts were cultured in minimal essential medium (MEM) (PAA, Austria) supplemented with 10% FBS Gold (PAA, Austria), 100IU/ml penicillin, 100µg/ml streptomycin (Lonza, Switzerland), 2mM glutamine (Lonza, Switzerland), 1X MEM Vitamins Solution (Lonza, Switzerland), 0.1mM non-essential amino acids (Lonza, Switzerland), 1mM Sodium Pyruvate (Lonza, Switzerland) and 50g/ml uridine. Cells were cultured continuously in this glucose-containing medium unless otherwise stated.
[bookmark: _Toc222329090][bookmark: _Toc222332497][bookmark: _Toc222332669][bookmark: _Toc222332841][bookmark: _Toc222333185][bookmark: _Toc222333357]
2.2.1: Establishment of primary human fibroblast cultures
The cell cultures were established either at the Metabolic Biochemistry and Tissue Culture unit of Sheffield’s Children NHS Foundation Trust or in the Sheffield Institute for Translational Neuroscience. Skin biopsies were taken from the forearm of the subject and placed into 20ml MEM. The biopsy was then dissected using sterile surgical blades, with each section of biopsy then left in a T25 (Greiner Bio-One, Germany) coated with a layer of 50% FBS Gold and 50% MEM. The samples were cultured in a humidified incubator maintained at 37°C and supplemented with 5% CO2. Following outgrowth of the fibroblasts from the biopsy sample, the cells were trypsinised and transferred to a T75 flask (Greiner Bio-One, Germany) (See Section 2.2.2). From here, the cells were routinely split 1:3 and cryo-preserved when confluent (See Section 2.2.3).
[bookmark: _Toc222329091][bookmark: _Toc222332498][bookmark: _Toc222332670][bookmark: _Toc222332842][bookmark: _Toc222333186][bookmark: _Toc222333358]2.2.2: Maintenance of the fibroblast cultures
The fibroblasts were grown in a T75 flask (Greiner Bio-One, Germany) and passaged 1:3 once at around 80% confluency. During the passage of cells, all media was removed and cells were washed with PBS. The cells were then incubated at 37°C in 1X Trypsin in PBS supplemented with 1mM EDTA (Lonza, Switzerland) for 3 minutes to detach the cells from the surface of the flask. Conditioned MEM was added to inhibit the action of the trypsin. Cells were then centrifuged for 4 minutes at 400 xg; the resultant pellet was resuspended in fully supplemented MEM, before equally aliquoting the cells into 3 separate T75 flasks.	
[bookmark: _Toc247430382][bookmark: _Toc222329092][bookmark: _Toc222332499][bookmark: _Toc222332671][bookmark: _Toc222332843][bookmark: _Toc222333187][bookmark: _Toc222333359]2.2.3: Cryo-preservation of fibroblasts
When cells were at 80% confluency, they were trypsinised and centrifuged as per the protocol outlined in the previous section. The resultant pellet was resuspended in FBS Gold supplemented with 10% (v/v) DMSO. 750l of cell suspension was aliquoted into a 1ml cryovial and placed into the Cell Freezing System (Thermoscientific, U.S.A) containing isopropanol, which lowers the temperature by 1°C/minute. The cryovials were placed at -80°C overnight, before being transferred to liquid nitrogen for long-term storage.

[bookmark: _Toc247430383][bookmark: _Toc222329093][bookmark: _Toc222332500][bookmark: _Toc222332672][bookmark: _Toc222332844][bookmark: _Toc222333188][bookmark: _Toc222333360]2.2.4: Plating, and experimental growth conditions of, the fibroblasts
[bookmark: _Toc222329094][bookmark: _Toc222332501][bookmark: _Toc222332673][bookmark: _Toc222332845][bookmark: _Toc222333189][bookmark: _Toc222333361]2.2.4.1: Plating densities
When cells were at 80% confluency, they were trypsinised and centrifuged as per the protocol outlined in Section 2.2.2. For the investigation of morphology and motility of mitochondria, cells were plated at a density of 32,000 cells per well, in a 6 well plate (Greiner Bio-One, Germany), containing 22X22mm coverslips (Menzel Glaser, Germany). For quantification of the association between the ER and the mitochondria, the fibroblasts were seeded at a density of 13,000 cells per well (Greiner Bio-One, Germany) in a 24 well plate containing 13mm coverslips (Menzel Glaser, Germany). All coverslips used were pre-coated with 20µg/ml Poly-L-Lysine. For quantification of ATP levels, the fibroblasts were seeded at a density of 3,5000 cells per well in an opaque-walled 96 well plate (Greiner Bio-One, Germany).
[bookmark: _Toc222329095][bookmark: _Toc222332502][bookmark: _Toc222332674][bookmark: _Toc222332846][bookmark: _Toc222333190][bookmark: _Toc222333362]2.2.4.2: Growth conditions
Cells were cultured in fully supplemented MEM for 24 hours following plating. For morphology and ATP quantification, the fully supplemented MEM was then removed from half of the wells. These cells were washed in PBS to ensure complete removal of the MEM, which was then replaced with a glucose-free MEM, additionally supplemented with 0.9mg/ml or 0.009mg/ml D-galactose, for 24 hours.
[bookmark: _Toc222329096][bookmark: _Toc222332503][bookmark: _Toc222332675][bookmark: _Toc222332847][bookmark: _Toc222333191][bookmark: _Toc222333363]2.3: Investigating mitochondrial morphology in dermal fibroblasts derived from ALS patients 
19 control-derived fibroblasts were cultured alongside fibroblasts derived from 9 sporadic ALS patients and 3 mTARDBP ALS patients (criteria defined in Table 2.1). Control and patient samples were age and gender matched where possible. Paired experiments were performed on cells of similar passage and all experiments were carried out on cells under passage 14 to avoid the implications of replicative senescence on the mitochondrial morphology. In the patients, the average age of disease onset was 57.9 (range 37-74 years old), with average disease duration of 6.3 years from date of symptom onset to date of death. 
[bookmark: _Toc232523025]
Table 2.1: Control and patient fibroblasts used in the mitochondria morphology investigation

	Age at Date of Biopsy (Years)
	Gender
	Clinical Diagnosis
	Age at Onset of Symptoms
	Fibroblast I.D
	Disease Duration
(Months)

	45
	Male
	Control
	-
	FIBCON01
	-

	43
	Female
	Control
	-
	FIBCON02
	-

	59
	Female
	Control
	-
	FIBCON03
	-

	50
	Male
	Control
	-
	FIBCON04
	-

	53
	Female
	Control
	-
	FIBCON05
	-

	36
	Female
	Control
	-
	FIBCON08
	-

	38
	Male
	Control
	-
	FIBCON09
	-

	54
	Male
	Control
	-
	FIBCON11
	-

	53
	Female
	Control
	-
	FIBCON13
	-

	29
	Male
	Control
	-
	FIBCON17
	-

	77
	Female
	Control
	-
	FIBCON19
	-

	74
	Female
	Control
	-
	FIBCON156
	-

	76
	Female
	Control
	-
	FIBCON157
	-

	49
	Female
	Control
	-
	FIBCON158
	-

	62
	Female
	Control
	-
	FIBCON159
	-

	31
	Male
	Control
	-
	FIBCON161
	-

	64
	Female
	Control
	-
	FIBCON163
	-

	49
	Male
	Control
	-
	FIBCON164
	-

	72
	Female
	Control
	-
	FIBCON166
	-

	54
	Male
	sALS
	53
	FIBPAT18
	47

	67
	Female
	sALS
	66
	FIBPAT21
	16

	71
	Female
	sALS
	70
	FIBPAT23
	28

	39
	Male
	sALS
	38
	FIBPAT26
	32.5

	73
	Male
	sALS
	71
	FIBPAT27
	54

	76
	Female
	sALS
	74
	FIBPAT31
	50

	68
	Male
	sALS
	66
	FIBPAT34
	33

	43
	Male
	sALS
	40
	FIBPAT37
	52

	49
	Male
	sALS
	46
	FIBPAT38
	Alive

	40
	Female
	fALS TARDBP A321V + C9ORF72 hexanucleotide repeat expansion
	37
	FIBPAT48
	58.00

	62
	Male
	fALS TARDBP M337V
	58
	FIBPAT51
	94.5

	56
	Male
	sALS TARDBP G287S
	51
	FIBPAT55
	76.5



Disease duration calculated from date of symptom onset.

[bookmark: _Toc247430384][bookmark: _Toc222329097][bookmark: _Toc222332504][bookmark: _Toc222332676][bookmark: _Toc222332848][bookmark: _Toc222333192][bookmark: _Toc222333364]
2.3.1: Visualising the mitochondrial network in the human dermal fibroblasts
Following 24 hour culture in MEM supplemented with either D-glucose or D-galactose (Section 2.2.4.2), cells were incubated for 3 minutes at 37°C in 1mM CMXRos MitoTracker Red (Invitrogen, U.S.A) in DMSO made up to a final concentration of 132nM in conditioned media. CMXRos MitoTracker Red is a mitochondria specific fluorescent dye, whose accumulation is dependent on the mitochondrial membrane potential. After this incubation, the cells were washed 3 times in fully supplemented MEM for one-minute intervals. The coverslips were then mounted onto a 76X26mm microscope slide (Thermo Scientific, U.S.A), such that the fibroblasts were placed flush into 200µl conditioned MEM contained within a well of high vacuum grease. The coverslip was then sealed using non-toxic sealant grease composed of equal parts lanolin, Vaseline and paraffin wax, forming an airtight chamber. 
[bookmark: _Toc247430385][bookmark: _Toc222329098][bookmark: _Toc222332505][bookmark: _Toc222332677][bookmark: _Toc222332849][bookmark: _Toc222333193][bookmark: _Toc222333365]2.3.1.1: Live cell imaging of the fibroblasts
[bookmark: _Toc247430386]All imaging was carried out at ambient temperature (20-21°C) on a Zeiss Axioplan 2 fluorescent light microscope using a 63X Plan APOCHROMAT 1.4 oil immersion objective. Images were optimised by Openlab5 software (Improvision) and captured by a CCD Camera C4880-80 (Hamamatsu, Hertfordshire). The 520-570nm light was filtered to 25% via a neutral density filter and exposure time was set as low (30ms) as possible, whilst still maintaining visible CMXRos MitoTracker staining. Both of these measures were taken to keep bleaching and phototoxicity to a minimum. Images were converted to a 12-bit Grayscale format before analysis.

[bookmark: _Toc222329099][bookmark: _Toc222332506][bookmark: _Toc222332678][bookmark: _Toc222332850][bookmark: _Toc222333194][bookmark: _Toc222333366]2.3.2: Analysing the mitochondrial morphology in the fibroblasts
All image analysis was carried out using ImageJ software (by W. Rasband, with plug-ins written by G. Landini (http://www.densitry.bham.ac.uk/landinig/software/software.html)). 20-30 images per growth condition were selected for analysis. Each image was subjected to a quantifiable measurement of morphology, called the Network Complexity, as per guidelines outlined in (De Vos et al. 2007). 
[bookmark: _Toc247430388][bookmark: _Toc222329100][bookmark: _Toc222332507][bookmark: _Toc222332679][bookmark: _Toc222332851][bookmark: _Toc222333195][bookmark: _Toc222333367]2.3.2.1: Network Complexity 
Network Complexity is a measure of branching of the mitochondria within the fibroblast (De Vos et al. 2007). The image was first filtered using a 7X7 Mexican Hat shaped kernel, a filter ideal for the size of mitochondria and capable of defining the edges of the mitochondrial network (Koopman et al. 2005), before being subjected to a Huang threshold to remove background from the image (Huang 1995). The image was then skeletonised, removing any pixels touching a background pixel, except where removal would result in the breaking of a continuous region of pixels, thus resulting in the formation of a single pixel-wide skeleton (Figure 2.1).

[bookmark: _Toc232523068][image: ]Figure 2.1: Image processing to quantify mitochondrial branching in fibroblasts

Figure 2.1: A) Fibroblast loaded with MitoTracker CMXRos Red; B) 7X7 MexicanHat kernel applied; C) Huang threshold filter applied; D) Image is skeletonised, resulting in a single-pixel wide mitochondrial network, from which mitochondrial branching can be quantified.

The BinaryConnectivity plug-in (written by G. Landini and adapted by De Vos) was used to calculate the network complexity of the mitochondrial network; it is calculated as the ratio between the number of end points and branch points within the image (Table 2.2), such that in a highly networked cell, the number of endpoints would be decreased compared to the number of branch points, and vice versa.








[bookmark: _Toc232523026]Table 2.2: An example of the numeric results of mitochondrial branching in a MitoTracker-loaded fibroblast

	Description
	Value
	Count

	Background
	-
	314239

	Single pixels
	0
	13

	End points
	1
	245

	Bifurcation
	2
	3301

	Three way node (Branch point)
	3
	776

	Four way
	4
	211

	Five way
	5
	29

	Six way
	6
	2

	Seven way
	7
	0



Table 2.2: Network Complexity calculated by dividing three-way branch points (Value 3+) and upwards by the number of end points (Value 2).
[bookmark: _Toc247430389]
[bookmark: _Toc222329101][bookmark: _Toc222332508][bookmark: _Toc222332680][bookmark: _Toc222332852][bookmark: _Toc222333196][bookmark: _Toc222333368]2.3.2.2: Statistical analysis
Each patient or neurologically heathy subject-derived fibroblast set was imaged on three separate occasions, over three passages. The mean value calculated from the mean of each of these experiments was plotted against age of the subject at the time of biopsy. Linear regression analysis was used to ascertain significance both in the difference from zero and the difference between the control and patient cohorts. 

[bookmark: _Toc222329102][bookmark: _Toc222332509][bookmark: _Toc222332681][bookmark: _Toc222332853][bookmark: _Toc222333197][bookmark: _Toc222333369]2.3.3: Mitochondrial motility in fibroblasts
It has been demonstrated that the plasticity of mitochondrial dynamics decreases with age (Seo et al. 2010; Terman et al. 2010). We wanted to establish whether this correlates with a decrease in the motility of the mitochondria.
Control fibroblasts were selected with a minimum of 20 years between the older and younger control sample; the average age of the older control samples was 65.5 years, the average age of the younger controls was 30.25 years. Controls are listed as the pairs they were analysed in (Table 2.3).





[bookmark: _Toc232523027]Table 2.3: Non-disease state human fibroblasts used in the mitochondria motility investigation

	Age at date of biopsy (Years)
	Gender
	Fibroblast I.D

	54
	Male
	FIBCON11

	23
	Female
	FIBCON18

	
	
	

	59
	Female
	FIBCON03

	38
	Male
	FIBCON14

	
	
	

	72
	Female
	FIBCON166

	31
	Male
	FIBCON161

	
	
	

	77
	Female
	FIBCON19

	29
	Male
	FIBCON17



Cells were plated at a density of 32,000 cells/well on a 22mm x 22mm coverslip pre-coated with 20µg/ml poly-l-lysine. 48 hours later the mitochondria of the fibroblasts were stained using CMXRos MitoTracker Red (Invitrogen, U.S.A) as per the protocol in previous section. A new coverslip was placed onto a custom designed observational chamber and fixed into place using high vacuum grease and sealant grease. 700µl of pre-warmed conditioned, fully supplemented MEM was added on top. A coverslip containing fibroblasts stained with CMXRos MitoTracker Red was then placed cell-side down onto the media and fixed in place with both high vacuum and sealant grease.
The live fibroblasts were maintained at 37°C using an objective heater (IntraCel, Herts, U.K). Mitochondrial motility was imaged using a Zeiss Axiovert 200 microscope with a 40X EC Plan-Neofluar N.A 1.3 oil immersion objective and a neutral density filter to minimise bleaching. Time-lapse videos were recorded at 0.33 frames/second, using Openlab5 software. 2-5 minute recordings were captured per cell.
Mitochondrial motility was quantified according to the method provided by De Vos and Sheetz, 2007 (De Vos et al. 2007). Eight cells were imaged and analysed per coverslip. Two coverslips were imaged per control at each passage. Each control was imaged for mitochondrial motility over three passages (e.g passage 7, 8 and 9). Recordings were analysed from 0 to 102 seconds to avoid the implications of Mitotracker CMXRos Red bleaching out of the sample and distorting the calculations of the number of pixels moved/frame. 






ImageJ was used to filter the pixels using a  -1 -1 -1 -1 -1 kernel, removing
                                                         	          -1 -1 -1 -1 -1
 							-1 -1 24 -1 -1
                                                         		-1 -1 -1 -1 -1
                                                        	      -1 -1 -1 -1 -1 
background fluorescence from the image.  The image was then converted into a binary format, such that the mitochondria were now have a pixel value of 255 (Figure 2.2).          

[bookmark: _Toc232523069][image: ]Figure 2.2: Analysing mitochondria motility in MitoTracker CMXRos Red stained fibroblasts

Figure 2.2: A) A control fibroblast. B) Despeckle the stack images to remove noise and invert the LUT. C) Apply a filter to threshold the pixels  D) Convert the images into a binary format. 

Images in the time series were sequentially subtracted from each other using the “Stack dynamic class” plugin (written by De Vos) on Image J, which automates the subtraction procedure (Figure 2.3). Any stationary mitochondria were thus removed, and any motile mitochondria retained in the subtracted image. Therefore, the resultant images only showed the mitochondrial area that has moved between images for each time point. The mitochondrial motility per time point can be calculated thusly: 
Motilityt = (mitochondriat-1  / mitochondriat) X100
where Motilityt  is the motility of the mitochondria for each time point, mitochondriat-1 is the mitochondrial area that has moved between images for each timepoint, and mitochondriat is the mitochondrial area from the corresponding original time point.
[bookmark: _Toc232523070]Figure 2.3: Quantifying mitochondrial motility in fibroblasts
[image: ]Figure 2.3: A) Select region of interest to analyse. Apply the “Compile and Run” plug-in on ImageJ, and select “Stack dynamic class”; B) A list of numbers will be produced, enabling the calculation of the number of pixels moved / frame; C) The percentage of pixels moved over time was then calculated to quantify motility of the individual mitochondria. 

[bookmark: _Toc222329103][bookmark: _Toc222332510][bookmark: _Toc222332682][bookmark: _Toc222332854][bookmark: _Toc222333198][bookmark: _Toc222333370]2.3.3.1: Statistical analysis of mitochondrial motility
Each pair of control samples were imaged on three separate occasions. The mean value calculated from the mean of each of these experiments was plotted against age of the sample. Linear regression was used to ascertain whether the motility significantly differed with age, by assessing the difference from zero. 
[bookmark: _Toc222329104][bookmark: _Toc222332511][bookmark: _Toc222332683][bookmark: _Toc222332855][bookmark: _Toc222333199][bookmark: _Toc222333371]2.3.4: Quantifying the relative ATP content of the mTARDBP fibroblasts

[bookmark: _Toc232523028]Table 2.4: Control and patient fibroblasts used to quantify ATP levels 

	Age at date of biopsy (Years)
	Gender
	Clinical Diagnosis
	Fibroblast I.D

	45
	Male
	Control
	FibCon01

	54
	Male
	Control
	FibCon11

	40
	Female
	fALS TARDBP A321V + C9ORF72 hexanucleotide repeat expansion
	FibPat48

	62
	Male
	fALS TARDBP (M337V)
	FibPat51

	56
	Male
	sALS TARDBP (G287S)
	FibPat55



Measurement of basal cellular ATP levels was carried out using the ATPLite kit (Perkin Elmer, U.S.A) according to manufacturer’s instructions. Briefly, cells were seeded at a density of 3,500 cells/ well in a white, tissue culture treated, 96-well plate (Greiner Bio-One). 48 hours later, the media was removed and the cells were washed once in PBS. 
The ATPLite assay quantifies the ATP content of the cells using a luciferase-based reaction, such that the amount of light emitted is proportional to the levels of ATP present:            
100µl PBS and 50µl mammalian cell lysis solution was added to each well. The plate was then agitated for 5 minutes RT. 50µl of lyophilized substrate solution mixed with ATPLite Buffer was added to each well. The plate was then further agitated for 5 minutes at RT, before being dark-adapted for 10 minutes. The luminescence from each well was read using a PheraStar plate reader (BMG Labtech, Buckinghamshire).
The luminescence readings were normalised to cell number using Cyquant®cell proliferation assay kit according to manufacturer’s instructions. Briefly, the plate was placed at -80°C overnight to lyse the cells. 200µl of Cyquant was added to each well. The plate was then dark adapted for 2-5 minutes before fluorescence, correlating to levels of double-stranded DNA, was measured at a 420nm excitation and 520nm emission spectrum. ATP levels were quantified by normalising the luminescence reading to the cell number. 
[bookmark: _Toc222329105][bookmark: _Toc222332512][bookmark: _Toc222332684][bookmark: _Toc222332856][bookmark: _Toc222333200][bookmark: _Toc222333372]2.3.4.1: Statistical analysis of the relative ATP content in mTARDBP-expressing and control fibroblasts
Each patient and control fibroblast line was measured over 3 passages with triplicate values for each passage. The mean value of these triplicate readings was then used as the final reading. Statistical analysis was carried out using 2-way ANOVA, comparing ATP levels from both the patient and control subject-derived fibroblasts and upon culture in the basal or respiration-dependent media.
[bookmark: _Toc222329106][bookmark: _Toc222332513][bookmark: _Toc222332685][bookmark: _Toc222332857][bookmark: _Toc222333201][bookmark: _Toc222333373]2.3.5: Immunocytochemistry 
[bookmark: _Toc222329107][bookmark: _Toc222332514][bookmark: _Toc222332686][bookmark: _Toc222332858][bookmark: _Toc222333202][bookmark: _Toc222333374]2.3.5.1: Fixation of cells
Primary fibroblasts were fixed when 60-70% confluent. Primary cortical neurons were fixed following 7 days in culture.
For all cells, the media was aspirated and the cells were washed twice in PBS warmed to 37°C. 3.7% formaldehyde volume to volume (v/v) in PBS or 4% paraformaldehyde weight to volume (w/v) in PBS was then added to the cells for 20 minutes at room temperature (RT). When fixed, the cells were washed a further three times in PBS and stored at 4°C in PBS containing 0.001% sodium azide.
[bookmark: _Toc222329108][bookmark: _Toc222332515][bookmark: _Toc222332687][bookmark: _Toc222332859][bookmark: _Toc222333203][bookmark: _Toc222333375]2.3.5.2: Immunocytochemistry

[bookmark: _Toc232523029]Table 2.5: Primary antibodies used throughout the project

	Antibody
	Epitope
	Raised in
	Dilution

	6-11B-1
	Acetylated - tubulin
	Mouse
	1:1000 RT 1 hour

	TOM20 (BD Bioscience, Oxford, U.K)
	C terminus of Tom20
	Mouse
	1:500 4°C overnight

	CALRETICULIN (ABCAM, Cambridge, U.K)
	C terminus of Calreticulin
	Chicken
	1:1000 4°C overnight

	DM1A
	C terminus of -tubulin
	Mouse 
	1:1000 RT 1 hour

	SMI31 (Covance, U.S.A)
	Phosphorylated neurofilament H
	Mouse
	1:1000 RT 1 hour



Table 2.6: Secondary antibodies throughout the project (Invitrogen, U.S.A)
	Antibody
	Dilution

	Alexa Fluor 488 goat anti-chicken IgG
	1:1000

	Alexa Fluor 488 goat anti-mouse IgG
	1:1000

	Alexa Fluor 555 goat anti-mouse IgG
	1:1000



Following fixation the cells were quenched in 1M glycine, made up in PBS, for 10 minutes at RT then washed three times in PBS. The cells were then permeabilised using 0.1% Triton-X-100 in PBS. After a further three PBS washes, the cells were blocked in 5% normal goat serum (NGS) in PBS for 90 minutes at RT.
The selected primary antibody was diluted to the appropriate concentration in 5% NGS in PBS and incubated with the coverslips for 60 minutes at RT or overnight at 4°C.
The coverslips were then washed three times in 0.2% Tween-20 (Polyoxyethylenesorbitan monolaurate) in PBS (PBS-T), prior to incubation with the appropriate secondary antibody, diluted in 5% NGS in PBS, for 60 minutes at RT.
The cells were incubated with 0.1% Hoechst stain in PBS-T for 2-3 minutes at RT. Excess Hoechst was then removed by washing three times in 0.2% PBS-T. 
Coverslips were then mounted in 50µl of 50% glycerol in PBS onto a microscope slide and sealed using sealant grease composed of equal quantities of Lanolin, Vaseline and Paraffin wax. Samples were stored at 4°C until further use.

[bookmark: _Toc222329109][bookmark: _Toc222332516][bookmark: _Toc222332688][bookmark: _Toc222332860][bookmark: _Toc222333204][bookmark: _Toc222333376]2.3.6: Mitochondrial Associated Membrane (MAM) analysis in the mTARDBP fibroblasts
Physical associations between the mitochondria and the ER provide an efficient mechanism for the buffering of calcium levels in the cell. Mounting evidence implicates defective calcium homeostasis, leading to excitotoxicity, in ALS (De Vos et al. 2012). To investigate this in the patient derived fibroblasts, we looked at the co-localisation between mitochondria and the ER in the mTARDBP fibroblasts and controls (Table 2.7).
[bookmark: _Toc232523030]Table 2.7: Control and patient fibroblasts used to quantify the association between the ER and mitochondria

	Age at date of biopsy (Years)
	Gender
	Clinical Diagnosis
	Fibroblast I.D

	54
	Male
	Control
	FIBCON11

	53
	Female
	Control
	FIBCON13

	38
	Male
	Control
	FIBCON14

	40
	Female
	fALS TARDBP (A321V) + C9ORF72 hexanucleotide repeat expansion
	FIBPAT48

	62
	Male
	fALS TARDBP (M337V)
	FIBPAT51

	56
	Male
	sALS TARDBP (G287S)
	FIBPAT55



13,000 cells/well were plated on 13mm coverslips pre-coated with 20µg/ml poly-l-lysine. 24 hours later the cells fixed in 4% (w/v) paraformaldehyde in PBS. Once fixed, the fibroblasts were stored at 4°C in PBS containing 0.001% sodium azide.
The cells were dual immunostained for Tom20 (BD Biosciences, Oxford, U.K) and Calreticulin (Abcam, Cambridge, U.K), additionally incubated with Hoechst stain, and mounted using the protocol as described in previous section.
Imaging of the endoplasmic reticulum and the mitochondrial network was carried out on a Leica TCS SP5 Confocal Microscope using a X63 objective. The cells were scanned sequentially at an excitation wavelength of 488nm, 555nm and 385nm to visualise the ER network, mitochondria and the nucleus respectively. Leica Application Suite software was used to optimise the images; 1024 by 1024 digital image resolution and an average line filter of 4 was applied, removing background.  

[bookmark: _Toc222329110][bookmark: _Toc222332517][bookmark: _Toc222332689][bookmark: _Toc222332861][bookmark: _Toc222333205][bookmark: _Toc222333377]2.3.6.1: Intensity Correlation Analysis of the endoplasmic reticulum and the mitochondria
Standard co-localisation analysis using the dye overlay method only takes into consideration the coexistence of two proteins. Intensity Correlation Analysis (ICA) has been designed to incorporate both the coexistence and the synchrony of two proteins (Li et al. 2004), such that if they form part of the same complex you would expect the fluorescent staining intensity should vary in synchrony, i.e. with each being present or absent. Random co-localisation should result in asynchronous staining intensity.
2.3.6.1.1: ICA method
ICA works on the principle that “for any set of values, the sum of the differences from the mean equal zero” (Li et al. 2004) i.e.:  ∑N(Ai – a) = 0 where N = number of pixels, Ai = staining intensity of each pixel and a = mean of distribution with N values of Ai.
If comparing two set of random staining: ∑N(Ai – a) (Bi – b) = 0
However, if the two staining intensities are dependent: ∑N(Ai – a) (Bi – b) > 0
Finally, if staining intensities are segregated: ∑N(Ai – a) (Bi – b) < 0
2.3.6.1.2: Calculating the intensity correlation quotient
Calculating the Intensity Correlation Quotient (ICQ) provides an overall guide of whether the staining intensities are random, dependent, or associate in a segregated manner. For each image, the number of pixels that generated positive or negative ∑N(Ai – a) (Bi – b) values are counted. The ratio of the number of positive values to the total number of pixel pairs indicates the degree of dependency of the two proteins. Subtracting 0.5 from this value then generates the ICQ, thus giving the quotient a range of -0.5 to +0.5. Therefore, for random staining the ICQ = 0, for dependent staining: 0 < ICQ ≤ 0.5 and for segregated staining: 0 > ICQ ≥ -0.5.
2.3.6.1.3: Analysing the images
2 coverslips per patient or control were imaged per passage, over a series of three passages. 30-50 cells were analysed for each patient or control at each passage. The background was subtracted from both the Calreticulin and Tom20 stained images. The cells were also despeckled to further remove noise from the images (Figure 2.4).
[bookmark: _Toc232523071]Figure 2.4: Preparing the image for Intensity Correlation Quotient Analysis
[image: ]
















Figure 2.4: A&B) Fibroblast immunostained for Calreticulin and Tom20; (C&D) Image Processing- On Image J run “Background subtraction from ROI” plugin and despeckle the image.
A region of interest (ROI) was selected on the mitochondria image to ensure the whole network is incorporated in the analysis. ICQ was then calculated from this ROI using the Intensity Correlation Analysis plug-in from Li et al, (Li et al. 2004)(Figure 2.5). Final values were expressed as a percentage normalised to the highest control value in the experiment. Statistical analysis was carried out using an unpaired, two-tailed Student’s t-test.
[bookmark: _Toc232523072][image: ]Figure 2.5: Calculating the ICQ of the mitochondria and ER Interaction

Figure 2.5: ROI selected on the Tom20 immunolabelled image. ICQ value calculated from this ROI using the Image Correlation Analysis plugin (J. Neurosci. (2004) 24: 4070-81). 

[bookmark: _Toc222329111][bookmark: _Toc222332518][bookmark: _Toc222332690][bookmark: _Toc222332862][bookmark: _Toc222333206][bookmark: _Toc222333378]
2.4: Gene expression profiling of the mTARDBP fibroblasts
To investigate the difference in gene expression between control subject fibroblasts and those expressing a mutation in TARDBP, a microarray study was carried out using six control and three patient samples. In the control cohort, the average age at the time of biopsy was 48.6 years old. In the patient cohort, the average age at the time of biopsy was 52.6 years old. The average age of disease onset was 48.6 years (ranging from 37 to 58 years) with an average disease duration of 6.6 years (Table 2.8). For both the microarray study and the subsequent qPCR validation, the fibroblasts used were between passage five and nine, and cultured in media containing 1mg/ml glucose.

[bookmark: _Toc232523031]Table 2.8: Control and patient fibroblasts used in gene expression profiling investigation

	Age at date of Biopsy (Years)
	Gender
	Clinical Diagnosis
	Age at Onset of Symptoms (Years)
	Fibroblast I.D
	Disease Duration (Months)

	45
	Male
	Control
	-
	FIBCON01
	-

	43
	Female
	Control
	-
	FIBCON02
	-

	59
	Female
	Control
	-
	FIBCON03
	-

	54
	Male
	Control
	-
	FIBCON11
	-

	53
	Female
	Control
	-
	FIBCON13
	-

	38
	Male
	Control
	-
	FIBCON14
	-

	40
	Female
	fALS TARDBP A321V + C9ORF72 hexanucleotide repeat expansion
	37
	FIBPAT48
	58

	62
	Male
	fALS TARDBP M337V
	58
	FIBPAT51
	94.5

	56
	Male
	sALS TARDBP G287S
	51
	FIBPAT55
	76.5



[bookmark: _Toc232523032]Table 2.9: Additional controls for qPCR validation

	Age at date of biopsy
	Gender
	Fibroblast I.D

	50
	Male
	FIBCON04

	56
	Female
	FIBCON06

	36
	Female
	FIBCON08

	38
	Male
	FIBCON09

	44
	Male
	FIBCON12



[bookmark: _Toc222329112][bookmark: _Toc222332519][bookmark: _Toc222332691][bookmark: _Toc222332863][bookmark: _Toc222333207][bookmark: _Toc222333379]2.4.1: RNA isolation and linear amplification
Dr. Rohini Raman and Ms. Shelley Kramer carried out the fibroblast RNA isolation and linear amplification, as well as the running of the microarray GeneChips. 
Briefly, RNA was isolated from both patient and control fibroblasts using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s guidelines. The amount of eluted RNA was then quantified on a NanoDrop1000 Spectrophotometer. The quality of the RNA was also verified using the ratio of absorbance at 260nm/280nm. 50ng of this RNA was then linearly amplified and biotin labelled using the One-Cycle Affymetrix Labelling Kit (Affymetrix). The resultant single stranded biotin labelled cRNA was verified for quantity and quality using a NanoDrop spectrophotometer and a Nano LabChip 6000 run on a 2100 Bioanalyser (Agilent, Palo Ato, CA) respectively.

[bookmark: _Toc222329113][bookmark: _Toc222332520][bookmark: _Toc222332692][bookmark: _Toc222332864][bookmark: _Toc222333208][bookmark: _Toc222333380]2.4.2: Running the microarray
The microarray was carried out using Human U133 Plus 2.0 GeneChips. Changes in gene expression between the control cohort and the patients were quantified using the PLIER16 (Probe Logarithmic Intensity Error) algorithm in GeneSpring (Agilent Technologies, Berkshire, U.K). PLIER16 was applied for background correction and normalisation of the probe fluorescent intensities; from this, the signal intensity values could be derived. An unpaired t-test was then used to detect differential gene expression across the control and mTARDBP cohorts. Transcripts were considered differentially expressed between groups if they had a fold change of 1.5 and a p-value of ≤ 0.05.

[bookmark: _Toc222329114][bookmark: _Toc222332521][bookmark: _Toc222332693][bookmark: _Toc222332865][bookmark: _Toc222333209][bookmark: _Toc222333381]2.4.3: Microarray analysis
The identified differentially expressed transcripts were classified based on their molecular function, as defined by their Gene Ontology (GO) term derived from NetAffx (www.affymetrix.com/analysis/index.affx) or by GeneCards (www.genecards.org).
DAVID (Database for Annotation, Visualisation and Integrated Discovery, NIH; http://david.abcc.ncifcrf.gov/) was also used to identify molecular processes and biological pathways altered in the disease cohort, through the integration of several databases including KEGG, Biocarta and Netaffx.

[bookmark: _Toc222329115][bookmark: _Toc222332522][bookmark: _Toc222332694][bookmark: _Toc222332866][bookmark: _Toc222333210][bookmark: _Toc222333382]2.4.4: RT qPCR
[bookmark: _Toc222329116][bookmark: _Toc222332523][bookmark: _Toc222332695][bookmark: _Toc222332867][bookmark: _Toc222333211][bookmark: _Toc222333383]2.4.4.1: Complementary DNA (cDNA) synthesis from total RNA
For each sample, 100ng of isolated total RNA was reverse transcribed using the High Capacity RNA to cDNA kit (Applied Biosystems, U.S.A) as per the manufacturer’s protocol. A simultaneous reaction without Reverse Transcriptase enzyme (No RT) was prepared as a control for genomic DNA contamination. The resultant cDNA was then diluted to a final concentration of 2.5ng/µl for use in the qPCR assays.
[bookmark: _Toc222329117][bookmark: _Toc222332524][bookmark: _Toc222332696][bookmark: _Toc222332868][bookmark: _Toc222333212][bookmark: _Toc222333384]2.4.4.2: Primer design for RT qPCR
Primers were designed using Primer-BLAST software (NCBI) and Ensembl. The primers were designed based on the following criteria:
· Primer length of 18-30 bases.
· Amplicon length of 50-150 base pairs.
· Melting temperature of 58-60°C, with a <2°C difference in melting temperature (Tm) between the forward and reverse primer.
· 20-80% G-C content
Primers were designed over exon-exon boundaries where possible to avoid potential contamination of genomic DNA. 
[bookmark: _Toc222329118][bookmark: _Toc222332525][bookmark: _Toc222332697][bookmark: _Toc222332869][bookmark: _Toc222333213][bookmark: _Toc222333385]2.4.4.3: Primer optimisation and assay conditions
Seven varying primer concentrations, with differing combinations of 600nM, 300nM and 150nM forward and reverse primers were tested in triplicate for each primer set, alongside a no template control. The optimal combination of primer concentrations was chosen based on the lowest threshold cycle (Ct), the absence of primer dimers on the dissociation curve, the amplification of a single product only and the combination of primers that gave the highest reporter signal peak reading.  Using the chosen optimal primer concentrations, a standard curve was generated over a range of template cDNA concentrations, ranging from 0.625ng/µl to 10ng/µl, with 1 µl being used for each reaction, to ensure the optimum efficiency of the PCR.
Once the ideal primer sets had been selected, q-PCR was carried out using 2.5ng cDNA from each control or patient sample, 1X HOT FIREPol ® EvaGreen® qPCR Mix Plus (ROX) (Solis Biodyne, Estonia) and the appropriate volumes of both the forward and reverse primers, made up to a volume of 20µl in deionised water. Each sample was run in triplicate.

The assays were run on a MX3000P Real-Time PCR system (Stratagene, U.S.A) using the following conditions:
1: 95°C 10 minutes
2: 95°C 30 seconds
3: 60°C 1 minute
Repeat steps 2) and 3) 40 times
4: 95°C 1 minute
5: 60°C 30 seconds
6: 95°C 30 seconds

[bookmark: _Toc222329119][bookmark: _Toc222332526][bookmark: _Toc222332698][bookmark: _Toc222332870][bookmark: _Toc222333214][bookmark: _Toc222333386]2.4.4.4: Analysis of qPCR to ascertain relative gene expression
The fluorescent signal intensity for each gene of interest was analysed using MxPro software (Stratagene, Agilent Technologies, U.S.A). The expression value was then normalised to the housekeeping gene peptidylprolyl isomerase A (PPIA) using the ddCt method (Applied Biosystems User Bulletin No. 2 (P/N 4303859)). Each candidate gene Ct value was normalised to the housekeeping gene Ct value, compensating for variation in the concentrations of the initial RNA and thus the cDNA. This normalised value was named the dCt. Patient and control dCt values were then normalised to the mean control dCt value, giving the ddCt. For each sample, the ddCt was then transformed by function 2-ddct, giving the relative expression value of the gene of interest for each patient and control (Livak et al. 2001).
PPIA was chosen as the housekeeping gene due to its stability in expression across all control and patient fibroblasts on the microarray chips. It gives the lowest standard deviation of Ct values across the samples compared to the common housekeeping gene ACTB and the RNA splicing gene U1snRNA confirmed this. ACTB was also discounted due to its documented interaction with TDP-43 (Wang et al. 2008). 
The expression levels for each gene of interest in the TARDBP fibroblasts are expressed in terms of their concentration in control fibroblasts. Statistical analysis of differential gene expression was carried out using a two-tailed, unpaired student t-test.


[bookmark: _Toc232523033]Table 2.10: Primer sequences and optimised concentration used for qPCR validation of differential gene expression between control and mTARDBP patient cohorts

	Gene Name
	Gene
	Primer Sequences
	Concentration

	Cyclophilin A
	PPIA
	F 5’ TCCTAAAGCATACGGGTCCTGGCAT 3’
R 5’ ATGCTTGCCATCCAACCACTCAGT 3’
	150nM
150nM

	Microtubule-Associated protein 1S
	MAP1S
	F 5’ GTGACCTGCAGGTGACCCTGATC 3’
R 5’ ACACCATGCTGTTGCTGCCCAA 3’
	300nM
150nM

	Autophagy 12 related homolog
	ATG12
	F 5’ GTCCAGTAGAGGGCAGTCCACCA 3’
R 5’CCTATGTGCTTGCTCTCCTGGCTAG 3’
	300nM
300nM

	Glucose transporter 3
	GLUT3
	F 5’ GCTCACGGCACGCTTGCGTA 3’
R 5’ GTCCCCTGAGGGCATTCGGC 3’
	300nM
300nM

	6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4
	PFKFB4
	F 5’ GACAGGCCTCAGAACGTGGACATC 3’
R 5’ TGCAGAGAGCAGTGCCTGCCTA 3’

	150nM
150nM

	 - actin
	ACTB*
	F 5' GAGCTACGAGCTGCCTGACG 3'
R 5' GTAGTTTCGTGGATGCCACAG 3'
	300nM
300nM

	U1 spliceosomal RNA
	U1snRNA*
	F 5'-ACCTGGCAGGGGAGATACCA-3'
R 5'-GGGGAAAGCGCGAACGCAGT-3'
	600nM
600nM


* ACTB and U1snRNA primers designed by colleagues.
[bookmark: _Toc222329120][bookmark: _Toc222332527][bookmark: _Toc222332699][bookmark: _Toc222332871][bookmark: _Toc222333215][bookmark: _Toc222333387]
2.5: Assessment of autophagy in fibroblasts
[bookmark: _Toc222329121][bookmark: _Toc222332528][bookmark: _Toc222332700][bookmark: _Toc222332872][bookmark: _Toc222333216][bookmark: _Toc222333388]2.5.1: Western blotting
To validate changes in the autophagy pathway in the mTARDBP and mutant C90RF72 (mC9ORF72) fibroblasts, western blots were carried out to investigate relative levels of LC3-II in the patient samples (Table 2.11).
[bookmark: _Toc232523034]Table 2.11: Control and Patient Fibroblasts used for western blotting experiments

	Age at Date of Biopsy (Years)
	Gender
	Clinical Diagnosis
	Fibroblast I.D

	59
	Female
	Control
	FIBCON03

	56
	Female
	Control
	FIBCON06

	36
	Female
	Control
	FIBCON08

	62
	Female
	Control
	FIBCON159

	64
	Female
	Control
	FIBCON163

	41
	Female
	Control
	FIBCON173

	40
	Female
	fALS TARDBP A321V + C9ORF72 hexanucleotide repeat expansion
	FIBPAT48

	62
	Male
	fALS TARDBP M337V
	FIBPAT51

	56
	Male
	sALS TARDBP G287S
	FIBPAT55

	64
	Female
	fALS C9orf72 hexanucleotide repeat expansion
	FIBPAT53

	68
	Female
	fALS C9orf72 hexanucleotide repeat expansion
	FIBPAT72



To measure the levels of basal autophagy in fibroblasts derived from ALS patients and control subjects, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out on protein samples extracted from either control fibroblasts or from patient cells harbouring mutations in TARDBP or expressing the large hexanucleotide repeat expansion in the first intron of C9ORF72. These samples were then probed for the autophagy marker rabbit polyclonal antibody LC3, which recognises an N-terminal portion of the human LC3B (Novus Biologicals, Cambridge, UK). The mouse polyclonal antibody DM1A, which recognises -tubulin, was used as a loading control. Full details of the antibodies used in these western blotting experiments are detailed below in Table 2.12.
Table 2.12: Antibodies used for western blotting experiments

	Primary Antibody
	Epitope
	Raised in
	Dilution

	LC3
	N terminus of LC3 B
	Rabbit
	1:1000 4C Overnight

	DM1A
	C terminus of -tubulin
	Mouse 
	1:1000 4C Overnight

	

	Secondary Antibody 
	Dilution

	HRP conjugated goat anti-rabbit
	1:5000 RT 1 hour

	HRP conjugated goat anti-mouse
	1:10000 RT 1 hour



Two different growth conditions were used to measure basal levels of autophagy in the cells:
· Complete media only
· Complete media and 100nM Bafilomycin A1 in 1% ethanol in media for 2 hours.

[bookmark: _Toc222329122][bookmark: _Toc222332529][bookmark: _Toc222332701][bookmark: _Toc222332873][bookmark: _Toc222333217][bookmark: _Toc222333389]2.5.1.1: Protein extraction from fibroblasts
Confluent T25 flasks (Greiner Bio-One) of either patient or control fibroblasts, treated as mentioned in section 2.5.1, were harvested in preparation for protein extraction. The fibroblasts were removed from the flask using trypsin according to the protocol outlined in section 2.2.2. The suspended cells were then centrifuged for 4 minutes at 400xg; the resultant pellet was washed twice in PBS, transferred to a 1.5ml eppendorf and further centrifuged for five minutes at 20,000g.
Cell pellets were lysed in 20-30µl RIPA buffer (Table 2.13) containing a broad spectrum protease inhibitor, Complete Protease Inhibitor Cocktail (Roche Diagnostics, East Sussex, UK), 2mM sodium orthovanadate, 1.25mM sodium fluoride and 1mM sodium pyrophosphate, inhibiting protein tyrosine phosphatases and phosphatases respectively. The lysed cells were then subjected to centrifugation for 20 minutes at 4°C at 18,000 x g; the resultant supernatant was removed and stored at -80°C.

[bookmark: _Toc232523035]Table 2.13: Buffers and solutions used throughout the protein expression analysis experiments

	Ripa Lysis buffer
	50mM Tris (pH 8), 150mM sodium chloride (NaCl), 5mM Ethylenediaminetetraacetic acid (EDTA), 0.5% w/v Sodium Deoxycholate, 1% w/v NP40, 0.1% w/v sodium dodecyl sulfate (SDS), made up to volume in deionised water.

	4 X Laemmli sample buffer
	40% v/v Glycerol, 2% w/v SDS, 0.0025% w/v bromophenol blue, 25% v/v stacking gel buffer, 5% v/v β-mercaptoethanol made up to volume in deionised water.

	Resolving gel buffer
	1.5M Tris (pH 8.8), 0.4% w/v SDS made up to volume in deionised water.

	Stacking gel buffer
	0.5M Tris (pH 6.8), 0.4% w/v SDS made up to volume in deionised water. 

	For a 1.0mm thick 15% polyacrylamide resolving gel

	1.8ml deionised water, 1.9ml resolving gel buffer, 3.7ml 30% acrylamide/bisacrylamide solution (National Diagnostics, Yorkshire), 112µl 10% ammonium persulfate (APS), 5µl N,N,N’,N’ –tetramethylethylenediamine (TEMED).

	For a 1.0mm thick stacking gel

	1ml deionised water, 444µl stacking gel buffer, 300µl 30% acrylamide/bisacrylamide solution, 28µl 10% APS, 5µl TEMED.

	Running Buffer

	20mM Tris-base, 192mM glycine, 0.1% w/v SDS made up to volume in deionised water.

	Transfer Buffer

	20mM Tris, 192mM glycine, 20% v/v methanol made up to volume with deionised water.



[bookmark: _Toc222329123][bookmark: _Toc222332530][bookmark: _Toc222332702][bookmark: _Toc222332874][bookmark: _Toc222333218][bookmark: _Toc222333390]2.5.1.2: Protein concentration assay
The concentration of protein in the samples was quantified using a Coomassie Blue protein assay solution (Fisher, Loughborough, U.K) according to manufacturers’ protocol. A Pherastar plate reader (BMG Labtech, Buckinghamshire) was used to measure absorbance at the 595nm wavelength; the concentration of the protein was then calculated from a standard curve created with known concentrations of bovine serum albumin (BSA) (Thermoscientific. U.S.A).
Following calculation of the concentrations of the protein samples, appropriate volumes of 4 X Laemmli sample buffer was added. The samples were then incubated at 95°C for 10 minutes, centrifuged for 2 minutes at 400g before being divided into 20µg aliquots and stored at -80°C.
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The protein samples in 4X Laemmli buffer were incubated at 95°C for 5 minutes and centrifuged for 1 minute at 20,000g. Approximately 18µg of protein, for each sample, was loaded into a 1.0mm, 15% polyacylamide gel. 5µl of pre-stained protein marker (Biorad, Hertfordshire, U.K) was also loaded adjacent to the samples.
The samples were run at 50V in 1X running buffer until they had passed through the stacking gel. The voltage was then increased to 120V for approximately 120 minutes. Once run, the gel was sandwiched between sponge, Whatman filter paper and nitrocellulose membrane (GE Healthcare, Hertfordshire, U.K) all soaked in 1X transfer buffer. Proteins were then transferred by electrophoresis from the gel to the membrane, in transfer buffer, using a current of 250mA for 1 hour.
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The successful transfer of protein onto the membrane was confirmed using reversible staining with Ponceau S stain (0.1% w/v Ponceau S in 5% acetic acid made up to volume with deionised water). The membrane was then cut at 37kDa, to allow DM1A and LC3 antibodies to probe the same membrane.
Following removal of the Ponceau S stain using three washes in 0.1% PBS-T, the membranes were blocked in 5% dried skimmed milk powder, made up in PBS, (blocking buffer), for 1 hour with agitation at RT. The membranes were then incubated in a 1:1000 dilution of the LC3 rabbit polyclonal antibody in blocking buffer. The loading control membranes were probed in a 1:1000 dilution of -tubulin mouse polyclonal antibody in blocking buffer. The membranes were probed overnight at 4°C with agitation.
The membranes were washed three times for 10 minutes in 0.1% PBS-T before being incubated at RT with either a 1:10000 dilution in blocking buffer of horseradish peroxidase (HRP) conjugated goat anti-mouse secondary antibody (to probe -tubulin) or a 1:5000 dilution in blocking buffer of HRP conjugated goat anti-rabbit secondary antibody (to probe LC3). Membranes were incubated for 1 hour at RT with agitation. This was followed again by three 10 minute washes in 0.1% PBS-T.
Detection of antibody binding was achieved using enhanced chemiluminescence (ECL). Equal volumes of reagents A and B were mixed together and incubated for 2 minutes with agitation before being incubated with the membrane for 1 minute. Visualisation of the antibody-bound protein bands, at sub-saturatung levels, was carried out on a GBox-HR Gel Doc system using a 4 megapixel, 16 bit, peltier cooled CCD camera and Genesnap software (Syngene, US). Densitometry analysis was carried out using Genetools software (Syngene, US). Statistical analysis was carried out by applying one-way ANOVA with Bonferroni post test.
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2.6: Investigating axonal transport defects in a mouse model of SPG4 HSP
[bookmark: _Toc222329127][bookmark: _Toc222332534][bookmark: _Toc222332706][bookmark: _Toc222332878][bookmark: _Toc222333222][bookmark: _Toc222333394]2.6.1: Genetic background of the SPG4 HSP mice
Axonal swellings were quantified on a range of genetic backgrounds, namely C57BL/6, FVB and BALBC.  The spastin c.1092+2T>G mutation was crossed onto the FVB and BALBC backgrounds by back-crossing to each background for over five generations. 
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Primary cortical neurons cultures were used to investigate axonal transport defects in a mouse model of SPG4 HSP. 
Heterozygous mutant spastin c.1092+2T>G male and female mice were bred to generate embryos either wild type, heterozygous or homozygous for the spastin c.1092+2T>G mutation.
E15.5 embryos were then taken from a sacrificed heterozygous mutant spastin c.1092+2T>G time mated female mouse. The individual embryos were stored separately on ice, with a paw clipping taken from each for later genotyping. 
Throughout the preparation the embryos were stored in Hank’s Balanced Salt Solution (HBSS) without calcium and magnesium (HBSS - -)(Lonza). The brains were removed from the embryos by making small insertions along the transverse and sagittal divisions of the head. The harvested brains were placed in HBSS (-  -). The hindbrain was removed and the 2 hemispheres separated, before the careful dissection and removal of midbrain, optic nerve and the meninges. The cerebral cortices were then detached from the remaining forebrain and washed in 3ml HBSS (- -). Individual cortices were prepared separately throughout to avoid cross contamination of tissue from the different genotypes. 
The tissue was then digested in 1ml HBSS (- -) containing 15µl 10X trypsin with versene for 15 minutes at 37°C. Following this incubation, 1ml of HBSS (+Ca2+, +Mg2+) containing 0.001% deoxyribonuclease 1 (DNAse 1) was added to the samples, before being aspirated after a gentle mixing. 
500µl of triturating solution (HBSS (+Ca2+, +Mg2+) containing 1% albumax (Invitrogen), 0.05% trypsin inhibitor (Sigma) and 0.001% DNAse 1, filter sterilised through a 0.2µm filter) was then added to the cortices. Two glass Pasteur pipettes flamed to have progressively smaller openings were then used to triturate the cortices down to single cells. 500µl of Neurobasal medium (Gibco) containing B27 supplement (Gibco), 100IU/ml penicillin, 100µg/ml streptomycin (Lonza) and 2mM glutamine (Lonza) (NB + B27 + P/S + L-Glut) was then added to each sample, and the neurons further triturated using the Pasteur pipette with smallest opening. 10µl of cell suspension was then added to 90µl of NB + B27 + P/S + L-Glut. 10µl of this suspension was mixed with 10µl of Trypan blue solution; 10µl of this solution was used to ascertain a viable cell count using a Countess® Automated Cell Counter. 
Cells were plated in 1ml of NB + B27 + P/S + L-Glut at a density of approximately 0.2 million cells/well on a 13mm diameter glass coverslip previously coated with 20µg/ml poly-l-lysine in a 24 well plate. Culture of the cells in this media is specifically designed to encourage and meet the special requirement of the growth of embryonic neuronal cells. The plated neurons were stored in a humidified incubator with 5% CO2 at 37°C. Three hours later, after allowing neurons to settle, the media was changed to ensure complete removal of the triturating solution.

[bookmark: _Toc222329129][bookmark: _Toc222332536][bookmark: _Toc222332708][bookmark: _Toc222332880][bookmark: _Toc222333224][bookmark: _Toc222333396]2.6.3: Drug treatment of the neurons
The cortical neurons were maintained for seven days following the culture. On day two and five the cells were treated with either 3µM Tro19622 solubilised in 0.5% DMSO or 1µM Tubastatin solubilised in 0.1% DMSO. Matching volumes of DMSO in NB + B27 + P/S + L-Glut or untreated cells were used as the control conditions. Following 7 days treatment, the cortical neurons were fixed in 3.7% formaldehyde as per the protocol in Section 2.3.5.1. 
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[bookmark: _Toc222329131][bookmark: _Toc222332538][bookmark: _Toc222332710][bookmark: _Toc222332882][bookmark: _Toc222333226][bookmark: _Toc222333398]2.6.4.1: DNA extraction
The embryo paw clippings were placed in 40µl of QuickExtract Solution 1.0 DNA extraction solution (Epicentre®, UK). Samples were vortexed and incubated at 65C for 2 hours, with vortexing occurring at half hour intervals. Samples were then heated at 98C for 2 minutes, ending the reaction. 
[bookmark: _Toc222329132][bookmark: _Toc222332539][bookmark: _Toc222332711][bookmark: _Toc222332883][bookmark: _Toc222333227][bookmark: _Toc222333399]2.6.4.2: Mismatch PCR and restriction digest for spast genotyping
Primers had previously been designed to introduce a single-base (G/C) mismatch into the spast DNA sequence. In the presence of the c.1092+2T>G mutation this mismatch generates a novel Bsl restriction enzyme site, subsequently allowing the identification of the spast +/+ or the spast mutants. The forward primer was used to introduce this G/C mismatch (shown in small case in the following primer sequence):
Spas_Bs1I forward: 5’ CTTCCTTCTCTGCcGCCTGA
Spas_Bs1I reverse: 5’ CCATCTCCAGGCTTCAATGT.
Each PCR reaction was made up of 10µl mix, consisting of 3µl nuclease free water, 2µl FIREPol 5X Mastermix (7.5mM MgCl2) (Solis Biodyne, Estonia), 2µl 20µM spas_ Bsl forward primer, 2µl 20µM spas- Bsl reverse primer (1µM final concentration) and 1µl of extracted DNA.
The following PCR cycle was used to amplify the samples:
1. 98°C for 30 sec
2. 92°C for 2 sec
3. 54°C for 15 sec
4. Go to step 2 for 39 times
5. 72°C for 2min
6. 15°C forever.
For the restriction digest, 0.5µl Bsl, 2µl 10 X Buffer 3 and 7.5µl nuclease-free water was added to each sample. After brief centrifugation, the samples were incubated at 55°C for 45 minutes. 
Following this digest a 112 base pair PCR product spanning exon 7 –intron 7-8 of the spast gene is generated in the spast +/+ mice. In the spast ∆E7/∆E7, however, a cut product of 89 base pairs is produced as a consequence of the mismatch PCR and the subsequent generation of the Bsl restriction site.
Samples were then loaded onto a 150ml 3% agarose gel containing 2µl ethidium bromide and run for 80 minutes at 100V. Hyperladder V was used as a reference marker. Samples were visualised using a UV light cabinet.

[bookmark: _Toc222329133][bookmark: _Toc222332540][bookmark: _Toc222332712][bookmark: _Toc222332884][bookmark: _Toc222333228][bookmark: _Toc222333400]2.6.5: Immunocytochemistry of Spast cortical neurons for axonal swelling quantification
The primary cortical neurons derived from spast +/+, spast ∆E7/+ and spast ∆E7/∆E7 embryos were immunostained for acetylated -tubulin and Hoechst according to the protocol described in Section 2.3.5. Two coverslips per treatment condition, for neurons of each genotype, were immunostained and stored at 4°C prior to imaging.

[bookmark: _Toc222329134][bookmark: _Toc222332541][bookmark: _Toc222332713][bookmark: _Toc222332885][bookmark: _Toc222333229][bookmark: _Toc222333401]2.6.6: Quantification of axonal swellings in primary culture
Coverslips containing fixed mouse primary cortical neurons stained for acetylated -tubulin and Hoechst were imaged on a Zeiss Axiovert 200 microscope using a 40X Plan-Neofluar 0.75 NA objective. Serial images were taken moving uniformly across the coverslip, beginning in the top left side and ending in the bottom right, avoiding the inclusion of nuclei or swellings in more than one field of view. The number of live nuclei were counted for each frame. The number of swellings immuno-reactive for acetylated -tubulin were then assessed in the same field of view. Swellings were included in the count if they were equal to or bigger in size than a box measuring 5m by 5m.  Approximately 1000 nuclei were counted per coverslip, allowing the number of swellings per 100 nuclei to be calculated and expressed as a percentage. Statistical analysis was carried out by applying one-way ANOVA with Bonferroni post test.

[bookmark: _Toc222329135][bookmark: _Toc222332542][bookmark: _Toc222332714][bookmark: _Toc222332886][bookmark: _Toc222333230][bookmark: _Toc222333402]2.6.7: Morphology and viability of neurons
In order to assess the effect of drug treatment on the morphology of the cortical neurons, the cells were immunostained for either acetylated -tubulin, -tubulin or neurofilaments, using primary antibodies listed in Table 2.5. The morphology of the neurites were then blindly assessed using an arbitrary scale of 0 to 5, where 0 indicates a stability of the cytoskeleton and 5 indicates a breakdown of the cytoskeletal structures, resulting in a “beads on a string” morphology (Pittman et al. 1993; Mills et al. 1998).
The Hoechst staining pattern of the cells assessed the viability of the neurons. Diffuse staining indicates a living cell, whereas the condensed chromatin of an apoptotic or dead cell gives a brighter fluorescent intensity. The viability of the neurons was assessed for both the spast +/+ or spast ∆E7/∆E7 cells, treated for seven days with either 0.5% DMSO, 3µM Tro19622 or under basal conditions. The viability of the neurons was expressed as a percentage of the total number of cells.
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[bookmark: _Toc222329137][bookmark: _Toc222332544][bookmark: _Toc222332716][bookmark: _Toc222332888][bookmark: _Toc222333232][bookmark: _Toc222333404]3.1: Introduction
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In this investigation we mainly focus on one aspect of mitochondrial dynamics: the process of fusion and fission to maintain the mitochondrial network.
Regulation of mitochondrial dynamics is particularly important in neurons; mitochondria provide the energy necessary for both synaptic development and maintenance (Mironov 2009; Van Laar et al. 2013). Thus, it is essential that the mitochondria are able to travel to areas of high metabolic demand and are fully functional when they get there. Accordingly, alterations in mitochondrial dynamics have been noted in several neurodegenerative diseases, as discussed later. For example, the neurodegenerative disease, autosomal dominant optic atrophy, (ADOA), is characterised by loss of OPA1 function. The subsequent defects in mitochondrial fusion induce mitochondrial dysfunction, including disruption of oxidative phosphorylation (Van Bergen et al. 2011). Thus, there is a clear link between dynamics and the bioenergetic status of mitochondria.
Cmt, 
Benefit of peripheral cells.
Ageing in peripheral cells….spare resp capacity?
 Recently, patient fibroblasts expressing pathogenic mutations in Park2 showed changes in both mitochondrial function and morphology (Mortiboys et al. 2008), providing proof of principle that primary dermal fibroblasts can recapitulate the pathogenic state seen in the neurons.
Als….mit function and morph in peripheral cells….but as yet unrelated to ageing?
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In light of this evidence, the aims of this investigation were to examine mitochondrial dynamics during ageing in control individuals and patients with sporadic and familial ALS. Both mitochondrial morphology and motility were assessed in primary dermal fibroblasts. From this, we sought to ascertain whether there were any alterations in mitochondrial dynamics that might be mechanistic in ageing or ALS. We also aimed to determine whether these changes might be associated with an underlying bioenergetic deficit in aged or patient cells.
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3.2: Assessing mitochondrial dynamics in primary dermal fibroblasts
[bookmark: _Toc222329141][bookmark: _Toc222332548][bookmark: _Toc222332720][bookmark: _Toc222332892][bookmark: _Toc222333236][bookmark: _Toc222333408]3.2.1: Quantifying changes in mitochondrial fusion and fission
In order to quantify any changes in mitochondrial dynamics in ageing or ALS patient fibroblasts, a measurement of mitochondrial branching and interconnectivity was calculated; network complexity is calculated by dividing the total number of branch-points in the reticulum by the number of ends (Figure 3.1). It has been noted that the branching structure of mitochondria is dominated by 3-way nodes (Sukhorukov et al. 2012). However, it was decided to include the more complex branch points in the calculation to gain a true measurement of the intricacy of the mitochondrial reticulum. We did not include the bifurcation points, as shown in Figure 3.1A, as these do not represent true branch points.


[bookmark: _Toc232523073][image: ]Figure 3.1: Calculation of mitochondrial network complexity
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Figure 3.1: A) Schematic diagram of the analysis of mitochondrial network complexity. 2 neighbouring pixels around the central pixel form a bifurcation point, excluded from the network complexity analysis. 3+ neighbouring pixels around the central pixel form the branching points of the mitochondrial reticulum. B) A primary human fibroblast stained with Mitotracker CMXRos Red. Examples of the nodes and ends of the mitochondrial network are highlighted. Network complexity is calculated by dividing the total number of branch-points (listed as 3-way nodes and upwards in Chapter 2) by the number of ends. Scale bars: 10m.
[bookmark: _Toc222329142][bookmark: _Toc222332549][bookmark: _Toc222332721][bookmark: _Toc222332893][bookmark: _Toc222333237][bookmark: _Toc222333409]3.2.1.1: Passage effect on mitochondrial dynamics
The mitochondrial reticulum is inherently variable due to the heterogeneous and dynamic nature of the organelle; mitochondria are constantly fusing and dividing, responding to external cues such as energy demands, calcium levels and the requirement for redistribution (Chen et al. 2009; Seo et al. 2010). This morphological diversity is further compounded by experimental variation. We therefore wished to assess the effect of fibroblast passage number on the morphology of mitochondria. Network complexity was quantified over 5 passages in two different control samples (FibCon03 and FibCon14) (Figure 3.2).

[bookmark: _Toc232523074]Figure 3.2: Influence of passage on network complexity of mitochondria
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Figure 3.2: For each control subject-derived fibroblast set, at each passage, mitochondrial network complexity was calculated from a minimum of 20 cells on a single coverslip. N =1, at each passage.

It was observed that morphology of mitochondria does vary between passages. However, no clear pattern was observed, suggesting the differences derive from experimental variation and error, rather than the specific influence of passage. This variation has been further compounded due to mitochondrial morphology at each passage only being imaged in one experiment. Previous investigation has shown that mitochondrial morphology is independent of passage number in human fibroblasts (Handran et al. 1997). However, as the morphological results are variable, for each future investigation three separate experiments per sample were performed.
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3.2.2: Role of mitochondrial dynamics in ageing
It has been noted for over 50 years that mitochondria play a role in the process of ageing. The ROS theory of ageing postulates that the damage to the cell caused by accumulating ROS eventually results in senescence (Harman 1956). Leakage of electrons from the ETC in the mitochondria causes mounting damage to organelles in the cell (Mammucari et al. 2010), progressive accumulation of mtDNA mutations (Corral-Debrinski et al. 1992; Krishnan et al. 2007), and thus further oxidative damage. Eventually, under the stress of overwhelming oxidative damage, the aged cell undergoes apoptosis.
However, controversy surrounds this theory: the existence of a direct link between levels of ROS and respiratory defects has been disputed. The complexity of assessing the effects of ROS in the cell is typified in Leigh syndrome, which is characterised by mutations in the genes encoding assembly factors of cytochrome c oxidase (Cox). The resultant increase in levels of ROS derived from defective oxidative phosphorylation would be expected to be toxic for the cell. However, a mouse model of Leigh syndrome actually demonstrated increased longevity upon induction of oxidative stress (Dell'agnello et al. 2007).
Furthermore, it has been observed that an increase in cellular ROS enables mitochondria to function more efficiently. For example, in C. elegans, the restriction of glucose, forcing oxidative phosphorylation, was seen to extend life expectancy due to the increased formation of ROS (Schulz et al. 2007). It was noted that the formation of ROS induces catalase, a strong anti-oxidant, and subsequently increases the cell’s resistance to oxidative stress. Concordantly, when Complex I is inhibited pharmacologically, increased levels of ROS mediate mitochondrial fusion (Koopman et al. 2005), improving intermitochondrial signaling and consequently increasing the efficiency of mitochondrial output.
Thus, it has been suggested that in ageing and senescence, ROS levels in the cell reach a threshold where they are no longer beneficial, and instead result in the impaired function of the cell and the induction of apoptosis (Murphy 2009). Following on from this, it can be appreciated that the ageing process alters both the functioning and plasticity of mitochondria; the appearance of giant mitochondria has been noted in post-mitotic ageing cardiac myocytes (Terman et al. 2003), alongside a reduction in ATP output (Terman et al. 2005). A substantial decline in both mitochondrial biogenesis and degradation upon ageing is predicted to derive from a reduction in expression of PGC-1 following increased levels of ROS. Furthermore, reductions in the expression of both Mfn2 and Drp1 have been noted in ageing skeletal muscle (Crane et al. 2010).
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We wished to quantify the effect ageing has on mitochondrial dynamics in primary cells in vitro, incorporating measurements of both morphology and motility. Dermal fibroblasts derived from healthy controls of various ages were utilised to investigate whether there are changes in the mitochondrial reticulum upon ageing. We predicted that the fibroblasts would demonstrate enhanced interconnectivity of the mitochondrial reticulum as the age of the donor subject increased; it has previously been postulated that, as the levels of ROS increase in the cell, the mitochondria will become more fused as an adaptive response to ensure efficient functioning in the face of cellular stress (Koopman et al. 2005). Network complexity was quantified in the control subject fibroblasts and plotted against age on a scatter graph (Figure 3.3).

[bookmark: _Toc232523075]Figure 3.3: Changes in mitochondrial network complexity upon ageing
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Figure 3.3: For each control subject N=3 or 4. Linear regression analysis: R2 value = 0.1123; t-test to establish whether the slope significantly differs from 0: p 0.01. Data points represent mean  S.E.M.

An increase in network complexity was observed as the control subject fibroblasts increased in age (the slope significantly differed from zero with a p-value of less than 0.01). As discussed, this may represent an adaptive response to increases in cellular stress; mitochondrial hyper-fusion has been observed in times of increased stress, such as upon nutrient-deprivation induced autophagy (Gomes et al. 2011; Rambold et al. 2011) and oxidative damage (Yoon et al. 2006). This fusion of the mitochondrial network enables the amelioration of mtDNA mutation accumulation and damage by facilitating an equal distribution of the mtDNA nucleoids, permits the efficient buffering of calcium levels and improves ATP deliverance throughout the cell, thus protecting against the onset of apoptosis (Chen et al. 2007). 
It has been suggested that increasing levels of ROS induce such adaptive mitochondrial fusion response via the superoxide-mediated peroxidation of lipids within the mitochondrial membrane, enabling fusion (Koopman et al. 2005). Recent investigation has supported the importance of the intracellular redox state in the regulation of mitochondrial fusion (Shutt et al. 2012). Using in vitro fusion assays it was seen that increased levels of oxidised glutathione (a key indicator of cellular stress) are capable of inducing the formation of in cis mitofusin oligomers via the oxidation of cysteines in both Mfn1 and Mfn2, resulting in the generation of disulphide bonds. The subsequent conformational change in the proteins aids the trans-docking and tethering of the mitofusins, enhances fusion of the mitochondrial membrane (Shutt et al. 2012). Thus, in the present investigation, the increase in mitochondrial interconnectivity may reflect an aberrant accumulation of oxidised glutathione derived from an age-related increase in ROS production, resulting in enhanced Mfn-mediated mitochondrial fusion. Examination of the redox state of the fibroblasts will be required to validate this hypothesis.
Following on from this theory, it should follow that this protective increase in mitochondrial fusion during ageing could be blocked by the application of the anti-oxidant, N-acetyl-cysteine (NAC), raising an interesting query concerning the overall benefit of anti-oxidant treatments designed to ameliorate ageing-related increases in ROS……IS NAC HEALTHY
In support of ROS influencing the ageing process, it has been observed that expression of NAD-dependent deacetylase sirtuin-3 (Sirt3), a mitochondria-localised protein deacetylase, prolongs life span following caloric restriction in mammals and lower organisms (Giralt et al. 2012). Sirt3 has multiple deacetylation targets, including proteins involved in the functioning of the TCA cycle (Wang et al. 2010) and components of the ETC (Ahn et al. 2008) as well as superoxide dismutase 2 (SOD2) (Qiu et al. 2010). Thus, Sirt3 plays a key role in both reducing and detoxifying ROS produced by metabolism. Consequently, it may be predicted that in very old subjects, the mitochondrial network may begin to fragment as levels of ROS become pathogenic and mitochondria start to induce the process of apoptosis. Based on our results we suggest that test subjects over 80 years old will be required to investigate this hypothesis.
Alternatively, the observed increase in mitochondrial branching may reflect a decrease in the prevalence of autophagy upon ageing (Wohlgemuth et al. 2010; Liu et al. 2012). The noted decline in the process of mitophagy is thought to contribute to the ageing process as it allows the accumulation of aberrant mitochondria, exacerbating the levels of ROS damage and contributing to the bioenergetic failure of the cell. Reductions in autophagy lead to increased mitochondrial fusion; expression of dominant-negative Drp1 reduced levels of mitophagy, indicating that fragmentation of the mitochondria acts as a permissive signal to induce the process of autophagy in the cell (Chen et al. 2009; Frank et al. 2012). The relationship between mitochondrial morphology and autophagy will be further discussed in Chapter 4.
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We next wanted to establish whether the noted alteration in the morphology of the mitochondria upon ageing alters their motility. Mitochondria are required to be motile in the cell in order to reach areas of metabolic demand, ensuring the widespread delivery of ATP and other metabolites, alongside the efficient buffering of local calcium waves. This is particularly important in the nervous system as neurons are very metabolically demanding, highly polarised, and cover a large area. Thus, efficient transport of mitochondria is imperative for cellular survival (Van Laar et al. 2013). 
Long-range mitochondrial motility is mainly microtubule based, and utilises both kinesin and dynein motors. Two adaptor proteins, Milton and Miro, the latter of which is located at the OMM, act to regulate this movement. Milton acts to mediate the binding of kinesin to Miro, whereas Miro uses its EF hands to coordinate the movement of mitochondria to areas requiring both ATP production and buffering of calcium (Saotome et al. 2008; Wang et al. 2009).
The increased damage of DNA upon ageing attributed to telomeric attrition, alongside the cumulative increase in ROS, is known to activate p53, which in turn represses the transcription of PGC1 (Sahin et al. 2011). As PGC1 facilitates the transcription of Mfn2, this repression may explain the noted decrease in Mfn2 expression upon ageing. Interestingly, in a role distinct form its function as a mitochondrial fusion protein, Mfn2 has also been shown to regulate the motility of neuronal mitochondria along the axon via its interaction with Miro at the OMM; increased pausing of the mitochondria, and slower movement in either direction was observed in Mfn2 knock-out mice (Misko et al. 2010).
Furthermore, experiments in rat clonal -cells over-expressing wild type Mfn1 showed evidence of both impaired mitochondrial function, including a reduction in glucose-induced mitochondrial hyperpolarisation, and a significant reduction in mitochondrial motility. However, in this instance, the hypo-motility was postulated to derive from the induction of increased fusion, as expression of dominant negative mutant Mfn1 resulted in fast Brownian movement (Park et al. 2012). Thus, following on from the observation of an increase in mitochondrial interconnectivity upon ageing, there is evidence to support the hypothesis that motility decreases upon ageing, perhaps further influencing the declining bioenergetic status of the cell.
In order to investigate this, the motility of mitochondria was assessed in control fibroblasts spanning a wide age-range. The percentage of motile mitochondria was calculated by recording a time-lapse video of living MitoTracker CMXRos-loaded fibroblasts, and then sequentially subtracting images in the time series. Consequently, any stationary mitochondria will be removed from the subtracted image, and any motile mitochondria retained. The resultant images only depict the mitochondrial area that has relocated between each time point (explained further in section 2.3.3).
Quantification of these subtracted images allows assessment of the percentage of motile mitochondria (Figure 3.4). The binary image of the mitochondria is shown; each image represents consecutive time-points of the recording. An example of a moving mitochondrion is highlighted in the red circle.
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Figure 3.4: Quantifying motility of mitochondria 
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Figure 3.4: A) Original image; B)Filtered and binarised image; C-F) Binary Time-lapse images of the mitochondrial network. C’-F’) Sequential subtraction of the images reveals the movement of this organelle. An example of a motile mitochondrion and corresponding pixel movement are highlighted in the fixed red circles. Scale bars: 10m.
 
The percentage of motile mitochondria was calculated for each cell, with the mean of each cell recorded. The mean of each experiment was then plotted against the age of the sample (Figure 3.5).






[bookmark: _Toc232523077][image: ][image: ]Figure 3.5: Mitochondrial motility in control fibroblasts at different ages   


Figure 3.5: Number of control pairs=4; for each control sample N=3 or 4. A) Percentage of pixels moved every 3 seconds in an individual cell; B) The mean percentage of motile mitochondria in control fibroblasts of various ages. R2 = 0.00174; slope not significantly different from zero. Data points represent mean  S.E.M.

Unlike morphology, no clear correlation was seen between an increase in age and the motility of mitochondria (Best-fit Slope = -0.00609 ± 0.0276; R2 = 0.0017)(Figure 3.5B).
As observed in Figure 3.5A, the motility of the mitochondria was consistent throughout the recording. However, some outliers were evident in the recordings, deriving from the necessity to re-focus the microscope throughout the time-lapse experiment.  These outliers were removed from the final mean calculation, after being identified by looking for loss of focus in the time-lapse video, so as not to overestimate the movement of the organelles (Figure 3.6).
[bookmark: _Toc232523078][image: ]Figure 3.6: Identification and removal of outliers when quantifying mitochondrial motility

Figure 3.6: A-C) Binary Time-lapse images of the mitochondrial network. C’-F’) Sequentially subtracted images. Fixed red circles show the areas that drop out of focus in (B) and (B’). Scale bars: 10m.


In Figure 3.6, Image B depicts a cell that has dropped slightly out of focus when compared to the previous time-lapse image (A), as shown by the loss of mitochondrial staining in the red circles. The corresponding red circles in the subtracted image (A-B = B’) shows an overestimation in the number of moved pixels. Re-focus of the microscope in Image C permits the proper estimation of mitochondrial motility.
Average motility was approximately 20%. Fibroblasts are not overly reliant on mitochondrial transport for their function; it may require dramatic changes in mitochondrial fusion/fission to reveal any motility defects upon ageing.
Interestingly, it has been noted that both excessive fission and fusion can influence mitochondrial motility. A study of vascular endothelial cells revealed that conditions that encourage mitochondrial fission, such as dissipation of mitochondrial membrane potential and reduction in cytosolic ATP, also limits mitochondrial motility (Giedt et al. 2012). In support of this, Mfn1 or Mfn2-deficient embryonic fibroblasts also demonstrated a decrease in mitochondrial motility alongside hyper-fission, with the organelles displaying a loss of directed movement (Chen et al. 2003). Conversely, as mentioned, hyper-fusion of mitochondria also restricts motility, as evidenced by the over-expression of Mfn1 in rat clonal -cells (Park et al. 2012). It has been postulated that the formation of a large mitochondrial reticulum essentially hinders movement, an idea that would be particularly consequential in the narrow neuronal processes (Chen et al. 2009).
Thus, it would be interesting to investigate motility changes in neuronal cells across a substantial age range. Study of transport of fluorescence-labelled mitochondria in axons derived from murine tibial nerves found a decrease in the anterograde transport in older mice (24 months) compared to younger mice (8 months). However, no difference was observed in mitochondrial speed between the two cohorts (Gilley et al. 2012). It may be beneficial to determine whether these changes in axonal transport correlate with changes in mitochondrial fusion/fission dynamics.
If changes in mitochondrial movement were evident upon increasing age, it would have potential consequences for the understanding of neurodegeneration, a known corollary of ageing. Any changes in motility of the mitochondria would disrupt homeostasis of calcium signalling and bioenergetic maintenance of the cell, both processes known to be defective in neurodegeneration. Indeed, VAPB is mutated in a familial form of ALS, causing increased cytosolic calcium levels due to dysregulation of the MAM (De Vos et al. 2012). It has been suggested that this calcium peak would impact on the functioning of calcium-sensitive Miro and thus impact on mitochondrial transport (Morotz et al. 2012). 
Evidence of the relationship between ALS and ageing has been strengthened by the discovery that both Sirt3 and PGC-1 expression protect against mitochondrial fragmentation and cell death seen by expressing G93A mSOD1 in rat spinal cord motor neurons (Song et al. 2013). As discussed, expression of Sirt3 has previously been seen to protect against ageing due to its actions at the mitochondrion (Giralt et al. 2012). Furthermore, PCG-1, known to decrease in expression upon ageing, also acts to reduce oxidative stress (Qiang et al. 2007; Reznick et al. 2007; Seo et al. 2010). In light of this close relationship between ageing and neurodegeneration, we next asked whether alterations in mitochondrial dynamics are evident in ALS patient fibroblasts. 
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Defects in mitochondrial dynamics are a common feature of neurodegenerative disease; indeed, mutations in genes responsible for fusion/fission regulation have been directly associated with the pathogenesis of neurodegenerative disease, such as in CMT2A or ADOA (Alexander et al. 2000; Zuchner et al. 2004).
In some cases, the influence of mitochondrial dynamics may not be the primary cause of neurodegeneration, but it may contribute to, or exacerbate, the disease. For example, in AD, over-expression of either amyloid precursor protein (APP) or oligomeric amyloid--derived diffusible ligands (ADDLs) in a neuron-like cell line resulted in mitochondrial fragmentation, caused by disrupting the balance of fusion and fission proteins (Wang et al. 2009). Fission of the mitochondrial network observed upon accumulation of -amyloid has been attributed to increased S-nitrosylation of Drp1 in AD patient brains, causing an increase in the fission activity of the protein. Indeed, inhibiting the S-nitrosylation of Drp1 reduced the levels of mitochondrial fission and reduced the neurotoxic effects of -amyloid expression (Cho et al. 2009). Thus, regulation of mitochondrial morphology appears imperative to protect against the Alzheimer’s phenotype.
Furthermore, the aetiology of PD has also been associated with defects in mitochondrial dynamics. Functional depletion of both PINK1 and Parkin in D. melanogaster promoted mitochondrial fusion, with the production of enlarged and swollen mitochondria, ultimately resulting in degeneration of the fly tissue. Over-expression of Drp1 or down-regulation of Mfn2 rescued the phenotype, implicating mitochondrial dynamics in the degeneration (Deng et al. 2008; Poole et al. 2008). 
However, studies in mammalian cells have produced conflicting results. In human fibroblasts expressing mPINK1, fragmentation of the mitochondrial network was seen (Exner et al. 2007). Conversely, mParkin-expressing patient fibroblasts revealed an increase in mitochondrial branching compared to control samples (Mortiboys et al. 2008). It is possible that these morphological defects arise from deregulation of the mitochondrial quality control system as both PINK1 and Parkin have key roles in the initiation of the mitophagy pathway (Vives-Bauza et al. 2010). The abnormal structure of the mitochondria in PD may reflect a failure of the organelle to be efficiently cleared following mitochondrial dysfunction.

[bookmark: _Toc222329147][bookmark: _Toc222332554][bookmark: _Toc222332726][bookmark: _Toc222332898][bookmark: _Toc222333242][bookmark: _Toc222333414]3.2.3.1: Quantifying mitochondrial morphology in sporadic ALS patient fibroblasts 
Alterations in mitochondrial dynamics have also been observed in sporadic ALS patients; a study of the anterior horn revealed fragmentation of the mitochondria in the motor neurons (Sasaki et al. 2007). Thus, we decided to ascertain whether the mitochondrial reticulum is altered in sALS patient fibroblasts compared to control samples. 9 sALS patient-derived fibroblasts were imaged at the same time as 9 healthy control-subject fibroblasts (with FibCon04 being utilised twice), as depicted in Figure 3.7. To assess the influence of age on the mitochondrial morphology in sALS, the mitochondrial network complexity of these patient fibroblasts was plotted alongside the mitochondrial network complexity of our entire control cohort (Figure 3.8). As before, the fibroblasts were cultured standard media supplemented with 1mg/ml D-glucose and then loaded with CMXRos Mitotracker Red to visualise the mitochondrial network.
The morphology of mitochondria in 9 sALS patients were then compared to the mitochondrial morphology of the aforementioned 19 control fibroblasts (Figure 3.3), to establish whether an age effect is also evidenced in the sALS fibroblasts (Figure 3.8).

[bookmark: _Toc232523079][image: ]Figure 3.7: Interconnectivity of mitochondrial network in control fibroblasts compared to sporadic ALS patient fibroblasts when cultured in 1mg/ml glucose

Figure 3.7: Age-matched control and sALS patient fibroblasts cultured in media containing 1mg/ml D-glucose and loaded with CMXRos Mitotracker Red. A) FibCon158 (Age 49); B) FibPat38 (Age 49); C) FibCon156 (Age 74); D) FibPat27 (Age 73). An area of interconnectivity of the mitochondrial network is highlighted and magnified in the yellow squares. Ages listed are age in years at date of biopsy. Scale bars: 10m.
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Figure 3.8: Mitochondrial network complexity of sporadic patient fibroblasts cultured in the presence of media containing 1mg/ml glucose
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Figure 3.8: For each control or patient subject N=3 or 4. Data points represent mean  S.E.M. R2 value for sALS patients: 0.1665; where the slope significantly differs from 0: p 0.05. The difference between the control and patient slopes: Linear regression p 0.001.
The control subject-derived fibroblasts imaged at the same time as the nine patient-derived fibroblasts are highlighted in the graph by the black outline surrounding the blue circle.

In the sALS patient fibroblasts, in contrast to the control samples, a decrease in the interconnectivity of the mitochondrial network is observed with increasing age. A significant deviation from zero is seen in the quantification of network complexity in the older patient fibroblasts, making the mitochondrial reticulum appear fragmented in comparison to their age-matched control samples. Interestingly, the younger sALS patient fibroblast mitochondria appear more fused compared to their age match controls, although additional samples need to be tested to confirm this trend. Examples of the morphological alterations in mitochondria are demonstrated in images of FibPat38 (age 49 years) and FibPat27 (age 73 years) in Figure 3.7. 
If confirmed, the excessive mitochondrial fusion noted in some of the younger sALS patient samples may represent an adaptive mechanism of the cell to cope with the pathogenic implications of the disease. Conversely, the mitochondria fragmentation upon ageing may be indicative of a failure to adapt to the increased levels of cellular stress. The increase in fission or decrease in mitochondrial fusion is likely to have a pathogenic consequence for the cell. As discussed, the maintenance of a healthy mitochondrial population requires efficient fusion of the organelles. In light of this, it is appreciated that decreases in the networking of mitochondria reflect stressed conditions in the cell; induction of bioenergetic deficits of the mitochondria (De Vos et al. 2005), pathological increases in the cellular levels of superoxide (Koopman et al. 2005) and initiation of apoptosis (Karbowski et al. 2003) all result in the fragmentation of the mitochondrial network. Thus, uncontrollable fission or the abrogation of fusion is noted as a common pathological feature of neurodegenerative disease.
Interestingly, the aforementioned increase in mitochondrial fusion noted in the mParkin-expressing fibroblasts compared to control samples was observed in patients with an average age of 42 (Mortiboys et al. 2008), around the same age the sALS patient fibroblasts also showed a trend towards increased mitochondrial fusion. Though the age of the fibroblast sample donors was not mentioned in Exner et al, 2007, it would be interesting to know whether the patients were over the age of 60, as mitochondrial fragmentation was noted in these fibroblasts. If the patients were of an older age, it would indicate PD patient fibroblasts show the same pattern of alterations in mitochondrial fusion/fission as seen in the sALS cohort.
3.2.3.1.1: Assessing defects in mitochondrial dynamics upon forced oxidative phosphorylation 
As previously discussed (Section 1.2.3.1.1), defects in oxidative phosphorylation have consistently been implicated as a key pathogenic process in ALS, both in sporadic and familial forms of the disease (Comi et al. 1998; Jung et al. 2002; Mattiazzi et al. 2002; Menzies et al. 2002; Wiedemann et al. 2002; Murata et al. 2008). Indeed, the evidence of increased fragmentation of the mitochondrial network upon ageing in the sporadic ALS fibroblasts could possibly hint at a bioenergetic defect in these patients. A wealth of evidence indicates there is a close, bidirectional relationship between mitochondrial morphology/dynamics and the bioenergetic status of the cell (De Vos et al. 2005; Koopman et al. 2005; Guillery et al. 2008; Zorzano et al. 2010).
For example, direct inhibition of Complex I by the application of rotenone results in fragmentation of the mitochondrial network in immortalised cell lines (De Vos et al. 2005; Benard et al. 2007). Conversely, as seen in some cases of CMT2A (Loiseau et al. 2007) and Type 2 diabetes (Bach et al. 2003; Bach et al. 2005), the loss of Mfn2 expression, resulting in mitochondrial fragmentation, has been shown to disrupt the oxidative capacity of the cell, creating increased reliance of the process of glycolysis (Pich et al. 2005; Zorzano et al. 2010). 
We therefore decided to quantify the effect of oxidative phosphorylation on mitochondrial dynamics in both the control and ALS patient fibroblasts. Cultured fibroblasts generate the majority of their ATP via glycolysis. However, they can be forced to use oxidative phosphorylation by culturing the cells in media deficient in glucose and containing galactose, permitting the assessment of any potential defects in oxidative respiration. The necessary conversion of galactose to glucose-6-phosphate abrogates any net gain of ATP from glycolysis, thus forcing any energy generation to be respiration-dependent. 
Due to a technical error, the fibroblasts were erroneously cultured in 0.009mg/ml D-galactose instead of the recommended 0.9mg/ml, as used in several publications: (Hayashi et al. 1991; Hofhaus et al. 1996; Mortiboys et al. 2008). Before continuing the investigation, we wished to ensure that the mitochondrial morphology was not altered by this decreased concentration of galactose. Therefore, 10 control subject fibroblasts were cultured in either 0.9mg/ml or 0.009mg/ml D-galactose for 24 hours before their mitochondrial morphology was quantified (Figure 3.9).

[bookmark: _Toc232523081]Figure 3.9: Comparison of mitochondrial network complexity upon culture in different concentrations of galactose
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Figure 3.9: For each control sample N=3. Mitochondrial network complexity of control-subject fibroblasts either in 0.9mg/ml D-galactose or 0.009mg/ml D-galactose. Data points represent mean  S.E.M.

The observation that culture in 0.9mg/ml or 0.009mg/ml D-galactose did not affect the morphology of the mitochondria may be because of the presence of 1mM sodium pyruvate in the media. Pyruvate plays a key role in the process of carbohydrate metabolism, feeding into the TCA cycle in the mitochondrial matrix, as the prelude to oxidative phosphorylation (Figure 3.10). Therefore, the presence of pyruvate in the media permits the generation of ATP via both the TCA cycle and the ETC. Thus, the concentration of galactose in the media had little effect on the levels of oxidative phosphorylation occurring in the fibroblasts. We therefore decided to quantify mitochondrial morphology after the cells had been cultured in respiration-dependent media containing 0.009mg/ml galactose to ascertain the influence of forced oxidative phosphorylation on the mitochondria.

[bookmark: _Toc232523082]Figure 3.10: The involvement of pyruvate in the initiation of the TCA cycle
[image: ]Figure 3.10: The TCA cycle, occurring in the mitochondrial matrix, generates NADH, which can then feed into the oxidative phosphorylation pathway as a reducing agent. Pyruvate is necessary to provide the acetyl-CoA, which then enters the cycle by being converted to citrate. 

Interestingly, the culture of fibroblasts in the respiration-dependent media, as opposed to that containing glucose, generally resulted in an increase in the interconnectivity of the mitochondrial network. This is demonstrated using control fibroblasts in Figures 3.11 and 3.12.










[bookmark: _Toc232523083]Figure 3.11: Interconnectivity of mitochondrial network upon culture in presence of glucose or galactose 
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Figure 3.11: Control fibroblasts loaded with CMXRos Mitotracker Red. A) Fibroblast cultured in 1mg/ml D-glucose; B) Fibroblast cultured in 0.009mg/ml D-galactose. An area of interconnectivity of the mitochondrial network is highlighted and magnified in the yellow squares. Scale bars: 10m.


[bookmark: _Toc232523084][image: ]Figure 3.12: Comparison of mitochondrial network complexity of control fibroblasts cultured in either glucose or galactose

Figure 3.12: For each control sample N=3. Mitochondrial network complexity of control fibroblasts cultured either in 1mg/ml D-glucose or 0.009mg/ml D-galactose. Data points represent mean  S.E.M.

This result supports the notion of the close relationship between the oxidative state of the cell and morphology of the mitochondria. It has previously been observed that a switch from a glycolytic process of ATP synthesis to the mitochondrial-mediated oxidative phosphorylation induces a reversible change of the mitochondria to a “condensed” state, the term used by Hackenbrock et al, to describe the thinning and branching of the mitochondrial tubules (Hackenbrock et al. 1971; Jakobs et al. 2003; Meeusen et al. 2004; Rossignol et al. 2004; Malka et al. 2005; Benard et al. 2007). Thus, the increase in mitochondrial interconnectivity observed in these experiments supports the notion that the formation of a physically interconnected network of mitochondria allows the organelle to function more efficiently (Koopman et al. 2005; Mortiboys et al. 2008), particularly when it is being relied upon to synthesise the majority of the cell’s ATP content. Previous studies of mitochondrial morphology in fibroblasts have supported the idea that the physiological generation of superoxide, derived from the functioning of the ETC, is responsible for this increase in branching of the mitochondria upon the switch to an oxidative state (Luo et al. 1997; Koopman et al. 2005). Moreover, the predicted increase in superoxide production may alter the redox state of glutathione, inducing mitochondrial hyper-fusion by mitofusin oxidation, as previously discussed (Shutt et al. 2012). The fact that this increase in mitochondrial branching was observed in the control cohort suggests that this morphological alteration represents a physiological adaptive response of the mitochondria, and is not pathologically mediated. 
Following the observation that culture of the cells in a respiration-dependent media leads to an increase in the branching of the mitochondria, possibly alluding to an adaptive response by the fibroblasts, we decided to see if change in mitochondrial morphology is independent of age. Therefore, network complexity was quantified in control fibroblasts, cultured in glucose-deprived media supplemented with 0.009mg/ml D-galactose, and plotted against sample age (Figure 3.13).







[bookmark: _Toc232523085]Figure 3.13: Changes in mitochondrial network complexity in ageing in control fibroblasts cultured in glucose-deprived media
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Figure 3.13: For each control sample N=3 or 4. Network complexity of control samples cultured in 0.009mg/ml D-galactose; R2 value: 0.03567; the slope does not significantly differ from zero. All data points represent mean  S.E.M.

Upon quantification of network complexity, no significant difference was seen compared to zero, indicating there is not an increase in interconnectivity of the mitochondria upon ageing in respiration-dependent media (Figure 3.13). It is possible that, as age increases, the fibroblasts become more dependent on mitochondrial respiration to meet their energy demands, and thus the observed increase in mitochondrial interconnectivity, as seen in Figure 3.3, reflects a switch to the use of oxidative phosphorylation. Subsequent culture in respiration dependent media would then not elicit a further increase in mitochondrial network complexity. 
Indeed, examination of a read-out of glycolytic activity, extracellular acidification rate (ECAR), in the control fibroblasts found a significant decrease in ECAR occurs during ageing (R2 = 0.5127, P = <0.05) (S. Allen; Personal communication), indicating a decrease in the rate of proton excretion from the cells, correlating to a reduction in glycolytic activity. Moreover, preliminary evidence investigating the control fibroblast cohort showed an increase in spare respiratory capacity as age increases (R2=0.5321, P = <0.05)(S. Allen; Personal communication). From this evidence it may be hypothesised that the increase in mitochondrial network complexity seen in Figure 3.3 reflects an increase in the efficiency of mitochondrial function upon ageing.
However, these results contradict previous evidence of a reduction in efficiency of oxidative phosphorylation in human tissue including skeletal muscle and the heart, as age increases. This reduced efficiency is likely due to accumulating defects in Complex I and IV, and, as such, can then contribute further to aberrant ROS accumulation upon ageing (Desler et al. 2012). Consequently, further investigation into the metabolic profile of fibroblasts during ageing will be required to elucidate the cause of the changes in mitochondrial morphology noted in these experiments.
Interestingly, particularly at the two ends of the age scale, the morphology of the mitochondria is quite variable. In subjects at the higher end of the age range, this variability may arise from differences in the handling of increased oxidative stress; as both oxidative phosphorylation and ageing result in the accumulation of ROS, it is possible that the differences in morphology arise from whether these ROS elicit an adaptive response, such as hyper-fusion, or conversely induce mitochondrial fragmentation as a prelude to apoptosis.
3.2.3.1.2: Influence of forced oxidative phosphorylation on sporadic ALS patients
As neurons have a high metabolic demand, and use oxidative phosphorylation as their main mechanism of energy generation, any defects in this pathway may have serious consequences. Accordingly, defects in ETC function have repeatedly been highlighted as part of the pathogenic process in sporadic ALS; a sporadic micro-deletion in COI, encoding subunit I of cytochrome-c oxidase, was identified in an ALS patient, causing defective assembly of the holoenzyme (Comi et al. 1998); post-mortem study of spinal cord tissue derived from both sporadic and familial ALS patients found evidence of reduced activity of all of the respiratory chain complexes (Wiedemann et al. 2002); a study of CSF taken from sALS patients saw a significant increase in the levels of oxidised CoQ10, indicative of oxidative damage in these patients (CSF) (Murata et al. 2008).
Recently, it has been shown that proteins known to regulate mitochondrial dynamics, specifically mitochondrial fusion, are also directly capable of regulating bioenergetic output of the mitochondria. For example, knockdown or expression of a null mutant of Mfn2 in immortalised cell lines and MEFs resulted in repression of ETC complex activity, reduced mitochondrial membrane potential and a reduction in cellular oxygen consumption (Chen et al. 2003; Pich et al. 2005).
As fusion of the mitochondrial network is known to enable the efficient distribution of ATP and the maintenance of an even protonic potential distribution, it is understandable that Mfn2 regulates both fusion and mitochondrial metabolism. Under basal conditions, the transcription co-activator PGC1 has been shown to regulate expression of Mfn2 in order to maintain mitochondrial biogenesis and metabolic homeostasis. Additionally, under conditions of metabolic demand, PGC1 further induces Mfn2 transcription to increase efficiency of mitochondrial output (Soriano et al. 2006). It is currently unclear how Mfn2 acts to stimulate mitochondrial metabolism, though it is possible that this action does not arise through the protein’s fusion role; expression of truncated Mfn2 abolished the fusion activity but maintained the stimulatory effect on oxidative phosphorylation (Pich et al. 2005).
It has been suggested that the ability of Mfn2 to regulate the activity of the ETC complexes is linked to the role of Mfn2 in tethering the ER and mitochondria at the MAM (Section 1.3.1.2). Alterations in Mfn2 expression could modify the distance between these two organelles, and thus disrupt the homeostasis of calcium signalling in the cell, impacting on the expression of multiple proteins involved in oxidative phosphorylation. As expected, changes in Mfn2 expression are capable of inducing disease; both obese subjects and patients suffering from type 2 diabetes express reduced levels of both Mfn2 mRNA and protein (Bach et al. 2005). Accordingly, examination of muscle from patients revealed both a decrease in mitochondrial mass and size, alongside a reduction in mitochondrial function (Ritov et al. 2005; Zorzano et al. 2009). Therefore, disruption of mitochondrial dynamics is capable of inducing a disease state in cells, linked to disruption of the bioenergetic output.
Thus, the aforementioned fragmentation in the sporadic ALS patients upon ageing may be indicative of a disruption in Mfn2 signalling, potentially impacting on the efficient functioning of oxidative phosphorylation in the cells. We therefore decided to compare the morphology of the mitochondrial network in the sporadic ALS patient fibroblasts cultured in 0.009mg/ml galactose, and 1mM sodium pyruvate, with that of the control samples (Figure 3.14 and Figure 3.15).
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Figure 3.14: Interconnectivity of mitochondrial network in control fibroblasts compared to sporadic patients when cultured in 0.009mg/ml galactose
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Figure 3.14: Age-matched control and sALS patient fibroblasts cultured in 0.009mg/ml D-galactose and loaded with CMXRos Mitotracker Red. A) FibCon158 (Age 49); B) FibPat38 (Age 49); C) FibCon156 (Age 74); D) FibPat27 (Age 73). An area of interconnectivity of the mitochondrial network is highlighted and magnified in the yellow squares. Scale bars: 10m.
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Figure 3.15: Network complexity of sporadic ALS patient fibroblast mitochondria cultured in glucose-deprived media
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Figure 3.15: For each control or patient sample N=3 or 4. (A) R2 value for sALS patients: 0.002290; the slope does not significantly differ from zero. The difference between the control and patient slopes was not significant. All data points represent mean  S.E.M.

Overall, the sALS patients did not demonstrate an increase in network complexity upon an increase in age, with the slope not significantly differing from zero. Furthermore, the sALS fibroblasts did not show differences in mitochondrial branching when compared to the control samples. On the other hand, two of the sALS patient fibroblasts (FibPat38 and FibPat27) LABEL ON GRAPH do appear to be outliers, with their network complexity falling distinctly above or below the mean range of their age-matched control samples (Figure 3.15). However, these same patient fibroblasts also appear as outliers with regards to their mitochondrial morphology when cultured in 1mg/ml glucose (Section 3.2.3.1), where their main source of energy generation was glycolysis.
It is possible that mitochondrial fusion was increased, perhaps via upregulation of Mfn2, in both patient and control cells as an adaptive mechanism to cope with the change in metabolic demand. It appears that this metabolic change prevents the noted mitochondrial morphology changes seen in older ALS patient cells under glucose-rich culture conditions. Thus, the physiological response to oxidative phosphorylation induction seems to restore mitochondrial fusion in the older sporadic ALS patient fibroblasts. In light of this change in mitochondrial morphology when the fibroblasts were cultured in the presence of different metabolic substrates, more samples will be required to ascertain whether there really is a failure of the mitochondria to fuse in the older ALS patients and, importantly, whether altering mitochondrial function is capable of alleviating this proposed fusion defect.
Interestingly, a previous study of bioenergetic modulation of mitochondrial morphology in primary fibroblasts revealed no effect of complete inhibition of glycolysis, via the application of 2-Deoxyglucose (DOG), on the morphology of the mitochondria (Guillery et al. 2008). From this, the conclusion was drawn that the intracellular concentration of ATP has no bearing on the morphology of the mitochondria (Guillery et al. 2008). Thus, the trend of mitochondrial fragmentation seen in the oldest sporadic ALS patient fibroblasts can be postulated to arise from a different source of cellular stress, separate from bioenergetic status of the mitochondria, such as defective maintenance of calcium homeostasis, an uncontrollable rise in ROS levels or dysfunction in the process of mitophagy. However, recent evidence by Giedt et al in 2012 seems to conflict with evidence provided by Guillery et al. In vascular endothelial cells ATP production by glycolysis does influence the morphology of the mitochondrial network; a slight increase in mitochondrial fusion was observed when cytosolic ATP levels rose (Giedt et al. 2012). Therefore, the elucidation of the cause of the mitochondrial dysmorphology observed in the sporadic patient fibroblasts requires further investigation.
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Mounting evidence suggests that the expression of mTARDBP or over-expression of the wild type protein can impact on both the function and morphology of the mitochondria. For example, expression of human TDP-43 in mouse models resulted in mitochondrial aggregation, vacuolisation and defective formation of the mitochondrial cristae (Shan et al. 2010; Xu et al. 2011).
 Thus I followed my analysis of sporadic ALS patient fibroblasts with analysis of fibroblasts derived from patients with TARDBP mutations. Three patients were imaged alongside three healthy control samples, as depicted in Figure 3.16, before being plotted alongside all the controls to assess the influence of age on mitochondrial morphology in the presence of a TARDBP mutation (Figure 3.17). 


[bookmark: _Toc232523088][image: ]Figure 3.16: Interconnectivity of mitochondrial network in a control fibroblast compared to a mTARDBP-expressing patient when cultured in 1mg/ml glucose

Figure 3.16: Age-matched control and mTARDBP patient fibroblasts cultured in 1mg/ml D-glucose and loaded with CMXRos Mitotracker Red. A) FibCon09 (Age 38 years); B) A321V mTDP-43 FibPat48 (Age 40 years). An area of interconnectivity of the mitochondrial network is highlighted and magnified in the yellow squares. Scale bars: 10m.


[bookmark: _Toc232523089][image: ]Figure 3.17: Network complexity of mTARDBP-expressing patient fibroblast mitochondria cultured in the presence of glucose
 









Figure 3.17: For each control or patient sample N=3 or 4. Data points represent mean  S.E.M. R2 value for mTARDBP patients: 0.0005721; the slope does not significantly differ from zero. The difference between the control and patient slopes was not significant. 

The slope of the network complexity of the mTARDBP-expressing fibroblasts did not significantly differ from zero, indicating there is not a trend in these cells to alter their mitochondrial morphology upon an increase in age. Furthermore, the slope did not significantly differ from the control cohort. However, the absence of any significant changes may be attributed to the low cohort number in the mTARDBP group.
Indeed, both FibPat48, expressing A321V mTDP-43, and FibPat51, expressing M337V mTDP-43, appear to have an increased interconnectivity of the mitochondrial network compared to their age-matched controls. This was not observed with FibPat55, expressing G287S mTDP-43. This result raises an interesting query as to whether the different mutations in TARDBP differentially affect mitochondria, or whether other genetic, epigenetic or environmental factors play a role. A larger cohort number will be necessary to address these issues.
3.2.3.2.1: Influence of forced oxidative phosphorylation on mTARDBP ALS patients
Though there is little evidence to suggest mutations in TARDBP manifest in defective oxidative phosphorylation, due to the large number of gene changes associated with expression of mTDP-43 (Polymenidou et al. 2011), it is possible that the pathway of oxidative phosphorylation is altered in these cells. We therefore decided to culture the mTARDBP patient fibroblasts in respiration-dependent media for 24 hours alongside healthy control cells (Figure 3.18), before assessing their mitochondrial morphology alongside the whole control cohort (Figure 3.19).
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Figure 3.18: Interconnectivity of mitochondrial network in a control fibroblast compared to a mTARDBP-expressing patient when cultured in 0.009mg/ml galactose

[image: ]Figure 3.18: Age-matched control and mTARDBP patient fibroblasts cultured in 0.009mg/ml D-galactose and loaded with CMXRos Mitotracker Red. A) FibCon09 (Age 38 years); B) A321V mTDP-43 FibPat48 (Age 40 years). An area of interconnectivity of the mitochondrial network is highlighted and magnified in the yellow squares. Scale bars: 10m.
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[image: ]Figure 3.19: Network complexity of mTARDBP-expressing patient fibroblast mitochondria cultured in glucose-deprived media











Figure 3.19: For each control or patient sample N=3 or 4. Data points represent mean  S.E.M. R2 value for mTARDBP patients: 0.1693; the slope does not significantly differ from zero. The difference between the control and patient slopes was not significant. All data points represent mean  S.E.M.

The network complexity in all three mTARDBP patient fibroblasts appears increased compared to the age-matched control samples, as depicted in Figure 3.18. However, again likely due to the low cohort number, neither the difference from zero, nor the comparison between the patients and controls, were significant.
This increase in network complexity in respiration-dependent media could indicate a potential defect in oxidative phosphorylation, such as an excessive production of ROS, resulting from increased superoxide formation. If so, the enhanced interconnectivity of the mitochondrial reticulum would represent a pathogenic response of the cell, rather the normal adaptive response in the face of forced oxidative respiration, perhaps indicating a defect in ETC function in the presence of mTARDBP. The evidence of an aberrant increase in the difference of network complexity between the two metabolic conditions supported this hypothesis. In both FibPat48 and FibPat55, there appears to be an excessive response to the conversion towards the use of oxidative phosphorylation, hinting at a pathogenic response to the use of the ETC. Indeed, in these patient fibroblasts, when compared to glucose-enriched conditions, an average increase in network complexity of 29.5% and 37% respectively, was observed, compared to an average 12% increase seen in the control cohort.
However, as the increase in mitochondrial branching was observed in two of the patients under glucose-rich conditions, and FibPat51 did not show an excessive increase in network complexity upon forced oxidative phosphorylation (increasing an average of 15.8% when compared to glucose-enriched culture conditions), it may alternatively be postulated that the aberrant increased interconnectivity of the mitochondrial reticulum either derives from overall malfunctioning metabolism of carbohydrates or another source of cellular stress such as defective calcium handling or deficiencies in the mitophagy pathway. 
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Broadly speaking, during ageing, it is appreciated that there are cumulative defects in the functioning of the cell. The cause of these defects may derive from several sources, including aberrant metabolism, irregular calcium homeostasis or pathogenic levels of ROS production. It appears that increased fusion of the mitochondrial network is capable of protecting the cells from this dysfunction (Figure 3.3). However, in ALS, despite the disease being characterised by the presence of cellular defects similar to those seen upon ageing, in this investigation, the fibroblasts seem to lose their ability to undergo mitochondrial fusion during ageing (Figure 3.8). Interestingly, it is known that age is a strong disease modifier; prognosis is worse for patients with disease onset in later life (Chio et al. 2009). …IS THIS RELATED TO AGE-RELATED SURVIVAL? A systematic review carried out in 2009 found that patients under the age of 40 have longer survival, which can exceed 10 years. Conversely, in patients over the age of 80, the median survival was found to be less than two years (WHICH TYPES OF ALS?!!) (Chio et al. 2009). The oldest patient assessed in this investigation was 76 years old at the time of skin biopsy. It would be interesting to see whether the trend for increasing mitochondrial fragmentation continues as the age of the patient increases. Furthermore, expanding the size of the patient cohort may allow the identification of a threshold, where age, relating to changes in mitochondrial morphology, becomes a key modifier of disease prognosis.
 It may be postulated that if mitochondrial fusion is normally a protective mechanism, in patients with a later age at onset the observed mitochondrial fragmentation could contribute to the more rapid progression of disease in these patients. As mentioned, more samples will be required to firmly validate this hypothesis, but it may be suggested that pharmaceutical intervention with pro-fusion drugs in older sALS patients could be beneficial.
As neurodegenerative disease is typically characterised by fragmentation of the mitochondrial network (Alexander et al. 2000; Zuchner et al. 2004; Wang et al. 2009), it would be interesting to further investigate the pathogenic dysfunction underlying the changes in mitochondrial morphology in the sALS patients. However, the results obtained with these patient samples were highly variable, possibly as a consequence of the sporadic nature of their disease, as well as from the typical genetic variation seen amongst patients. Thus, unless the cohort size was further expanded, it is likely that interpreting any functional results will be problematic, as ascertaining any commonalities between patients, and attributing this to a single mechanism, would be difficult. In search of such a mechanism, it would be interesting to investigate whether there are any gene expression patterns associated with the patients that show age-dependent mitochondrial differences. Such changes could provide a common link between the samples of the patient cohort; it may be possible that there are genes altered in ageing capable of inducing mitochondrial fusion, such as Mfn2, that fail to be upregulated in the disease samples.
However, as fibroblasts are mainly glycolytic, the observed fragmentation may reflect a defect in either glycolysis or the TCA cycle. Alternatively, it may be that an external influence on the mitochondrial network causes fragmentation, such as defective calcium homeostasis or a pathophysiological response to an accumulation of ROS. Interestingly, an increased sensitivity to oxidative stress has been observed in both sporadic and mSOD1 ALS myoblasts (Bradley et al. 2009).
Changes in energy metabolism have been implicated in the pathogenesis of ALS, with muscle hypermetabolism leading to a decrease in energy stores (Browne et al. 2006; Dupuis et al. 2011). These abnormalities in muscle metabolism were shown in the mSOD1 transgenic mice, with a decrease in ATP production and an increase in mitochondrial uncoupling proteins being observed (D'Alessandro et al. 2011). Interestingly, in the present investigation, the switch of fibroblast culture from glucose-containing media to one containing galactose and pyruvate elicited a rescue of the mitochondrial network in the sALS cohort. This was unexpected, as defects in the functioning of the ETC have been previously highlighted in ALS aetiology. 
It may be that culture of the sALS fibroblasts in respiration-dependent media, therefore forcing oxidative phosphorylation, pushes mitochondria to function at their full capacity, eliciting the increase in mitochondrial fusion and over-riding the primary mitochondrial fragmentation defect observed in glucose-containing media. Indeed, the significant increase in spare respiratory capacity in the control cohort upon increasing age was not observed in the sporadic ALS cohort (S. Allen; Personal communication). It is possible that, upon culture in respiration-dependent media, the mitochondria are already working at full capacity, and are therefore maximally branched to reflect this. It may be that culture of the sALS fibroblasts in respiration-dependent media for longer than 24 hours would reveal morphological defects in the mitochondria, as any remaining glucose-stores are depleted and the mitochondria are unable to further enhance their functioning to meet the bioenergetic demands of the cell.
Interestingly, it has been observed that a ketogenic diet is beneficial in an animal model of ALS (Zhao et al. 2006); mSOD1 mice fed with a ketogenic diet showed a delay in a decline in motor performance, and a delayed loss of motor neurons in the spinal cord. This improvement has been attributed to ketone bodies eliciting a reduction in Complex I defects in the ETC, alongside a promotion of ATP production (Zhao et al. 2006). As the presence of a principal ketone body, D-beta-3 hydroxybutyrate, is capable of improving the efficiency of mitochondria, it may also act to increase their spare respiratory capacity and thus be beneficial to the sALS fibroblast cohort. Indeed, infusion of D-beta-3 hydroxybutyrate into a mouse model of PD protected against the dopaminergic neurodegeneration induced by 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine treatment. Again, this protection derived from an increase in mitochondrial efficiency (Tieu et al. 2003). Measurement of intracellular levels of ROS, or direct assessment of mitochondrial function, will be necessary to confirm these hypotheses in order to shed light on the mechanisms underlying altered mitochondrial dynamics in the sALS cohort.
In contradiction to the morphological changes observed in the sALS patients, the patient fibroblasts expressing mTARDBP generally demonstrated a trend towards increased mitochondrial interconnectivity when compared to age-matched control fibroblasts. Interestingly, two of the patient cells (FibPat48 and FibPat51) demonstrated differences in mitochondrial morphology when cultured in either glucose or galactose. However, in FibPat48 and FibPat55, the increase in branching elicited by the change in metabolic conditions was excessive compared to the age-matched control samples, indicating a heightened sensitivity of mitochondria to forced oxidative phosphorylation, perhaps indicative of dysfunction in the ETC. In this cohort of patients, the underlying genetic cause of the disease is known, eliminating some of the variation seen in the sporadic data set. Furthermore, as a consequence of the far-reaching role TDP-43 plays in the cell, due to the regulation of gene splicing, and despite the absence of statistical significance in the changes in mitochondrial dynamics, likely due to the low cohort number, we considered that it would be worthwhile to attempt to elucidate the pathways involved in mediating these changes in mitochondrial dynamics. The results of this further investigation are discussed in Chapter 4.
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Chapter 4 - Functional analysis of mTARDBP-expressing fibroblasts
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It is estimated that 3% of fALS and 1.5% of sALS arise due to mutations in TARDBP, encoding TDP-43, following a study of a Caucasian cohort (Sreedharan et al. 2008). The TDP-43 protein, mainly nuclear in localisation, is thought to be key in regulating RNA metabolism and splicing. 
Histopathological study of brain samples derived from patients with classical ALS or FTLD-ALS identified numerous inclusions that stain positive for TDP-43 (Arai et al. 2006). Additionally, hyper-phosphorylated, insoluble, C terminal fragments of TDP-43, contained in ubiquitinated cytoplasmic inclusions, have also been noted in both familial and sporadic ALS, excluding mSOD1-mediated ALS (Arai et al. 2006; Neumann et al. 2006). Concomitant with this cytoplasmic accumulation is the nuclear depletion of TDP-43, suggesting that dysregulation of transcription could be a pathogenic process in TDP-43 proteinopathy (Arai et al. 2006). In ongoing experiments, analysis of our patient fibroblasts also supported this observation of reduced levels of nuclear TDP-43 in the presence of a TARDBP mutation (C. Hewamadduma; Personal communication).
In vivo studies reveal an inherent need for the RNA-binding function of TDP-43 to mediate neurotoxicity upon overexpression of the protein, further implicating the deregulation of mRNA processing in the pathogenesis of neurodegeneration (Voigt et al. 2010). Accordingly, RNA sequencing, following depletion of TDP-43 in an adult mouse brain, found expression level changes in 601 mRNA transcripts and 965 altered mRNA splicing events compared to control samples (Polymenidou et al. 2011). Exon expression array analysis on our mTARDBP fibroblasts also revealed numerous mRNA splicing changes when compared to healthy control samples (R. Highley; Personal communication). Thus, to some extent, these peripheral cells mimic the molecular pathology observed in mTARDBP-expressing neurons.
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Mitochondrial dysfunction can arise in cells expressing both wild type and mutant TDP-43 (Barmada et al. 2010; Duan et al. 2010; Hong et al. 2012). This can manifest as mitochondrial dysmorphology, such as decreased cristae and vacuoles in the mitochondrial matrix, as evidenced in a transgenic mouse model (Xu et al. 2010). Furthermore, neuron-specific expression of human-TDP-43 in a mouse model lead to the abnormal aggregation of mitochondria in spinal motor neurons. It is believed this accumulation is a consequence of abnormal mitochondrial trafficking; it arises alongside the depletion of mitochondria at the NMJ (Shan et al. 2010). 
The clustering of mitochondria was also observed in another mouse model expressing human TDP-43 (Xu et al. 2010). Interestingly, an alteration in the expression levels of several fusion and fission-regulating proteins was also seen, with an enhancement in Fis1 and phosphorylated Drp1 expression, and a decrease in Mfn1, suggesting an upregulation of fission or a defect in the fusion machinery (Xu et al. 2010).
In vitro evidence has further supported the notion of a link between mTDP-43 expression and dysfunctional mitochondria. In the NSC-34 motor-neuronal cell line, overexpression of either wild type or disease-relevant mutant full-length TDP-43, or the C-terminal fragments of the protein, resulted in mitochondrial damage, and the activation of mitophagy (Hong et al. 2012). 
Thus, there is a precedent that the presence of mTARDBP could result in mitochondrial dysfunction or disruption of mitochondrial dynamics. This in turn could influence the bioenergetic status of the cell, further exacerbating the mitochondrial dysfunction. Indeed, this dysfunction of mitochondria was indicated in the mTARDBP patient fibroblasts, with a trend towards aberrant branching of the mitochondria seen under both basal and glucose-deprived conditions (Figure 3.17 and 3.19). However, despite all this evidence, the precise mechanisms by which expression of mTDP-43 aberrantly affect the mitochondria are unknown; it is unclear whether the dysmorphology leads to the mitochondrial dysfunction, or whether defective functioning of the organelle results in the noted morphological alterations.
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The aims of this investigation were to characterise the mTARDBP-expressing patient fibroblasts, with particular reference to mitochondrial dysfunction. We wished to ascertain the reasons for the aberrant increase in mitochondrial morphology under both basal and glucose-deprived conditions (Chapter 3), testing the bioenergetic efficiency of the cells and examining biological pathways known to influence mitochondrial morphology, such as calcium homeostasis. Furthermore, we wished to test the hypothesis that changes in gene expression in the presence of mTARDBP accompany mitochondrial changes in primary dermal fibroblasts.
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4.2: Bioenergetic assessment of the mTARDBP fibroblasts 
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Any changes in mitochondrial morphology may be indicative of functional defects in the cell, particularly bioenergetic changes. Under both glucose-enriched and glucose-deprived conditions, analysis of the patient fibroblasts expressing mTARDBP was suggestive of enhanced levels of mitochondrial fusion compared to control samples (Figure 3.17 and 3.19). Particularly when cultured in the respiration-dependent media, such alterations could be indicative of a defect in oxidative phosphorylation. Furthermore, an increase in branching of the mitochondria is suggestive of an adaptive response of the organelle to maintain efficient production of ATP (Guillery et al. 2008). We therefore decided to assess the levels of ATP of the mTARDBP fibroblasts under both glucose-enriched conditions and upon culture in respiration-dependent media (Figure 4.1). 
It was hypothesised that, upon culture in basal media, the patient-derived fibroblasts would show either a significant increase or decrease in their ATP levels, compared to the control subject fibroblasts. Such a change in ATP levels would help elucidate whether the trend towards an increase in mitochondrial network complexity, noted in the mTARDP fibroblasts, derives from an adaptive or a pathogenic change in the cell. Additionally, when the fibroblasts were cultured in the respiration-dependent media, it was hypothesised that the patient fibroblasts would show reduced levels of ATP compared to the control subjects, indicative of a defect in oxidative phosphorylation, as suggested by the mitochondrial morphology analysis, particularly in FibPat48 and FibPat51.
ATP was calculated as an arbitrary luminescent value by dividing the luminescent intensity by the mean cell number across the three wells for each sample; cell number was quantified by the measurement of double-stranded DNA. 
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Figure 4.1: Levels of ATP in the mTARDBP patient fibroblasts compared to control levels
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Figure 4.1: A) ATP levels quantified in the individual patient (FibPat48, FibPat51 and FibPat55) and control subjects, when cells were cultured in the presence of either glucose or galactose; B) ATP levels quantified in the pooled control and patient subjects under different growth conditions. In both graphs Con01, Con11 Pat51 and Pat55 N=3; Pat48 N=2. Bars represent mean  S.E.M. 

No significant difference was seen in ATP levels between control and patient samples in either growth conditions. 
However, a small (non-significant) increase in ATP levels was seen in both control and patient subjects when cultured in respiration-dependent media. INCREASED OUTPUT USING OXIDATIVE PhOSPHORYLATION.
Interestingly, G287S….reflect problem with etc?
It may be that the fibroblasts needed to be cultured in glucose-deprived conditions for longer than 24 hours for any pathogenic defects to be revealed. 
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A previous student in the laboratory performed a microarray study comparing gene expression between control samples and mTARDBP patient fibroblasts, following culture of the cells in media containing 1mg/ml glucose. I therefore analysed this microarray data to see if any key cellular processes were significantly altered.
Microarray analysis was carried out comparing gene expression profiles from 6 neurologically normal control fibroblast samples and the 3 ALS patient fibroblast samples harbouring mutations in TARDBP (Table 4.1).
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	Age at Date of Biopsy
	Gender
	Clinical Diagnosis
	Fibroblast ID

	45
	Male
	Control
	FIBCON01

	43
	Female
	Control
	FIBCON02

	59
	Female
	Control
	FIBCON03

	54
	Male
	Control
	FIBCON11

	53
	Female
	Control
	FIBCON13

	38
	Male
	Control
	FIBCON14

	40
	Female
	fALS A321V mTDP-43 + C9ORF72 hexanucleotide repeat expansion
	FIBPAT48

	62
	Male
	fALS M337V mTDP-43
	FIBPAT51

	56
	Male
	sALS G287S mTDP-43
	FIBPAT55



Samples were analysed according to the protocol described in Chapter 2, section 2.4.3. Briefly, changes in gene expression were quantified using the PLIER16 algorithm in Genespring. Using an unpaired t-test, transcripts were considered differentially expressed between groups if they had a fold change of ≥1.5 and a p-value of ≤ 0.05.

The analysis showed a significant change in the transcription profile of 409 genes. However, following removal of gene duplicates, a significant change in the expression profile of 369 genes between control and ALS samples was found. 92 of these genes were upregulated in the mTARDBP samples, with the remaining 277 transcripts significantly downregulated.
To categorise these gene expression changes, the Database for Annotation, Visualisation and Integrated Discovery (DAVID) Gene Ontology (GO) analysis, using DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/) was applied to ascertain the top 30 biological processes and pathways altered in mTARDBP fibroblasts, along with the number, percentage and statistical significance of genes involved in each pathway (Table 4.2).
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	Biological Process
	Count       
	Percentage 
	P Value: 

	Microtubule bundle formation
	4
	1.17
	0.00219

	Actin cytoskeleton organisation
	12
	3.51
	0.00252

	Small GTPase mediated signal transduction
	14
	4.09
	0.00340

	Actin filament-based process
	12
	3.51
	0.00412

	Negative regulation of macromolecule biosynthetic process
	20
	5.85
	0.00444

	Cell projection morphogenesis
	12
	3.51
	0.00465

	Cell morphogenesis
	15
	4.39
	0.00492

	Cytoskeleton organisation
	17
	              4.97
	0.00530

	Cellular component morphogenesis
	16
	4.68
	0.00533

	Neuron differentiation
	17
	4.97
	0.00553

	Cell part morphogenesis
	12
	3.51
	0.00644

	Cell projection organisation
	15
	4.39
	0.00654

	Negative regulation of biosynthetic process
	20
	5.85
	0.00724

	Regulation of cell proliferation
	25
	7.31
	0.00746

	Integrin-mediated signalling pathway
	6
	1.75
	0.00828

	Negative regulation of transcription from RNA polymerase II promoter
	12
	3.51
	0.00848

	Positive regulation of cell projection organisation
	5
	1.46
	0.00976

	Regulation of cell development
	10
	2.92
	0.01156

	Regulation of protein localisation
	8
	2.34
	0.01204

	Negative regulation of cellular biosynthetic process
	19
	5.56
	0.01207

	Cell fate commitment
	8
	2.34
	0.01249

	Regulation of cellular localisation
	11
	3.22
	0.01394

	Biological adhesion
	22
	6.43
	0.01431

	Cell adhesion
	22
	6.43
	0.01451

	Neuron projection morphogenesis
	10
	2.92
	0.01454

	Positive regulation of cellular component organisation
	9
	2.63
	                         0.01611    

	Neuron projection development
	11
	3.22
	0.01702

	G1/S transition of mitotic cell cycle
	5
	1.46
	0.01775

	Regulation of establishment of protein localisation
	7
	2.05
	0.02155

	Regulation of cell projection organisation
	6
	1.75
	0.02166



Table 4.2: Count: Number of genes altered in expression that are involved in this process. Percentage: percentage of genes altered in expression out of the total number of genes involved in this biological pathway. P-value: significance of enrichment.


The functional DAVID GO analysis revealed an enrichment of processes such as cell adhesion, cytoskeletal organisation and maintenance, signal transduction and cellular morphogenesis. 
The biological pathways altered in mTDP-43 fibroblasts were also classified using DAVID KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis. The identified biological processes were presented alongside the number, percentage and statistical significance of genes involved in each pathway (Table 4.3).
Table 4.3:  DAVID KEGG Analysis of the differentially expressed genes
	Biological Process
	Count
	Percentage
	P Value

	Regulation of actin cytoskeleton
	12
	3.51
	0.00099

	Neurotrophin signalling pathway
	8
	2.34
	0.00502

	Focal adhesion
	10
	2.92
	0.00698

	ECM-receptor interaction
	6
	1.75
	0.01399

	Arrhythmogenic right ventricular cardiomyopathy (ARVC)
	5
	1.46
	0.04040

	Small cell lung cancer
	5
	1.46
	0.05489

	Axon guidance
	6
	1.75
	0.06907

	Pathogenic Escherichia coli infection
	4
	1.17
	0.07316

	Cell adhesion molecules (CAMs)
	6
	1.75
	0.07465



Table 4.3: Count: Number of genes altered in expression involved in this biological process. Percentage: percentage of genes altered in expression out of the total number of genes involved in this biological pathway. P-value: significance of enrichment.

DAVID KEGG pathway analysis mainly highlighted pathways impacting on the actin cytoskeleton, which has roles in axonal guidance, synapse formation and axonal outgrowth. Changes in actin cytoskeletal regulation also have implications for mitochondrial morphology, through the mitochondrial recruitment of Drp1 (De Vos et al. 2005). 

As one of the main physiological roles of fibroblasts involves providing structural support for tissue, the apparent enrichment of processes related to cytoskeletal regulation and cell adhesion is perhaps not surprising. However, the relevance of these pathway changes in relation to ALS and the effect of mTARDBP on the maintenance of the motor neuron are unclear. Furthermore, both GO and KEGG analysis utilise multiple comparisons to characterise the different biological processes. However, upon application of Bonferroni correction, none of the listed biological processes appeared to be significantly altered upon expression of mTARDBP. 
PLIER ALGORITHM…..OVER-ESTIMATE GENE EXPRESSION CHANGES. GENES NOT ENRICHED ENOUGH…..OF LIMITED USE IN THESE CIRCUMSTANCES DUE TO LOW NUMBER OF GENE CHANGES AND FOLD DIFFERENCES.

Due to this lack of significance, and the proposed enrichment of processes mainly attributed to fibroblasts, it was decided to manually examine the altered genes, classifying their molecular function categories using their GO terms derived from NetAffx (Table 4.4). 
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Table 4.4: Manual classification of the differentially expressed genes

	Biological process
	Number of genes altered

	Transcription
	51

	Protein Regulation
	23

	Signalling

· Calcium
	30

8

	Transport

· Protein
· Ion
· Molecular
	20

10
6
4

	Metabolism

· Glycolysis
· Krebs Cycle
· Insulin Mediated
· Aldehyde
· Sphingolipid
	17

4
2
3
1
2

	Cell adhesion
	16

	Endoplasmic Reticulum Associated 
	14

	Cell cycle
	12

	Nervous System Related
	11

	Mitochondrial Associated
	10

	RNA processing
	10

	Extracellular Matrix Associated
	8

	Cytoskeleton
	7

	Apoptosis
	7

	Stress Response
	7

	Translation
	6

	Angiogenesis
	5

	Golgi Apparatus Associated
	5

	Immune Response
	5

	Inflammation
	3

	Miscellaneous
	34

	Unknown
	83



The expression changes of genes relating to pathways potentially influencing both mitochondrial and neuronal homeostasis were then further investigated and validated using RT-qPCR.
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Though a common technique, RT-qPCR can produce extremely variable results, with several steps, including tissue culture, RNA extraction and cDNA synthesis all potential sources of experimental variation (Galiveti et al. 2010). It is therefore necessary to include a stable reference throughout each assay. This reference gene can be used to correct for the variation seen between samples and runs, and thus minimise experimental error in fold-change calculations.
In order to be a reference gene, the gene of interest must be expressed in a wide variety of cells and demonstrate minimal variation in expression across samples. However, each common reference gene has caveats, such as expression variability or interaction with a gene of interest. Thus, it is necessary to test several reference genes to identify one that is optimal for each experiment (Galiveti et al. 2010).
Therefore, three different genes were assessed as potential normalising genes, namely ACTB (encoding -Actin), PPIA (encoding Cyclophilin A) and the non-protein coding RNA (npcRNA) U1 snRNA. The amplification properties and variability of expression were tested amongst six controls and three mTARDBP patients (Table 4.5).
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	Age at Date of Biopsy (Years)
	Gender
	Clinical Diagnosis
	Age at Onset of Symptoms
	Fibroblast I.D
	Disease Duration
(Months)

	45
	Male
	Control
	-
	FIBCON01
	-

	43
	Female
	Control
	-
	FIBCON02
	-

	59
	Female
	Control
	-
	FIBCON03
	-

	54
	Male
	Control
	-
	FIBCON11
	-

	53
	Female
	Control
	-
	FIBCON13
	-

	38
	Male
	Control
	-
	FIBCON14
	-

	40
	Female
	fALS A321V mTDP-43 + C9ORF72 hexanucleotide repeat expansion
	37
	FIBPAT48
	58

	62
	Male
	fALS M337V mTDP-43
	58
	FIBPAT51
	94.5

	56
	Male
	sALS G287S mTDP-43 
	51
	FIBPAT55
	76.5




4.3.2.1.1: -Actin
ACTB, encoding -Actin, is one of the most common reference genes used, along with GAPDH. The protein is highly abundant in most cell types and generally is expressed at similar levels across samples (Galiveti et al. 2010). However, there is evidence of an interaction between -Actin mRNA and TDP-43; in the somatodendrite of cultured hippocampal neurons, RNA granules have been found, containing both TDP-43 and -Actin mRNA. Repeated stimulation of these neurons with KCl caused a cumulative increase in the number of these TDP-43-containing clusters, suggesting that TDP-43 acts in response to neuronal activation by modulating neuronal plasticity via its interaction with -Actin mRNA (Wang et al. 2008). 
Though this evidence is derived from experiments carried out in neuronal cells, we cannot rule out the possibility of an interaction between -Actin and TDP-43 in human fibroblasts. Furthermore, as TDP-43 is known regulate the splicing and expression of mRNA transcripts, this interaction may influence the amplification of the ACTB transcript in the presence of mTARDBP. Thus, ACTB may not be a reliable reference gene to ascertain the effect of mTARDBP on gene expression. 
To assess the reliability of ACTB as a reference gene for these experiments, the amplification plot and dissociation curve derived from the PCR of control and patient cDNA using ACTB primers was examined (Figure 4.2).
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Figure 4.2: Amplification plot and dissociation curve of ACTB 
 [image: ]

Figure 4.2: A) Amplification plot of ACTB using 2.5ng/reaction cDNA derived from 6 control and 3 mTARDBP patient samples. B) Dissociation (melting) curve of ACTB PCR products, representing the change in fluorescence seen upon the gradual increase in temperature. NTC: No template control; No RT: No reverse-transcriptase control. 

 

Figure 4.2A depicts the amplification plot of the gene of interest, in this case, ACTB, in the 9 samples. A no template control (NTC) and a no reverse transcriptase sample (No RT) were used as negative controls. The cycle threshold (Ct) values for each sample were measured as the first cycle in which the fluorescence produced is distinguishable as being above the background signal. The adaptive baselines throughout all the experiments were automatically generated using a best-fit model, taking into account the first cycle producing fluorescent levels and the end cycle before the exponential production of fluorescence. With the amplification of ACTB, all of the samples entered the exponential phase at a similar number of cycles, suggesting a similar level of expression.
Figure 4.2B shows the dissociation curve of ACTB in the 9 samples. The dissociation (melting) curve is derived from the samples being subjected to a gradual increase in temperature following the annealing stage. The denaturing of the double helix causes the dissociation of dye and a subsequent reduction in the fluorescent signal. The presence of a single homogeneous dissociation peak in all samples means only a single product has been amplified. 
However, the dissociation curve produced by the amplification of ACTB revealed several peaks, one produced by the NTC indicative of the presence of primer dimers. The peak produced by the no RT sample dissociates at a similar temperature to the main product suggesting genomic DNA contamination of the RNA samples. The primers for this gene were designed near the 3’ UTR to better match the location of probes used in the microarray. 
PLUS….AVOID VARIATION THAT MAY ARISE FROM SPLICE VARIANTS OF THE GENE. however, THOUGH IDEAL FOR DETERMING SIG DIFFERENCE IN OVERALL GENETIC LEVELS AND FOR IDENTIFYING ROBUST GENE CHANGES….NOT IDEAL FOR INVESTIGATING GENE EXPRESSION CHANGES PERHAPS RESULTING FORM A MUTATION IN TDP-43, A PROTEIN INVOLVED IN THE REGULATION OF GENE SPLICING.

Thus, they were not designed as intron spanning, leaving the experiment vulnerable to genomic amplification, as seen by the substantial amplification, and relatively high plateau level, of the No RT control sample. Furthermore, corresponding to the amplification plot, the melting peak of the G287S mTDP-43 sample appears at a slightly higher temperature than the other samples. Therefore, in the G287S mTDP-43 sample there is possibly a subtle difference in the amplification product. Additionally, the large variation in the plateau levels seen between samples in Figure 4.2A, with the G287S mTDP-43 sample ending its exponential phase of increasing fluorescence earliest, suggests that the reaction ended prematurely due to an insufficient amount of cDNA to work with. Though this technical fault will not influence the Ct values derived from the experiment, this observation, alongside the aberrant amplification of both the No RT and the NTC sample, does hint at the need for further optimisation of the assay. Thus, for these experiments, ACTB does not appear to be an ideal reference gene. 

4.3.2.1.2: U1 snRNA
Recently npcRNAs have come to the forefront in the understanding of RNA metabolism. Though normalising genes are typically protein-coding, due to their constitutive expression levels and stability, npcRNAs have also been suggested as ideal candidates for reference genes in RT-qPCR (Galiveti et al. 2010). Therefore, the small nuclear RNA (snRNA) molecule, U1 snRNA, was also assessed as a potential reference gene in this experiment. U1 snRNA has previously been evaluated as a normalising gene compared to other npcRNAs and the traditional candidates, including ACTB and GAPDH using a variety of human tissues.  When assessed for a number of factors, including variation between samples, stability and constitutive expression, U1 snRNA was shown to be an ideal reference gene (Galiveti et al. 2010). Therefore, this npcRNA was assessed as a reference gene in the same way as ACTB (Figure 4.3).

[bookmark: _Toc232523094][image: ]Figure 4.3: Amplification plot and dissociation curve of U1 snRNA

Figure 4.3: A) Amplification plot of U1 snRNA using 2.5ng/reaction cDNA derived from 6 control and 3 mTARDBP patient samples. B) Dissociation (melting) curve of U1 snRNA PCR product, representing the change in fluorescence seen upon the gradual increase in temperature.



In Figure 4.3A, the cDNA derived from the A321V mTDP-43 sample is an outlier, showing a slightly earlier amplification. Furthermore, the No RT sample also gave an amplification product only 6 cycles further on from the main amplification products. This high concentration of the no RT-derived product likely arose due to U1 snRNA being intron-less. Amplification of genomic DNA was confirmed with the dissociation curve (Figure 4.3B), along with the NTC sample producing a separate peak indicative of primer dimers, the PCR product of the no RT sample had a very similar melting peak to the main PCR products. Thus, the U1 snRNA primers produce genomic amplification, diminishing the reliability of the data.
4.3.2.1.3: PPIA
Finally, PPIA was also assessed as a potential reference gene. The encoded protein product, Cyclophilin A, is a member of the peptidyl-prolyl cis-trans isomerase family. These enzymes act to accelerate the folding of proteins by catalysing the cis-trans isomerisation of the peptide bonds. Cyclophilin A has also been implicated as a key protein in immuno-suppression (Colgan et al. 2005).
As a ubiquitous protein, Cyclophilin A has previously been used as a reference gene in RT-qPCR experiments. Recently, PPIA was used, alongside ACTB, as a reference gene to quantify gene changes in cells overexpressing TDP-43 or with TDP-43 knocked down (Cohen et al. 2012). Furthermore, PPIA was also used to normalise expression values of both TARDBP and Fus in mouse brain tissue (Polymenidou et al. 2011). Thus, there is precedent of PPIA expression being utilised to normalise gene changes when investigating TDP-43. Moreover, at the times of these RT-qPCR experiments, there was no known association between PPIA, Cyclophilin A and TARDBP or TDP-43. Additionally, Cyclophilin A did not appear to have altered expression levels in the presence of mTARDBP, according to the microarray expression data. Based on this precedent, PPIA was also assessed as a potential reference gene (Figure 4.4).
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Figure 4.4: A) Amplification plot of PPIA using 2.5ng/reaction cDNA derived from 6 control and 3 mTARDBP patient samples. B) Dissociation (melting) curve of PPIA PCR product, representing the change in fluorescence seen upon the gradual increase in temperature. 

 


There was amplification in the NTC product (Figure 4.4A), shown as likely primer dimers on the dissociation (melting) curve (Figure 4.4B). However, this product amplifies only after 10 additional cycles compared to the RT-PCR products. Thus, the primer dimers can be easily excluded, and should not influence the final results. The primers used to amplify PPIA were designed across an exon-exon boundary, avoiding genomic DNA contamination. Accordingly, the No-RT control sample showed only the same amplification profile as the NTC sample, indicative of the presence of primer dimers but not of genomic DNA contamination (data not shown).
Furthermore, there were no discernible outliers on the amplification plot, in contrast to the aforementioned results obtained using ATCB or U1 snRNA. Indeed, when Ct values were compared between genes (Table 4.6), the thresholds derived from PPIA amplification produced both the lowest standard deviation and more importantly the lowest coefficient of variation (standard deviation/mean) across the six control and three mTARDBP patient cDNA samples (Table 4.7). 
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	ACTB
	PPIA
	U1snRNA

	Mean critical threshold value

	FIbCon01
	18.26
	21.19
	23.20

	FibCon02
	18.60
	21.45
	22.98

	FibCon03
	17.31
	20.70
	21.92

	FibCon11
	16.65
	20.41
	21.77

	FibCon13
	17.50
	20.83
	22.16

	FibCon14
	17.88
	20.94
	22.27

	FibPat48
	17.03
	20.69
	21.45

	FibPat51
	17.65
	20.68
	21.81

	FibPat55
	19.04
	21.53
	22.45



[bookmark: _Toc232523041]Table 4.7: Standard deviation and coefficient of variation of Ct values obtained with reference genes

	
	ACTB
	PPIA
	U1snRNA

	Standard deviation
	0.763
	0.379
	0.653

	Coefficient of variation
	0.043
	0.018
	0.029
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Manual classification of the gene expression changes did not reveal any changes in any of the proteins that directly regulate mitochondrial dynamics, such as Fis1 or Mfn2. In support of this, overexpression of M337V mTDP-43 in a mouse model did not influence the dynamics of the mitochondria; it was postulated that the M337V mutation disrupts the ability of TDP-43 to interact with the fusion and fission machinery (Xu et al. 2011; Cozzolino et al. 2012). It is therefore feasible that there are disturbances in the function of other cellular pathways capable of influencing the morphology of the mitochondria. Below I describe pathways affected by changes in the gene expression in the mTDP-43 fibroblasts.
[bookmark: _Toc222329162][bookmark: _Toc222332569][bookmark: _Toc222332741][bookmark: _Toc222332913][bookmark: _Toc222333257][bookmark: _Toc222333429]4.3.3.1: Metabolism
4.3.3.1.1: Glycolysis
As mentioned, fibroblasts utilise glucose as their main metabolic substrate in generating ATP (Guillery et al. 2008; Mortiboys et al. 2008). The gene expression profiling of the mTDP-43 fibroblasts revealed alterations in expression of multiple genes implicated in the glycolytic pathway (Figure 4.5). There is a 1.75 – fold down-regulation in the expression of a neuronal glucose transporter, Glut3, whose protein product has previously demonstrated to facilitate glucose uptake in MEFs (Kawauchi et al. 2008). Thus, it may be postulated that there is a decrease in the levels of glucose capable of entering the cells. 
There is also an alteration in expression of a gene capable of regulating the rate-limiting step of the conversion of fructose 6-phosphate to fructose 1,6-bisphosphate. Fructose 2,6 bisphosphate is produced from fructose 6 phosphate by 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 (PFKFB4) as a side product of glycolysis. Fructose 2,6 bisphosphate then acts to positively regulate the activity of 6-phosphofructo-1-kinase, thus increasing the rate of glycolysis. Expression of PFKFB4 is decreased 1.5 fold in mTDP-43 fibroblasts, alluding to a decrease in glycolytic activity. However, PFKFB4 is a bi-functional enzyme, possessing both kinase and phosphatase activity, and therefore capable of either increasing or decreasing the rate of glycolysis respectively. It is therefore difficult to establish the effect of its apparent downregulation in the mTDP-43 fibroblasts, with respect to their metabolic activity.
Further along the glycolytic pathway, Aldolase B (ALDOB) is also down-regulated in expression (1.5 fold). This liver-type aldolase catalyses the conversion of fructose 1,6 bisphosphate to 2 molecules of glyceraldehyde 3-phosphate. Therefore, any decrease in expression would be predicted to reduce the functioning of glycolysis. Conversely, a spermatogenic specific isoform of glyceraldehyde 3-phosphate dehydrogenase (GAPDHS) is increased is expression 1.6 fold in the mTARDBP fibroblasts, increasing the rate of conversion of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate.








[bookmark: _Toc232523096]Figure 4.5: Alterations in gene expression in the glycolytic pathway
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Figure 4.5: PFKFB4, which regulates the enzyme that converts fructose 6-phosphate to fructose 1,6 bisphosphate, is downregulated 1.5 fold, as is the gene encoding the glucose transporter Glut3 (1.75 fold) and the enzyme aldolase B (ALDOB) (1.5 fold), key in the generation of glyceraldehyde 3-phosphate. Conversely, the spermatogenic isoform of glyceraldehyde 3-phosphate dehydrogenase (GAPDHS) was increased in expression (1.6 fold), increasing the production of 1,3 bisphosphoglycerate, possibly as a compensatory mechanism. Reactions highlighted in the red boxes are the rate-limiting steps in glycolysis and the TCA cycle.

4.3.3.1.2: Tricarboxylic Acid Cycle
Gene expression profiling also revealed alterations in the regulation of the TCA cycle, which occurs in the mitochondrial matrix, prior to oxidative phosphorylation. Pyruvate dehydrogenase (PDH), which catalyses the conversion of pyruvate to Acetyl CoA, is regulated through phosphorylation via the activity of both pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase phosphatase (PDP). PDK1 is downregulated 1.5 fold, and PDPR, the inhibitory regulating protein of PDP is also decreased 1.7 fold in expression (Figure 4.6). Therefore, in the presence of mTARDBP there appears to be an upregulation in the activity of pyruvate dehydrogenase, increasing the amount of Acetyl Co-A available to feed into the TCA cycle.
It may be postulated that this apparent increase in the activity of the TCA cycle acts as a compensatory mechanism due to the aforementioned decrease in the levels of glycolysis in the mTARDBP fibroblasts; an increase in the efficiency of the TCA cycle will increase the levels of NADH feeding into oxidative phosphorylation. 
Any potential defect in glycolysis would result in a metabolic stress on the fibroblasts. It is possible that the mitochondria would adapt to this stress by increasing their interconnectivity (Koopman et al. 2005). As discussed in Section 3.2.3.2, the fibroblasts expressing mTDP-43 showed a trend towards an increase in mitochondrial network complexity under glucose-enriched conditions. Moreover, this increase may possibly also be attributed to an increase in oxidative phosphorylation activity as a compensation for the loss of glycolysis; it is known that increasing mitochondrial respiration elicits an increase in mitochondrial interconnectivity (Benard et al. 2007).
Interestingly, study of mSOD1 expression in an NSC-34 motor-neuronal cell line showed that the previously observed depletion of glutathione in the presence of mSOD1 results from a reduction in the flow of pyruvate, derived from glucose metabolism, through the TCA cycle (D'Alessandro et al. 2011). The fibroblasts in our investigation were cultured in the presence of both sodium pyruvate and L-glutamine. As both are capable of feeding into the TCA cycle, with glutamine entering as -ketoglutarate, any changes in this metabolic process will impact on the functioning of the cell. It may be postulated that, in the mTARDBP fibroblasts, the suggestion of an increase in branching may also reflect the hyper-functioning of the TCA cycle, in contrast to what is observed in the mSOD1-expressing cells, following the apparent defects in glycolysis. 












[bookmark: _Toc232523097]Figure 4.6: Altered regulation of Pyruvate Dehydrogenase in the mTDP-43 fibroblasts
[image: ]Figure 4.6: Pyruvate dehydrogenase kinase (PDK1) is decreased in expression (1.5 fold), promoting activation of PDH. Additionally, Pyruvate dehydrogenase phosphatase regulatory subunit (PDPR) is decreased in its expression (1.7 fold). As this protein usually inhibits the sensitivity and activity of PDP, its downregulation also promotes the activation of PDH.

4.3.3.1.3: Expression changes of metabolic genes
The expression changes of both PFKFB4 and Glut3 were further investigated using qPCR, to determine whether genes involved in the glycolytic pathway are effected upon expression of mTARDBP (Figure 4.7).











[bookmark: _Toc232523098]Figure 4.7: PFKFB4 and Glut3 expression changes between controls and mTARDBP samples
[image: ]Figure 4.7: A) Relative expression levels of PFKFB4 in control samples vs mTARDBP patient samples; B) Relative expression levels of Glut3 in control samples vs mTARDBP patient samples. Bars represent mean  S.E.M. Statistical test: Student’s t-test; NS = Not significant.

Though the expression changes of these two metabolic genes were not significant, it would be interesting to investigate further the expression changes of genes specifically relating to the TCA cycle, as this has previously been implicated as defective in ALS (D'Alessandro et al. 2011) and can impact on the efficiency of oxidative phosphorylation.
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Compromised function of the autophagy pathway has been implicated in the pathogenesis of neurodegenerative disease, including ALS (Li et al. 2008). The aggregation of 25kDa fragments of TDP-43 in the cytoplasm is a key pathological feature in mTARDBP-mediated ALS (Arai et al. 2006). Furthermore, these fragments interact with both p62 and LC3 (Wang et al. 2010; Brady et al. 2011); thus, it could be postulated that any defects in autophagy are exacerbated by the sequestration of these key autophagy proteins in aggregates. Moreover, overexpression of mTDP-43 in a mouse model led to an accumulation of ubiquitinated proteins in both the frontal cortex and in spinal motor neurons (Xu et al. 2011), suggesting aberrant functioning of autophagy upon expression of mTARDBP. Moreover, TDP-43 has been shown to regulate the expression of Atg7, a key enzyme in the conjugation of Atg12 to Atg3 and Atg5; indeed, depletion of TDP-43 impaired the efficiency of the autophagy pathway (Bose et al. 2011). Finally, following ligation of an axon of the hypoglossal nerve, mouse brain-stem microsomes revealed the accumulation of TDP-43 alongside markers of both the ER and autophagosomes.
Interestingly, autophagosome formation was impaired in the ligated nerve, alongside a reduction in nuclear TDP-43 (Sato et al. 2009).
A defect in the autophagic process of degradation in the presence of mTARDBP is also supported by evidence of alterations in mitochondrial morphology under different nutrient conditions (Figure 3.17 and 3.19). Upon removal of glucose from the media, mitochondrial networks showed a trend towards being abnormally increased. Excessive branching of the mitochondria may be indicative of a failure of autophagy or mitophagy to efficiently remove the defective mitochondria. Study of tumorigenic lung epithelial cells found excessive mitochondrial fusion and increased mitochondrial mass alongside decreased LC3-II lipidation (Thomas et al. 2012; Gomes et al. 2013). Additionally, induced fragmentation of mitochondria in HeLa cells, following exposure to phenanthroline, increased activation of the autophagy pathway, reducing mitochondrial mass (Park et al. 2012). 
However, it has also been observed that fusion acts to protect mitochondria from autophagosomal degradation, particularly in the face of amino acid starvation (Gomes et al. 2011; Rambold et al. 2011). Furthermore, the specific induction of mitophagy requires the initial priming of the mitochondria for the autophagy machinery, a process carried out by PINK1 and Parkin. Upon damage and subsequent depolarisation of the mitochondria, PINK1 accumulates on the OMM, resulting in the recruitment of Parkin (Kim et al. 2008; Narendra et al. 2010; Vives-Bauza et al. 2010). Depolarisation inhibits the activity of OPA1, resulting in fragmentation of the mitochondrial network. Therefore, it would be expected that any decrease in mitophagic degradation would result in the accumulation of fragmented, dysfunctional mitochondria. This was noted in Atg5 knockout MEFs, where inhibition of macroautophagy increased the number of dysfunctional, fragmented mitochondria (Frank et al. 2012).
Thus, although it is appreciated that defects in fusion/fission dynamics can influence the process of mitophagy, and there is evidence to suggest that loss of fission can reduce mitophagy activity, the situation requires further investigation. Accordingly, in order to ascertain whether autophagy is reduced in the presence of mTARDBP, the suggested changes in expression of genes linked to autophagy were investigated before LC3-II levels were analysed in the mTARDBP fibroblasts.

4.3.3.2.1: Evidence of disturbed autophagy from microarray analysis
In support of the hypothesis of defective gross autophagy or organelle-specific mitophagy, microarray analysis of the mTARDBP-expressing fibroblasts revealed a 1.52 fold downregulation in Atg12 expression and a 1.57 fold decrease in microtubule-associated protein (MAP1S) expression (Figure 4.8). Both of these proteins have been linked to autophagy initiation, with the loss of function in either protein inducing mitochondrial dysfunction and dysmorphology, including increased mitochondrial mass (Radoshevich et al. 2010; Xie et al. 2011).

[bookmark: _Toc232523099]Figure 4.8: Processing of LC3 upon induction of autophagy – Involvement of Atg12 and MAP1S
[image: ]Figure 4.8: The Atg genes, including Atg12, process LC3 upon the induction of autophagy. MAP1S links both LC3-I and LC3-II to the microtubule network, permitting LC3 conversion and autophagosome degradation.

As part of a complex with Atg5 and Atg16L, Atg12 mediates the conjugation of PE to the C-terminus of LC3-I, converting it to LC3-II, a process essential for the formation of the autophagosome. Recent evidence has revealed that Atg12 also conjugates with Atg3. The loss of this complex formation in MEFs resulted in an expansion in mitochondrial mass alongside reduced targeting of the mitochondria to the autophagosome (Radoshevich et al. 2010). Furthermore, targeted damage of the mitochondria in human primary cells resulted in the upregulation of several autophagy genes, including Atg12. This upregulation impacted on mitochondrial function, improving m and enhancing ATP production (Mai et al. 2012). Thus, Atg12, as well as being essential in the induction of autophagy, is also important in the maintenance of mitochondrial homeostasis.
Ablation of MAP1S in mice revealed that this protein product interacts with both LC3-I and LC3-II, recruiting them to the microtubule (Xie et al. 2011). It has been shown that the conversion of LC3-I to LC3-II, and thus the initiation of the autophagy pathway, requires interaction with the microtubule network; depolymerisation of microtubules prevented this autophagosome formation (Fass et al. 2006; Kochl et al. 2006). Furthermore, the association of LC3-II with the microtubule network is essential for efficient autophagosome degradation, as the intracytoplasmic vacuole needs to be trafficked to the lysosome (Xie et al. 2011). Therefore, MAP1S is involved in both the initiation of the pathway, and the final degradation of the autophagosome, making this protein influential in the flux of the autophagy pathway.
Furthermore, MAP1S has also been shown to interact with the mitochondria-localised LRPPRC (leucine-rich pentatricopeptide repeat containing). This protein also interacts with Parkin and PINK1 and has been suggested as a component of the PINK1/Parkin mitophagy pathway (Rakovic et al. 2011), linking MAP1S to the regulation of mitophagy as well as autophagy. Indeed, MAP1S-knockout mice showed an accumulation of defective mitochondria, characterised by cristolysis and a significant increase in size, highlighting how the activity of autophagy and mitophagy are critical in maintaining mitochondrial homeostasis (Xie et al. 2011). Further analysis of the microarray data also identified several regulating factors of autophagy as being altered in the presence of mTARDBP, such as proteins involved in the calcium regulation, as shall be discussed further below.


4.3.3.2.2: Excitotoxicity
Excitotoxicity has been suggested to inhibit autophagy through IP3R activation (Mehrpour et al. 2010). An in vitro study revealed that an IP3R antagonist induced autophagy via the disruption of a molecular complex formed by the interaction of Beclin-1 and IP3R (Vicencio et al. 2009). Beclin-1, as a component of the PI3K-complex, plays an essential role in the activation of the Atg proteins, and the initial nucleation of the isolation membrane. Thus, Beclin-1 tethering at the ER via IP3R acts to inhibit autophagy activation. Accordingly, autophagy was inhibited by the overexpression of an IP3R-ligand binding domain, seen to co-immunoprecipitate with Beclin-1 (Vicencio et al. 2009). This evidence suggests that the activation of IP3R by excessive calcium influx upon excitotoxicity will inhibit the Beclin-1-mediated initiation of autophagy. Excitotoxicity is one of the postulated pathogenic mechanisms in ALS (Van Den Bosch et al. 2006), and in these mTDP-43 fibroblasts, the microarray data showed that expression of the gene encoding a  glutamate transporter, SLC1A1, is decreased 2.3 fold. This potential for an increased influx of calcium into the cell may partly recapitulate the excitotoxic state seen in the ALS motor neurons.
4.3.3.2.3: Expression changes of genes involved in the autophagy pathway
Expression changes of MAP1S and Atg12 in the mTARDBP fibroblasts were validated using RT-qPCR (Figure 4.9).

[bookmark: _Toc232523100][image: ]Figure 4.9: MAP1S and Atg12 expression changes between control and mTARDBP samples
Figure 4.9: A) Relative expression levels of MAP1S in control samples vs mTARDBP patient samples; B) Relative expression levels of Atg12 in control samples vs mTARDBP patient samples. Bars represent mean  S.E.M. Statistical test: Student’s t-test. Where values differ significantly: * p  0.05.

As both genes were downregulated about 30% in the pooled mTARDBP patients compared to the pooled control samples, it can be postulated that autophagic activity is decreased in the patient samples. To investigate this further, LC3 protein expression levels were quantified in mTDP-43 fibroblasts and compared to control levels.
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LC3 protein levels, assessed by western blotting, can be used to quantify autophagy. As discussed, LC3 is initially synthesised as pro-LC3, before being proteolytically processed by Atg4 to form cytoplasmic LC3-I. Upon the induction of autophagy, the exposed glycine at the C-terminal of LC3-I is conjugated to the polar head of PE, mediated by the Atg12-Atg5:Atg16L complex, Atg7 and Atg3, to form LC3-II (See figure 4.10) (Hanada et al. 2007; Fujita et al. 2008; Mehrpour et al. 2010). The Beclin-1 complex subsequently recruits the lipidated LC3-II to the forming isolation membrane to aid its elongation (Kabeya et al. 2000; Mizushima et al. 2003; Mehrpour et al. 2010). 
Thus, LC3-II is capable of acting as a protein marker reliably associated with both the developing and completed autophagosome, and therefore act as a read-out of overall autophagy activity (Klionsky et al. 2012). However, this methodology cannot provide information concerning the flux through the autophagy pathway; this would require the arrest of the pathway at a chosen point and the recording of the time-dependent accumulation of the protein marker at the point of the blockage (Klionsky et al. 2012).

To date, LC3-II is the only well characterized
protein that is specifically localized to autophagic structures throughout the
process from phagophore to lysosomal degradation [16].

Based on the importance of LC3 processing for autophagosome formation and function,
antibodies to LC3-I and LC3-II are widely used in western blotting techniques to monitor
autophagy [12,13,18].

In light of this, Bafilomycin A1 can be used to ascertain whether any changes in autophagy activity derive from the prevention of autophagosome formation or the failure of the structure to recycle. Bafilomycin A1 is a specific inhibitor of the vacuolar type H+ ATPase, which acts to maintain the lysosomal pH. Thus, application of the drug prevents the fusion of the autophagosome with the lysosome, thereby allowing the investigation of LC3-II processing in the presence or absence of degradation at the lysosome.
FURTHER INCREASED LC3-2 IN BAF….INDICATES INCREASED FORMATION OF AUTOPHAGOSOME, NO CHANGE IN BAF….PROBLEM WITH DEGRADATION
The LC3 protein expression levels were quantified in the three mTARDBP patient fibroblasts alongside control samples, either under untreated or Bafilomycin A1-treated conditions (Figure 4.10).

[bookmark: _Toc232523101]Figure 4.10: LC3 western blotting in mTARDBP patient fibroblasts
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Figure 4.10: Western blots of LC3 expression in A) Control and A321V mTDP-43 patient fibroblasts; B) Control and M337V mTDP-43 patient fibroblasts; C) Control and G287S mTDP-43 patient fibroblasts; Blots depict staining with -Tubulin or LC3. Cells were either untreated or treated with 100nM Bafilomycin A1.

Results were expressed as LC3-II normalised to -tubulin protein expression, in both untreated cells and fibroblasts treated with 100nM Bafilomycin A1 for two hours prior to collection (Figure 4.10). It was decided not to express LC3-II as a ratio of LC3-I expression, as typically presented, as LC3-I has been noted to be more labile than LC3-II, and less sensitive to detection (Klionsky et al. 2012). Thus, it was considered more appropriate to focus on LC3-II levels only as an indicator of autophagy activity in the fibroblasts.

[bookmark: _Toc232523102]Figure 4.11: LC3-II levels in mTARDBP patient fibroblasts
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Figure 4.11: For all samples: N=3. A) A321V mTDP-43 vs control; B) M337V mTDP-43 vs control; C) G287S mTDP-43 vs control; D) combined mTARDBP patients vs controls. LC3-II levels were normalised to -tubulin.  Cells were either untreated, or treated with 100nM Bafilomycin A1 for two hours. Bars represent mean  S.E.M. Statistical test: One-way ANOVA with Bonferroni post-test correction. 


Reflecting the variation in gene expression seen with the quantitative RT-PCR analysis, the LC3 western blotting results also revealed differences between the three patients. Expression of the A321V mutation in TDP-43 appeared to have little effect on the levels of LC3-II either under untreated conditions or upon treatment with 100nM Bafilomycin A1 (Figure 4.11A). This was unexpected as RT q-PCR revealed that the expression of both Atg12 and MAP1S were decreased around 40% in this patient. It was therefore predicted that the conversion of LC3-I to LC3-II would be defective, explaining the increased interconnectivity of the mitochondrial network observed in FibPat48 when compared to control samples. However, as western blotting only provides information concerning the levels of LC3-II present at one particular time-point, and does not give an indication regarding the flux of the autophagy pathway, it may be that further investigation using GFP-tagged LC3-II will permit a more detailed analysis as to the impact A321V mTDP-43 has on the autophagy pathway. Stimulation of the pathway may also be necessary, through the treatment of the fibroblasts with Rapamycin, an inhibitor of mTOR. Forcing activation of the autophagy pathway may well reveal any defects potentially resulting from the observed reduction in expression of both Atg12 and MAP1S.
Conversely, the cells expressing M337V mTDP-43 displayed a (non-significant) subtle increase in LC3-II ratio under basal conditions (Figure 4.11B). This could indicate either an increase in the formation of autophagosomes, and hence an increase in the induction of autophagy, or a failure of the autophagosomes to be efficiently recycled. However, following treatment with Bafilomycin A1, no difference in the ratio of LC3-II was seen compared to the control sample, suggesting that there is not an increase in the initation of autophagic activity.
Thus, it may be that, in the presence of M337V mTDP-43, there is a slight defect in the degradation of the autophagosome at the lysosome. It is likely over time that any defect in autophagosome recycling will result in the downregulation of autophagy activity, due to a decrease in the necessary starting materials (Xie et al. 2011). This assumption appears to be reflected in the RT-qPCR results quantifying both MAP1S and Atg12, which FibPat51 about 30% and 50% respectively compared to the mean control value. In particular, a deficiency in MAP1S has been linked to a defect in autophagosome degradation, due to the disturbance in the interaction of the autophagosome with the microtubule network (Xie et al. 2011). Furthermore, as seen in Figure 3.17 in Chapter 3, the mitochondria exhibited an increase in their branching and networking compared to control samples; this increase in network complexity was seemingly unrelated to any defects in oxidative phosphorylation (Figure 3.19). An abnormal increase in the interconnectivity of the mitochondria can be indicative of a substantial failure of autophagy to clear the defective mitochondrial from the cell, allowing their fusion back into the network (Thomas et al. 2012; Gomes et al. 2013).
This hypothesis of the apparent failure of the M337V mTDP-43-expressing cells to efficiently degrade the autophagosome is not unexpected following mutation of TDP-43. It has been recently demonstrated that TDP-43 directly interacts with HDAC6 mRNA in vitro, and that the silencing of TDP-43, mediated by RNAi, results in the reduced expression of HDAC6 mRNA (Kim et al. 2010). Thus, any defects in the functioning of TDP-43 may directly impact on the metabolism, and therefore expression, of HDAC6 mRNA. As later discussed in Chapter 5, HDAC6 has a key role in the process of autophagy; it is responsible for the recruitment of the actin-remodelling machinery, which subsequently assembles the F-actin network, enabling the fusion of the autophagosome with the lysosome (Lee et al. 2010). Consequently, upon HDAC6 deficiency, failure of autophagosome maturation is observed, leading to the build-up of toxic protein aggregates, a key pathogenic feature of neurodegenerative disease, including ALS. 
Furthermore, HDAC6 has also been shown to be instrumental in the process of Parkin-mediated mitophagy. Following Parkin-mediated ubiquitination of the defective mitochondria, HDAC6 is recruited, alongside P62, to assemble the autophagy machinery required to clear the impaired organelles. Following knockout of HDAC6 in MEFs, a significant failure to clear CCCP-treated mitochondria was observed. The perinuclear mitochondrial aggregates typically formed during the process of mitophagy were also noticeably absent, suggesting that HDAC6 is necessary for both the transport and degradation of mitochondria in mitophagy (Lee et al. 2010). This essential role of HDAC6 in mitophagy and the known role of TDP-43 in the regulation of HDAC6 mRNA may serve to explain the significant change in mitochondrial morphology in the presence of M337V mTDP-43 (Figure 3.17). 
Finally, the patient expressing the mutation G287S in TDP-43 showed a non-significant decrease in the amount of LC3-II under basal, untreated conditions, compared to control levels. Furthermore, though the results were variable, and therefore non-significant, a slight increase in LC3-II levels was also observed following treatment in Bafilomycin A1. This may be indicative of a high rate of LC3-II processing in these mutant fibroblasts, suggestive of an increased rate of autophagy. 
However, further investigation will be required to confirm this hypothesis, such as measuring autophagic flux using GFP-tagged LC3-II. Furthermore, though it has been demonstrated that, upon increased levels of autophagic activity (Rambold et al. 2011), mitochondria become fused as a protective mechanism, FibPat55, expressing G287S mTDP-43, did not show increased fusion in glucose-enriched media (Figure 3.17). Excessive fusion was seen when cultured in respiration-dependent media. However, this suggests a defect in the process of oxidative phosphorylation rather than autophagy.
In light of variation between the mTARDBP patients, when the results were combined, no difference was observed in LC3-II levels upon treatment or under basal conditions. Moreover, the observation of only subtle differences between individual patients and control samples suggests that the trend towards increased mitochondrial fusion seen in the mTARDBP patient fibroblasts is possibly independent of any changes in autophagy and may still be attributed to a protective mechanism in the face of increased cellular stress, such as ETC deficiency or defects in calcium homeostasis. The latter of these cellular stresses will be further investigated later in this chapter.
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At the time of these experiments, it was discovered that the patient expressing the novel A321V mutation in TDP-43 also possessed a hexanucleotide repeat expansion of predicted pathogenic length in the non-coding region of C9ORF72. Since A321V is a unique mutation that has not been reported by other groups, it is unclear whether the amino acid change in TDP-43 would be pathogenic; prediction software that carries out bioinformatic analyses to determine the effects of the mutation on the structure and function on the protein produced conflicting results as to whether the change manifest in disease (Kirby et al. 2010). However, as this patient is a familial case, we are currently waiting to see if anyone else develops ALS; if so, we hope to ascertain whether either the A321V mutation or the C9ORF72 expansion co-segregates with the disease.
Despite these complications, and the western blotting experiments using FibPat48, possessing both the A321V mutation in TDP-43 and the pathogenic expansion in C9ORF72 not indicating any defects, we still felt it worthwhile to investigate the influence mC9ORF72 on the autophagy pathway. 
Quantitative RT PCR analysis revealed there is a 40% decrease in Atg12 and MAP1S, two genes both involved in the process of autophagy. Furthermore, several lines of evidence link dysfunction of C9ORF72 to the deregulation of autophagy; pathological study of the C9ORF72 expansion cases revealed a significant increase in extra-motor, neuronal cytoplasmic inclusions. These inclusions stained positive for p62 and OPTN, two proteins with key roles in the process of autophagy (Al-Sarraj et al. 2011; Cooper-Knock et al. 2012). 
Additionally, it has recently been noted that C9ORF72 interacts with the autophagy protein, FIP200 (discussed further in section 4.5) (Behrends et al. 2010). As part of a complex with Atg12 and ULK, FIP200 translocates to the pre-autophagosomal membrane, where it mediates the nucleation of the isolation membrane and the activation of several Atg proteins (Jung et al. 2009). Furthermore, neural-specific deletion of FIP200 in mice resulted in axonal degeneration, progressive neuronal loss and subsequent degeneration of the cerebellum, highlighting the importance of autophagy activity in neuronal maintenance (Liang et al. 2010). In light of this, we decided to quantify LC3 protein expression levels in other patients possessing the pathogenic expansion in C9ORF72 (Figure 4.12 and 4.13); the same experimental set-up was used as with the mTARDBP fibroblasts. 
[bookmark: _Toc232523103]
Figure 4.12: LC3 blotting in an ALS patient fibroblast expressing the C9ORF72 pathogenic expansion
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Figure 4.12: Western blots of LC3 expression C9ORF72-expansion patient fibroblasts. Blots depict staining with -Tubulin or LC3. Cells were either untreated or treated with 100nM Bafilomycin A1. Figure A) Protein samples loaded on same gel and immunoblotted on same membrane, but not loaded in lane order depicted in figure.

[bookmark: _Toc232523104][image: ]Figure 4.13: LC3–II levels in C9ORF72 expansion patient fibroblasts

Figure 4.13: For all samples: N=3 or 4. A) A321V mTDP-43 + C9ORF72 pathogenic expansion vs control; B) C9ORF72 expansion FibPat72 vs control; C) C9ORF72 expansion FibPat53 vs control; D) Combined C9ORF72 pathogenic expansion patients vs controls. LC3-II levels were normalised to -tubulin. Cells were either untreated, or treated with 100nM Bafilomycin A1 for two hours. Bars represent mean  S.E.M. Statistical test: One-way ANOVA with Bonferroni post-test correction.

Interestingly, in this set of experiments, FibPat48 patient, expressing both the mutation in TARDBP and the pathogenic expansion in C9ORF72, showed a decrease in LC3-II ratio expression under untreated conditions (Figure 4.13A). However, the changes did not reach significance, due to variability. Similar results were observed in FibPat53, with a (non-significant) reduction in the level of LC3-II in the untreated cells (Figure 4.13B). However, in both patient samples, there was no change in LC3-II levels compared to control samples when the cells were treated with Bafilomycin A1. It may be hypothesised that these fibroblasts have an increased rate of autophagy, resulting in an increase in the turnover of LC3-II. Although it has not been definitively established whether the pathogenic inclusions noted in neurons in C9ORF72-patients are also present in patient fibroblasts, preliminary evidence by Renton et al indicates a cytoplasmic accumulation of C9ORF72, alongside a reduction of the protein in the nucleus (Renton et al. 2011). It is therefore possible that the upregulation in autophagy, hinted at by the western blotting investigation, may be in order to combat the dysfunctional protein accumulation in the cytoplasm. This observation may explain the trend towards increased mitochondrial interconnectivity noted in FibPat48 (Figure 3.17).
Conversely, expression of the C9ORF72 pathogenic expansion in FibPat72 hinted at a reduction in the levels of LC3-II compared to control samples under both untreated and treated conditions. Similar results were observed under basal conditions when the three patients were pooled (Figure 4.13D). There may be a trend towards a decrease in the conversion of LC3-I to LC3-II, indicative of a decrease in the induction of autophagy. The aforementioned interaction between C9ORF72 and FIP200 permits the hypothesis that the initiation of autophagy is disrupted due to defects in the formation of the FIP200:Ulk:Atg12 complex. 
However, though no statistical significance was observed, levels of autophagic activity were variable between the patients. As discussed, the variation observed may arise from the differences in disease penetrance seen with mC9ORF72. Additionally, the technique of western blotting provides inherent variability, making it difficult to ascertain statistical significance.
Induction of the autophagy pathway through the use of rapamycin may help to reduce the variability; any defect at baseline could prevent induction of LC3-II conversion, enhancing the differences between the control and patient samples. The specific blocking of different points of the autophagy process could then be utilised to be able to conclusively ascertain the location of this defect along the pathway. Furthermore, perhaps a more refined technique, such as the live imaging of LC3-II flux through the pathway, combined with the forced induction of the autophagy pathway using Rapamycin, would provide further clarity regarding the role of autophagy in ALS.
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fusion and substrate degradation.
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4.4: Quantification of MAMs in the mTARDBP fibroblasts
It is estimated that 12% of the mitochondrial network forms associations with the peripheral tubular ER, at sites termed the “mitochondria associated membrane” or “MAM” (Csordas et al. 2006; Hayashi et al. 2009). Several proteins mediate this linkage of the two organelles, including Mfn2, IP3R, VDAC, PTPIP51 and VAPB. The bidirectional communication between the ER and mitochondria permits the maintenance of several cellular functions, including calcium homeostasis and the regulation of apoptosis (Hayashi et al. 2009; de Brito et al. 2010). 
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The aforementioned microarray analysis revealed changes in the expression level of several genes related to the maintenance of calcium homeostasis in the cells. For example, ORAI2 and ORAI3 were both downregulated 1.5 fold in the mTDP-43 patients. These genes encode proteins that are essential in controlling the flux of extracellular calcium across the plasma membrane. Upon depletion of calcium in the ER stores, the sensor proteins, STIMs, relocate close to the plasma membrane and form puncta with the Orai proteins. Following this oligomerisation, the Orai proteins form the pore of an ion channel in the plasma membrane, permitting the influx of extracellular calcium upon depletion of calcium from the ER (Prakriya et al. 2006; Contreras et al. 2010).
As key components underlying this store-operated calcium entry (SOCE), it is highly likely that expression changes in both ORAI2 and ORAI3 will influence the regulation of intracellular calcium concentration, which could impact on mitochondrial function. Furthermore, CALM3, encoding Calmodulin 3, was also shown to be downregulated 1.67 fold in the patient fibroblasts compared to control samples. As this protein regulates multiple calcium-modulated enzymes (Contreras et al. 2010), any potential changes in gene expression would indicate both a disruption in calcium homeostasis and a defect in the efficiency of the cellular response to calcium signalling. 
Furthermore, alterations in ER functioning and UPR are implicated as a pathogenic mechanism in ALS, and have recently been noted in the presence of mTDP-43. Expression of mTDP-43 in a C.elegans model led to an increase in the expression of BiP, indicative of UPR induction (Vaccaro et al. 2012). Additionally, electron microscopic analysis of sALS patient motor neurons found an increase in the amount of rough ER-localised TDP-43, correlating with the clearance of TDP-43 from the nucleus (Sasaki 2010). Finally, the induction of ER stress in cultured neuronal cells increased the aggregation of ALS-linked C-terminal fragments of TDP-43 (Suzuki et al. 2011). It therefore appears that expression of mTARDBP can manifest in ER dysfunction, which will in turn impact on the functioning of the mitochondria.
Interestingly, microarray analysis showed 1.55-fold downregulation of Erlin2, encoding a protein that aids in the regulation of IP3R degradation. As mentioned, these IP3Rs form a component of the MAM (Csordas et al. 2006); thus, it can be postulated that an expression change in Erlin2 would impact on the morphological structure of the MAMs. Furthermore, the expression changes of two Atlastin genes, ATL1 and ATL3, are altered in the mTARDBP patient fibroblasts; downregulated 1.95 fold and upregulated 1.93 fold respectively. Atlastins are involved in the maintenance of ER tubular network biogenesis and morphology (Orso et al. 2009); it is therefore likely that any changes in these proteins will influence MAM formation.
Finally, alterations in MAM regulation have been directly implicated in the pathogenesis of ALS; disease-associated mutations in VAPB result in an increase in the binding of this protein to PTPIP51. Subsequently, homeostasis at the MAM is disrupted. Expression of disease-associated VAPBP56S was seen to increase both cytosolic and mitochondrial calcium concentration (De Vos et al. 2012; Morotz et al. 2012). Furthermore, an aberrant association has been demonstrated between mSOD1 and VDAC on spinal cord mitochondria; this interaction correlated with an inhibition of VDAC1 conductance (Israelson et al. 2010). As VDAC forms a component of the MAM, it may be postulated that the formation of this ER-mitochondria interaction is disrupted in SOD1-mediated ALS.
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In light of this evidence, it was hypothesised that the formation or maintenance of MAMs is disrupted in the mTARDBP patient fibroblasts. We therefore looked for evidence of defective MAMs in the mTARDBP patient fibroblasts; dual immunostaining was carried out to visualise colocalisation of mitochondria and the ER (Figure 4.14). 



[bookmark: _Toc232523105][image: ]Figure 4.14: Dual immunostaining of the primary fibroblast cells

Figure 4.14: A) Control fibroblasts immunostained to visualise the nuclei (hoechst), mitochondria (Tom20) and the ER (calreticulin); B) M337V mTDP-43 patient fibroblast cells immunostained to visualise the nuclei, mitochondria and the ER. Merged images are seen in the bottom right of both panels.

Co-variation of ER and mitochondrial antibodies were analysed by Intensity correlation quotient (ICQ) analysis, as described in section 2.3.6.1. In all patient and control samples, mean ICQ values from each experiment significantly differed from zero in a positive direction, indicating that there is significant segregation of the immunostaining of the ER and mitochondria; thus, there is an interaction of the two organelles in cultured fibroblasts (Table 4.8).

[bookmark: _Toc232523042]Table 4.8: Assessment of co-variation of ER and mitochondria immunostaining in primary dermal fibroblasts 

	Fibroblast ID
	Mean ICQ value
	Significantly different from zero
	P value

	FibCon11
	0.0618
	Yes
	0.0234

	FibCon13
	0.0618
	Yes
	0.0145

	FibCon14
	0.0559
	Yes
	0.0018

	FibPat48
	0.0624
	Yes
	0.0112

	FibPat51
	0.0762
	Yes
	0.0056

	FibPat55
	0.0671
	Yes
	0.0294



For each sample N=3. Statistical test used: One sample, two-tailed t-test against theoretical mean of zero; P value significant if  0.05. 

In order to compare co-variance of the ER and mitochondria between control and patient samples and to ascertain whether expression of mTARDBP alters this relationship between ER and mitochondria, ICQ values were normalised to the highest control value in that experiment, and expressed as a percentage (Figure 4.15). 

[bookmark: _Toc232523106][image: ]Figure 4.15: Quantification of mitochondria and ER colocalisation in mTARDBP-expressing fibroblasts 

Figure 4.15: A) Percentage ICQ quantified in A321V mTDP-43 patient vs FibCon14; B) Percentage ICQ quantified in M337V mTDP-43 patient vs FibCon11; C) Percentage ICQ quantified in G287S mTDP-43 patient vs FibCon13; D) Percentage ICQ quantified in pooled mTDP-43 patients vs control samples. ICQ values expressed as a percentage of the maximum control value. Bars represent mean  S.E.M. Statistical test: Student’s t-test; NS = Not significant.



Using a Student’s t-test, no significant difference was observed between any of the mTARDBP patients when compared to control ICQ values. Nonetheless, generally a slight increase in co-localisation was seen in the patient samples, suggesting a leaning towards a closer relationship between the ER and mitochondria in the presence of mTDP-43. This increase was most pronounced in the patient expressing M337V mTDP-43. It is possible that this trend of increased co-localisation of the ER and mitochondria has arisen as a consequence of the observed (non-significant) increase in mitochondrial network complexity in the mTARDBP fibroblasts, providing a larger surface area for any potential interactions of the two organelles.
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4.5: Conclusion
Following on from the identification of increased fusion of the mitochondrial network in the mTARDBP fibroblasts compared to control samples, we wished to investigate any functional defects that may be present in these patient cells. Four aspects of mitochondrial or cellular function were examined, comparing control fibroblasts with those expressing mTARDBP:
· ATP levels, following metabolic changes, using different culture conditions to quantify ATP output from the processes of glycolysis or oxidative phosphorylation.
· Gene expression changes
· Autophagy activity under basal conditions
· Association between mitochondria and ER
Firstly, we examined the bioenergetic status of the fibroblasts by measuring their ATP levels when the cells were cultured in either glucose-enriched or glucose-deprived conditions. No significant difference was observed between patient and control samples in this assay. The absence of any defect in ATP production suggests that mitochondrial ATP production by mTARDBP fibroblasts is normal. However, it is possible that the severe mitochondrial dysfunction previously reported in the presence of mTDP-43 is specific to the neurons (Shan et al. 2010; Xu et al. 2010). This would not be unexpected, as TDP-43 has been shown to regulate the RNA metabolism of multiple genes essential to neuronal function, such as SMN and NF (Strong et al. 2007; Bose et al. 2008). 
Nevertheless, subtle alterations that may impact on mitochondria were noted when gene expression changes were investigated in the mTARDBP fibroblasts compared to control cells. Following this analysis, changes were implicated in several pathways, including metabolism, calcium homeostasis and autophagy. However, these three processes are intricately related, making it difficult to ascertain which, if any, of these changes is a primary mechanism in this cellular model of ALS, and which may be responsible for mediating the noted alterations in mitochondrial morphology. Interestingly, all of these cellular processes have been highlighted as defective in the pathophysiology of ALS, confirming patient primary fibroblasts as a useful tool in the study of neurodegenerative disease.
However, as will be later discussed, there are issues arising from the use of patient samples. Briefly, the genetic heterogeneity means results are variable between patients, raising questions concerning the advantage of pooling patient data. The finding that FibPat48 expressed both an A321V TDP-43 mutation and the pathogenic expansion in C9ORF72 highlighted this issue. 
As the function of C9ORF72 remains unknown, it is currently unclear whether the degeneration of neurons arises as a consequence of the dysfunctional protein product, or is due to toxicity arising from the generation of toxic RNA species, or a combination of these factors. However, preliminary evidence has noted that the protein product of C9ORF72 interacts with FIP200, which, as one of its multiple roles in the cell, aids in the initiation of autophagy (Behrends et al. 2010; Liang et al. 2010). A proteomic study of the autophagy system was carried out to enable a better understanding of the global architecture of the autophagy network (Behrends et al. 2010). For the study of FIP200, the protein was retrovirally expressed as a Flag-HA fusion protein in an HEK 293T cell line. Proteins found in the resulting anti-HA immune complexes were then identified using mass spectrometry (Behrends et al. 2010). Identification of C9ORF72 as potentially interacting with FIP200 was listed on the Falcon database, the Harper lab proteomics, genetics and informatics server, as supplementary data.
In both the mTDP-43 and mC9ORF72-expressing fibroblasts there is a suggestion of a disruption of the autophagy pathway. However, due to variability any significance in the changes could not be established. Nevertheless, using the data in Figures 4.12 and 4.14, it would be possible to conduct post hoc power calculations to determine appropriate group sizes in order to try and obtain a significant result. Unfortunately, as patient samples are limiting, the time course for obtaining the necessary additional skin biopsies might be quite prolonged.
As discussed, alterations in both autophagy and mitophagy have been noted in numerous neurodegenerative disorders, including PD. Interestingly, in mParkin-expressing fibroblasts, an increase in the branching of the mitochondria was observed (Mortiboys et al. 2008), reflecting the suggested increase in interconnectivity noted in the mTARDBP fibroblasts.
Finally, using ICQ analysis, a significant interaction was observed between ER and mitochondria, suggestive of the presence of MAMs in dermal fibroblasts. However, this association was not altered in the presence of mTARDBP, though, as previously discussed, this investigation may benefit from technical refinement.
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Chapter 5 - Axonal transport in an HSP SPG4 mouse model
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Motor neurons are highly polarised cells; the cell body, the primary site of metabolism and protein synthesis, must supply new proteins, functioning organelles, and metabolites to the long axonal and dendritic processes (De Vos et al. 2008). Furthermore, it is imperative for the cell body to be able to effectively communicate with the cell periphery (Chevalier-Larsen et al. 2006). However, axonal processes can stretch for over a metre throughout the body. Thus, survival of the neuron is highly dependent on efficient axonal transport.
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The cytoskeletal network provides essential structural support to the neuron. However, it is also required to be dynamic, allowing the cell the freedom to grow or change morphologically. As later mentioned, several microtubule-associated proteins (MAPs) assist in regulating this cytoskeletal fluidity (Chevalier-Larsen et al. 2006).
There are three major components of the cytoskeleton: microtubules, actin and intermediate filaments. Microtubules are composed of polymerised heterodimers of  and -tubulin, forming polarised tracts throughout the neuron. In the axon, the fast growing plus-end, containing exposed -tubulin, is directed outwards, towards the synapse, whereas the slow growing minus end, ending in -tubulin, faces the cell body (Chevalier-Larsen et al. 2006; De Vos et al. 2008). This is not the case in the dendrite, with the heterodimers instead found in mixed polarity states (Hirokawa et al. 2004).
As mentioned, the cytoskeleton is dynamic, particularly in the developing neuron, aiding growth and flexibility at the growth cone. However, in the more mature neuron, the microtubule cytoskeleton is stabilised through its interaction with MAPs, such as Tau (Hirokawa et al. 1996). The dynamicity of the microtubule network is additionally regulated by a family of MAPs, termed the microtubule plus-end tracking proteins (+TIPs), which form “comet-like” complexes at the plus-end of the polymerising microtubules. Two of these +TIPs, end-binding protein 1 and 3 (EB1 and EB3), are recruited to the microtubule plus-end specifically to regulate axonal growth and elongation, via microtubule polymerisation (Akhmanova et al. 2008). Furthermore, microtubules also undergo a diverse range of post-translational modifications including acetylation, tyrosination and polyglutamylation, all of which are also thought to regulate the dynamicity of the cytoskeletal track (Baas et al. 2006; Fukushima et al. 2009).
In the mature neuron, the microtubule network acts as a railway for cargo to be transported bidirectionally along the axon, by the ATP-hydrolysing motors, Dynein and Kinesin (De Vos et al. 2008; Fukushima et al. 2009). The microtubule network and associated motors primarily transports cargo over long distances, whereas the actin filaments and motors are used for shorter distances (Chevalier-Larsen et al. 2006). Thus, any disruption to the microtubule track will invariably impact on the functioning of the long axons of the motor neuronal network.
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Hereditary Spastic Paraplegia (HSP) is a group of heterogeneous neurological disorders, characterised by the spasticity and weakening of the lower limbs (Salinas et al. 2008; Blackstone 2012). Pathologically, retrograde degeneration of axons in the lateral corticospinal tract and posterior columns is observed (Behan et al. 1974), leading to the disease being described as a “dying-back axonopathy”. In up to 40% of autosomal dominant cases, the disease is caused by mutations in the spast gene. The resultant protein product, Spastin, belongs to the family of ATPases associated with various cellular activities (AAA proteins) (Frohlich 2001; Frickey et al. 2004). 
Extensive in vitro studies have revealed the role of Spastin in the severing of microtubules. For example, a reduction in the intensity of tubulin staining was observed in a significant proportion of wild type Spastin-transfected cells, indicating the basal role of the protein in the cell (Errico et al. 2002).  Furthermore, overexpression of mutant forms of Spastin caused a filamentous expression pattern of both -Tubulin and mSpastin, with loss of the protein’s ATPase activity kinetically trapping it on the microtubules and diminishing its severing capabilities (Errico et al. 2002; Evans et al. 2005). Thus, a pathogenic role of Spastin in HSP appears to be linked to its reduced microtubule-severing activity. Such defects in the processing of microtubules are likely to manifest in disruption to the process of axonal transport. Accordingly, murine models of Spastin-mediated HSP provide evidence of such dysfunction.

A mouse model expressing a deletion mutation in the spast gene, resulting in loss of expression at the protein level, revealed progressive axonal degeneration in the CNS, manifesting in a late and mild motor defect (Tarrade et al. 2006). Cytopathologically, axonal swellings were observed, increasing in number over time. Retrograde axonal transport also appeared impaired in the neurons; there was an abnormal accumulation of mitochondria in the proximal part of the neurite swellings (Tarrade et al. 2006).
Another mouse model of SPG4 HSP has also been generated, using ENU mutagenesis, resulting in a c.1092+2T>G mutation in the spast gene. This mutation causes exon 7 of the spast mRNA to be skipped, resulting in either early degradation of the protein or in a failure to be translated. Thus, essentially a Spastin knockout mouse model was created (spast ∆E7/∆E7) (Kasher et al. 2009). As previously mentioned, mutations in this splice site have been reported in human patients, making this mouse a true model of human disease (Fonknechten et al. 2000).
Previous experiments have indicated that the c.1092+2T>G mutation in the spast gene induced a specific disruption in anterograde axonal transport in primary cortical neurons of mice heterozygous or homozygous for this mutation. A decrease in the anterograde transport of membrane-bound organelles (MBOs) and mitochondria in both spast ∆E7/+ and spast ∆E7/∆E7 neurons was observed. Furthermore, the presence of axonal swellings appeared to exacerbate the transport defect in spast ∆E7/∆E7 mice, with the frequency of movement almost halving distal to the swellings (Kasher et al. 2009). 
This axonal transport defect is alluded to in the spast ∆E7/+ and spast ∆E7/∆E7 cortical neurons, with the formation of acetylated -tubulin immunoreactive swellings throughout the axon, also containing components of the cytoskeleton, such as Tau, neurofilaments and APP, as well as other cellular organelles, including mitochondria. ALL CYTOSKELETAL COMPOENENTS….TRAFFICKING DEFECT GLOBAL IN ITS EFFECT. 
THEORY: Increased pausing due to defective axonal transport resulting from loss of spastin…causes swellings….block retrograde transport as well distal to the swelling

A dosage effect of mSpastin, with regards to the frequency of axonal swellings, was evident in this mouse model, with the number of swellings increasing as Spastin expression decreased (Kasher et al. 2009). Thus, these swellings can be quantified, potentially helping to characterise the severity of the axonal transport defects. 
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The aims of this investigation were to further characterise the cortical neurons derived from spast +/+, spast ∆E7/+ and spast ∆E7/∆E7 mice, particularly examining the effect genetic background has on the action of wild type and mutant Spastin.
Furthermore, we wished to test the effect of pharmacological intervention on the number of axonal swellings in the cortical neurons. Due to the essential role Spastin plays in the maintenance of microtubule dynamicity, we decided to test microtubule and MAP- targeting drugs.
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As discussed in Chapter 2, the c.1092+2T>G Spastin mutation does not create a restriction site to allow genotyping. Therefore, mismatch primers were previously designed, introducing a novel Bs1I restriction enzyme site in the presence of the c.1092+2T>G mutation (Kasher et al. 2009)(Figure 5.1). The resultant restriction digest products consist of an 89bp band in the presence of the c.1092+2T>G mutation, or an 112bp band in the wild type samples. Generally, for each litter, the expected Mendelian ratio of genotypes was observed.

[bookmark: _Toc232523107]Figure 5.1: Mismatch PCR and restriction digest for spast∆E7 genotyping
[image: ]Figure 5.1: Mismatch-PCR and Bsl restriction digest genotyping of DNA extracted from a mouse litter derived from the in-cross of heterozygous mutant Spastin c.1092+2T>G mice. The introduced Bsl restriction site generates an 89bp band in the spast +/∆E7 tissue (lanes 3 and 4) and the spast ∆E7/∆E7 samples (lane 6). The spast +/+ product is 112bp, seen in lanes 1, 2, 5 and 7.
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As previously described, the spast ∆E7/∆E7 mouse model is characterised by progressive motor deficits, as evidenced by changes in gait. At a cytopathological level, defects in axonal transport were observed, along with the formation of acetylated -tubulin-positive swellings, randomly distributed throughout the axon (Kasher et al. 2009).
To distinguish the difference between normal, non-specific accumulations and the pathological swellings, Kasher and colleagues previously carried out a series of measurements, ascertaining the optimum size of swelling that denotes the pathogenic accumulation of organelles and cytosolic components (Kasher 2009). Swellings are assumed to be spherical and it was established that any swellings that were the same size as, or larger than, a box measuring 5m by 5m (i.e. had a radius of >2.5m, and thus an area of >19.6m2) were to be considered an abnormal axonal swelling, and included in the count.
Using Hoechst-stained nuclei, 1000 viable neurons were counted. The number of swellings, measuring 5m by 5m, were calculated per 100 nuclei in the spast +/+, spast ∆E7/+ and spast ∆E7/∆E7 cultures. The Hoechst-stained nuclei were also used to ensure a neurite swelling was being quantified, rather than “bleed through” from the nuclei stain (Figure 5.2).

[bookmark: _Toc232523108][image: ]Figure 5.2: Quantification of axonal swellings 

Figure 5.2: A): Cortical neurons stained for acetylated -tubulin; axonal swellings are highlighted in red. The corresponding area on the Hoechst-stained nuclei image, (B), is highlighted, ensuring the observed swelling is not derived from the staining of the nuclei.
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In the majority of mouse experiments, the pathogenic mutation of interest can be maintained on several different genetic backgrounds, including the strains C57BL/6, FVB and BALBC. Each of these strains possess an unique genetic makeup, with various modifier genes subtly impacting on the overall phenotype of the organism, even in the presence of the same pathogenic mutation. The existence of these confounding alleles means that the use of well-characterised backgrounds permits more accurate interpretation of results. The availability of several different backgrounds also enables the identification of confounding alleles or modifier genes which may not previously been appreciated. Furthermore, certain genetic backgrounds may display a more pronounced phenotype, and thus be more amenable for experimentation (Montagutelli 2000; Laboratory 2006).
However, it is appreciated that difference in background can dramatically influence experimental results. A well-characterised example is the discovery that, when expressed on a B6 genetic background, mutations in the leptin-regulating genes, diabetes (db) and obese (ob), manifest in transient diabetes along with obesity. However, when the same mutations are expressed on a C57BLKS/J background, obesity and overt diabetes is observed (Coleman et al. 1973; Coleman 1978; Montagutelli 2000). Thus, there must be modifier genes present in each genetic background, capable of altering the manifestation of diabetes in these mice.
However, it is unclear whether a change in genetic background would influence the effect of mSpastin expression in mouse-derived cortical neurons. We therefore decided to quantify the number of axonal swellings in cortical neurons derived from a range of genetic backgrounds, namely C57BL/6, FVB and BALBC (Figure 5.3). 













[bookmark: _Toc232523109][image: ]Figure 5.3: Effect of genetic background on the number of axonal swellings in cortical neurons

Figure 5.3: Representing results derived from cortical neurons from different genetic backgrounds: BALBC N=2, C57BL/6 N=2, FVB N=1. A) spast +/+; B) spast ∆E7/+; C) spast ∆E7/∆E7 cultures. D) Fold-change of both spast ∆E7/+ and spast ∆E7/∆E7 neuronal axonal swellings normalised to spast +/+culture levels, across the three genetic backgrounds. Quantified axonal swellings measuring over 5m by 5m. Bars represent mean  S.E.M.

No significant difference was observed between the different genetic backgrounds in any of the genotypes. There were some subtle alterations seen between the backgrounds; the C57BL/6 background appeared to express a higher number of axonal swellings across all three genotypes. However, generally there was roughly a two-fold increase in the number of swellings seen between the spast and spast ∆E7/∆E7 cultures (Figure 5.3D); this remained consistent across the genetic backgrounds.
Thus, future experiments, testing the effectiveness of pharmaceutical intervention at ameliorating the swelling formation, were carried out using cortical neurons derived from mice of each of the genetic backgrounds.

[bookmark: _Toc222329182][bookmark: _Toc222332589][bookmark: _Toc222332761][bookmark: _Toc222332933][bookmark: _Toc222333277][bookmark: _Toc222333449]5.3.2: Treatment with Tro19622
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Though associated with the regulation of mitochondrial permeability (Bordet et al. 2007), Tro19622 has also recently been linked to the regulation of microtubule dynamics; the drug protected against microtubule-targeting agent (MTA)-induced neurotoxicity in vitro. It was demonstrated in differentiated neuronal cells that the typical neurite shrinkage, seen after treatment with MTAs, was prevented via the stabilisation of EB1 and EB3 at the microtubule plus-ends, thus decreasing the duration of microtubule attenuation (Rovini et al. 2010). Furthermore, treatment of the neurons with Tro19622 also prevented the MTA-induced inhibition of mitochondrial trafficking along the microtubule network (Rovini et al. 2010).
Due to the evidence that Tro19622 is capable of preserving the necessary dynamicity of neuronal microtubules, it was predicted that treatment of spast ∆E7/+ and spast ∆E7/∆E7 primary cortical neurons with the drug would help ameliorate the aforementioned defects in axonal transport, as evidenced by the decreased accumulation in axonal swellings.
Indeed, the loss of function of Spastin does lead to a reduction in the levels of tubulin polymerisation and turnover both in vitro and in vivo (Trotta et al. 2004; Evans et al. 2005; Zhang et al. 2007), as well as decreasing axonal outgrowth in a zebrafish model (Wood et al. 2006). It therefore appears that Spastin expression directly influences microtubule outgrowth. Tro19622 has been demonstrated in vitro to promote both neurite outgrowth and an increase in spinal motor neuron branching (Bordet et al. 2007; Rovini et al. 2010). 
Upon downregulation of Spastin, the stable long microtubules become more susceptibile to numerous post-translational modifications including detyrosination and acetylation, and thus recruit +TIPs with less efficiency (Peris et al. 2006; Fassier et al. 2013), reducing plus-end outgrowth. Thus, the stabilisation of EB3-comets at the plus end of microtubules in the presence of Tro19622 may ameliorate the changes in microtubule dynamics, and axonal transport, seen upon the loss of Spastin function in the neuron.
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The cortical neurons of the three genotypes were treated 24 and 96 hours post-preparation with either 3µM Tro19622 solubilised in 0.5% DMSO, or 0.5% DMSO as a vehicle control. Basal media was used as the control condition. Axonal swellings were quantified in the 7-day old neurons, using the criteria described in section 5.2.2 (Figure 5.4 and 5.5). 3µM Tro19622 has previously been shown to preserve EB comets at the microtubule tip in differentiated neuronal cells (Rovini et al. 2010). Thus, at this dosage, the drug is capable of influencing and preserving the dynamicity of the microtubular network. A separate in vitro assay, using purified motor neurons, revealed that 3µM Tro19622 is capable of mediating a survival effect in the neurons cultured in the absence of neurotrophic factors (Bordet et al. 2007). 3µM Tro19622 was found to be the EC50 in this experiment. A dosage effect was seen in this survival assay; the maximum dose of 10µM Tro19622 resulted in the survival of 74% of the neurons. However, it has been noted in another group’s personal data that treatment with 10µM Tro19622 resulted in neuronal toxicity, and is therefore not suitable to use in this investigation.

[bookmark: _Toc232523110]Figure 5.4: Persistence of axonal swellings in spast ∆E7/∆E7 primary cortical neurons following treatment with Tro19622
[image: ]Figure 5.4: Following treatment of the spast ∆E7/∆E7 primary cortical neurons with 3M Tro19622, the number of quantified axonal swellings was still observed to be similar to pre-treatment, basal levels. Figure shows spast ∆E7/∆E7 cultures immunostained for acetylated -tubulin. Quantified swellings are depicted with a black arrow.







[bookmark: _Toc232523111]Figure 5.5: Quantification of the number of axonal swellings in the presence of Tro19622  
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Figure 5.5: A) Genotype B) Treatment conditions. N=5. Combined results derived from cortical neurons from different genetic backgrounds: BALBC N=2, C57BL/6 N=2, FVB N=1. Quantified axonal swellings measuring over 5m by 5m. Bars represent mean  S.E.M. Statistical test: 1-way Anova with either Bonferroni’s or Dunn’s multiple comparison test. Where values differ significantly: ** p< 0.01.           

Under basal conditions, a doubling in the number of axonal swellings was observed in the spast ∆E7/∆E7 cortical neurons when compared to the spast +/+ neurons (Figure 5.3B). However, the expected 50% basal increase in the number of swellings in the spast ∆E7/+ cultures compared to spast +/+ neurons was not observed, contrasting results seen by Kasher et al, in 2009. Surprisingly, a (non-significant) increase was seen in the spast ∆E7/+ neurons compared to wild type cultures upon treatment with Tro19622. Furthermore, when the cultures were treated with 0.5% DMSO as a vehicle control, the number of axonal swellings in the spast +/+ neurons increased 1.2-fold compared to the untreated cells, abrogating the significant difference previously seen between the spast +/+ and spast ∆E7/∆E7 cultures.
Following 7 days of treatment with 3μM Tro19622, no significant difference in the quantity of axonal swellings in the spast +/+, spast ∆E7/+ and spast ∆E7/∆E7 cultures were observed when compared to basal levels. Thus, at this dosage, the drug appears to be ineffective at ameliorating the defects in axonal transport, seen upon the mutation of Spastin.
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In spite of being unable to ameliorate the number of axonal swellings, it was observed that treatment of the cultures with Tro19622 significantly improved the morphology of the neurons. To qualitatively confirm this, images of the neurons from each treatment group were scored using a subjective scale, under blinded conditions. The scale spanned from 5, where the neurites appear stable, to 0, where the cytoskeletal structures appear to have broken down, fragmenting the appearance of the neurite staining (Figure 5.6). Fields of view equating to 1000 nuclei were scored for each treatment condition in all three genotypes, and the scoring was grouped into three distinct bins, 0-1, 2-3 and 4-5. The relative frequencies of each binning group were then expressed as a percentage of the total (Figure 5.7 and 5.8).



Figure 5.6: Scoring of neurite morphology in cortical neuron cultures
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Figure 5.6: Cortical neurons immunostained for acetylated -tubulin.  Neurites were scored using an arbitrary scale from 0-5, where 0 represents fragmented neurite staining, and 5 represents an intact neurite.





[bookmark: _Toc232523112][image: ]Figure 5.7: Improvement in neurite morphology upon treatment with Tro19622

Figure 5.7: Figure depicting spast ∆E7/∆E7 cultured neurons stained for acetylated -tubulin. Images from all genotypes were scored on an arbitrary scale from 0-5 to determine the effect of treatment with Tro19622 on the morphology of the neurons. A-B) Untreated; moderate fragmentation of the neurite; C-D) 0.5% DMSO; moderate to substantial fragmentation of the neurite; E-F) 3M Tro19622; stable, intact neurites. Scale bars: 10m.





[bookmark: _Toc232523113]Figure 5.8: Qualitative scoring of the improvement in neurite morphology upon treatment with Tro19622
[image: ]Figure 5.8: Blind scoring of the morphology of the neurites after treatment with Tro19622. N=4. A) spast +/+ cortical neurons; B) spast ∆E7/∆E7cortical neurons. Images were scored on a scale of 0-5 and grouped into binning boundaries 0-1, 2-3 and 4-5.

Following scoring of each genotype, under each treatment condition, the treatment of the neurons with 3M Tro19622 was seen to improve the morphology of the neurites. Independent of genotype, and therefore unrelated to the presence of Spastin, the neurites appeared stabilised upon treatment with the drug; there was a significant reduction in the “beads on a string” morphology (Pittman et al. 1993), indicative of cytoskeletal structure breakdown.
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Following the discovery of improved morphology of the neurons following treatment with Tro19622, we wondered whether the drug acts upon the apoptotic pathway. Two of the molecular targets of Tro19622 are components of the MPTP (VDAC and Translocator protein 18kDa (TSPO)), a complex involved in the induction of apoptosis (Bordet et al. 2007). It is thus possible that the drug alters the level of cell death in the culture, leaving only the healthy neurons. 
Hoechst stain is a fluorescent dye used to stain nuclear DNA; the resulting staining pattern allows the assessment of the viability of the culture. Upon induction of apoptosis numerous changes occur in the cell, including the fragmentation of the nucleus and condensation of the chromatin (Wyllie et al. 1981). It is this compaction of the DNA that results in the bright fluorescence of the chromosomes, allowing the neuron to then be quantified as either dying or dead (Figure 5.9).

[bookmark: _Toc232523114][image: ]Figure 5.9: Assessment of cortical neuron culture viability











Figure 5.9: Neurons stained with Hoechst. Viability assessed over 1000 live nuclei. Dying and dead neurons, encircled in red, are depicted by degenerating or fully condensed nuclei.

The viability was assessed in the spast +/+ and spast ∆E7/∆E7 cultures from two genetic backgrounds (BALBC, and FVB), with live or dead neurons expressed as a percentage of the total number of neurons counted (Figure 5.10).

[bookmark: _Toc232523115][image: ]Figure 5.10: Quantitative measurement of viability in spast +/+ and spast ∆E7/∆E7 cortical neuron cultures
Figure 5.10: N=3.  A) spast +/+ cortical neurons; B) spast ∆E7/∆E7 cortical neurons. Viability was assessed in the number of fields of view equating to 1000 live nuclei, in cultures representing the three treatment conditions. Alive and dead cells were expressed as a percentage of the total number of nuclei in the field of view. Bars represent mean  S.E.M.

Though it appears that viability is higher under basal conditions, likely attributed to the toxic effect of 0.5% DMSO, there is no significant difference between the treatment groups when quantifying alive or dead cells in either wild type or homozygous cultures.
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As the improvement in the morphology of the cortical neurons in the presence of Tro19622 appears to be independent of viability, it was possible that the drug treatment instead influences the acetylation state of the microtubules. Acetylation is a common post-translational modification of the microtubules in the axon. The presence of acetylated residues (specifically Lys40 on -tubulin) on the inside of the microtubule polymer is indicative of, though it may not be the cause of, stability of the microtubule network (Matsuyama et al. 2002; Haggarty et al. 2003; Dompierre et al. 2007). 
In order to assess whether the improvement in cytoskeletal morphology derives from the increased acetylation of the microtubules, the neurons were immunostained for -tubulin, revealing both acetylated and non-acetylated tubulin, acetylated -tubulin specifically, or the neurofilament network (Figure 5.11). It was theorised that the appearance of a stabilised network, following neurofilament staining, would indicate an improved stability of the cytoskeleton overall. Conversely, if the -tubulin staining revealed fragmentation of the neurites, it could be postulated that the apparent improvement in neurite morphology, upon treatment with Tro19622, is not due to the acetylation of the microtubule network. Again, the morphology of the neurons was qualitatively assessed using an arbitrary scale of 0-5.
Analysis was carried out using spast +/∆E7 cortical neurons; the most common genotype produced from a timed mating.  The improvement in neurite morphology, following treatment with Tro19622, was found to be independent of genotype (Figure 5.8), meaning the effect of Tro19622 on the morphology of the cytoskeleton in the spast +/∆E7 cultures can also be taken as representative of the spast +/+ and the spast ∆E7/∆E7 cultures.







[bookmark: _Toc232523116]Figure 5.11: Assessing morphology of the cytoskeleton in the presence of Tro19622 
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Figure 5.11: Assessment of cytoskeleton morphology in spast ∆E7/+ cortical neurons: A-C) Cultures from each treatment condition stained for acetylated -tubulin; D-F) Cultures from each treatment condition stained for -tubulin (DM1A antibody); G-I) Cultures for each treatment group stained for neurofilaments (SM31 antibody).








[bookmark: _Toc232523117]Figure 5.12: Assessing the morphology of components of the cytoskeleton in   spast +/∆E7 neurons upon treatment with Tro19622
[image: ]Figure 5.12: N=1. A) Qualitative scoring of cortical neurons stained for acetylated -tubulin; B) Scoring of cortical neurons stained for -tubulin; C) Qualitative scoring of cortical neurons stained for neurofilaments. Neurite morphology was assessed using an arbitrary scale of 0-5.

As depicted in Figures 5.11 and 5.12, the structural integrity of the neurofilaments, either under basal conditions or in the presence of Tro19622, appeared fragmented, as expected in embryonic neurons cultured for seven days. Conversely, staining for -tubulin revealed stable networks independent of treatment group. Staining for acetylated -tubulin revealed the aforementioned pattern of improved morphology in the presence of Tro19622. Thus, from this preliminary evidence, it appears that application of Tro19622 has no effect on the integrity of the neurofilament network but may increase acetylation, and preserve the morphology of the microtubules in the neurite. Stabilisation of the microtubule network, derived from increased lysine acetylation may result in the perceived improved appearance of neurite morphology in the AAT-stained cultures. These results reinforce the evidence suggesting that Tro19622 acts mainly on the microtubule network rather than all components of the cytoskeleton.
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As previously discussed, post-translational modification of the microtubules regulates the dynamicity of the cytoskeleton, which in turn impacts on the efficiency of axonal transport (Maruta et al. 1986). Acetylation of lys40 on the luminal face of -tubulin is associated with stabilisation of the microtubule network, and the efficiency of the severing activity of Katanin (Sudo et al. 2010).
Furthermore, this post-translational modification also improves axonal transport, independent of microtubule stabilisation, via the increase in the efficiency of recruitment of both retrograde and anterograde transport motors to the microtubule tracks. It has been noted in vitro that loss of lys-40 acetylation reduces the interaction of Kinesin-1 with the microtubules, with a subsequent decrease in the motility of the motor protein (Reed et al. 2006). Thus, acetylation of tubulin appears to regulate the polarised trafficking of cargoes in the neurons (Reed et al. 2006). Additionally, Dynein, and the p150GLUED subunit of Dynactin, are also preferentially recruited to acetylated microtubules (Dompierre et al. 2007), which may be of importance when considering the exacerbated distal retrograde transport defect in the HSP-model cortical neurons. 
Acetylation in the cell is intricately regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs). In the neuron, two proteins, both implicated in neurodegenerative disease, namely HDAC6 and SIRT2, mainly regulate the deacetylation of tubulin (Glozak et al. 2005; Pallos et al. 2008). HDAC6 is a class II HDAC, predominantly localised to the cytoplasm. This class IIb deacetylase has distinctive substrate specificity for non-histone proteins, including -tubulin, (Dompierre et al. 2007), meaning this protein is highly implicated in the regulation of axonal transport.
It was thus postulated that treatment of the HSP cortical neurons with the specific HDAC6 inhibitor, Tubastatin A, would increase levels of tubulin acetylation, improve the defect in axonal transport, and subsequently ameliorate the number of axonal swellings seen in the spast ∆E7/∆E7 cultures. Indeed, treatment of cultured mutant-heat shock 27kDa protein 1 (HSPB1) dorsal root ganglion neurons with Tubastatin A corrected the mitochondrial axonal transport defect seen in these CMT-modelling neurons (d'Ydewalle et al. 2011).
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The cortical neurons of the three genotypes were treated 24 and 96 hours post-plating with either 1µM Tubastatin A solubilised in 0.1% DMSO, or 0.1% DMSO as a vehicle control. Basal media was used as the control condition.  Again, axonal swellings were quantified according to the criteria described in section 5.2.2 (Figure 5.13). 1µM Tubastatin A was the dose previously found to rescue the CMT2 phenotype in the mHSPB1 mouse model (d'Ydewalle et al. 2011)

[bookmark: _Toc232523118]Figure 5.13: Quantification of the number of axonal swellings in the presence of Tubastatin A
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Figure 5.13: A) Genotype B) Treatment conditions.
N=3: 2 BALBC and 1 C57BL/6. Bars represent mean  S.E.M. Statistical test: 1-way Anova with either Bonferroni’s or Dunn’s multiple comparison test. Where values differ significantly: * p<0.05, ** p< 0.01, *** p<0.001.

As with the previous experiment, a significant increase in the number of swellings in the spast ∆E7/∆E7 cultures was observed, when compared to the spast +/+ and spast +/∆E7 neurons, under both basal and vehicle-control conditions. Furthermore, a significant decrease in the quantity of swellings in the spast ∆E7/∆E7 cortical neurons was seen following 7-day treatment with Tubastatin A. The number of swellings in the spast ∆E7/∆E7 neurons was reduced to wild type levels following drug treatment. Thus, the specific inhibition of HDAC6 appears to ameliorate the axonal transport defect seen in the spast ∆E7/∆E7 cultures.
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HDACs act in the cell to regulate the acetylation levels on both histones and cytoskeletal tubulin. They can therefore influence the functioning of cellular transport, dynamicity and genetic expression patterning, via the control of epigenetics (Dietz et al. 2010). However, the activity of the various proteins controlling acetylation is by no means straightforward. For example, activation of Sirt1 and Sirt5, two NAD-dependent protein deacetylases, is protective to the neuron; conversely, activation of Sirt2, Sirt3 and Sirt6 results in the promotion of neuronal apoptosis (Pfister et al. 2008; Dietz et al. 2010). Despite this complexity, pharmacological regulation of HDAC activity is therapeutically implicated in numerous pathologies, including neurodegeneration.
The inhibition of HDAC6 as a therapeutic avenue has recently been suggested for numerous neurodegenerative disorders, including HD and AD. In HD, treatment of striatal precursor-derived cell lines, taken from a transgenic mouse carrying two copies of mHtt, restored the vesicular transport and release of BDNF back to control levels (Dompierre et al. 2007). Furthermore, in a Drosophila model of HD, the inhibition of Sirt2 activity had a neuroprotective effect (Pallos et al. 2008). This evidence suggests that an increase in tubulin acetylation levels is protective against the pathogenesis of HD.
In AD, Tubastatin A-mediated inhibition of HDAC6 in primary A-expressing hippocampal neurons restored the axonal transport of mitochondria back to control levels, ameliorating the A-induced defects in both velocity and motility of the organelles. Interestingly, the increase in acetylated -tubulin also abrogated the A-mediated activation of Drp1 and Fis1, preventing the pathogenic fragmentation of mitochondria (Kim et al. 2012). It therefore appears that HDAC6 inhibition can also impact on mitochondrial dynamics, as well as axonal transport.
As discussed, Tubastatin A has previously been shown to ameliorate defects in axonal transport seen in a mutant HSPB1 (mHSPB1)-induced mouse model of CMT. Study of DRG neurons expressing mHSPB1 revealed evidence of defective axonal transport of mitochondria, resulting in a decreased number of mitochondria populating the neurite. 21-day treatment with Tubastatin A restored efficient mitochondrial transport, increasing motor performance of the transgenic mice and preventing the observed distal axonal loss (d'Ydewalle et al. 2011). 
Interestingly, studies of murine models, as well as patient-derived data, in AD, HD and CMT has demonstrated a significant decrease in the levels of acetylated -tubulin in the relevant neuronal cells (Hempen et al. 1996; Dompierre et al. 2007; d'Ydewalle et al. 2011; Kim et al. 2012). Thus, it can be appreciated why the pharmacological inhibition of deacetylation is beneficial in these neurological disorders. However, in HSP, there is so far no evidence of a pathogenic decrease in the levels of tubulin acetylation. Furthermore, evidence suggests that the functioning of Spastin is not regulated by the acetylation state of tubulin, as opposed to the activity of Katanin (Sudo et al. 2010). Therefore, the observed amelioration in the number of axonal swellings seen in the spast ∆E7/∆E7 cultures following treatment with 1M Tubastatin A may be tentatively attributed to the improvement in axonal transport following increased -tubulin acetylation.
As previously discussed, acetylation of -tubulin leads to an increase in the binding of motor proteins to the microtubule track. It has been postulated that this increase in the efficiency of binding derives from a conformational change in the microtubules, induced by the post-translational modification (Dompierre et al. 2007). This structural change may present a domain of the tubulin that possesses a higher affinity for the motor proteins; in support of this, the binding sites of both Dynein and Kinesin-1 overlap on the microtubules (Mizuno et al. 2004; Dompierre et al. 2007), explaining why both anterograde and retrograde transport is influenced by HDAC6 inhibition.
Previous analysis of our mouse model of SPG4-mediated HSP revealed that the observed defects in axonal transport were mainly in the anterograde direction, though disruption to transport in axonal segments distal to swellings was also exacerbated in the retrograde direction (Kasher et al. 2009). Therefore, an increase in the affinity of Kinesin-1 and Dynein to the acetylated microtubules would help to alleviate the defects in the bi-directional transport seen in HSP, potentially reducing the pausing frequency of cargo at the axonal swellings. Thus, even if an increase in acetylation has no effect on the severing defect, the recruitment of the motor proteins may serve to compensate for the loss of Spastin in the regulation of axonal transport.
FASSIER EVIDENCE….HELP STABILISE THE MICROTUBULES IN THE SWELLINGS TO FURTHER ENABLE RESTORATION OF TRANSPORT?
Alternatively, it is possible that the Tubastatin A-mediated improvement in axonal transport influences the autophagy and the ubiquitin-proteasome pathway. As discussed in Chapter 4, in the autophagy pathway, the autophagosome must be trafficked along the microtubules in order to fuse with the lysosome, permitting efficient degradation of the waste cargo (Mehrpour et al. 2010). Defects in axonal transport will result in a build-up of waste proteins in the neurite. It is currently unclear if the swellings observed in the spast∆E7 cultures contain ubiquitinated proteins destined for the lysosome, consequent to defects in the autophagy pathway. However, the toxic accumulation of proteins is a common pathogenic feature of neurodegenerative disease (Son et al. 2012), as previously discussed. Thus, the increased efficiency of axonal transport may improve the functioning of the autophagosomal pathway, reducing the accumulation of proteins observed in the axons. 
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5.4: Conclusions
In contradiction to what was seen by Kasher et al in 2009, in this experiment, the spast +/∆E7 neurons did not present with an increased number of axonal swellings compared to wild type neurons, indicating no axonal transport defect upon the expression of only a single copy of functioning Spastin. The absence of an axonal transport defect in the spast +/∆E7 cortical neurons was unexpected, as it is this genotype that most accurately represents the clinical pathogenic mutation (Kasher et al. 2009).
However, it is possible that the expected increase in the number of axonal swellings in the spast +/∆E7 cortical neurons was lost due to alterations in experimental setup. The density of the cultures was increased to help reduce the toxicity resulting fron the high concentration of DMSO required to solubilise Tro19622; this may alter the formation of axonal swellings. Furthermore, logistically, an increase in culture density, and thus an increase in the number of nuclei per field, results in fewer fields of view being analysed. Moreover, it has been observed by colleagues that both the size and number of axonal swellings increases when the cells are plated at a lower density. Though the reason behind this is currently unclear, it possibly derives from an increase in cellular stress resulting from the lower density. These factors may have a bearing on the number of swellings counted, and the subsequent calculation of the percentage of axonal swellings. 
Despite these anomalies, pharmacological treatment of the spast∆E7 cultures has revealed an exciting potential for therapeutic intervention in mSpastin-mediated HSP.  Tubastatin A affects the acetylation of cytosolic proteins specifically, rather than the histones (d'Ydewalle et al. 2011).  Therefore, the therapeutic effect of this drug can be attributed to the acetylation of -tubulin and consequent alterations in axonal transport, rather than any epigenetic effect. This may be important for HSP, which is categorised as a dying-back axonopathy, with defective axonal transport implicated as the main pathogenic process.
However, questions remain about the success of HDAC6 inhibition in ameliorating the number of axonal swellings in the spast ∆E7/∆E7 neurons. As mentioned, loss of Spastin results in a stabilisation of the microtubule network (Trotta et al. 2004), and that acetylation further increases this stability (Matsuyama et al. 2002). Furthermore, the activity of Spastin is not influenced by the acetylation of tubulin. On the other hand, Katanin does have a higher affinity for acetylated microtubules compared to unmodified tubulin (Sudo et al. 2010). It may therefore be postulated that an increase in tubulin acetylation enables Katanin to partially compensate for the loss of Spastin-mediated microtubule severing. However, it has been noted that the expression of Katanin dramatically decreases following development (Solowska et al. 2008).

Furthermore, HDAC6, as well as regulating axonal transport, has also been implicated in the regulation of nutrient-independent basal autophagy, imperative for intracellular quality control, and further highlighting the essential role for HDAC6 activity in the regulation of neurodegeneration. HDAC6 regulates the fusion of autophagosomes to lysosomes by recruiting actin-remodelling proteins that stimulates the formation of the autophagolysosome (Lee et al. 2010). Thus, inhibition of HDAC6 would be predicted to result in the failure of autophagosome maturation and the toxic accumulation of protein aggregates, therefore exacerbating the formation of axonal swellings, instead of producing the noted decrease in number. 
Due to these observations, it can be suggested that, unless there is an unknown function of HDAC6, which, if inhibited, is beneficial to neuronal transport the reduction in the quantity of axonal swellings following Tubastatin A treatment may be attributed to an increased affinity of the molecular motors to the microtubule track, subsequently improving efficiency of axonal transport, independent of microtubule stabilisation. 
In light of these contradictions, it will be necessary to biochemically assess the acetylation levels in the spast∆E7 cultures, to see if this post-translational mechanism is altered in a model of HSP. This will also help to explain why, if an increase in acetylation is protective to the neuron, the observed upregulation in the presence of Tro19622 did not result in an amelioration of the number of axonal swellings. This could also possibly be attributed to the high concentration of DMSO, preventing the rescue in axonal transport induced by acetylation, as previously discussed. It will also be necessary to treat the spast∆E7 cultures later on in their development, to ascertain whether Tubastatin A acts to prevent the initial formation of the swellings or whether it is capable of eradicating them once they are developed.
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Chapter 6 - Discussion
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Mitochondria are highly specialised organelles carrying out several essential roles in eukaryotic cells, including ATP production, regulation of calcium homeostasis and induction of the intrinsic apoptotic cascade. In light of these functions, they have a key role in neuronal maintenance and function. Neurons are highly metabolic with a heavy reliance on ATP, stemming from their large size and role in the transduction of synaptic signalling.
 Interestingly, neurons mainly utilise oxidative phosphorylation to meet these energy demands, thus making the cells further dependent on efficient mitochondrial function.
Unsurprisingly, mitochondrial dysfunction has repeatedly been highlighted as a pathogenic process in both ageing and most of the neurodegenerative disorders including ALS. 
ALS: DISEASE OF OLD AGE….GRADUAL AND CUMULATIVE DEFECT IN MITOCHONDRIAL FUNCTION?
NOT AS SEVERE AS LEIBERS OR MIT DISORDERS….SPECIFIC GENETIC DEFECT IN MITOCHONDRIA, BUT DOES AFFECT NEURONS MAINLY….
An enduring hypothesis concerning the mechanics of ageing is the cumulative generation of ROS by the leakage of electrons from the ETC. It is postulated that, over time, the levels of generated free radicals lead to progressive accumulation of mtDNA mutations and deletions (Corral-Debrinski et al. 1992; Krishnan et al. 2007), deficiencies in mitochondrial protein production (Guja et al. 2012), and accumulative damage to macromolecules and other organelles in the cell (Mammucari et al. 2010)…..ROS AND MT?
Furthermore, as well as contributing to the ageing of the cell, mitochondria can also provide a read-out of the functional decline upon increasing age. It has been hypothesised that cumulative telomere dysfunction activates p53, which subsequently binds to the promoters of both PGC-1 and PGC-1, repressing their transcription, and thus impairing mitochondrial biogenesis and metabolic function (Sahin et al. 2010; Sahin et al. 2012). Consequently, the production of ROS increases, further impairing function in the cell (Sahin et al. 2010; Sahin et al. 2012). 
The largest risk factor for neurodegenerative disease is ageing (Desler et al. 2012), and as such these diseases are increasing in incidence as people live longer. It may be hypothesised that the pathology noted in neurodegenerative disease is a consequence of the exacerbation of the defects seen in ageing. Indeed, there are several pathophysiological processes that overlap between ageing and neuronal degeneration.
For example, in ALS, oxidative stress, particularly that derived from defective oxidative phosphorylation, has been implicated in the pathogenesis of ALS, following study of both patients and animal models (Comi et al. 1998; Jung et al. 2002; Mattiazzi et al. 2002; Wiedemann et al. 2002; Murata et al. 2008). Accordingly, damage arising from aberrant free radical activity has also been noted in patient samples and animal models, including peroxidation of mitochondrial membrane lipids, carbonylation of proteins and increased oxyradical production (Kruman et al. 1999; Tohgi et al. 1999; Mattiazzi et al. 2002; Murphy 2009), all of which can severely effect the functioning of the mitochondria. Furthermore, evidence from both patients and models of the disease implicate impaired calcium buffering by mitochondria in the motor neuron as a key pathogenic process in ALS; for example, mSOD1-expressing neuroblastoma cells had increased levels of cytoplasmic calcium, concomitant with a significant decrease in m (Carri et al. 1997)….LINKTO SOD…SOD MITOCHONDRIA CANNOT BE RESCUED BY WT SOD, KO OF SOD IS ONLY TOXIC IN FLIES….WHY?
Consequently, several clinical trials investigating ALS have involved drugs targeted to mitochondria (Shefner et al. 2004; Bordet et al. 2007; Cudkowicz et al. 2011). The most recent promising trial has come from the testing of Dexpramipexole, a drug shown to improve the efficiency of oxidative phosphorylation. When tested in SH-SY5Y neuroblastoma cells, Dexpramipexole treatment improved ATP production levels upon culture in respiration-dependent media, thus increasing the bioenergetic efficiency of the cells (Alavian et al. 2012). However, despite this improvement in mitochondrial function, it has recently been announced that Dexpramipexole has failed in Phase III trials in the treatment of ALS (Biogen Idec press release). Interestingly, in our investigation, no defects in ATP production were observed in mTARDBP patient fibroblasts compared to control fibroblast samples, when the cells were cultured in either glucose-enriched or glucose-deprived media (Figure 4.1).
It has long been appreciated that neuronal maintenance and functioning requires the maintenance of mitochondrial dynamics (reviewed in Van Laar and Berman, 2012). There is an intricate relationship between mitochondrial form and function. For example, changes in the fusion/fission dynamics of mitochondria can directly influence oxidative phosphorylation (Van Bergen et al. 2011). The opposite has also been shown to be true, with defects in the ETC inducing changes in mitochondrial interconnectivity (De Vos et al. 2005).
Accordingly, all aspects of mitochondrial dynamics are hypothesised to be altered as age increases. The decrease in expression of PGC-1 during ageing has implications for mitochondrial biogenesis, and, via its activation of Mfn2, mitochondrial metabolism and the balance of mitochondrial fusion/fission. Furthermore, a decline in mitochondrial motility was observed in aged mouse tibial nerve axons compared to younger samples (Gilley et al. 2012). Finally, activity of the autophagy pathway diminishes as age increases as evidenced by the appearance of giant mitochondria in post-mitotic ageing cardiac myocytes (Terman et al. 2003).
Affirming the relationship between ageing and neurodegeneration, alterations in mitochondrial dynamics are also observed in ALS. Defects in both mitochondrial fusion/fission and axonal transport have been reported; post-mortem examination of the anterior horn in sALS patients showed fragmentation of the motor neuronal mitochondria, suggestive of defective fusion or an increase in mitochondrial fission (Sasaki et al. 2007). Furthermore, neuronal expression of wild type human TDP-43 in a transgenic mouse model resulted in abnormal juxtanuclear clusters of vacuolated mitochondria in the spinal motor neurons. Interestingly, expression levels of Mfn1 were decreased, with a simultaneous increase in expression levels of both Fis1 and phosphorylated Drp1, suggesting a defect in the regulation of mitochondrial dynamics may be pathogenic in this ALS mouse model (Xu et al. 2010). 
With regards to axonal transport, impairment of bi-directional transport of mitochondria has been noted both in vitro and in vivo. A selective decrease in anterograde transport of mitochondria was observed in G93A mSOD1 motor neurons, alongside a corresponding increase in mSOD1-containing mitochondria at the cell body (De Vos et al. 2007). Furthermore, abnormal accumulation of mitochondria in the soma and proximal axon of the anterior horn neurons was reported in a post-mortem study of sALS patient spinal cord samples (Sasaki et al. 2007). 
In light of this evidence, the aims of this investigation, concerning both ALS and ageing, was to assess mitochondrial dynamic changes under two growth conditions in primary dermal fibroblasts. From this, owing to the close relationship between form and function, the functional state of the mitochondria, and thus the cell, may be inferred. Furthermore, we wished to assess whether accumulating stress upon ageing influences cells from ALS patients differently compared to cells from age-matched healthy controls.
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Throughout this investigation, primary dermal fibroblasts derived from both ALS patients and control subjects were used to investigate mitochondrial form and function. These cells were chosen as they are easily accessible and tractable model for experimental use. However, due to their divergent function from neurons, care must be taken when interpreting any results in relation to neurodegenerative disease. For example, fibroblasts use glycolysis as their preferred process for the generation of ATP, as opposed to oxidative phosphorylation, meaning caution is required upon the analysis of bioenergetic defects in either ageing or ALS patient fibroblasts. 
Nevertheless, it has been previously been shown that fibroblasts do, to some extent, recapitulate defects seen in degenerating neurons. For example, a study of mParkin primary dermal fibroblasts reported a deficiency in Complex I activity alongside a significant decrease in ATP production compared to control samples. Interestingly, alterations in mitochondrial morphology were also observed, with the mutant fibroblasts exhibiting a significant increase in mitochondrial fusion (Mortiboys et al. 2008). Thus, these peripheral cells can provide an insight into the pathological state of the neuron in neurodegenerative disease. Furthermore, the flat shape of primary fibroblasts allows an insight into the morphology of the mitochondrial network that is not technically achievable with cultured primary neurons. 
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6.2.1.1.1: Control and sALS patient fibroblasts
In the control cohort, increased mitochondrial interconnectivity was observed as the age of the donor increased. It may be hypothesised that this increase in mitochondrial network complexity represents a protective mechanism in the cell to cope with increasing age. Mitochondrial fusion acts as an adaptive mechanism, and might be allowing the cell to endure the physiological changes associated with ageing, including increasing oxidative stress, diminishing mitochondrial metabolic output and an increase in the formation of mtDNA….??? HOW DO YOU KNOW THAT IT IS AN ADAPTATION?
Conversely, when the fibroblasts from the control cohort were cultured in respiration-dependent media, though an increase in network complexity was observed when compared to culture in glucose-enriched conditions, the trend of increasing mitochondrial interconnectivity with ageing was not seen. Thus, in fibroblasts derived from relatively healthy subjects, the ability to adapt to forced oxidative phosphorylation remains consistent throughout ageing. 
Interestingly in the control primary dermal fibroblasts, the spare respiratory capacity of these cells increased during ageing, perhaps due to their noted reduction in glycolytic capacity (S. Allen; Personal communication). ABSOLUTE? HOW IS THIS DEFINED? Thus, the older fibroblasts appear to possess the ability to cope with an increased metabolic demand on the mitochondria even in the face of the aforementioned functional defects seen in ageing. This finding correlates with the observed consistency in the increased branching of the mitochondrial network upon increased mitochondrial metabolism. As discussed shortly, this apparent increase in mitochondrial efficiency upon ageing is unusual. It would be interesting to assess the levels of mitochondrial respiratory chain supercomplexes in both the control and sALS patient fibroblast cohort, to see if there is a difference in the quantity of these macromolecular complexes as age increases or in a disease, and whether this correlates with the noted changes in mitochondrial morphology.
In contrast to the results seen in the primary fibroblast control cohort, it has been shown in brain, heart, and skeletal muscle that spare respiratory capacity decreases during ageing (Desler et al. 2012).  Further investigation will be required to establish whether the results noted in the primary fibroblasts are an experimental artefact, specific to the cell type. This could be achieved by converting the fibroblasts to motor neurons and again assessing mitochondrial function in comparison to age.
The observed decline in mitochondrial spare respiratory capacity in various tissue has been proposed to be a consequence of the noted increasing defects in oxidative phosphorylation, with evidence of both Complex I and IV declining in function as age increases. Interestingly, mitochondrial respiratory chain supercomplexes have previously been observed to undergo age-related destabilisation in rat heart tissue, possibly underlying the typical increase in inefficient electron flux along the ETC and reduction in spare respiratory capacity seen during ageing (Gomez et al. 2009; Gomez et al. 2012). Furthermore, telomeric shortening during ageing influences expression of two key regulators of mitochondrial dynamics, PGC-1 and PGC-1 (Sahin et al. 2011), as well as disrupting transcription of nuclear genes capable of regulating mitochondrial function (Desler et al. 2012). Any changes in spare respiratory capacity will impact enormously on neuronal function; when active, neurons function at approximately 80% of their maximal mitochondrial-respiratory capacity (Nicholls 2002; Desler et al. 2012). Consequently, age-related decline in spare respiratory capacity will render the neuron susceptible to bioenergetic exhaustion, and subsequently increase the risk of neurodegenerative disease. 
This decline in mitochondrial functioning serves to further highlight the relationship between neurodegenerative disease and ageing. Indeed, in the sALS patient fibroblast cohort, spare respiratory capacity was found to always be lower than that their age-matched control samples (S. Allen; Personal communication). It may therefore be interesting to examine Mfn2 expression in both control and sALS patient fibroblasts; as this gene is capable of promoting both mitochondrial fusion and oxidative phosphorylation, it would be interesting to see whether its expression alters as age increases…..MFN2 MUTATION DISEASE, WHY NOT MFN1?
As any changes in mitochondrial morphology are capable of influencing the motility of the organelle, it was decided to investigate whether ageing in the control primary fibroblasts influences mitochondrial movement. Though it has been reported that increased mitochondrial fusion inhibits efficient mitochondrial transport, no significant changes were observed in this investigation concerning the motility of the organelles as age increased. However, previous ex vivo investigation of mitochondrial transport in tibial nerve axons derived from young and old mice revealed a significant decrease in anterograde transport upon ageing, re-enforcing the notion that ageing can predispose to organelle dysfunction in neurodegenerative disease (Gilley et al. 2012). It would be interesting to investigate whether these reported changes arise concomitant with alterations in mitochondrial morphology. Unfortunately, the differences in shape between fibroblasts and neurons will make it technically difficult to measure network complexity in the neuronal cells…..MEASURE SOMETHING ELSE.
In contrast to the results observed in the control cohort, in the sporadic ALS cohort, a decrease in branching was seen as age increases. It therefore appears that, in their diseased state, the cells lose their ability to fuse the mitochondria. As mentioned, it is known that PGC-1 expression alters upon ageing, and that this can influence Mfn2 expression. It may be possible that the dynamics of this gene expression pattern in altered in ALS fibroblasts during ageing. However, the activity of Mfn2 following PGC-1 induced expression is thought to be independent of its fusion-inducing capabilities, so that the origin of this loss of fusion remains to be elucidated.
Whatever the cause of this mitochondrial fragmentation, it does suggest that the sALS primary fibroblasts have lost the protection mitochondrial fusion supplies against the dysfunction elicited by the disease state. For example, mitochondrial fragmentation may disrupt formation of MAMs, possibly resulting in aberrant increases in cytosolic calcium concentration, which, in turn would exacerbate the mitochondrial dysfunction. Furthermore, the loss of mitochondrial fusion will leave the cell vulnerable to the increasing levels of ROS noted in both ageing and neurodegenerative disease. Indeed, preliminary data from a DCF assay found that though ROS levels decreased upon ageing in the control cohort, perhaps reflecting the protective ability of mitochondrial fusion, oxidative stress increased by around 50% in the sALS patients from age 39 years to age 74 years (S. Allen; Personal communication). However, both cohort sizes were small so these results will need to be validated. Furthermore, induction of the intrinsic apoptotic cascade at times of increased cellular stress is linked to mitochondrial fragmentation (Karbowski et al. 2002). 
These results led us to conclude that the mitochondrial fusion state is correlated to age, and that this relationship could interact to modify the prognosis of ALS. Interestingly, age has also been noted as a modifier of the prognosis in Alzheimer’s disease, another neurodegenerative disease characterised by mitochondrial fragmentation; patients diagnosed when 60-70 years old have a prognosis of 7-10 years survival, however, in patients diagnosed when over 90 years old, life expectancy is reduced to less than 3 years (Zanetti et al. 2009). In light of this evidence, it is possible that targeting the fusion/fission dynamic in ageing sALS patients may be a therapeutic approach worth investigating. 
Identification of morphological changes in the sporadic ALS patients highlights another benefit of working with primary fibroblasts. Patient-derived cells afford the opportunity to have a model of sporadic disease, something not possible with an animal model. In this instance, the results seemed to suggest a commonality between sALS patients and defects in mitochondrial function. Further investigation to ascertain the precise changes in mitochondrial activity, and its link to ageing, would be interesting in this cohort. 
6.2.1.1.2: mTARDBP patient fibroblasts
Another benefit of working with patient-derived cells is that they express disease-associated mutant proteins at a physiological level. This is of particular benefit when working with TDP-43, a protein noted to be toxic upon over-expression (Ash et al. 2010; Estes et al. 2011). Furthermore, the ability of TDP-43 to self-regulate its own expression, (Ayala et al. 2011), leads to difficulties in creating stable transfection-based models. Conversely, the study of patient fibroblasts provides a replicate of either the physiological or pathological expression of TDP-43 that occurs in the patient. In the same way, the study of C9ORF72 and the disease-related hexanucleotide repeat expansion benefits from the existence of patient fibroblasts. The 100% GC nucleotide content of the expansion results in difficulty creating and maintaining a pathological repeat in plasmid vectors. However, the study of mC9ORF72 fibroblasts is not without limitations and problems, as discussed later.
In spite of these benefits, there are caveats to be considered when working with patient derived cells, some of which have impacted on this investigation. For example, though the protein of interest is expressed at physiological levels, it is also expressed on heterogeneous genetic backgrounds between unrelated patients. This is compounded by different environmental exposures between patients, such as medication or diet, which can further contribute to genetic variability. Additionally, differences in age of the donor will make a difference to the functioning of the cell. We have already demonstrated that age influences mitochondrial morphology, it may also influence changes in other cellular or mitochondrial functions, such as calcium homeostasis. For example, alterations in mitochondrial fusion or fission may impact on the formation or maintenance of MAMs, disrupting the regulation of calcium signalling.
Indeed, as with the sporadic cohort, variation was seen amongst the patients expressing mTARDBP. For example, though both FibPat48 (A321V) and FibPat51 (M337V) exhibited a trend towards an increase in fusion of mitochondria, FibPat55 (G287S) did not until the cells were cultured in respiration-dependent media. Moreover, this variability is compounded by the fact that it is currently unclear if the A321V mutation in TDP-43 is pathogenic; it is a novel mutation, and the patient in question also possesses the hexanucleotide repeat expansion in C9ORF72, also postulated to be pathogenic.
Unfortunately, the mTARDBP patient fibroblast cohort was too small to ascertain whether there is an age effect on mitochondrial morphology in these cells. However, we wished to further investigate the cause of this increased branching in the patient samples. As mitochondrial morphology can be influenced by a variety of cellular processes, there were several avenues that could be explored, including defective metabolism, disruption of calcium homeostasis and altered functioning of the autophagy pathway.

6.2.1.2: Autophagy investigation
Microarray analysis revealed potential changes in both metabolism, including deregulation of glycolysis and the TCA cycle, and autophagy. Decreases in expression of two genes involved in both the initiation and progress of the autophagy pathway, namely Atg12 and MAP1S, were subsequently validated using RT-qPCR. However, though FibPat48 and FibPat51 displayed similar expression levels, FibPat55 was again an outlier when examining the expression of both genes. Despite this inconsistency between samples, the expression levels were presented for groups of mTARDBP patients versus controls in Chapter 4, Figure 4.9, in order to reflect the microarray analysis. The variability between patients may be attributed to differences in age, or potentially to the different mutations present in TDP-43, and raises questions about the pooling of data retrieved from the cohort. It is possible that grouping of data may obscure any change noted in individual patients.
Subsequent western blotting to assess LC3-II levels in mTARDBP patient fibroblasts showed no significant differences between the patient and control cells, either under basal conditions or following treatment with Bafilomycin A1. However, in FibPat51 expressing M337V mTDP-43, there was the suggestion of a defect in autophagosome recycling, and FibPat55, expressing G287S mTDP-43, potentially indicated an increase in the rate of autophagy, though result were variable. Both of these changes could influence mitochondrial morphology.
However, analysis of the mTARDBP cohort was confounded by the discovery that one of the patients carried the newly identified hexanucleotide repeat expansion in the first intron of C9ORF72. Mutation of two potentially pathogenic genes appears to be unusually common in C9ORF72-linked disease; for example, expression of the C9ORF72 expansion has been noted alongside the deletion of serine at position 292 in TDP-43. As with the A321V mutation, it is unclear whether this serine deletion is pathogenic. However, in this patient, the dual expression of the mutations resulted in FTLD rather than ALS (Kaivorinne et al. 2012). Furthermore, another FTLD patient has recently been identified as expressing the C9ORF72 mutation alongside an Ala239Thr variant in MAPT. The patient developed evidence of a tauopathy alongside the classical C9ORF72 pathological symptoms, including the p62-postive inclusions in the hippocampus. Interestingly, the identified mutation in MAPT is typically benign, suggesting that the C9ORF72 mutation is capable of influencing the pathogenicity of other proteins (King et al. 2013). Finally, mutation of C9ORF72 has been associated with Parkinsonian-like symptoms (Luigetti et al. 2013). The process of autophagy, specifically mitophagy, is implicated in the pathogenesis of Parkinson’s disease. However, studies have so far failed to find a link between the hexanucleotide expansion in C9ORF72 and PD (Harms et al. 2012; van Rheenen et al. 2012). Interestingly, an oligogenic basis has been suggested to be common in ALS (van Blitterswijk et al. 2012), perhaps explaining the variation noted between patients throughout this investigation.
Adding to this variability, the penetrance of the C9ORF72 mutation is incomplete, with many factors seeming to affect the allele becoming pathogenic. For example, though the mutation is autosomal dominant, examination of one cohort found the C9ORF72 expansion at pathogenic length in 0.6% of the control population (Cooper-Knock et al. 2012).  It has also been suggested that the mutation is derived from a common founder as it always segregates on the same haplotype and does not derive de novo (Majounie et al. 2012). Thus, there must be additional variables involved in the pathogenecity of the gene. It is currently unclear whether expansion length influences penetrance, due to limitations of the screening method, though anticipation has not yet been observed. Other genetic variables are likely to play a role, including the aforementioned skew towards oligogenecity seen with C9ORF72 pathogenesis (van Blitterswijk et al. 2012). Combined with the disputed pathogenicity of A321V mTDP-43, it is thus difficult to establish the derivation of disease in this patient. Nevertheless, as this patient is a familial case, it may be possible in the future to ascertain whether either the A321V mutation or the C9ORF72 expansion co-segregates with the disease.
The investigation was further confounded by C9ORF72 expansion length variability. Due to the nature of the repeat-primed PCR assay, it is not possible to accurately quantify the number of repeats within the expansion, though it is known that these can be different between patients. In addition to this, microarray analysis of three control subject fibroblasts revealed very low expression levels of C9ORF72. Isoform 1 of C9ORF72 was detected at very low levels in both the nucleus and cytoplasm, though slightly higher in the latter. Conversely, isoform 2 of the gene was not detected in any of the samples; expression of isoform 3 was not investigated (P. Heath; Personal communication). Furthermore, it cannot be clarified whether the mC9ORF72 patients express the protein at high levels in their fibroblasts due to problems with the available antibodies, as discussed in Chapter 1. 
Thus, there may be differences in either expression levels or expansion length in C9ORF72 between patient and control samples. Combined with the genetic heterogeneity, this raises questions concerning the grouping together of data derived from the individual patients. Indeed, though trends were observed within the data, the sample sizes used makes it impossible to garner robust conclusions. Furthermore, it is difficult to ascertain whether any changes observed in the individual patient-derived cells derive from an effect of the mutant protein or from clinical variability arising from the heterogeneity of the test subjects. 
Reflecting the variability inherent to the study of C9ORF72, and as somewhat expected, the results obtained from investigating LC3-II levels in the mC9ORF72 fibroblasts were not consistent between patients. No defects in autophagy activity were observed in FibPat48. This was unexpected as both TDP-43 and C9ORF72 have been linked to the process of autophagy, through HDAC6 and FIP200 respectively. It may be that autophagy needs to be induced by rapamycin treatment in order to identify any defects present in this patient sample. 
As with FibPat55 expressing G287S mTDP-43, in FibPat53, expressing the hexanucleotide repeat expansion in C9ORF72, there was also a suggestion of an increase in the rate of autophagic flux. It is not uncommon for autophagic activity to be elevated in neurodegenerative disease, as a consequence of the accumulation of toxic protein aggregates. Indeed, in both ALS and HD, an early increase in autophagosome formation has been noted, suggesting that the unbalanced state of autophagic stress contributes to the pathogenic status of the cell (Li et al. 2008; Son et al. 2012). However, it will be necessary to carry out flux measurements in these cells, as western blotting cannot provide the information as to whether it is an increase in autophagic flux or autophagic stress that is observed in these patient fibroblasts.
Conversely, FibPat72 exhibited a trend towards decreased levels of autophagy, specifically with LC3-II expression changes indicative of a defect in the initiation of autophagy. Interestingly, deletion of FIP200 expression in mice resulted in decreased autophagosome formation (Liang et al. 2010). In light of the perceived association between FIP200 and C9ORF72 (Behrends et al. 2010), it was hypothesised that each of the hexanucleotide expansion-containing patient samples would show defects in autophagy initation. However the results observed may have been confounded by the aforementioned problems of variation in both C9ORF72 expression levels and expansion length. 
Furthermore, quantification of mitochondrial morphology in C9ORF72 expansion-expressing FibPat72, in glucose-enriched media, tentatively revealed a decrease in network complexity compared to age-matched control samples (Figure 6.1). More patient fibroblasts expressing the hexanucleotide repeat expansion will need to be investigated before the apparent fragmentation of the mitochondrial network can be verified.


Figure 6.1: Mitochondrial network complexity of mC9ORF72 patient fibroblasts cultured in the presence of media containing 1mg/ml glucose
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Figure 6.1: For each control or patient sample N=3 or 4. R2 value: 0.1246; where the slope significantly differs from 0: p 0.01. The difference between the control and patient slopes: Linear regression p 0.001.

As previously discussed in Chapter 4, changes in mitochondrial fusion/fission have been linked to autophagic activity in the cell. Fragmentation of the mitochondrial network has been noted upon initiation of mitophagy (Barsoum et al. 2006). However, this fragmentation is not essential for induction of the pathway; it is believed to occur in response to the mitochondrial dysfunction necessary for mitophagy initiation (Gomes et al. 2008; Ding et al. 2012). Furthermore, knockout of Atg5 in a mouse model resulted in an increase in mitochondrial fission (Frank et al. 2012). It was postulated that this fragmentation reflects a pool of dysfunctional mitochondria accumulated due to a decrease in autophagic activity. Thus, the hint of decreased network complexity in FibPat72 corresponds with the identification of a possible problem with autophagy initiation, potentially linked to dysfunction of FIP200 activity in the presence of the C9ORF72 hexanucleotide repeat expansion. 
Further investigation will be required to fully understand the involvement of the autophagy pathway in the pathogenesis of mTARDBP or mC9ORF72-mediated ALS. Unfortunately, analysis of the effect of induced autophagy could not be achieved as treatment of the fibroblasts with rapamycin failed to induce autophagy, as assessed by the formation of LC3-II. The low levels of LC3-II under these un-stimulated conditions suggests that autophagic activity is low in fibroblasts; stressing the cells via forced induction of autophagy may have helped to unearth more pronounced defects in the pathway in the patient fibroblasts. However, it has previously been noted that Rapamycin treatment may not be the most effective drug to induce autophagy in fibroblasts, as its inhibition of mTORC1 has been found to not be sufficient to elicit a robust autophagic response. Conversely, treatment of mouse embryonic fibroblasts with Torin-1, a compound capable of inhibitng both mTORC1 and mTORC2, as well as suppressing the rapamycin-resistant functions of mTORC1, resulted in a robust induction of LC3-II formation, indicative of autophagy activation (Ref). This result has since been repeated by a colleague in our laboratory, which will permit the investigation of the effect of induced autophagy in the ALS patient–derived fibroblasts.
It will also be interesting to ascertain whether the subtle differences in both mitochondrial morphology and LC3-II levels in these mTARDBP and mC9ORF72 fibroblasts derive from alterations in macroautophagy, or specifically mitophagy. Defects in autophagy are common in neurodegenerative disease, and cytoplasmic accumulations of both TDP-43 (C. Hewamadduma; Personal communication), and C9ORF72 (Renton et al. 2011) have been observed in patient-derived fibroblasts. However, an interaction of Parkin and TDP-43 has been observed, potentially linking mutations in TARDBP to the mitophagy pathway (Hebron et al. 2013). Further investigation will be needed to clarify this point.
Due to the discussed caveats in using primary fibroblasts and the variation noted with the autophagy results, it may be desirable to investigate the effect of C9ORF72 and the repeat expansion in a lymphoblastoid cell line. Preliminary southern blot analysis assessing C9ORF72 expansion size using genomic DNA from both primary fibroblasts and spinal cord tissue has shown several bands, indicative of diversity in the length of the hexanucleotide repeat expansion in both the patient-derived fibroblasts and spinal tissue (A. Higginbottom; Personal communication). Conversely, as shown by DeJesus-Hernandez et al, in 2011, southern blot analysis using lymphoblast cell lines gives only one additional allele, indicating relative stability in expansion length within this polyclonal population. Thus, using a polyclonal population such as a lymphoblastoid cell line would ensure stable expression of mC9ORF72, perhaps helping to reduce variation in results.


6.2.1.3 MAMs
Despite inherent variability in studying patient-derived cells, compounded by their different pathogenic mutations, it is possible that commonalities do exist between these patients. Indeed, in each of the mTARDBP patient samples, the proposed pathogenic mutation occurred in the glycine-rich region, an area utilised in RNA-binding. Therefore, despite carrying different mutations, the individual patients may have disruption in the RNA metabolism of similar genes, and thus roughly the same pathogenic effect is observed. Indeed, study of MAMs in the primary dermal fibroblasts produced a similar result in each of the mTARDBP patient samples.
Deregulation of calcium homeostasis will have a profound impact on cell function, due to the integral role calcium plays in cell signalling, regulation of metabolism and initiation of apoptosis. The formation and maintenance of MAMs plays an important role in this regulation of calcium homeostasis. For example, the expression of the ALS-mutant VAPBP56S in a HEK293 cell line resulted in a decrease in the distance found between the ER and mitochondria and thus a significant increase in the levels of calcium in the mitochondria (De Vos et al. 2012). Such an overload will alter the bioenergetic homeostasis of the mitochondria; calcium regulates the activity of a number of enzymes in the TCA cycle, including pyruvate dehydrogenase and succinate dehydrogenase (Bernardi 1999; de Brito et al. 2010), to ensure the metabolic output matches cellular demand. 
It was postulated that in the mTARDBP fibroblasts there is a disruption in MAM formation, perhaps deriving from the noted trend towards an increase in mitochondrial branching in these patient samples. Indeed, ICQ analysis suggested an increased association of the ER and mitochondria in all three of the mTARDBP-expressing fibroblasts. It would be interesting to investigate whether there is any evidence of mitochondrial calcium overloading in these patient samples, a pathological state which may explain the potential increased mitochondrial interconnectivity due to established relationship between calcium homeostasis and metabolic output.
For example, an increase in calcium activates PDHP (the phosphatase capable of activating the E1 subunit of PDH). This calcium-mediated activation of PDHP will serve to exacerbate the effect of the aforementioned noted decrease in the expression levels of PDPR. Furthermore, PDK1, whose gene expression is decreased 1.5 fold in the mTARDBP patient fibroblasts, is also inhibited by an increase in intra-mitochondrial calcium. Thus, the slight increase in the colocalisation of the ER and mitochondria may result in the noted increase in the functioning of the TCA cycle.
Furthermore, the accumulation of calcium in the mitochondria, with the subsequent reduction of calcium around the ER, impacts on the sensitisation of the IP3Rs and consequently on the efficient propagation of the calcium wave (Duchen 2000). This may be compounded by the aforementioned potential downregulation in the expression of Calm3.
Increased levels of calcium in mitochondria are known to exacerbate levels of ROS production, via interactions with various proteins in the organelle. As discussed, elevated calcium levels inhibit functioning of mitochondrial respiratory enzymes and interfere with the interaction between the IMM lipid, cardiolipin, respiratory enzymes and cytochrome c (Damiano et al, 2006, Iverson et al, 2004). Disruption of these interactions will destabilise the localisation of cytochrome c on the IMM, leaving the organelle vulnerable to the production of ROS, as well as disturbing the function of the ETC (Iverson et al. 2004). Associated with this, it has been hypothesised that calcium binding to cardiolipin may impair the flow of electrons along the ETC, specifically impeding flow at the level of complex III (Paradies et al. 2009). These deficits induced by excessive calcium influx into the mitochondria will influence the dynamics of the organelle. Increased production of ROS has previously been noted to result in an increase in mitochondrial interconnectivity (Koopman et al. 2005), presumably as an adaptive response to enable efficient functioning of mitochondria in the face of increased cellular stress. As mentioned, increased branching of the mitochondria was observed in the patient expressing M337V mTDP-43 under both basal conditions and under conditions of metabolic stress.
However, the changes seen in mitochondria and ER colocalisation in the mTARDP patients compared to control samples were both non-significant and relatively small. It is unlikely that these changes are substantial enough to have a physiological impact, thus no further investigation was made. Nevertheless, it may be necessary to culture the fibroblasts under conditions of glucose deprivation for at least 24 hours; the absence of glucose has been shown to induce ER stress following activation of the IRE pathway and UPR (Badiola et al. 2011). It may be possible that this exacerbation of ER stress is needed to reveal any pathogenic changes in MAM maintenance in the mTARDBP fibroblasts. It would also be interesting to quantify any changes in auto-fluorescence of NADH, a measure of the function of the TCA cycle (Duchen 2000), both to validate the changes seen in the microarray analysis and to assess whether MAM alterations have an influence in these patient cells.
Furthermore, it may also be worthwhile to look at whether the prevalence of MAMs changes during ageing; the aforementioned increase in mitochondrial network complexity as age increases has the potential to impact on MAM formation, perhaps contributing to the increased cellular stress previously seen upon ageing. If any changes are identified, this may explain the variation observed in the ICQ investigation that accounted for the lack of statistical significance.
Moreover, it may be that the use of an in situ proximity ligation assay, such as the Duolink assay used in the VAPB/PTPIP51 investigation, would provide more conclusive results (De Vos et al. 2012). This methodology is capable of detecting weak interactions due to signal amplification increasing the sensitivity. Additionally, transient interactions can be detected, an important quality in light of the dynamic nature of MAM formation.
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Though the morphological change observed in mitochondria of primary dermal fibroblasts upon ageing, in both control and disease samples, hints at associated changes in mitochondrial function, it will be necessary to carry out functional measurements to confirm this. In particular, the functioning of Complex I of the ETC should be investigated; changes in this complex are known to correlate with mitochondrial morphological changes (Koopman et al. 2005). Furthermore, particularly in FibPat55, expressing G287S mTDP-43, enhanced mitochondrial fusion upon culture in respiration-dependent media is further indicative of defects in the functioning of the ETC. 
Related to this, it will be important to measure ROS levels in both the control and patient samples, as many of the hypothesised defects in mitochondrial functioning, related to the noted changes in mitochondrial morphology in both ageing and ALS, involve changes in ROS production. If ROS production is found to correlate with age in sALS patient fibroblasts, it would be interesting to treat these cells with pro-fusion drugs to see whether a forced change in mitochondrial dynamics is capable of ameliorating production of ROS, thereby confirming that an increase in mitochondrial fusion can protect against the detrimental effects of increased ROS production.
However, any defects in oxidative phosphorylation, leading to oxidative stress, would be expected to result in a decrease in ATP production following culture in respiration dependent media. This was not observed when ATP levels were quantified in mTARDBP fibroblasts (Figure 4.1). It may be necessary to culture in respiration dependent media for longer than 24 hours in order to exacerbate dysfunction of the ETC; residual glycogen stores in the fibroblasts may prevent any defects being observed after 24 hours of exogenous glucose deprivation.
Similarly, though no significant defects were observed upon quantification of MAMs in the mTARDBP fibroblasts, it is possible that differences may be noted upon further optimisation of the experimental conditions. For example, culture of the fibroblasts in galactose-containing media instead of glucose is likely to encourage association between the ER and mitochondria in order to increase the efficiency of oxidative phosphorylation via calcium signalling (Hayashi et al. 2009). It may be postulated that any defects in MAM formation in the presence of mTARDBP would thus be revealed under these forced conditions. Deprivation of glucose has also been shown to induce ER stress (Badiola et al. 2011), which may further exacerbate any existing defects in MAM formation. Incidentally, several genes involved in ER function, such as Erlin2, Atl1 and Atl2, were altered in expression in the microarray analysis of the mTDP-43 fibroblasts. It would be interesting to validate these expression changes using RT qPCR.
Furthermore, as previously mentioned, the use of an in situ proximity ligation assay, such as a Duolink kit would provide more conclusive results than those obtained using conventional immunocytochemistry. If aberrant formation or maintenance of MAMs was noted in the mTDP-43 patient fibroblasts, any consequent defect in calcium homeostasis could subsequently be assessed using a Fura-2 based assay, providing further insight into mitochondrial dysfunction in the patient fibroblasts.
With regard to quantification of autophagy levels in the patient fibroblasts, it would be desirable to induce autophagy initiation in the cells, either by rapamycin treatment or starvation, to see if a more severe defect is revealed under these forced conditions. Furthermore, it would be interesting to knockdown C9ORF72 expression in control fibroblasts to see if a defect in autophagy can be observed. As well as confirming the relationship between C9ORF72 activity and autophagy, this experiment would also help to ascertain whether the observed pathology in ALS patients is a result of loss of C9ORF72 function or arises as a consequence of the intronic expansion resulting in the generation of toxic RNA species.
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As discussed, regulation of mitochondrial dynamics is extremely important in neuronal maintenance. One aspect of this is the regulation of mitochondrial motility, enabling efficient axonal transport. Due to their critical role in neuronal function, defects in mitochondrial axonal transport have repeatedly been associated with neurodegeneration and the induction of a “dying back axonopathy” (Blackstone 2012). 
This dying back of axons in the lateral corticospinal tract and posterior columns characterises HSP (Blackstone 2012). Further evidence of defective axonal transport in this disease came from study of a mouse model of SPG4 HSP, where expression of Spastin is essentially knocked out (Kasher et al. 2009). A specific disruption in anterograde axonal transport of mitochondria and MBOs was noted in primary cortical neurons derived from transgenic mice heterozygous or homozygous for the mutant protein (Kasher et al. 2009). Concomitant with this transport defect, axonal swellings were noted in the cortical neurons. These swellings consisted of components of the cytoskeleton, such as Tau, neurofilaments and APP, as well as other cellular organelles, including mitochondria, and were observed to increase in number as expression of spastin decreased. Interestingly, the presence of swellings was also noted upon inspection of HSP patient post-mortem spinal cord sections (Kasher et al. 2009). Thus, it is possible that these swellings play a role in the pathogenesis of SPG4 HSP. 
Consequently, the aim of this investigation, looking at HSP, was to further characterise the cortical neurons derived from spast +/+, spast ∆E7/+ and spast ∆E7/∆E7 mice. Specifically, we wished to identify a pharmacological intervention, focusing on MAPs, which is capable of ameliorating the number of swellings formed in the mutant mouse cortical neurons.

6.2.3: Primary cortical neurons
In contrast to study of patient derived primary fibroblasts, working with cortical neurons from mouse models provides the benefit of a homologous genetic background resulting from over five generations of back-crossing. Nevertheless, we wished to observe whether genetic background can influence the effect mSpastin has on the pathology of the neurons. Following quantification of axonal swellings in cortical neurons taken from mice expressing the mutant Spastin on the FVB, BALBC or C57BL/6 genetic background, no difference in axonal swelling number was observed between these strains, further supporting the argument that any defect in the functioning of the cortical neurons is a result of the Spastin mutation. In further contrast to the fibroblast work, study of cortical neurons also means any results observed are obtained from a pathologically relevant cell type, displaying neuronal characteristics similar to the corticospinal neurons afflicted in HSP.  
However, a homogeneous genetic background does not reflect the clinical situation of genetic diversity in man, though it does make the interpretation of any results easier. Furthermore, it was found that the primary cortical neurons were highly sensitive to pharmacological intervention. This was evident upon treatment of the neurons with 0.5% DMSO either as a solubilising agent for the microtubule-interacting drug, Tro19622, or as a vehicle control. Both neuronal morphology and the formation of swellings were altered upon this DMSO treatment. The high concentration of DMSO was necessary due to the lipophilic properties of the cholesterol-like drug (Santos et al. 2003; Bordet 2010); elevated levels of DMSO were required to efficiently solubilise Tro19622 in the media.
However, it has been noted that treatment of cells with DMSO does influence their physiology. Numerous cellular processes have been identified as altered in the presence of varying concentrations of DMSO, including lipid metabolism, apoptosis, protein expression, ROS scavenging and enzymatic activity (Santos et al. 2003). It was noted over 30 years ago that the application of DMSO on neurons disrupted their axonal transport. Treatment of a cat vagus nerve with 5-10% DMSO substantially blocked fast axonal transport, as well as causing swelling or shrinkage of the axon (Donoso et al. 1977). This influence on axonal transport is believed to derive from the stabilising effect DMSO has on microtubule polymerisation in vitro (Donoso et al. 1977), something that could dramatically influence the functioning of the cytoskeleton in the absence of Spastin, where the microtubules are already aberrantly stabilised (Fassier et al. 2012). Though the levels of DMSO used on the cat vagus nerve were 10-20 times higher than the dosage used in the present experiment, the former investigation was carried out using fully developed neurons in an ex vivo setting. It is possible that cultured embryonic neurons are more susceptible to the actions of DMSO. Indeed, in vitro treatment of rat hippocampal neurons with 0.4% DMSO abolished the diffusion barrier at the axon initial segment, significantly disrupting the polarisation of the neuron (Winckler et al. 1999). It has been postulated that even low doses of DMSO uncouple the membrane from the membrane skeleton (Winckler et al. 1999). As discussed, Spastin has been associated with the linkage of the plasma membrane and the cytoskeleton, particularly in the process of endocytosis (Blackstone 2012). Thus, the loss of Spastin, coupled with the application of DMSO, is likely to influence the functioning of the neuron, including axonal transport, and therefore prevent any potential therapeutic effect of Tro19622.
Moreover, recent evidence by Fassier et al may further explain why application of Tro19622 was not effective in reducing the number of axonal swellings in these neurons. Investigation of a SPG4 mouse model surprisingly found no evidence of the altered polymerisation of tubulin, as the average velocity of the EB3-GFP comets at the plus-end of the microtubules was unaltered. Interestingly, a significant decrease in the number of microtubule plus-ends was noted in the spast ∆/∆ neurons (Fassier et al. 2013). Thus, it is feasible that, in the absence of Spastin, the uncleaved microtubules are subject to various post-translational modifications, significantly altering their dynamicity. The resulting lack of microtubule plus-ends may disrupt the p150Glued Dynactin–mediated loading of the retrograde-directed cargoes (Vaughan et al. 2002), possibly explaining the observed Brownian movement and stalling of the cargoes at the pathogenic swellings, as well as the distal exacerbation of retrograde axonal transport (Fassier et al. 2013).
It is therefore possible that Tro19622 was unable to restore efficient axonal transport in the spast ∆E7/∆E7 neurons, due to decreased levels of microtubule plus-ends in the absence of Spastin. The effect of the drug-mediated upregulation of EB3-protein recruitment to the plus-ends of the microtubules will thus be negated. Furthermore, the predicted drug-induced increase in the microtubule polymerisation rate appears irrelevant in light of the evidence of unaffected microtubule polymerisation in the spast ∆E7/∆E7 neurons.
However, in an unexpected role, preliminary evidence suggests that application of Tro19622 increases acetylation of tubulin (Figure 5.12), a post-translational modification thought to regulate the dynamicity of the microtubule network (Baas et al. 2006; Fukushima et al. 2009). 
The addition of acetyl-Lys40 on -tubulin is indicative of stability of the microtubule network (Matsuyama et al. 2002; Haggarty et al. 2003; Dompierre et al. 2007), and is thus an important factor in the regulation of axonal transport. Opposing activity of HATs and HDACs regulate acetylation levels on both histones and cytoskeletal tubulin. Accordingly, pharmacological regulation of HDAC activity has been therapeutically implicated in several neurodegenerative disorders, including HD, AD and CMT. 
In a mHSPB1-induced mouse model of CMT, study of the DRG neurons found evidence of defective axonal transport of mitochondria. Treatment with a specific inhibitor of HDAC6, Tubastatin A, was able to restore mitochondrial transport (d'Ydewalle et al. 2011), possibly by increasing the efficiency in the binding of motor proteins to the microtubule track (Dompierre et al. 2007). As both anterograde and retrograde axonal transport was disrupted in our mouse model of SPG4-mediated HSP (Kasher et al. 2009), increasing the affinity of Kinesin-1 and Dynein to the microtubule network via the inhibition of deacetylation was hypothesised to be beneficial in the spast ∆E7/∆E7 neurons, as evidenced by a decrease in the number of axonal swellings.
However, no amelioration in the number of axonal swellings was observed in Tro19622-treated spast ∆E7/∆E7 cortical neurons compared to untreated cultures. Conversely, treatment of neurons with Tubastatin A significantly reduced the number of swellings in the homozygous cortical neurons down to wild type levels (Figure 5.13). In contrast to Tro19622, Tubastatin A was solubilised in 0.1% DMSO. It may be proposed that this reduction in DMSO concentration enabled the necessary change in microtubule dynamics to occur, allowing the recruitment of motor proteins to the microtubule network, and thus permitting the drug to produce a reduction in the number of swellings. It may be worth testing whether the ability of Tubastatin A to reduce axonal swelling frequency is maintained when the drug is solubilised in 0.5% DMSO. Conversely, it may be that Tro19622 is simply not potent enough to influence the formation of axonal swellings, as it took the application of a highly specific HDAC6 inhibitor to see an affect. 
6.2.3.1: Future Work investigating SPG4 HSP
Due to the implication of aberrant tubulin acetylation in the pathogenesis of mspast-mediated HSP, as demonstrated by the effective treatment of the neurons by Tubastatin A, it will be crucial to definitively quantify any changes in the acetylation state of -tubulin between wild type and mSpast primary cortical neurons. This can be achieved by carrying out western blotting of the neuronal samples, using anti-acetylated -tubulin. It may be hypothesised that acetylation is aberrantly decreased in the mutant neurons, restricting the dynamicity of the microtubule network.
In order to further consolidate the beneficial effects of Tubastatin A treatment in the primary spast ∆E7/∆E7 cortical neurons, it will also be necessary to carry out quantification of axonal transport in these cells, likely focusing on the mitochondria. It would be interesting to see if the HDAC6 inhibitor can ameliorate the defect in anterograde transport previously noted upon knockdown of Spastin.
It would also be interesting to ascertain whether treatment of the neurons with Tubastatin A acts by either preventing the formation of the pathogenic swellings, or eradicating them once formed. Since the drug was added to the culture one-day post-prep, it is currently unclear which mechanism Tubastatin A works by. It will be necessary to allow the neurons to grow in culture, form the pathogenic swellings and then add the drug treatment. I would predict that the drug will be able to eradicate the swellings after their formation, by enabling more efficient axonal transport by microtubule acetylation, and thus helping to remove the blockage once it has formed. However, this may require a longer treatment or an increased concentration of the drug. Indeed, in vivo, the treatment length of Tubastatin A was 21 days (ref).
Finally, it will be interesting to assess whether it is the inhibition of HDAC6 that mediates the reduction in the number of axonal swellings. Though biochemical assays were carried out to establish the specificity of Tubastatin A for HDAC6 (REF), the drug did also exhibit the ability to inhibit the activity of HDAC8, albeit at a lower efficacy. Thus, it is necessary to establish that the amelioration of axonal swellings occurs through HDAC6 inhibition.This could be achieved by either crossing a HDAC6 knockout mouse with the spast ∆E7/∆E7 mouse, or applying siRNA against HDAC6 in the spast ∆E7/∆E7 mouse. Subsequent investigation into the number of axonal swellings, the efficiency of axonal transport and the overall phenotype of the mouse would ascertain the influence of direct HDAC6 inhibition on the mspast phenotype. If these experiments look promising, it may be appropriate to move Tubastatin A treatment into in vivo work studying HSP. 
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