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General abstract 

Hereditary spastic paraplegia (HSP) is an inherited neurological disorder characterised by 

degeneration of long axons along the corticospinal tract, leading to lower limb spasticity and 

gait abnormalities. The mechanisms underlying HSP mutations that lead to degeneration of 

the long axons are unclear. Mutations in the SPAST gene account for the largest group of 

adult-onset HSP patients. In this thesis, I evaluated olfactory-neurosphere derived (ONS) 

cells, a population of neural progenitor cells, derived from biopsies of the olfactory mucosa 

from HSP patients and from healthy controls, in order to identify cell functions altered in 

HSP. The patient donors carried different SPAST mutations that included 

c.1413+3_1413+6del, p.E464D; c.1392 A>T, p.L195V; c.583C>G, p.E366K); c.1096G>A. 

SPAST encodes for spastin, a microtubule severing protein. Previous work has shown that 

patient ONS cells have reduced levels of spastin, dysregulation in gene expression of genes 

associated with microtubule dynamics, reduced levels of acetylated -tubulin (a measure of 

stable microtubules) and abnormal intracellular distribution of peroxisomes and 

mitochondria.  

I hypothesised that dynamic differences in trafficking underlie the observed static differences 

in distribution of peroxisomes and mitochondria in patient cells. For this, I investigated 

peroxisome trafficking in patient ONS cells using time-lapse imaging. The peroxisome 

trafficking in patient cells is deficient with the average speed of peroxisome transport lower 

in patient ONS cells compared to control ONS cells. To investigate if this disease specific 

defect observed in patient ONS cells is more severe in neurons, I differentiated ONS cells to 

neuron-like cells. The difference in patient-control peroxisome trafficking speed was 

significantly amplified in the neuron-like cells. In these cells, the difference in patient-control 

peroxisome trafficking average speeds was 50% compared to 10% in undifferentiated ONS 
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cells. This difference suggests that neurons are relatively more sensitive to the cellular 

consequences of SPAST mutations. 

In this thesis I further showed that the peroxisome trafficking deficit of lower average speed 

of peroxisome transport is specific to the peroxisome trafficking dependent on microtubules. 

The axon-processes of patient-derived neuron-like cells had lower peroxisome density and 

fewer microtubule-dependent fast moving peroxisomes. Despite reduced numbers of 

microtubule-dependent peroxisomes, the time-dependent dynamics of the individual 

microtubule-dependent remaining peroxisome was shown to be intact. I suggest that SPAST 

mutations affect the efficiency of microtubule-dependent peroxisome trafficking, without 

affecting the mechanism of the microtubule-dependent movement. The simplest explanation 

is that the loss of stabilised microtubules in patient cells reduces the probability of interaction 

between microtubules and peroxisomes. In addition, when the number of stabilised 

microtubules in patient ONS cells was restored with microtubule-binding drugs, peroxisome 

trafficking average speeds in patient ONS cells returned to control ONS cell levels, thus 

providing evidence to support our hypothesis.  

Peroxisomes are important regulators of oxidative state in cells, especially the metabolism of 

hydrogen peroxide. It would be expected that inhibition of peroxisome trafficking can lead to 

oxidative stress and reduced cell survival. For this, oxidative stress was measured in ONS 

cells using quantitative high content imaging of 4-hydroxy-2-nonenal (product of lipid 

peroxidation) immunofluorescence and automated image analysis. Patient ONS cells were 

under oxidative stress, a mediator of cell death that is implicated in several neurodegenerative 

diseases. Patient ONS cells were also more sensitive to hydrogen peroxide, which is 

exclusively metabolised by peroxisomes. Finally, in this thesis I show that very low doses of 

epothilone D, a tubulin-binding drug that restored the stable microtubules and rescued the 
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peroxisome-trafficking deficit in patient ONS cells also reduced the sensitivity of patient 

ONS cells to hydrogen peroxide. Hydrogen peroxide is metabolized by catalase in 

peroxisomes. Thus I show here for the first time in SPAST-mutated cells from HSP patients, 

that they are under oxidative stress and that it is linked to impaired peroxisome trafficking.  

Our findings suggest a mechanism whereby SPAST mutations lead to reduced levels of stable 

microtubules which compromises peroxisome trafficking and leads to increased oxidative 

stress. These downstream effects of SPAST mutations may cause a chronic state of oxidative 

stress in cortical motor neurons and other neurons, which ultimately leads to their 

degeneration, eventually manifesting the disease. 
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“Dedicated to the scientists who contributed to advancement of microscopes allowing 

us to peak into the magnificent world inside the cell” 

The image shows a patient-derived olfactory stem cell co-stained for the cytoskeleton of the cell i.e. actin 

(green) with an organelle i.e. peroxisomes (red) and nucleus (blue). 

 

Multi-award winning image 

i) Image titled “A Starry pathway to the galaxy of HSP” was selected for the “Small Objects, Big Impact” 

image competition organised by the Australasian Society for Stem Cell Research (ASSCR) society in 

2013. The image is framed for public display for three years at the Australian National Science and 

Technology Centre (Questacon), Canberra, Australia. 

 

ii) Image published as the cover-page of the journal Biology Open June 2014 issue 
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1.1 Hereditary spastic paraplegia 

Hereditary spastic paraplegia (HSP) is a heterogeneous group of single gene diseases in 

which the cortical motor neurons degenerate (Salinas et al., 2008, Hedera et al., 2005a). The 

disease was first described by the German neurologist Adolph Strümpell in 1883 and a 

further detailed description of the disease shortly thereafter was provided by French physician 

Maurice Lorrain in 1888. The name describes the disease well; hereditary means the disease 

is genetically inherited, spastic paraplegia means muscle spasm in the lower extremities of 

the body. Today, more than 100 years after the first case of HSP was described, we still do 

not know how mutations in HSP genes lead to degeneration of the corticospinal motor 

neurons. This thesis deals with how intracellular organelle transport is involved in HSP 

pathogenesis.   

1.1.1 Clinical features and management of HSP 

Clinically, most HSP patients present with impairment in their gait due to lower limb 

spasticity (Fink, 2013). However, some patients suffer other neurological conditions as well. 

Based on their clinical presentation, HSP patients are divided into two clinical subtypes; pure 

and complicated HSP (Harding, 1983). Pure HSP patients mainly show symptoms of lower 

limb spasticity while complicated HSP patients, along with lower limb spasticity also show 

other signs of neurological conditions including retardation, ataxia, dementia, severe 

amyotrophy, optic atrophy, pigmentary retinopathy, extrapyramidal signs, deafness, icthyosis, 

peripheral neuropathy and epilepsy (Harding, 1983, Fink, 2003) (Salinas et al., 2008).                                                                                                               

In the diagnostic work-up of HSP, neuroimaging techniques, mainly magnetic resonance 

imaging are used to detect degeneration of the corticospinal tract, a common feature in HSP 

(Duning et al., 2010, Hedera et al., 2005b, Deluca et al., 2004, Warnecke et al., 2007). Also, 

diffusion tensor imaging, a feature of MRI sensitive to white matter microstructure integrity 
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is used to detect disturbance of white matter integrity in corticospinal tracts, frontal lobes and 

the midbrain (Duning et al., 2010, Warnecke et al., 2007). 

Following clinical evaluation and neuroimaging, genetic testing can be performed to identify 

mutations. For autosomal dominant forms, genetic testing is first performed for SPAST and 

SPG3A, the two most common types of HSP (McMonagle et al., 2000). However, if the age 

of onset is before ten, then SPG3A is first sequenced (Namekawa et al., 2006). In cases 

negative for these two genes, SPG31 is screened (McCorquodale et al., 2011). Screening for 

these three genes will identify more than 50% of autosomal dominant patients. For autosomal 

recessive forms, the genetic testing is guided by the accompanying complicated condition. 

SPG11 is the most common form of autosomal recessive HSP. Indication for genetic testing 

for SPG11 is based on the thinning of corpus callosum and cognitive decline is positive in 

most cases (Stevanin et al., 2007). With recent advances in gene detection strategies 

including, next generation sequencing (Nelson and Hughes, 2015, Novarino et al., 2014) and 

re-sequencing (Kumar et al., 2013), considerable advancements have been made in rapid and 

cost-effective genetic diagnostics for HSP.   

Prognosis  

HSP patients mostly present gait impairment due to spasticity and weakness of their lower 

limbs (Harding, 1983). In pure HSP, the disease does not affect life expectancy and does not 

generally affect functions of the upper body relating to loss of strength or coordination of 

movement (Fink, 2013). The rate of disease progression is variable. Most cases experience 

slow increase in gait impairment over years eventually reaching a saturation stage beyond 

which the progression is very little or static (Ingrid et al., 2014). As a consequence of the gait 

impairment, the patients may need support for mobility, in most cases a cane and in more 

severe cases a wheelchair(Faber et al., 2014).  
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Treatment 

Treatments available are purely symptomatic and not proven to modify disease (Rousseaux et 

al., 2007). To date, there is no treatment to either stop or revert disease progression in HSP. 

Physiotherapy is generally recommended to improve range of motion (Fink, 2013).  

1.1.2 Genetic classification and prevalence 

HSP is one of the most heterogeneous disorders. It involves all modes of inheritance 

including autosomal dominant, autosomal recessive and X-linked recessive patterns 

(Harding, 1983, Fink, 2003) , however, inheritance is most commonly autosomal dominant 

(Harding, 1983, Fink, 2003, Vandebona et al., 2012). Research to understand the pathology 

of HSP is mainly aimed at discovering mutant genes and studying their function. To date, 

more than 84 HSP loci have been mapped and 67 HSP genes identified (Tesson et al., 2015). 

The genes discovered are designated by the Spastic paraplegia gene followed by a number in 

the order of discovery (SPGn) (Tesson et al., 2015) 1 to 72 and there are 8 other mutations 

without the SPG designation (Tesson et al., 2015, Fink, 2003).  

The autosomal dominant form of HSP are mostly pure with the age of onset ranging from 

infancy to the last decade (Fink, 2003). Autosomal dominant forms account for 70-80% of all 

HSP cases. In a systematic review of 12 prevalence studies from various demographs showed 

that the autosomal dominant prevalence rates range from 0.5-5.5 per 100000 individuals, with 

pooled  averages  of  1.8/100000 (95% CI:1.0–2.7/100000)  (Ruano et al., 2014). Prevalence 

of autosomal dominant HSP is higher in Europe and Japan (Ruano et al., 2014).  Mutations in 

SPAST are the most frequent, accounting for 40% of all autosomal dominant HSP mutations 

(Hazan et al., 1999, Tesson et al., 2015, Ruano et al., 2014). In Australia, 53% of autosomal 

dominant HSP patients have SPAST mutation (Vandebona et al., 2012). The most common 
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autosomal dominant mutations, those of SPAST (SPG4), ATL1 (SPG3), KIF5A (SPG10) and 

REEP1 (SPG31) account for up to 50% of all HSP mutations (Tesson et al., 2015). 

Autosomal recessive forms of HSP are mostly complicated, with an age of onset, which is 

generally early (Tesson et al., 2015). The prevalence of autosomal recessive patients ranges 

from 0.0 to 5.3 per 100000 individuals, with pooled averages of 1.8/100000 (95% CI:1.0–

2.6/100000)(Ruano et al., 2014). Autosomal recessive forms are more prevalent in 

communities where consanguinity is common – the Mediterranean countries or Middle 

Eastern countries (Boukhris et al., 2009, Ruano et al., 2014). Mutations in SPG11 are the 

most frequent autosomal recessive mutations, accounting for 20% of all autosomal recessive 

HSP mutations (Stevanin et al., 2007); the second most common autosomal recessive 

mutation is SPG7.  

X-linked forms of HSP have been described for five SPG’s: SPG1, 2, 16, 22 and 34 and are 

either pure and/or complicated HSP (Lo Giudice et al., 2014). Mitochondrial forms of HSP 

have been described for one family with five members with mutation in the ATP6 gene, and 

clinically described as late onset spastic paraplegia (Verny et al., 2011).     

1.1.3 Genetic and clinical correlation 

Traditionally, pure HSP symptoms are associated with autosomal dominant forms of HSP      

(Harding, 1983) and complicated HSP symptoms are associated with autosomal recessive 

forms of HSP (Faber et al., 2014). The X-linked form of HSP can be associated with both 

pure and complicated HSP (Faber et al., 2014). However, growing evidence shows that the 

correlation of clinical presentation with the genetic mode of inheritance is imperfect. 

Mutations in SPAST are the largest group of HSP mutations and are autosomal dominant 

(Hazan et al., 1999). SPAST mutated patients are traditionally considered clinically pure HSP, 

but a few cases have also been described with complicated clinical symptoms including 
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ataxia (Nielsen et al., 2004), mental retardation (Ribaï et al., 2008) and thin corpus callosum 

(Orlacchio et al., 2004). Similarly, mutations in SPG3A, another form of autosomal dominant 

HSP traditionally considered pure HSP, have recently been described that are associated with 

with symptoms of complicated HSP including motor sensory neuropathy (Haberlová et al., 

2008). Also, the autosomal recessive forms of HSP such as SPG7 and SPG11 normally are 

associated with complicated HSP with signs of ataxia and mental retardations respectively. 

However, both these mutation types can also exhibit pure HSP symptoms as well without 

other accompanying neurological symptoms (Fink, 2013).  

1.1.4 Pathophysiology  

Degeneration of the corticospinal tract is the common pathological feature in all HSP cases 

studied. Patients with SPAST mutations, the most common cause of autosomal-dominant 

HSP, have widespread disturbances of the corticospinal white matter tracts that are also seen 

in subclinical patients with SPAST mutations as measured by MRI and diffusion tensor 

imaging (Duning et al., 2010). Patients with SPG7 mutations also show white matter 

disturbances similar to patients with SPAST mutations (Duning et al., 2010, Warnecke et al., 

2007). White matter disturbances were not confined to the corticospinal tract but were also 

observed at the whole brain level and in frontal and temporal lobes, cerebellum, and other 

regions (Duning et al., 2010, Warnecke et al., 2007). In another study, MRI demonstrated 

significant atrophy of the cervical and thoracic spinal cord in patients with four different 

types of autosomal dominant HSP (SPG3A, SPAST, SPG6, and SPG8) compared to age-

matched controls (Hedera et al., 2005a). HSP patients, of unknown genetics, show loss of 

both small and large fibres of the corticospinal tract leading to significant reductions in axon 

numbers and tract volumes throughout the spinal cord and into the medulla (Deluca et al., 

2004). These cases also showed significant losses in axon numbers and volumes in the 
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ascending sensory tracts (Deluca et al., 2004). In summary, both clinical and pathological 

findings suggest that HSP results from the loss of axons from the corticospinal tract, although 

neurodegeneration is not confined to this pathway.  

1.1.5 Axonal defects in HSP  

At the cellular level, defects in HSP patient cells have been observed mainly in neurons 

(Denton et al., 2014, Havlicek et al., 2014, McDermott et al., 2003b). Axonal swellings and 

abnormal organelle distribution have been the hallmarks of axonal defects in HSP patients. 

Axonal swellings were first described in the descending axons of the corticospinal tract and 

dorsal column of the spinal cord in post-mortem analysis of HSP patients (McDermott et al., 

2003a). In a mouse model with exon 5-7 deletion in SPAST (leading to the lack of the AAA 

domain in spastin), axon swellings were seen specifically at the distal end of the cortical 

neuron axons (Tarrade et al., 2006). These swellings comprised abnormal large accumulation 

of cellular organelles including mitochondria, lysosomes, peroxisomes and neurofilaments 

(Tarrade et al., 2006). Axonal swellings comprising cellular organelles were also described in 

the long cortical neurons in another mouse model with a splice donor site mutation in Exon 7 

of SPAST. In contrast to the previous study (Tarrade et al., 2006), this study showed that the 

site of the swellings were not specific to the distal region but occurred randomly along the 

length of the axonal compartment (Kasher et al., 2009).Axonal swellings have also been 

described in SPAST mutated cortical neurons derived from human induced pluripotent stem 

cell as well (Denton et al., 2014, Havlicek et al., 2014). However, these studies do not 

comment on the site of axonal swellings. In summary, these studies indicate that the long 

cortical neurons degenerated in HSP possess axonal defects of cellular organelle filled axonal 

swellings.  
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1.1.6 Disrupted organelle distribution 

Post-mortem studies of three SPAST HSP cases by immunohistochemistry showed altered 

mitochondrial distribution in the cell body of spinal cord lower and upper motor neurons, 

with mictochondria restricted to the periphery of the neuronal soma, in contrast to uniformly 

distributed mitochondria in control cells (McDermott et al., 2003a). At the microscopic level, 

spinal cords of two HSP patients with SPAST mutations showed evidence of axonal 

pathology, with axonal swellings and abnormal neurofilament and mitochondrial distribution, 

suggesting defects in axonal trafficking as the underlying cause of  axonal degeneration 

(Kasher et al., 2009). Impaired axonal transport is emerging as a key contributing factor for 

axonal degeneration in many neurodegenerative and particularly motor neuron disorders and 

it is briefly discussed in Section 1.2. 

1.2 Axonal transport in motor neuron disorders 

1.2.1 Axonal transport 

Intracellular transport of cellular cargoes including organelles and proteins is one of the most 

indispensable functions for all mammalian cells, but this is particularly critical in neurons. 

Unlike most cells, neurons are polarised cells with cell bodies, axons and dendrites. They are 

the largest cells with 99.9% of their cell volume comprising the axon compartment. The 

axons of neurons may extend up to 1 meter in length (axons of motor neurons). The cell body 

is the site of metabolic activity synthesizing organelles such as peroxisomes, mitochondria 

and lysosomes for continuous supply to the axons (Sekine et al., 2009).  

Peroxisomes and mitochondria are involved in the generation and scavenging of reactive 

oxygen species (ROS), thus maintaining the redox state of the cells(Schrader and Yoon, 

2007a). An imbalance in this process leads to oxidative stress damage to macromolecules 

such as proteins, lipids, DNA, and RNA (Barry and O'Keeffe, 2013, Denis, 2014, 



8 
 

Antonenkov and Grunau, 2010). Continuous active transport of peroxisomes and 

mitochondria along the axon/dendritic processes is essential to maintain the redox state of the 

cells. Also, the cell body is a site for degradative functions, with aggregated/misfolded 

proteins and other cellular debris from the axons and dendrites transported to the cell body 

for degradation by lysosomes (Luzio et al., 2007). Axonal transport is also required for 

communication between the cell body and its distal end. Crucial signals such as neurotrophic 

factors also require axonal transport (Binder and Scharfman, 2004). The unique cytoskeletal 

architecture of the neurons makes them particularly dependent on efficient intracellular 

transport.  

Microtubules provide the cellular structure and mechanisms involved in transporting cellular 

cargo to their required sites over long distance. The two main components in this transport 

system are the molecular motors and microtubules, the latter on which the motors “walk”. 

Microtubules are polarised dynamic structures that constantly grow at one end and shrink at 

the other. The growing end is referred as the plus end and the shrinking end the minus end. 

This polarity is important to determine the movement of cargoes on the microtubules. In 

axons, the plus ends point towards the synapse and the minus ends face the cell body (Gross, 

2004). Kinesin motor proteins move unidirectionally along the microtubules towards the plus 

end, mediating cargo transport towards the synapse, anterograde direction (Hirokawa et al., 

2009). In contrast, dynein motor proteins move towards the minus end of the microtubules, 

mediating cargo transport towards the cell soma, in a retrograde direction (Hendricks et al., 

2012).  
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Fig. 1: Schematic diagram of cargo transport on microtubules mediated by molecular motors 

“dynein” and “kinesin”. The transport of cellular cargo from the cell body towards the distal 

end of the cell is termed “anterograde” transport and is mediated by kinesin motor proteins. 

The transport of cargo from the distal end of the cell to towards the cell body is termed 

“retrograde” transport and is mediated by dynein motor proteins. For example: In the cell 

body, cellular organelles such as peroxisomes and mitochondria are continuously generated 

and supplied to sites within axons. The cell body is also a site for degradative functions: 

aggregated/misfolded proteins and other cellular debris from the axons and dendrites are 

transported to the cell body for degradation by lysosomes. 
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Kinesins 

Human kinesins are a superfamily of 45 proteins (Hirokawa et al., 2010). Kinesin-1 (KIF5) is 

the most well studied of the kinesin superfamily. It is a hetero-tetramer with two light chains 

(KLC) and two heavy chains (KHC). The KHC has a motor domain that binds to the 

microtubules and ATP, and a tail region that binds to cargo, thus regulating motor activity 

(Hirokawa and Takemura, 2005). In mammals, three genes code for different KHC subunits 

(Hirokawa and Noda, 2008). Genes KIF5A and 5C are expressed specifically in neurons 

whereas KIF5B is expressed in all cell types (Hirokawa and Noda, 2008). For kinesin-

mediated microtubule-based cargo transport, the kinesins attach their tail region to the 

cargoes and their motor domain to the microtubules. The kinesisns “walk” on microtubules, 

resulting in cargo trafficking (Hirokawa and Takemura, 2005).  The tethering of kinesins to 

microtubules is promoted by acetylation (Reed et al., 2006) of the tubulin subunit proteins of 

microtubules (Reed et al., 2006) and the attachment of the tails of kinesins to cargo is 

mediated by adaptor proteins (Hirokawa et al., 2010).  

Cytoplasmic dynein  

Cytoplasmic dynein 1 is a complex protein with two heavy chains, two intermediate chains 

and four light-intermediate chains and many light chains (Eschbach and Dupuis, 2011). The 

heavy chains have motor domains that exhibit ATPase activity and bind to microtubules. The 

light and intermediate chains are involved in binding to cargo through their tails (Eschbach 

and Dupuis, 2011). For dynein-mediated microtubule-based cargo transport, dynein binds to 

their cargo via the light and intermediate chains, and interaction that is modulated by the 

protein dynactin. The dynactin binds to the cargo with its rod domain and to the microtubules 

with its projecting arms via microtubule-binding sites (Schroer, 2004).   
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1.3 Axonal trafficking defects in motor neuron disorders 

Pathological axonal trafficking defects have been described in other motor neuron diseases 

including Amyotrophic Lateral Sclerosis and Charcot Marie Tooth disease. However, the 

mechanism causing axonal transport is not the same for all motor neuron diseases.  

1.3.1 Amyotrophic Lateral Sclerosis (ALS) 

ALS is characterised by degeneration of both upper and lower motor neurons causing 

progressive spasticity and paralysis leading to respiratory failure.  

SOD1 

Mutation of the superoxide dismutase 1 gene SOD1 has been associated with both sporadic 

and familial ALS. The SOD1 gene encodes for a ubiquitous protein superoxide dismutase. 

Superoxide dismutase functions as a homodimer preventing the excess production of ROS by 

converting superoxide to molecular oxygen and hydrogen peroxide.  Mutations have been 

reported in 125 of the 153 amino acid that make up the protein (Wroe et al., 2008).  SOD1 

mutations are thought to have a gain-of-function effect on the protein, making the protein 

acquire toxic properties. Mice expressing mutant forms of SOD1 but not SOD1 null mice 

(Reaume et al., 1996) had degeneration of the motor neurons.  Toxicity of SOD1 on motor 

neurons can result from various effects including, axonal trafficking, oxidative stress, 

accumulation of SOD 1, intracellular SOD1 positive aggregates and mitochondrial 

dysfunction (reviewed in (Rothstein, 2009)). We here describe the axonal trafficking defects 

in SOD1 ALS.  

Axonal swellings comprising cellular organelles including lysosomes and mitochondria have 

been described for motor neurons from ALS patients (Sasaki et al., 1990), suggesting axonal 

trafficking defect in ALS. In ALS, excitotoxicity a phenomenon associated with ALS 

(Rothstein et al., 1992), can cause axonal transport defects. Glutamate can slow down 
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(increased pausing) axonal transport of neurofilaments through activation of p38, JNK and 

CDK5–p25 kinase65, leading to increased phosphorylation of neurofilament side-arm 

domains (Ackerley et al., 2000). In addition, phosphorylation of kinesin light chains (by p38 

activation) and kinesin heavy chains (by JNK activation), inhibits binding of kinesin motor 

protein to cargoes and microtubules, respectively (Morfini et al., 2006, De Vos et al., 2000). 

In mice, overexpression of wild-type neurofilament light chain, wild-type neurofilament 

heavy chain, mutant neurofilment light chain or peripherin causes axonal atrophy, 

dysfunction of the motor neurons and  accumulation of neurofilaments in the cell body 

(Lariviere and Julien, 2004, Collard et al., 1995, Millecamps et al., 2006).   

Mice overexpressing a mutant form of SOD1develop an ALS-like disease phenotype (Bruijn 

et al., 1997, Wong et al., 1995). These mice have impairment in neurofilament transport 

before the onset of the disease phenotype (Zhang et al., 1997, Williamson and Cleveland, 

1999).  One possibility for the slowing of the neurofilament transport could be that many 

kinesins are activated in mutant SOD1 mice (Tortarolo et al., 2003, Nguyen et al., 2001). 

Time-lapse imaging of motor neurons from SOD1 G93A mutant mice showed that 

mitochondrial transport is compromised, with mitochondria transport increased in the 

retrograde direction and decreased in the anterograde direction (De Vos et al., 2007). Another 

study using cultured motor neurons from SOD1 G93A mutant mice showed that mitochondria 

spent more time in the pause phase during both retrograde and anterograde transport 

(Bilsland et al., 2010). Although defective axonal transport has consistently been described in 

SOD1 mutated cells, there is no evidence showing how this defect contributes to axonal 

degeneration.   
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TDP43 

Since the identification of the TAR DNA binding protein (TDP43) aggregates in ALS 

patients (Arai et al., 2006, Neumann et al., 2006), TDP43 aggregates have been described in 

most cases of sporadic ALS cases (Mackenzie et al., 2007). TDP43 is a conserved nuclear 

protein that comprises two RNA recognition motifs and a C-terminal domain which interacts 

with heterozygous nuclear ribonucleoproteins (Sreedharan et al., 2008) and is essential in 

protein-protein interaction. TDP43 is involved in RNA processing and alterative splicing 

regulation. In ALS patients, the cytoplasmic aggregates and partial mislocalization suggest 

that its function related to nuclear pre-RNA’s processing may be affected (discussed in (Dion 

et al., 2009)).   

FUS  

Another recent advance in ALS has been the identification of mutations in the FUS gene, that 

also like TDP43, encodes a DNA/RNA binding protein(Kwiatkowski et al., 2009, Vance et 

al., 2009).  FUS is a nuclear protein with some cytoplasmic localisation. Similar to aggregates 

in SOD1 and TDP43, FUS aggregates were seen in post-mortem analysis of ALS patient 

brain and spinal cord analysis (Kwiatkowski et al., 2009, Vance et al., 2009). Both TDP43 

and FUS directly bind single or double strand DNA and RNA, both mutations are in the 

conserved C-terminal, both are mostly nuclear and both are involved in mRNA processing 

(discussed in (Dion et al., 2009).  

1.3.2 Charcot Marie Tooth (CMT) 

CMT, a hereditary neuropathy, is characterised by atrophy of distal muscle and mild sensory 

loss. CMT is classified into two subtypes: CMT1 is caused by myelin degeneration and 

CMT2 is caused by axonopathy.  
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MFN2 

Mutations in the MFN2 gene, which encodes a mitochondrial outer membrane GTPase gene 

have been associated with CMT2A (subtype of CMT2)(Zuchner et al., 2004).  In a mice 

expressing mutant MFN2, motor neurons have abnormal aggregation of mitochondria, 

particularly at the distal end (Detmer et al., 2008). Cultured neurons expressing mutant MFN2 

has impaired trafficking of mitochondria but not other organelles (Baloh et al., 2007). 

Another mouse model of CMT with MFN2 knockout, also showed impairment of 

mitochondrial trafficking in embryonic fibroblasts (Chen et al., 2003). Mice expressing 

mutant MFN2 have impaired oxidative phosphorylation in brain mitochondria (Guillet et al., 

2011). MFN2 is known to interact with adaptor molecules linking mitochondria to kinesins 

and the mutant forms interrupt this function (Misko et al., 2010), thus providing a potential 

mechanism of causing the mitochondrial trafficking defects.  

TBC1D15 

Mutations in the TBC1D15 gene, which encodes the GTPase activating protein RAB7, have 

been associated with CMT2 (Zuchner et al., 2004). RAB7 is involved in lysosomal and 

endosomal retrograde transport regulation and also mediates retrograde transport of 

neurotrophins (Deinhardt et al., 2006).  

DYNC1H1 

Mutations in cytoplasmic dynein 1 heavy chain1 encoded by DYNC1H1 are described in 

patients with Charcot Marie Tooth disease type2 and spinal  muscular  atrophy (Weedon et 

al., 2011). The DYNC1H1 gene mutation in CMT2 patient affects the protein domain 

essential for homodimerization (Weedon et al., 2011), a function critical for tethering and 

moving on microtubules. In drosophila hippocampal neurons with disrupted dynactin, this 

retrograde transport is abolished (Cavolo et al., 2015). 
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KIF1B-b  

A mutation in KIF1B-b, a family member of kinesins-3 is described in Charcot Marie Tooth 

disease type2 (Zhao et al.). In KIF1B knockdown mice, the transport of synaptic vesicles to 

the distal axon is defective (Zhao et al.).    

HSPB1 

Mutations in the heat shock protein β1 (HSPB1) gene have been associated with CMT2F 

(Zuchner and Vance, 2006). HSPB1 binds to misfolded proteins to prevent their aggregation. 

However, mutation in HSPB1 disrupts this function and promotes the aggregation of 

neurofilament medium chain, neurofilament light chain and dynactin (Ackerley et al., 2006). 

In a mouse model, expression of mutant HSPB1 caused CMT-like phenotype and defects in 

axonal transport with fewer mitochondria and fewer motile mitochondria as a consequence of 

reduced levels of acetylated α tubulin (d'Ydewalle et al., 2011).  The mitochondria number 

and trafficking defect was rescued by HDAC6 inhibitors, a major enzyme with α-tubulin 

deacetylating activity that increased levels of acetylated α tubulin (d'Ydewalle et al., 2011). 

This study highlights that defect in acetylation of tubulin can induce organelle trafficking 

defects and that inhibitors like HDAC6 that can increase levels of acetylated α tubulin can 

rescue this defect.    

1.3.3 Other motor neuron disorders 

Dynactin, decoded by the gene DCTN1, is a multi-subunit complex associated with dynein. 

Mutation (G59S) in the p150Glued subunit of dynactin is described for hereditary motor 

neuropathy 7B patients (Puls et al., 2003). This mutation affects the conserved cytoskeleton-

associated protein glycine-rich domain of dynactin that links the tyrosinated tubulin to 

dynactin, affecting its ability to bind to microtubules (Puls et al., 2003). Also, multiple 

mutations affecting the cytoskeleton-associated protein glycine-rich domain of dynactin have 
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also been described in Perry syndrome (Farrer et al., 2009). Dynactin mutations in Perry 

syndrome specifically affect retrograde transport initiation at the distal axons, in contrast to 

mutations in hereditary motor neuropathy 7B that prevent binding of dynactin to 

microtubules.  

1.4 Predominant genes contributing towards axonal defects in HSP 

As in other motor neuron diseases (refer section 2.2), disruption of axonal transport has also 

been reported as a result of certain HSP mutations, although the underlying mechanisms 

linking the mutations to axonal transport defects remain unclear.  

1.4.1 SPAST 

SPAST gene mutation accounts for up to 40% of autosomal-dominant mutations, making it 

the most commonly mutated gene in this family of disease (Vandebona et al., 2012, Ruano et 

al., 2014). 

Spastin structure and function 

The SPAST gene encodes the protein spastin, a 616 amino acid protein of the AAA (ATPase 

associated with diverse cellular activities) protein family (Sherwood et al., 2004, Fröhlich, 

2001). This group of proteins shares the AAA cassette, a highly conserved region which 

provides ATPase activity to the protein and is involved in wide variety of cellular processes 

including vesicular transport (Confalonieri and Duguet, 1995). The spastin protein has four 

isoforms, a 616 amino acid full length protein (M1), a shorter isoform with the first 86 

amino-acids missing (M87) and splice variants of both these forms, missing 32 amino-acids 

encoded in exon 4(Mancuso and Rugarli, 2008).  The C-terminus of spastin (after 270 amino 

acid residues) is involved in microtubule severing. Between residues 270 and 328 is the 

microtubule binding domain and residues 342-599 is comprised the AAA domain (Figure 2). 

The AAA domain uses energy of ATP hydrolysis to catalyse conformational changes in the 
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protein (White and Lauring, 2007). In the non-ATP state, spastin exists as a dimer but the 

ATP-bound Spastin forms a hexameric ring with a central pore. Polymerized spastin tethers 

onto microtubules and destabilizes it by tugging C-terminal of the tubulin through this central 

pore (Roll-Mecak and Vale, 2008). 

 

 Fig. 2: Spastin domain structure. The hydrophobic region (HR) forms an intramembrane 

hairpin loop. MIT: microtubule interacting and trafficking domain. MBD: the microtubule 

binding domain is essential for binding of spastin to microtubules and the AAA domain is the 

enzymatic activity of the protein essential for the functioning of the protein by generating 

energy (adapted from (Blackstone et al., 2011)). 

 

Fig. 3: Schematic diagram depicting the microtubule-severing function of spastin. 

Spastin functions by creating breaks in microtubules, thereby controlling the cellular 

processes dependent on these structures, including organelle trafficking. Cells with mutated 

SPAST have alterations in their axonal (microtubule mediated) trafficking (McDermott et al., 

2003a).  
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Mutated spastin and axonal transport 

Spastin is involved in microtubule severing, a function essential to regulate microtubule 

dynamics (Errico et al., 2002) and related cargo transport (McDermott et al., 2003a). 

Abnormal cellular distribution of peroxisomes and mitochondria, organelles that undergo 

microtubule-dependent transport have been described for cells with mutated spastin 

suggesting its role in intracellular organelle trafficking (McDermott et al., 2003a). 

Impairment of axonal transport of microtubule mediated mitochondria was observed in 

neurons derived from patient induced pluripotent stem cells (Denton et al., 2014, Havlicek et 

al., 2014) and mouse models (Kasher et al., 2009) of SPAST. Though it is known that spastin 

regulates microtubules and that cells with mutation in spastin have impaired axonal transport, 

the mechanism by which spastin mutation leads to impaired axonal trafficking remains 

unclear. 

1.4.2 SPG3A 

Mutations in SPG3A are the most common form of early onset autosomal dominant HSP and 

the second most common form of HSP (Haberlová et al., 2008).SPG3A is caused by mutation 

in ATL1, which encodes the protein Atlastin-1. Atlastin-1 is a GTPase involved in functional 

organization   of   the   tubular   endoplasmic reticulum (Blackstone, 2012). In neurons 

generated from iPSC cells from fibroblast with a P342S mutation in the ATL1gene, the 

percentage of motile mitochondria is lower and also number of motile events in the 

anterograde direction is lower (Zhu et al., 2014).  

1.4.3 SPG10 

SPG10 is an autosomal dominant HSP caused by mutations in the KIF-5A gene (Crimella et 

al., 2012). KIF-5A encodes the heavy chain of kinesin-1, a neuronal microtubule motor 

protein essential for anterograde axonal transport. Axonal trafficking defects in cells with 
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KIF5A mutations have been shown in several studies. In a Drosophila KIF5A model with the 

N256S mutation, motor neurons have reduced frequency of cargo movement in the retrograde 

direction (Füger et al., 2012). In cultured mouse cortical neurons expressing the N256S 

mutant KIF5A (Lina and Anthony, 2010), the axonal transport of neurofilaments was 

impaired, with decreased frequency of both anterograde and retrograde movements and also 

increased velocity of neurofilaments transport in the retrograde direction. In a KIF5A 

knockout mouse, the cultured motor neuron from both heterozygous and homozygous mice 

showed defects in anterograde and retrograde mitochondria axonal trafficking (Karle et al., 

2012). In mice with mutant KIF5A (Lina and Anthony, 2010), axonal transport is impaired 

with reduced affinity and/or decreased velocity of neurofilament and/or mitochondrial 

transport (Lina and Anthony, 2010) (Karle et al., 2012), explaining the altered axonal 

transport in SPG10 HSP.    

1.4.4 SPG7 

SPG7 encodes paraplegin and mutations in this gene are found in autosomal recessive HSP 

(Casari et al., 1998). Mutated paraplegin impairs mitochondrial function (Atorino et al., 

2003). A mouse model of paraplegin (encoded by SPG7)-deficient mice has defects in 

retrograde axonal transport (Ferreirinha et al., 2004). Cross section of the knockout mouse 

motor neurons in the cranial region showed a reduction in the number of motor neurons 

labelled with a retrograde transport marker, cholera toxin subunit B conjugate, that was 

injected into the muscle of the lower limb (Ferreirinha et al., 2004). Though this study 

suggests that retrograde axonal transport may be affected in SPG7 mice, there is still no 

evidence if this is a common feature of specific or all organelles. Since the study does not use 

live cell time-lapse imaging, parameters including the frequency, flux or velocity of axonal 

transport were not quantified. Transport of cargo via motor proteins on microtubules as in 

axonal transport, is energy dependent and requires ATP (Franker and Hoogenraad, 2013, 
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Schwarz, 2013), hence mutations affecting mitochondrial function may lead to altered 

organelle trafficking.  

1.4.5 SPG11 and SPG15 

Mutations in SPG11 are the most common form of mutation in autosomal recessive HSP 

(Stevanin et al., 2007). Understanding of spatacsin (encoded by SPG11) function is limited.  

Spatacsin along with spastizin (encoded by SPG15) colocalize with endosomes and 

endoplasmic reticulum markers (Hirst et al., 2013). In mouse cortical neurons with Spastacsin 

knockdown, neurites had reduced numbers of synaptic vesicles, increased immobile synaptic 

vesicles, and reduced anterograde transport of synaptic vesicles (Pérez-Brangulí et al., 2014). 

Concurring with these results, iPSC derived neurons from two SPG11-HSP patients showed 

increased number of immobile synaptic vesicles in neurites and increased retrograde transport 

(Pérez-Brangulí et al., 2014).  
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Fig. 4: Mutations affecting axonal transport in motor neuron disorders.  
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1.5 Peroxisomes, mitochondria and oxidative stress 

The direct correlation of impaired cellular organelle trafficking to neuronal degeneration has 

not been established. However, it is known that cellular organelles particularly peroxisomes 

mitochondria contributes to redox control, a critical process in maintaining cellular 

homeostasis. 

The redox state of a cell defines the balance between the rate of reactive oxygen species 

(ROS) production and ROS degradation. An imbalance in this process can give rise to 

excessive ROS causing oxidative stress, leading to oxidative damage in cells (Fransen et al., 

2012, Denis, 2014). Mitochondria and peroxisomes are two major contributors of ROS in 

cells, and are organelles that depend on microtubule for transport.  Both peroxisomes and 

mitochondria are involved in the generation and scavenging of reactive oxygen 

species(Schrader and Yoon, 2007a). In mitochondria, superoxide radicals are formed by 

NADH-CcoQ reductase (complex 1) and cytochrome c oxidase (complex III). The 

superoxide produced can readily convert to other potent ROS including hydrogen peroxide, 

peroxynitrite and hydroxyl radicals that can effectively damage DNA, lipids and protein in 

the mitochondria. Damaged mitochondria can release several components including 

cytochrome c in the cell, triggering apoptosis (Moldovan and Moldovan, 2004, Schrader and 

Fahimi, 2004).  Mitochondria also house enzymes including glutathione 

reductase/glutathione peroxidase and other antioxidants that are responsible for 

decomposition of ROS to prevent their harmful oxidative effects (Ježek and Hlavatá, 2005). 

Peroxisomes contain a range of oxidases that generate ROS including hydrogen radicals, 

super oxide radicals and hydrogen peroxide (Schrader and Fahimi, 2006a).  Peroxisomes too 

contain antioxidant enzymes including catalase, peroxiredoxin I and epoxide hydrolase 

(Schrader and Fahimi, 2006a) to reduce oxidative damage. One of the most potent ROS 

hydrogen peroxide, is metabilosed by both peroxisomes and mitochondria, but involves 



23 
 

different antioxidant enzymes. In cases when the hydrogen peroxide levels are higher than 

normal, peroxisomal catalase is efficient in degrading it, but in mitochondria hydrogen 

peroxide decomposing function is often limited by the level of glutathione (and 

NADPH)(Ježek and Hlavatá, 2005). The high concentrations of hydrogen peroxide that is not 

degraded by mitochondria escapes mitochondria and is then degraded by peroxisomal 

catalase (Schrader and Yoon, 2007a).  

In cells with an imbalance in the redox state, oxidative stress particularly affects the 

unsaturated lipids, with lipid peroxidation a marker of this oxidative stress. Lipid 

peroxidation is a consequence of free radicals attacking the double bonds of polyunsaturated 

fatty acids, to generate highly reactive lipid peroxy radicals that then start a chain reaction of 

continuous attacks on other polyunsaturated fatty acids. One major end product of this chain 

reaction is the 4-hydroxy- 2,3-nonenal (4HNE ) (reviewed in (Kevin et al., 2004). Increased 

levels of HNE have been observed in ALS patient cerebrospinal fluid (Pedersen et al., 1998) 

and in brain tissue of Alzheimer’s and Parkinson’s disease (Selley et al., 2002, Allan 

Butterfield et al., Kevin et al., 2004).  

1.6 Animal models to better understand HSP disease mechanism 

Different approaches to understand neurological disorders have evolved from neuroanatomy 

and biochemical studies, over/under protein expression in simple cellular systems and non-

neuronal human cell lines to investigating specific mutations in easily accessible patient cells 

(Gasser et al., 1998, Winkler-Stuck et al.). 

Unquestionably, studies with existing animal models including drosophila (Sherwood et al., 

2004), mice (Kasher et al., 2009, Tarrade et al., 2006) and zebrafish (Wood et al., 2006) have 

greatly helped our understanding of the pathology of HSP. However, it is still a challenge to 

completely understand the disorder and one reason may be the species-specific differences in 
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anatomy, physiology, genetics, behavioral, cellular and biochemical characteristics. Animal 

models which fail to fully replicate disease defects observed in humans when contribute to 

drug development end up with therapeutics that work well on animal models but poorly in 

humans (Mackay-Sim, 2012). Also, sporadic cases quite common in neurological disorders 

cannot be studied with animal models. Even non-neuronal cells like fibroblasts which are 

easily accessible are not always useful in understanding the cellular basis of neurological 

diseases (Matigian et al., 2008). 

Mouse models of HSP 

Mouse models of SPG4 HSP have provided important insights into the effects of spastin 

mutations on the long cortical axons, although these models lack the genetic variability and 

background of HSP patients. For example, one mouse model of HSP with impaired motor 

functions is homozygous for truncation of the SPG4 gene (Tarrade et al., 2006). Human 

patients are heterozygous, not homozygous, for SPAST mutations, the SPG4 homolog. The 

axonal defect of axonal swellings along corticospinal motor neurons was more severe in the 

homozygous mice than in the heterozygous mice. The axonal swellings comprised of 

disrupted microtubule network and accumulations of organelles including mitochondria, 

peroxisomes and lysosomes (Tarrade et al., 2006). In another mouse model, rear limb gait 

was impaired in mice homozygous for the c.1092+2T>G SPG 4 mutation but not in mice 

heterozygous for the mutation (Kasher et al., 2009).  Homozygous cortical neurons had 

reduced anterograde microtubule-based transport of amyloid precursor protein and 

mitochondria in their axons in vitro. Cortical axons heterozygous for the same mutation had 

reduced anterograde mitochondria transport but not amyloid precursor protein (Kasher et al., 

2009). In summary, although SPG4 mouse models exhibit several cellular pathologies similar 

to humans with SPAST mutations, the genetic mechanisms may not be the same because the 
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pathologies in mouse arise from homozygous mutations whereas in humans they are 

heterozygous.  

1.7 Potential patient-derived cellular models to better understand HSP disease 

mechanism 

1.7.1 Human embryonic derived stem cells 

Human embryonic derived stem cells (HESCs) are derived from the inner cell mass of the 

human embryonic blastocyst (Thomson et al., 1998). These unique cells capable of self-

renewal and proliferation also differentiate into desired cell types under defined growth 

conditions. In the past decade, HESCs have been investigated for modeling neurological 

disorders.  
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Fig. 5: An overview of the steps involved in disease modeling using HESCs 

Mutant human embryonic stem cells for disease modeling are derived by two approaches. 

The first approach involves obtaining mutated HESCs directly from embryos. Such embryos 

are obtained as a by-product of pre-implantation genetic diagnosis (PGD) from IVF clinics. 

This approach has been used to model neurological disease including spinocerebellar ataxia 

type 2 and Huntington’s disease (Tropel et al., 2010)(refer(Frumkin et al., 2010) for complete 

list). This approach of disease modeling could also be used to model HSP.  However, the big 
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challenge in this case is to find embryos positive for a rare disorder like HSP as IVF clinics 

generally discard only a small number of embryos (Eiges, 2006). Another general drawback 

of using such cells for disease modeling is that, matched wild-type controls are not available.  

Also, there have been ethical issues in deriving patient-specific ES cells. 

The second approach involves genetically manipulating existing HESC lines by altering their 

DNA. Homologous recombination, a technique involved in disrupting gene function by 

targeting one allele at a time, allows the study of the affect of the disease causing mutation 

(Urbach et al., 2010). However, this technique is easier to achieve in mouse ESCs than 

HESCs (Zwaka and Thomson, 2003). Alternatively, other genetic manipulation methods 

including Bacterial Artificial Chrosome (BAC) based gene targeting (Yang and Seed, 2003), 

Zinc-finger Nuclease induced homologous recombination (Katada and Komiyama, 2009) and 

lentiviral RNAi transduction (Zaehres et al., 2005) have also been investigated for efficient 

genetic manipulation of human HESCs.  This approach of genetically manipulating HESCs 

has resulted in modeling of a few disorders including Ataxia telangiectasia, a neurodegerative 

disease (Song et al., 2009). New emerging technology of genome editing i.e. clustered 

regularly interspaced short palindromic repeats (CRISPRs) and CRISPR-associated (Cas) 

systems provide the ability to efficiently introduce a number of genetic modifications in the 

human genome, varying from single-nucleotide modifications to whole gene 

deletion/addition, with high specificity (Doudna and Charpentier, 2014). Considering the 

recent advent of CRISPR/Cas system, this approach of genetically manipulating HESCs can 

be applied to model HSP.  

Using HESCs to model HSP would involve several steps. First, obtaining a mutant HESC 

lines carrying a mutation specific to a HSP subtype by one of the two approaches explained 

above. Second, mutant HESCs would then be differentiated to corticospinal motor neurons, a 
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cell type specific to HSP. Third, differentiated cells would then be analyzed for disease 

specific defects and investigate the underlying mechanism. Fourth, screen drugs to rescue the 

disease specific defects.  

1.7.2 Human induced pluripotent stem cells 

The revolutionary discovery of induced pluripotent stem cells (iPSCs) (Takahashi and 

Yamanaka, 2006), whereby human somatic cells were reprogrammed to embryonic 

pluripotent state using a combination of transcription factors, has opened a new window for 

in vitro disease modeling.  This approach of using hiPSCs for disease modeling has been 

shown for many monogenic diseases (refer to review (Grskovic et al., 2011)). hiPSCs pose 

several advantages over HESCs. hiPSCs can be derived from patients of all ages, from babies 

to adults to understand any simple or complex disorder. Furthermore, ethical issues 

concerned with deriving HESCs does not apply to hiPSCs.   
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Fig.6: An overview of the steps involved in disease modeling using hiPSCs. 

However, certain issues need to be understood and considered before applying it to disease 

modeling.  

i) Deriving patient iPSCs. Induced pluripotent stem cells were first generated by the 

transduction of the transcription factors Oct3/4, Sox2, c-Myc, and Klf-4(Takahashi and 

Yamanaka, 2006) (Takahashi et al., 2007) in 2006-2007. Since the description of the 

generation of iPSCs, new techniques are constantly being developed to find alternative 

delivery method of the reprogramming factors. The genome integrating virus-mediated 

delivery of transcription factors causes permanent integration of oncogenes and potential 
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undesirable genomic alterations including insertional mutagenesis (Okita et al., 2007) 

(Yamanaka, 2007). Another major drawback is the low reprogramming efficiency. To 

overcome these, several technologies that do not use integrating virus have been developed, 

including Sendai virus, adenovirus, lentivirus, miRNA and plasmid transfection 

techniques(Nishimura et al., 2011, Yu et al., 2009, 2012, Cheng et al., 2012). Though these 

new techniques have eliminated one drawback of random viral integration into the host cell, 

the approaches are less efficient than viral transduction. Recently, new protocols have also 

been described to generate iPSCs using small molecules (reviewed in (Higuchi et al., 2015). 

ii) Differentiation of iPSCs to disease specific cell subtype. Modelling HSP will require 

differentiation of the induced pluripotent stem cells to corticospinal motor neurons. Recently 

protocols have been established that allow us to efficiently differentiate iPSCs to specific 

neuronal populations. These protocols describe the use of small molecules. Transforming 

growth factor beta and bone morphogenetic protein are inhibited in iPSCs using SB431542 

and Noggin respectively to achieve high efficiency and rapid generation of neuroepithelial 

cells (Chambers et al., 2009). The neuroepithelial cells can then be differentiated to different 

specific neuron population using appropriate cues including retinoic acid and Sonic 

Hedgehog for corticospinal motor neurons (Li et al., 2005).  

Using hiPSCs to model HSP would involve several steps. First, these cells will be 

reprogrammed to iPSCs and characterized to establish their identity. Second, iPSCs will be 

differentiated to corticospinal motor neurons, a cell type specific to HSP. Third, differentiated 

cells will then be analyzed for disease specific defects and investigated for the underlying 

mechanism. Fourth, screen drugs to rescue the disease specific defects.  
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1.7.3 Human olfactory neurosphere-derived cells  

Olfactory stem cells, which are adult neural stem cells,  regenerate sensory neurons in the 

olfactory system throughout life (Murrell et al., 2005). These cells, like other neural stem 

cells, grow as neurospheres in serum-free epidermal growth factor and basic fibroblast 

growth factor cultures (Matigian et al., 2010). Cells dissociated from neurospheres, grown on 

as monolayers are called olfactory neurosphere derived (ONS) cells. These cells can be 

isolated from the olfactory mucosa by biopsy (Féron et al., 1998). Schizophrenia, a 

neurodevelopmental psychiatric disorder and Parkinson’s disease, a neurodegenerative 

disease, were both previously modeled using ONS (Matigian et al., 2010). The study 

identified new candidate genes and cell pathways. Interestingly, there were no differences in 

gene expression between fibroblasts from schizophrenia patients and those from healthy 

controls (Matigian et al, 2010). These ONS cells, unlike other stem cells, are: 1) easily 

accessible and easy to generate in vitro 2) easy to freeze-thaw and bank 3) suitable for high 

throughput biology and screening to generate and test hypothesis 4) do not require 

reprogramming (reviewed in (Mackay-Sim, 2012)). Altough a protocol has been described to 

differentiate these cells into neurons (Murrell et al., 2005) protocols have not been developed 

to differentiate these cells into specific neuronal populations, thus limiting the ability to 

investigate axons of defined neurons, such as cortical motor neurons.  
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Fig.7: An overview of the steps involved in disease modeling using ONS cells. 

1.8 Aims  

HSP is a neurodegenerative disorder charecterised by degeneration of the axons of the 

cortical motor neurons. Mutations in SPAST are the most common cause of autosomal-

dominant, adult-onset HSP. SPAST encodes spastin, which severs stabilised microtubules 

(Vallee and Bloom, 1991, Errico et al., 2002). Spastin (encoded by SPAST ) is involved in 

microtubule severing, a function essential to regulate microtubule dynamics (Errico et al., 

2002). Our working hypothesis is that SPAST mutations interfere with microtubule dynamics, 

affecting stabilised microtubules and impairing trafficking of microtubule-dependent 

organelles; thereby altering the intracellular distributions of microtubule-dependent 

organelles. Cellular organelle, peroxisome have punctate apperance and distinct microtubule-

dependent trafficking pattern (Wiemer et al., 1997), making them  ideal microtubule-

dependent organelle to evaluate by time-lapse imaging . Peroxisomes are involved in  
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mechanism  

Drug screening 



33 
 

maintaining the redox balance of the cells as they continously generate and degenerate 

reactive oxygen species (Antonenkov et al., 2010), maintaining cellular homeostasis.   

The specific aims of this present study are: 

 Aim 1: To quantify disease-specific cell function differences of peroxisome 

trafficking in patient ONS cells compared to control ONS cells (Chapter 3);  

 Aim 2: To elucidate the underlying mechanism of altered peroxisome trafficking 

observed in patient ONS cells (Chapter 4);  

 Aim 3: To evaluate disease specific defect of oxidative stress in patient ONS cells 

compared to control ONS cells (Chapter 4); 

 Aim 4:To test potential drugs that can revert or rescue the observed defects in patient 

cells (Chapter 5); 

 Aim 5: To explore the potential of iPSCs for further deducing disease mechanisms 

(Chapter 6). 
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2.0 Materials and methods 

2.1 Participants  

HSP patients involved in this study were examined by a neurologist, experienced in 

movement disorders (Professor Carolyn Sue). All patients involved in this study exhibited 

typical SPAST HSP clinical symptoms. Details of their clinical phenotypes are mentioned 

elsewhere (Vandebona et al., 2012). Details of mutations and related patient information and 

also information related to healthy controls are listed in Table 1. The patients and controls are 

not blood relatives. Olfactory mucosa biopsies were obtained with the informed and written 

consent of the subjects. The biopsies were performed as described by experienced Ear, Nose 

and Throat surgeons (Dr Chris Perry and Dr David Vievers) (Feron et al., 2013, Feron et al., 

1998). All procedures were carried out in accordance with the human ethics committee of 

Griffith University and the Northern Sydney and Central Coast Human Research Ethics 

Committee, according to guidelines of the National Health and Medical Research Council of 

Australia. 
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Table1. Details of patient and control participants. Mutation analysis of the patients was 

reported previously (Vandebona et al., 2012). 

2.2 ONS cell culture 

ONS cells were derived from nasal biopsies of patients and healthy controls using our 

previously published techniques (Feron et al., 2013)  (Matigian et al., 2010). These ONS cells 

were generated in the laboratories of Professor Carolyn Sue and Professor Alan Mackay-Sim 

and banked as frozen aliquots by Dr Ratneswary Sutharsan. Cell aliquots were thawed and 

grown in ONS cell culture media i.e. Dulbecco’s Modified Eagle Medium (DMEM)/F12 

(Gibco) with 10% fetal bovine serum at 37°C and 5% CO2 before being plated for assays. For 

all experiments, the cells used were between passages 5-10. 

2.3 Neuronal induction and Cytochalasin D treatment of ONS cells 

To differentiate ONS cells into immature neurons with axon-like processes, ONS cells were 

seeded in 96-well glass bottom plates (Matriplate; MGB096-1-2-LG-L; Matrical, Inc, 2000 

cells/well) pre-treated with poly-L-lysine (10 mg/ml; Sigma) cultured in ONS cell culture 

conditions. After cell attachment for 24 hours, neural differentiation was initiated by 

replacing the ONS cell culture media with neural induction media. For 5 days, the cells were 

cultured in neural induction medium (Neurobasal medium with 1% B-27 and 1% Glutamax; 

Life Technologies) with medium change every other day. From about day 6, when cells 

exhibit long processes, they were treated for 4 days with medium supplemented with 

Cytochalasin D (1µg/ml; Life Technologies), which depolymerises filamentous actin, with 

medium change every second day. No difference was observed in the differentiation 

efficiency of patient and control-derived cells. The differentiation process did not have any 

evident toxic effect on the cells. Morphologically the cells were healthy and no floating cells 

were observed during or post differentiation process. Also when immunostained for cellular 



36 
 

organelles particularly peroxisomes, the control cells had evenly distributed peroxisomes 

throughout the length of the cells, a characteristic of healthy cell. 

2.4 Immunostaining of cytoskeletal markers in ONS cells 

Immunocytochemistry was used to verify the cytoskeletal proteins (microtubules and actin) 

in undifferentiated and differentiated ONS cells. For microtubule immunostaining, 

undifferentiated and differentiated cells were fixed in 4% paraformaldehyde for 10 minutes at 

room temperature, permeabilized with 0.1% Triton X-100 in HBSS containing 3% bovine 

serum albumin (Sigma) for 30 minutes, and incubated with an antibody against acetylated α-

tubulin (1:1000; ab24610, Abcam) for 1 hour at room temperature. Cells were then washed 

twice in phosphate-buffered saline (PBS, pH 7.4, Gibco Life Technologies) and incubated 

with a secondary antibody (1:400; goat anti-mouse Alexa Fluor 546, A11003; Life 

Technologies) for 1 hour at room temperature. For actin labelling, cells were washed twice in 

PBS and stained with phalloidin (1:100; Alexa Fluor 488® phalloidin; Life Technologies) for 

20 minutes at room temperature. Negative controls were included in each run, in which 

primary or secondary antibodies were not included. For nucleus labelling cells were then 

washed twice and stained with DAPI (1:1000; Life Technologies) for 10 minutes at room 

temperature.  

2.5 Peroxisome imaging and analysis in living ONS cells 

Cells were cultured in 96-well glass bottom plates (Matriplate; MGB096-1-2-LG-L; Matrical, 

Inc; 2000 cells/well) coated with poly-L-lysine (10 mg/ml) and transduced for 12 hours with 

a live-cell GFP peroxisome probe (1:200; C10604, CellLight Peroxisome-GFP BacMam 2.0; 

Life Technologies). For peroxisome imaging, live-cell time-lapse imaging of GFP fluorescent 

peroxisomes was performed with the Zeiss AxioObserver Z1 microscope (Zeiss) using a 

Zeiss AxioCamHs camera (Zeiss) under high magnification (oil immersion objective, 630x 

total magnification). The microscope had a chamber to maintain optimal temperature (37oC) 
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and CO2 (5%) levels throughout the imaging process. The Zeiss AxioVision software 

(AxioVs40 V 4.8.2.0(Zeiss)) was used to capture time-lapse movies with three dimensional 

z-stack images captured every 2 seconds, for a total duration of 4 minutes. The exposure 

period was constant throughout the experiment. For peroxisome movement analysis, the 

movies were quantified using a semi-automated image analysis software (Imaris×64 6.4.2;  

Bitplane) as described previously (Abrahamsen et al., 2013). Briefly, the three dimensional 

images captured each 2 seconds were collapsed into a single two dimensional maximum 

brightness image in which the peroxisomes were identified based on diameter and 

fluorescence intensity. This was done using the “spot” function. Also a filter was set to track 

all spots in the field of view for the entire observation period. The peroxisome movement 

between sequential images was tracked by software, which calculated mean speed (µm/s) and 

peak speed (µm/s) of each peroxisome tracked. For peroxisome distribution analysis, the first 

frame of every time-lapse movie was used. Peroxisomes along 120µm of axon-like processes 

starting 20µm from cell bodies were quantified. For representative images of peroxisome 

distribution in fixed cells (shown in Fig. 4.2), peroxisomes were detected by 

immunofluorescence using a rabbit antibody to mouse peroxisomal membrane protein PEX14 

(Nguyen et al, 2006; Grant et al 2013, 1:1000 dilution). Each experiment was repeated in 

triplicate (3 wells in a 96 well format) in at least two separate experiments.  

2.6 Oxidative stress analysis in ONS cells 

For baseline measurement of oxidative stress levels, cells were cultured in poly-L-lysine 

coated 96-well glass bottom plates (Matriplate; MGB096-1-2-LG-L; Matrical, Inc ; 2000 

cells/well). To evaluate the effect of H2O2 stress, the cells were exposed to 50µM H2O2 for 1 

hour before measuring 4HNE levels. Cells were fixed in 4% paraformaldehyde for 10 

minutes at room temperature, permeabilized with 0.1% Triton X-100 in HBSS containing 3% 

bovine serum albumin (Sigma) for 30 minutes, incubated with an antibody against 4HNE 
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(1:250; HNE11-S, Alpha Diagnostic International) for 2 hours at room temperature. Cells 

were then washed twice in phosphate-buffered saline (PBS, pH 7.4, Gibco Life 

Technologies) and incubated with a secondary antibody (1:400; goat anti-rabbit Alexa Fluor 

488; Life Technologies) for 1 hour at room temperature. The cell cytoplasm was stained with 

HCS Cellmask deep red (1:5000 in PBS; H32721, Molecular Probes, Life Technologies) for 

30 minutes. The cell nucleus was stained with DAPI (1:1000; Life Technologies) for 10 

minutes at room temperature. Cells were imaged with an automated microscope (Operetta 

High Content Imaging System, Perkin Elmer). Images were captured at 13 locations in each 

well of the 96 plate (with duplicate plates) with a 20x objective at required wavelengths (488 

nm, 4HNE; 647 nm, CellMask; 350 nm, DAPI). To obviate observer bias and experimental 

variability, the image analysis was automated with the same parameters for every image 

using Harmony High Content Analysis Software (Perkin Elmer). The software identifies the 

cells using the nucleus DAPI fluorescence and identifies the cell area using the cytoplasm 

Cell Mask fluorescence. The fluorescence intensity of 4HNE is quantified in the cell 

cytoplasm between the nucleus and cell edge. The analysis provides a 4HNE mean 

fluorescence value based on at least 1000 cells per cell line. Each experiment was repeated in 

triplicate (3 wells in a 96 well format) in at least two separate experiments. 

 To evaluate the effect of epothilone D (EpoD), ONS cells were seeded in poly-L-lysine 

pre-coated 96-well plates (2500 cells/well) in duplicate. 24 hours after seeding, the cells were 

treated with epothilone D (2nM in culture medium; R&S Pharmchem co.ltd, China) for 7 

days. This concentration and duration of EpoD treatment was shown previously not to be 

toxic for the cells (Fan et al., 2014). After EpoD treatment, the cells were exposed to 50µM 

H2O2 for 1 hour before quantifying 4HNE levels. After EpoD treatment cells were also 

assessed for cell viability (MTS assay; CellTiter 96® AQueous One Solution Cell 

Proliferation Assay, G3580, Promega) and ATP production (ATPlite assay; 6016941, Perkin 
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Elmer). The cells were incubated in 125µM H2O2 for 8hours and MTS and ATPlite assays 

were carried out according to manufacturers’ instructions. Each experiment was repeated in 

triplicate (3 wells in a 96 well format) in at least two separate experiments. 

2.7 Reprogramming human fibroblasts to iPSC cell lines 

Human iPSCs were established from human skin fibroblast cells using the CytoTune®-iPS 

2.0 Sendai Reprogramming Kit (A16518, Life Technologies) as per the instructor’s manual. 

Briefly, human fibroblasts with a low passage number (5 or lower) were cultured in 

 

 Dulbecco’s   modified   Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) ESC-Qualified (16141-079, Life Technologies), MEM Non-Essential Amino 

Acids Solution, 10 mM (11140-050, Life Technologies) and β-mercaptoethanol, 55 mM 

(21985-023, Life Technologies) in a 6-well plate until they are ~80% confluent. Day 0, the 

cells are transduced with reprogramming vectors hOct3/4, hSox2, hKlf4 and hc-Myc 

provided in the CytoTune-iPS Sendai reprogramming kit. Day 1, the fibroblast medium is 

replaced to remove the reprogramming vectors. Day 2-6, the fibroblast medium is replaced 

every other day. Day7, the fibroblast medium are plated on mouse embryonic fibroblasts 

(MEF)(irradiated) (S1520-100, Gibco). Day 8, the fibroblast medium is switched to iPSC 

medium i.e. KnockOut™ DMEM/F-12 (12660-012, Life Technologies),KnockOut™ Serum 

Replacement (10828-028, Life Technologies), MEM Non-Essential Amino Acids Solution 10 

mM (11140-050, Life Technologies), GlutaMAX™-I (35050-061, Life Technologies ),β-

mercaptoethanol 55 mM (21985-023, Life Technologies) and bFGF (10 µg/mL) (PHG0264, 

Life Technologies). Day 9-28, replace iPSC medium every other day. iPSC colonies appear 

around day11-14. Day 28, iPSc colonies generated are transferred onto fresh MEF culture 

dish for expansion.  
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2.8 Immunostaining with anti-Sendai virus antibody of iPSC cells 

Immunocytochemistry was used to verify the presence or absence of Sendai virus (used to 

transduce fibroblast cells with reprogramming vectors, as described in previous section) in 

iPSCs using anti-Sendai virus antibody (PD029, Medical and Biological Laboratories Co., 

LTD) as per manufacturer’s instructions. Briefly, the iPSCs were fixed using pre-cold (-20oC) 

methanol for 10 minutes. The cells were then washed twice with phosphate-buffered saline 

(PBS, pH 7.4, Gibco Life Technologies).  

The cells were incubated with anti-sendai virus antibody (1:500) for 45 minutes at 37ºC. 

Cells were then washed twice and incubated with Goat anti-Rabbit IgG (H+L) Secondary 

Antibody, FITC conjugate (65-6111; Thermo-fisher) for 1 hour at room temperature. For 

nucleus labelling, iPSCs were then washed twice and stained with DAPI (1:1000; Life 

Technologies) for 10 minutes at room temperature.  

2.9 Live cell imaging & identification of fully reprogrammed iPSCs 

The human iPSC selection kit (SCR502, Millipore) live cell staining and identification of 

fully reprogrammed iPSCs from a heterogeneous population of reprogrammed iPSCs (fully 

and partially reprogrammed iPSCs).  The kit consists of two conjugated antibodies that are 

known human pluripotency markers Tra-1-60 and SSEA-4. The staining was performed as 

per manufacturer’s instructions. iPSC cells were cultured in iPSC medium in 6 well plates.  

The conjugated antibodies were diluted appropriately in iPSC medium (Mouse anti-TRA-1-

60: 1/200 dilution based on 0.5 mg/mL and mouse anti-SSEA-4: 1/250 dilution based on 0.25 

mg/mL) and the iPSC cells were incubated with the antibody diluted iPSC medium for 30 

minutes in 37ºC and 5%CO2. The antibody solution was removed and the cells washed 3 

times with 2 mL fresh iPSC medium. The iPSC cells were viewed under a fluorescence 
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microscope and the positively labelled iPSCs were passaged to a new 6 well plate containing 

MEFs (irradiated) and iPSC medium.   

2.10 Spontaneous differentiation of iPSCs to embryoid bodies 

Embryoid bodies were generated in accordance to previously published protocols (Abraham 

et al., 2010). Briefly, iPSCs were cultured and grown in 6 well plates on MEFs to ~90% 

confluence. The iPSC colony were then divided into clumps of ~ 300 cells and resuspended  

in iPSC medium but without bFGF, in a 6 well ultra-low attachment plate (CLS3471, Sigma). 

Fresh medium is replaced every 3-4 days for 15 days. The low binding plates promotes the 

iPSC to form aggregates in suspension.  

2.11 TaqMan® hPSC Scorecard™ Panel to evaluate gene expression of iPSCs 

The TaqMan® hPSC Scorecard™ Panel (A15872, Life Technologies) was used to evaluate 

the gene expression of the human iPSCs as per manufacturer’s instruction). Briefly,   RNA 

was extracted from undifferentiated iPSC and after differentiated to EBs using the RNeasy 

Mini Kit (74104, Qiagen) as per manufacturer’s instructions. The isolated RNA was used to 

generate cDNA in a reverse transcription reaction using the High-capacity cDNA Reverse 

Transcription Kit with RNase Inhibitor (4374966, Life Technologies) and the TaqMan® 

hPSC Scorecard™ Panel was used to quantitate RNA expression levels of genetic markers 

for pluripotency and differential potential. The gene expression data was analysed using the 

Scorecard™ Analysis Software, available at www.lifetechnologies.com/scorecarddata.  

2.12 Statistical analysis  

All data are expressed as mean ± SEM. Repeated measures analysis of variance was done 

using SPSS Statistics Version 22 (IBM). Student’s t-tests and Chi-square analysis was done 

with Prizm (GraphPad), which was also used for graphing the data including the frequency 

http://www.lifetechnologies.com/scorecarddata
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distribution graphs. Quantile regression analysis was undertaken in Stata IC Version 12.1 

software (STATA Corp. Texas, USA). For all statistical analyses the alpha value was 0.05. 
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3.0 High-throughput live cell organelle transport assay in human ONS: a focus on 

intracellular peroxisome trafficking in SPAST HSP patient ONS 

(Data produced from this chapter was originally published on December 2012 in the journal 

Disease models and mechanisms, Publication1; Appendix) 

3.1 Introduction 

Intracellular trafficking of mitochondria has been extensively studied in HSP cell models and 

there is mounting evidence showing that mitochondrial trafficking is altered in cells with 

mutated SPAST  (Kasher et al., 2009, Denton et al., 2014, Havlicek et al., 2014) (reviewed in 

section 1.4). To test if intracellular trafficking of other microtubule-dependent organelles are 

also affected in HSP, we decided to investigate trafficking of peroxisomes. It is known that 

peroxisomes, like mitochondria are cellular organelles that contribute to redox control, a 

critical process in maintaining cellular homeostasis(Schrader and Fahimi, 2004). Peroxisomes 

are involved in anabolic and catabolic metabolisms and required for decomposition of ROS 

(Antonenkov et al., 2010, Schrader and Fahimi, 2004) (Schrader and Fahimi, 2004). 

Alterations in peroxisome function contribute to the development of neurodegenerative 

diseases (Baes and Aubourg, 2009). Thus, it may be hypothesised that defective trafficking of 

any of peroxisomes might play a role in the development of the cellular impairment observed 

in HSP.   

Our initial studies in SPAST HSP patient ONS demonstrated an altered intracellular 

distribution of both mitochondria and peroxisomes (Abrahamsen et al., 2013). It is our 

working hypothesis that the static difference in peroxisome distribution in patient cells is a 

consequence of defects in dynamics of peroxisome trafficking in patient cells. In this study, 

the aim was to develop a high throughput assay to analyse and quantify movements of 

peroxisomes in human ONS. Using this system we first characterised intracellular 
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peroxisome trafficking in human ONS cells. This was essential as peroxisome trafficking has 

not been characterised in human cells before (Wiemer et al., 1997). Secondly, we assessed 

intracellular peroxisome trafficking in patient cells by comparing the peroxisome trafficking 

in patient cells with control cells. Thirdly, we verified our findings of peroxisome trafficking 

in SPAST patient cells by knocking down spastin in control ONS cells using SPAST siRNA. 

Then peroxisome trafficking was evaluated in cells with normal spastin and cells with 

reduced spastin levels, as in patient cells.   
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3.2 Results 

3.2.1 Morphology and cytoskeletal structure of ONS cells 

ONS cells are flat with multiple short processes extending up to about 100µm (Fig. 3.1A). 

The cells have complex networks of microtubules (acetylated α-tubulin labelled; Fig. 3.1B) 

and actin filaments (phalloidin labelled; Fig. 3.1C) distributed differently throughout the 

cytoplasm (Fig. 3.1D). Such complex cytoskeletal networks were observed to be spread 

across both control and patient ONS cells. 

 

Fig. 3.1: A. Morphology of human ONS cells cultured in normal growth medium. B, C, D: 

Unmodified ONS cells labelled for microtubules (acetylated α tubulin, red, B), filamentous 

actin (philloidin, green, C. and merged with labelled nucleus (DAPI, blue, D). Scale bar in A: 

100µm. Scale bar in D applies to B- D: 20µm.   

3.2.1 Peroxisome distribution in ONS cells 

Both control and patient cells also have peroxisomes distributed throughout the cytoplasm of 

the cells (acetylated α tubulin labelled, Fig, 3.2A; peroxisomal membrane protein PEX14e 

labelled, Fig. 3.2B; merged, Fig. 3.2C). Though the distribution of peroxisomes in patient 

cells is not visually distinguishable to that of control cells, our previously published 

quantitative automated image analysis assay showed that peroxisome distribution in patient 

cells is altered compared to control cells, specifically, the density of peroxisomes in the cell 

periphery of patient cells is significantly lower than in control cells (Abrahamsen et al., 
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2013).  

 

Fig 3.2: A. Human ONS cells immunostained to label microtubules (acetylated α tubulin, 

red). B. The same cells labelled for peroxisomes (PEX 14, green). C. The same cell labelled 

for nucleus and merged (DAPI, blue). Scale bar in C applies to A-C: 20µm 

3.2.2 Characterising and quantifying peroxisome movement in human ONS cells 

Peroxisome movement in ONS cells was captured using time-lapse imaging of GFP-labelled 

peroxisomes in living cells. Cells were transduced with CellLight® Peroxisome-GFP, 

BacMam 2.0 to label peroxisomes in living cells. Fig. 3.3 C-G is a series of time-lapse 

images at 30 second intervals showing peroxisomes (green) in human ONS cells. Three 

peroxisome samples (P1, P2 and P3) are circled showing their positions over the two minute 

observation period (Fig. 3.3C-G). Fig. 3.3H-I is the output of the image analysis 

corresponding to the image in Fig. 3.3C showing all identified peroxisomes (red spots; Fig. 

3.3H) and the three example peroxisomes circled. Fig. 3.3I shows the paths of movement of 

all identified peroxisomes during the observation period (including the three highlighted). 

The image analysis software IMARIS computed paths for all identified peroxisomes.   

Peroxisome movement was quantified by measuring variants of their speeds i.e. mean speeds 

and peak speeds. The mean speed of the peroxisome is the mean value of the peroxisomes 
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speed during the observation period and the peak speed is the maximum value of the 

peroxisomes speed during the observation period.  

For a detailed view of time-dependent movement dynamics, peroxisome speeds were plotted 

against time. The three peroxisome examples illustrate different dynamics during the 

observation period (Fig. 3.3J-L). P1 showed many bursts of fast saltatory movement followed 

by inactivity. P2 had frequent bursts of slower saltatory movement, while P3 did not move at 

all during the observation period.  

The speed parameters of peroxisome movement during the entire observation period were 

calculated for about 5000 peroxisomes from five human ONS cell lines (~1000 

peroxisomes/10cells/cell line). The speed based frequency distribution of peroxisomes had a 

positively skewed non-normal distribution pattern (skewness >1) (Fig. 3.4A, B), suggesting 

slow and fast travelling populations of peroxisomes. Most peroxisomes travelled slowly (e.g. 

P2 and P3) and were characterised with speeds below the 90th percentile, achieving only short 

distances (Fig. 3.4A, B). A minority of peroxisomes (~10%) travelled at fast speeds (e.g. P1) 

and were characterised with speeds above the 90th percentile (Fig. 3.4A, B), achieving longer 

distances during the observation period. 

Evaluation of the peroxisome speed frequency distribution for peroxisomes from individual 

ONS cell lines confirmed that this phenomenon of more slow and fewer fast peroxisomes was 

consistent across all ONS cell lines (refer Fig. 3.5). These results show that the human ONS 

cells have both slow and fast peroxisomes populations and that the proportion of slow 

peroxisomes is relative higher.  
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Fig 3.3: An overview of the steps involved in time-lapse imaging and analysis of peroxisomes 

in human ONS cells. A. Multiwell plate to culture ONS cells for labelling and imaging 

peroxisomes. B. Fluorescent microscope with an incubated stage to maintain optimal 

temperature and CO2 for time lapse imaging of living cells. C-G. Images from a time-lapse 

movie of an ONS cell at the times indicated. Three peroxisomes exhibiting different 

movements based on the distance travelled are highlighted. H-I. Images showing computer-

generated peroxisome identification and tracking movement. H. The peroxisomes are 

identified as spots (red) based on the fluorescence intensity. I. Computer-generated tracks of 

peroxisome movement during the observation period.  J-L. The speed of peroxisome 

movement was plotted against time for the three identified peroxisomes.  
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Fig 3.5:A, B: Frequency distribution of populations of peroxisomes from 4976 peroxisomes 

from five human ONS cell lines. A. Frequency distribution of the mean speeds of 

peroxisomes. The red dotted lines indicate the 10th, 25th, 50th,75th  and 90th percentiles of 

the mean speed based frequency distribution. B. Frequency distribution of the peak speeds of 

peroxisomes. The red dotted lines indicate the 10th, 25th, 50th, 75th and 90th percentiles of 

the peak speed based frequency distribution. Three peroxisomes (P1, P2 and P3) exhibiting 

different movements based on their mean speeds (A) and peak speeds (B) are pointed with 

arrows.   
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Fig 3.5:Frequency distribution of populations of peroxisomes shown for individual ONS cell 

lines (Control1: 573 peroxisomes, Control2: 1519 peroxisomes, Control3: 1290 peroxisomes, 

Control4: 1281 peroxisomes, Control5: 313 peroxisomes). A-E shows frequency distribution 

of peroxisome populations based on their mean speeds. The red line shows the median of the 

frequency distribution. All mean speed based frequency distributions showed more 

peroxisome speeds concentrated towards the left. F-J shows frequency distribution of 

peroxisome populations based on their peak speeds. The red line shows the median of the 

frequency distribution. All peak based frequency distributions showed more peroxisome 

speeds concentrated towards the left. 

3.2.3 Quantification of peroxisome movement in patient ONS cells 

To study peroxisome trafficking in patient cells, we compared the speeds of patient cell 

peroxisomes with control cell peroxisomes. The speeds of peroxisome movement were 

calculated for about 10,000 peroxisomes from five patient and five control cells (~1000 

peroxisomes/cell line). Time-lapse movies showing peroxisome movement in representative 

control and patient ONS cells are attached in a separate file. 

Like control cell peroxisomes, the frequency distribution of the mean speeds of patient cell 

peroxisomes was positively skewed in a non-normal distribution pattern (skewness >1), 

suggesting that the patient cells, like control cells, have both slow and fast peroxisome 

populations (Fig. 3.6A,B).   Further analysis of the frequency distribution demonstrated that 

the speed of particularly the fast peroxisomes is affected in patient cells. The slow and fast 

peroxisome populations of the patient and control groups were compared for the 10th 

percentile (p10, slow speed) and for the 90th percentile (p90, fast speed) of the frequency 

distributions. At p10 the patient peroxisome mean speeds were similar to control peroxisomes 

(Patient: 0.023µm/s; control: 0.023µm/s), indicating that the peroxisomes travelling at slower 
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speeds are unaffected in patient cells (Fig. 3.6A, B). However, at p90, the patient peroxisome 

mean speed was less than for controls (patient: 0.083µm/s; control, peroxisome0.091µm/s), 

 

Figure 3.6:A. Mean speed based frequency distribution of populations of peroxisomes from 

4976 peroxisomes from five control ONS cell lines. B. Mean speed based frequency 

distribution of populations of peroxisomes from 6267 peroxisomes from five patient ONS cell 

lines. C. Average mean speed of 4976 peroxisomes from five control cell lines (white bar) 
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with average mean speed of 6267 peroxisomes from five patient cell lines (grey bar). D. Peak 

speed based frequency distribution of populations of peroxisomes from 4976 peroxisomes 

from five control ONS cell lines. E. Peak speed based frequency distribution of populations of 

peroxisomes from 6267 peroxisomes from five patient ONS cell lines. F. Average peak speed 

of 4976 peroxisomes from five control cell lines (white bar) with average mean speed of 6267 

peroxisomes from five patient cell lines (grey bar). The red dotted lines indicate the 10th, 

25th, 50th, 75th and 90th percentiles of the frequency distributions. ***: p <0.001. 

(Fig. 3.6A,B). Similar differences were seen for peak speeds of patient peroxisomes as well 

(Fig. 3.6D,E). These differences in the distributions of peroxisome speeds were reflected in 

the average speeds of peroxisomes across the whole population. The average mean and peak 

speed values of patient peroxisomes were significantly lower than those of control 

peroxisomes (p<0.001) (Fig. 3.6C, F).  

3.2.5 Effect of Spastin knockdown on peroxisome trafficking in human ONS cells 

SPAST patient-derived ONS cells have reduced levels of Spastin, microtubules (acetylated α 

tubulin) (Abrahamsen et al., 2013) and altered microtubule-mediated peroxisome trafficking. 

We hypothesised that the reduced levels of microtubules and altered peroxisome trafficking 

in patient cells is a downstream effect of reduced levels of spastin in patient cells. To test this 

hypothesis directly, we performed siRNA spastin knock-down in two control ONS cell lines 

and then evaluated the levels of stabilised microtubules (acetylated α tubulin).  After 48 hour 

spastin siRNA transfection on two ONS cell lines, Western blot showed that both spastin 

isoforms were reduced in cells treated with spastin siRNA knockdown compared to untreated 

cells (Fig. 3.7A, B). 

To evaluate if reduced spastin affects acetylated α tubulin levels, we performed siRNA spatin 

knock-down in two control ONS cell lines and then evaluated the levels of acetylated α 
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tubulin. Western blot showed that acetylated α tubulin level was reduced in cells treated with 

spastin siRNA knockdown compared to untreated cells (Fig. 3.7C, D and E).  

To evaluate if reduced spastin reduction affects peroxisome trafficking, we quantified 

peroxisome movement in control cell lines with normal spastin levels (wild-type cells) and 

cell lines with reduced spastin levels.  Like wild-type cell peroxisomes, the frequency 

distribution of the mean speeds of spstin-reduced peroxisomes had a positively skewed non-

normal distribution pattern (skewness >1), suggesting that the spastin-reduced cells like wild-

type cells have both slow and fast peroxisome populations (Fig. 3.7 F,G).  However, the 

frequency distributions of the peroxisome speeds indicated that the fastest peroxisomes in 

spastin-reduced cells were slower than the fastest peroxisomes in wild-type spastin cells. As 

an illustration of this, the mean speed of the peroxisome in the 90th percentile in spastin-

reduced cells was less than the mean speed of the 90th percentile of peroxisomes in wild-type 

cells (Fig. 3.7E, F). Overall, the average speed of peroxisomes in the spastin-reduced cells 

was significantly less than the average in the wild-type cells (spastin-reduced: 0.049µm/s 

wild-type: 0.076µm/s; t=17.74 df=9971, p<0.001).  
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Fig 3.7:A, B. Western blot of two ONS cell lines showing spastin levels in cell  treated with 

Spastin knockdown siRNA compared to untreated cells. C,D. Western blot of two ONS cell 

lines showing acetylated α tubulin levels 48 hours post treatment with Spastin knockdown 

siRNA (spastin reduced cells) compared to untreated cells (cells expressing wild-type 

spastin). E. Densitometry analysis showing a trend in reduced acetylated α tubulin levels in 

cells with reduced spastin levels (spastin siRNA knockdown). F: Mean speed based frequency 

distribution of populations of peroxisomes from 5247 peroxisomes from two ONS cell lines 

with wild-type spastin. G: Mean speed based frequency distribution of populations of 

peroxisomes from 4726 peroxisomes from two ONS cell lines with reduced spastin levels. 

3.3 Discussion 

Up to now, time-lapse imaging of organelle trafficking in living HSP patient-derived cells has 

been limited to visualising mitochondria (Kasher et al., 2009, Denton et al., 2014, Havlicek et 

al., 2014), despite evidence for close functional association between mitochondria and 

peroxisomes(Schrader and Yoon, 2007a).  In this study, we first developed a high throughput 

assay to characterise intracellular peroxisome trafficking in human ONS cells and then 

evaluated peroxisome trafficking in patient-derived ONS cells. In patient cells, the average 

speed of peroxisome trafficking was significantly slower than in control cells. Specifically, 

the microtubule-dependent movement of the fastest peroxisomes was reduced in patient cells. 

This is the first direct evidence that peroxisome trafficking is reduced in human SPAST HSP 

patient-derived cells, indicating that SPAST mutations can affect cells other than the cortical 

neurons, that are degenerated in HSP.  

Our patient-derived cells have a variety of SPAST mutations. All have reduced spastin protein 

levels that may be causal of cellular deficits, although potential effects of specific spastin 

mutations cannot be ruled out. In order to test whether reduced spastin levels are causal of 
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peroxisome trafficking deficits we quantified peroxisome trafficking in control cells with 

reduced spastin using SPAST siRNA. This reduced spastin protein levels, reduced levels of 

acetylated alpha-tubulin and reduced the trafficking speed of peroxisomes, including the 

fastest moving peroxisomes. In other words, these reduced-spastin cells behaved just like 

SPAST HSP patient-derived cells. These observations confirm that the mechanism via which 

peroxisome trafficking is slowed in SPAST patient cells, includes the reduction in spastin 

protein levels downstream of SPAST mutations. Until now, peroxisome trafficking has been 

characterised in monkey cells (Wiemer et al., 1997), plant cells (Mathur et al., 2002) and 

Drosophila cells (Kural et al., 2005b), with no such data available for human cells. This study 

provides the first characterisation of peroxisome trafficking in living human cells, thus 

enabling us to evaluate peroxisome trafficking defects in human cells.   

High throughput peroxisome trafficking assay 

Fundamental to this study was a need to develop an assay that would enable us to not just 

perform time-lapse imaging to capture peroxisome movement in one sample but an assay that 

would enable us to perform time-lapse imaging on multiple patient and control cell lines 

(with multiple replicates) in a single experimental run. This provides important quality 

control and minimises experimental variability, crucial when studying patient-control 

differences. Such an approach also allows more complex experimental designs, such as the 

treatment with multiple drugs or multiple drug concentrations on multiple cell lines. For 

analysis of the time-lapse movies, the assay relies on automated peroxisome tracking and 

analysis (using image analysis software Imaris), allowing analysis of almost all peroxisomes 

in a cell, avoiding user bias by automated selection. This allowed us to compare almost all 

peroxisomes in all cells (around 10,000 peroxisomes) from multiple cell lines (5 control v/s 5 

patient cell lines). This compares to published analyses of “experimenter-selected” organelles 
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from no more than two patient (or mouse) and two control cell lines (Kasher et al., 2009, 

Denton et al., 2014, Havlicek et al., 2014). The large numbers of peroxisomes in relatively 

large numbers of cell lines provide statistically robust and repeatable observations. By 

characterising peroxisome movement in virtually all peroxisomes we were able to 

demonstrate patient-control differences in the average speed of peroxisome movements are 

driven by the reduced frequency of  fast moving peroxisomes, i.e. those that rely on 

microtubule-based movement. This high-throughput assay described here can also be used as 

a drug screening assay (refer chapter 5). 

Characterising peroxisome movement in human ONS cells  

Previously, peroxisome trafficking has been characterised in number of mammalian cells 

(Wiemer et al., 1997) but not in human cells. The detailed analysis of peroxisome movement 

by live cell time-lapse imaging and high throughput analysis revealed that according to their 

speeds, peroxisomes may be classified into multiple populations. Slow peroxisomes mainly 

exhibit “Brownian” and “biased-Brownian” motions (Rapp et al., 1996, Wiemer et al., 1997).  

Peroxisomes exhibiting Brownian motion are energy independent and vibrate around a 

particular point in cytoplasmic fluid (Burkhardt et al., 1997, Kural et al., 2005a). Peroxisomes 

exhibiting biased-Brownian motion, like those with Brownian motion, are not tethered to 

microtubules but their vibrating motion, unlike Brownian motion, is not around a particular 

point but tends to float away in cytoplasmic fluid, these peroxisomes thus attain a relatively 

higher speed than Brownian motion peroxisomes, but not of comparable speeds of fast 

peroxisomes.  

In contrast to slow peroxisomes the fast motile peroxisomes exhibit a mixture of Brownian 

and saltatory motions. This movement is energy dependent (Rapp et al., 1996).  The fast 

peroxisome transport occurred in both directions i.e. both towards and away from the cell 
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body, suggesting involvement of both families of motor proteins kinesin and dynein (Kulic et 

al., 2008). Our results in ONS cells of slow and fast peroxisome populations concur with 

observations of peroxisome trafficking in other mammalian cell lines (Rapp et al., 1996, 

Wiemer et al., 1997). This is the first study characterising peroxisome trafficking in human 

cells.   

Peroxisome trafficking in SPAST HSP patient ONS cells 

The distribution of peroxisomes is altered in patient derived cells (Abrahamsen et al., 2013). 

Measuring multiple parameters of peroxisomes travelling in patient cells, we showed here 

that the peroxisome trafficking is altered in SPAST patient cells.  

ONS cells treated with SPAST siRNA also had reduced speeds and a decreased frequency of 

fast microtubule-dependent peroxisomes. The reduction in peroxisome trafficking in spastin-

reduced cells demonstrated here is similar to the peroxisome trafficking deficit observed in 

SPAST patient cells. This new evidence confirms that the reduced trafficking speed observed 

in patient-derived cells is due primarily to the reduced levels of spastin. In both cases the 

reduction in speeds of the fastest peroxisomes demonstrates that the primary effect of reduced 

spastin is to reduce the microtubule-mediated movement. Additionally, the reduction in 

peroxisome speeds in spastin-reduced cells shows that spastin levels alone can modify 

peroxisome transport speeds, supporting the conclusion that haploinsufficiency is the causal 

mechanism in SPAST HSP rather than a mechanism via mutated spastin.  
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4.0 Impaired microtubule-dependent peroxisome trafficking and oxidative stress in cells 

derived from Hereditary Spastic Paraplegia patients with SPAST mutations 

(Data presented in this chapter has been submitted for publication: Publication 2; Appendix) 

4.1 Introduction 

Our working hypothesis is that impaired trafficking of mitochondria and peroxisomes may 

contribute to axonal degeneration by interfering with cellular redox control and leading to 

local or global oxidative stress. Mitochondria and peroxisomes contribute to redox control, a 

critical process in maintaining cellular homeostasis. An imbalance in the redox state of cells 

can give rise to excessive ROS, oxidative stress, and oxidative damage, and ultimately 

apoptosis (Schrader and Fahimi, 2006a, Antonenkov and Grunau, 2010, Schrader and Yoon, 

2007a, Denis, 2014).  

SPAST encodes spastin, which functions to sever stabilised microtubules, and spastin 

mutations affect intracellular organelle trafficking along axons, which require stable 

microtubules (Vallee and Bloom, 1991, Errico et al., 2002). Anterograde transport of 

mitochondria was found to be reduced in mice with mutations in SPAST/SPG4 (Tarrade et al., 

2006, Kasher et al., 2009, Fassier et al., 2013). Retrograde transport of mitochondria was 

reduced in human neurons generated from induced pluripotent stem cells from HSP patients 

with SPAST mutations (Denton et al., 2014, Havlicek et al., 2014). In addition,  

mitochondria-rich axonal swellings have been observed in human patient and mouse model 

spinal cords and in human and mouse neurons in vitro (McDermott et al., 2003a, Tarrade et 

al., 2006, Kasher et al., 2009, Fassier et al., 2013). Together, these findings suggest a 

mechanism of HSP pathogenesis that links spastin function and microtubule-based organelle 

trafficking. 
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In order to understand the consequences of SPAST mutations we are investigating cell 

pathophysiology in ONS cells derived from HSP patients, comparing them to cells derived 

from healthy controls (Abrahamsen et al., 2013). Patient cells have significant alterations in 

the expression of genes involved in microtubule dynamics, and reduced acetylated -tubulin, 

a measure of stabilised microtubules (Abrahamsen et al., 2013). Indirect evidence of impaired 

organelle trafficking in patient cells is shown by the increased density of mitochondria close 

to the nucleus and the increased density of peroxisomes close to the cell periphery 

(Abrahamsen et al., 2013). As described in Chapter 3, peroxisomes in patient cells also had 

lower average speed values, suggesting a defect in peroxisome trafficking. We hypothesise 

that SPAST mutations interfere with microtubule dynamics, reducing the number of stabilised 

microtubules and impairing organelle trafficking, thereby altering the intracellular 

distributions of organelles like mitochondria and peroxisomes. The first aim here was to 

understand the mechanism that slowed peroxisome trafficking. Do SPAST mutations interfere 

with the time-dependent dynamics of peroxisome-microtubule interactions, slowing down the 

dynamics of peroxisome movement? Alternately, do SPAST mutations slow peroxisome 

movement simply by reducing the opportunities for peroxisome-microtubule binding as a 

result of the reduced levels of acetylated α-tubulin in patient cells (Abrahamsen et al., 2013). 

To answer these questions, we developed a protocol for differentiation and modification of 

ONS cells to cells that contained long axon-like processes depleted of actin cytoskeleton, thus 

allowing evaluation of microtubule dependent trafficking of patient and control cell 

peroxisomes uninterrupted by the actin cytoskeleton. 

Deficiencies in organelle trafficking are commonly implicated in neurodegenerative diseases, 

including HSP (Millecamps and Julien, 2013a, Hinckelmann et al., 2013) but mechanisms 

linking organelle trafficking with neuron dysfunction and death have not been demonstrated. 

The second aim of this study was to determine whether SPAST mutations can increase the 
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risk of cell death. More specifically, do SPAST mutations cause oxidative stress, which may 

be a precursor to cell death?  For this, we quantified, levels of 4HNE, a marker of lipid 

oxidation in SPAST mutated patient cells.  

4.2 Results 

4.2.1 Axon-like processes were generated by neuronal differentiation of ONS cells 

Undifferentiated ONS cells are flat with multiple short processes (Fig. 4.1A) and complex 

networks of microtubules (acetylated α-tubulin labelled; Fig. 4.1C)  and actin filaments 

(phalloidin labelled; Fig. 4.1D) distributed differently throughout the cytoplasm (Fig. 4.1E). 

After neuronal induction and treatment with cytochalasin D which disrupts the actin 

cytoskeleton (Schliwa, 1982), ONS cells differentiated into multipolar and bipolar cells 

containing elongated, thin processes with lengths of 150-300µm and diameters of 0.5-1 µm 

(Fig. 4.1B).  Microtubules in these differentiated cells extended the length of the long-thin 

processes resembling the microtubule arrays of axons (Fig. 4.1F).In contrast, the actin 

filament network in differentiated cells was severely disrupted; with actin visible instead as 

clumps in the cytoplasm (Fig. 4.1G) and with no apparent association with the microtubule 

network (Fig. 4.1H). This cytoskeletal arrangement allowed us to investigate microtubule-

dependent organelle trafficking without the influence of actin filaments. The control- and 

patient-derived cells were modified in a similar manner by this differentiation procedure. 
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Fig. 4.1: Axon-like processes induced by neuronal differentiation of ONS cells. A: Phase-

contrast image of control ONS cells in normal growth medium. B: Phase contrast image of 

control ONS cells grown in cytochalasin D containing neuron-induction medium to generate 

immature neurons with axon-like processes. C, D, E: The same field of undifferentiated ONS 

cells labelled with an antibody to acetylated α-tubulin (red, C) and phalloidin labelling of 

actin (green, D), and merged with nuclei labelled with DAPI (blue, E). F, G, H: The same 

field showing a differentiated cell labelled with an antibody to acetylated α-tubulin (red, F) 

and phalloidin labelling of actin (green, G), and merged with nuclei labelled with DAPI 
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(blue, H). In ONS cells microtubules and actin filaments overlap. Differentiated cells have 

microtubules but the actin filaments are depleted. Scale bar in B applies to A and B: 100µm. 

Scale bar in H applies to C-H: 20µm.   

4.2.2 Peroxisome distribution in differentiated cells                                                           

In differentiated control cells, peroxisomes were distributed throughout the cell body and 

along the axon-like processes (Fig. 4.2A-C). In differentiated patient cells, there were fewer 

peroxisomes along the axon-like processes (Fig. 4.2D-F): patient cells had 25% fewer 

peroxisomes along the axon-like processes than control cells (Fig. 4.2G; control cell 

processes: 80.4+4.46, patient cell processes: 58.06+ 3.83, t=3.808; df=8; p<0.01).   

 



67 
 

 

Fig. 4.2: Reduced peroxisome number in axon-like processes of differentiated patient cells. 

A: Control-derived differentiated cells immunostained with an antibody to acetylated α-

tubulin (red), and DAPI to label nuclei (blue). B: The same cell immunostained with an 

antibody to the peroxisomal membrane protein PEX14 (green). C: Higher magnification view 

of the boxed area in B, showing the individual peroxisomes in axon-like process. D: Patient-

derived differentiated cell immunostained with an antibody to acetylated α-tubulin (red), and 

with DAPI (blue). E: The same cell immunostained with an antibody to PEX14 (green). F: 

Higher magnification view of the boxed area in E, showing the individual peroxisomes in the 



68 
 

axon-like process. Scale bar in E applies to A, B, D, E: 20µm. G: The number of peroxisomes 

was counted along 120µm of approximately 100 control and patient axon-like process 

starting 20µm from the cell body (e.g. shown in C and F) using image analysis software 

IMARIS. Mean number of peroxisomes per process (± SEM) is shown for 5 control and 5 

patient cell lines. 

4.2.3 Time-dependent dynamics of peroxisome movement in axon-like processes  

Peroxisome movement along the axon-like processes was quantified using time-lapse 

imaging of GFP-labelled peroxisomes. Fig. 4.3A-E is a series of images at 1 minute intervals 

showing the peroxisomes (green spots) in an axon-like process from a control cell. Three 

peroxisome examples (P1, P2 and P3) are circled showing their positions over the four 

minute observation period (Fig. 4.3A-E). Fig. 3F is the output of the image analysis 

corresponding to the image in Fig. 4.3A, showing all identified peroxisomes (red spots) and 

the three peroxisome examples circled. Fig. 4.3G shows the paths of movement of the three 

selected peroxisomes during the observation period. The image analysis software computed 

paths for all identified peroxisomes. For a detailed view of time-dependent movement 

dynamics, peroxisome speeds were plotted against time (Fig. 4.3H-J). The three peroxisome 

examples exhibited different dynamics during the observation period (Fig. 4.3H-J): P1 

showed many bursts of fast saltatory movement followed by inactivity; P2 had frequent 

bursts of slower saltatory movement; P3 did not move at all during the observation period. 

Average speeds of peroxisome movement and distance travelled were calculated for the 

whole observation period. Most peroxisomes (~85-90%) travelled slowly (e.g. P2 and P3), 

achieving only short distances. A minority of peroxisomes (10-15%) travelled at fast speeds, 

achieving longer distances during the observation period (e.g. P1). These characteristics of 

peroxisome movement appear to be universal to most mammalian cells, with the fast 

transport of peroxisomes previously shown to be microtubule-dependent (Wiemer et al., 
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1997). Both fast and slow moving peroxisomes were observed in both patient and control 

cells.  
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Fig. 4.3: Automated analysis of peroxisome movement along axon-like processes: A-E: 

Images from a time-lapse movie of a control axon-like process at the times indicated. GFP-

labelled peroxisomes are evident (green dots). Three example peroxisomes (P1-P3, circled) 

indicate peroxisomes moving different distances during the four minutes. F: The computer-

generated representation of the peroxisomes in the image shown in A (red dots). G: The 

computer-generated tracks of movement of P1-P3 assessed from successive 2 second images 

over the 4 minute observation period. Scale bar in G applies to A-G: 10 µm.  H-J: The speed 

of peroxisome movement was plotted against time for the three identified peroxisomes. At this 

time scale, peroxisome movement was characterised by saltatory movement with bursts of 

movement separated by rest periods. The fastest moving peroxisomes were characterised by 

multiple fast saltatory movements with rest periods, as for peroxisome P1. The majority of 

peroxisomes moved either like peroxisome P2, with multiple slow saltatory movements 

characterised as Brownian-like motion, or were immobile like peroxisome P3.  

4.2.4 Saltatory movement of peroxisomes in axon-like processes  

Saltatory movements were analysed for the fast moving peroxisomes in axon-like processes 

of patient and control cells. “Fast moving” peroxisomes were defined as those with average 

speed greater than 0.14µm/s, this being the minimum speed of the fastest 10% of control 

peroxisomes. A saltatory event was one exceeding 0.1µm/s (threshold shown as dashed line, 

Fig. 4.4A). Fast moving peroxisomes displayed multiple saltatory events of varied durations 

and speeds (Fig. 4.4A). There was no difference between saltatory movements of fast moving 

peroxisomes in control-derived and patient-derived axon-like processes, either in the average 

number of saltatory events or their duration (Fig. 4.4B).    
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Fig. 4.4: Time-dependent dynamics of peroxisome movement. A: Example of saltatory 

movements of a single peroxisome from a patient axon-like process, with speed plotted 

against time. Saltatory events were defined as those exceeding a threshold (dashed line at 

0.1µm/s). Five saltatory events are indicated. B: Saltatory events were quantified from 

approximately 200 fast moving peroxisomes from patient and control axon-like processes 

(mean + SEM). Fast moving peroxisomes were defined as those exceeding the average speed 

of the fastest 10% of control peroxisomes (0.14 µm/s). 

4.2.5 Overall peroxisome movement was slowed in axon-like processes of patient cells 

The speeds of peroxisome movement were calculated for approximately 5000 peroxisomes in 

axon-like processes of differentiated cells from five controls and five patients (~1000 

peroxisomes/cell line). Frequency distributions of the peroxisome speeds of the entire 

peroxisome populations demonstrated that, as a population, the patient peroxisomes moved 
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more slowly than control peroxisomes (Fig. 4.5A, B).  Frequency distributions of the 

populations of peroxisome speeds demonstrated that the patient peroxisomes moved more 

slowly than control peroxisomes (Fig. 4.5A, B). As an illustration of the population 

differences, the 90th percentile of patient peroxisomes had approximately the same mean 

speed as the 75th percentile of the control peroxisomes (Fig. 4.5A, B). In effect, the patient 

speed frequency distribution was shifted to the left across the whole population. The 

populations were compared statistically by quantile regression (Fig. 4.5C). This demonstrated 

that patient peroxisome speeds were significantly slower than control peroxisomes in each 

percentile (p<0.001). This difference in peroxisome speeds was reflected in the speeds of 

peroxisomes averaged for the five patient-derived and five control-derived cells (Fig. 4.5D; 

control: 0.06+0.002µm/s; patient: 0.03+0.001µm/s; t=3.659; df=8; p< 0.01). The percentage 

of fast moving peroxisomes in control axon-like processes was significantly more than in 

patient axon-like processes (Fig. 4.5E; control: 10%+1.83; patient: 2.3% + 0.73; t=3.975; 

df=8; p<0.01).  

The anterograde and retrograde directions of movement of fast moving peroxisomes were 

quantified from visual analysis of 50 patient and 50 control axon-like processes. The 

percentages of peroxisomes moving in the anterograde vs retrograde directions in control and 

patient cells were significantly different (control: 60.9%+4.4 vs 39.1%+4.3, respectively, n= 

41; patient: 86.1%+6.1 vs 13.9%+6.2, respectively, n=30; Chi-square = 59.70, df=4, p<0.01). 

These observations suggest a shift from retrograde to anterograde transport in the patient 

cells. 
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suggest a shift from retrograde to anterograde transport in the patient cells. 

 

Fig. 4.5: Peroxisomes moved more slowly in patient cell axon-like processes. A, B: 

Frequency distributions of populations of peroxisomes from control (A; n= 2837 peroxisomes 

from 50 control axon-like processes) and patient axon-like processes (B; n=2023 

peroxisomes from 50 patient axon-like processes). The red dotted lines indicate the 10th, 

25th, 50th, 75th and 90th percentiles of the frequency distribution. Compared to the control 

peroxisomes, the frequency distribution of the patient peroxisomes is shifted to the left, 

indicating a shift to more slowly moving peroxisomes. C: Quantile regression analysis of the 

frequency distributions, showing a significant reduction at all percentiles in mean 
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peroxisome speeds in patient cells (HSP) compared to control cells. For inter-percentile 

comparisons the patient-control difference (β), standard error (SE), significance (p-value) 

and 95% confidence interval (CI) values are shown. D: Mean speeds of peroxisomes in axon-

like processes from 5 controls (open circles) and 5 patients (solid circles) are shown. E:  

Patient cells (solid circles) had a lower percentage of fast-moving peroxisomes (mean speed 

> 0.14 m/s) compared to control cells (open circles).  

4.2.6 Patient cells were under oxidative stress and were more sensitive to hydrogen 

peroxide 

ONS cells were assessed for oxidative stress by immunolabelling for 4-hydoxy-2-nonenal 

(4HNE), a lipid peroxidation product resulting from  oxidative stress (Petersen and Doorn, 

2004), under baseline culture conditions and after exposure to H2O2. Cells were stained with 

CellMask to define the cell cytoplasm (Fig. 4.6A, B) and immunostained with an antibody to 

4HNE (Fig. 4.6C, D). Patient cells (Fig. 4.6D) showed higher 4HNE fluorescence than 

control cells (Fig. 4.6C) – quantification using automated image analysis, demonstrated 

relative mean 4HNE fluorescence intensities of  control: 49.67±1.07; patient: 56.07±1.53 

(Fig. 4.6E). 

Exposure to hydrogen peroxide increased 4HNE immunofluorescence in both control and 

patient cells, but was more pronounced for the patient cells (Fig. 4.6E; control: 70.79±3.85; 

patient: 92.58±4.50). A repeated measures analysis of variance demonstrated a significant 

main effect for disease status (control vs patient) (F1,8=21.58; p=0.002) and a significant 

main effect for hydrogen peroxide treatment (F1,8=82.22; p<0.001). The significant 

interaction between disease status and treatment (F1,8=5.87; p=0.042) is consistent with the 

patient cells being significantly more sensitive to hydrogen peroxide treatment than the 

control cells. The sensitivity to hydrogen peroxide-induced oxidative stress was further tested 
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using the MTS cell viability assay (Fig. 6F) and through measuring cellular ATP levels (Fig. 

6G). Fewer patient-derived cells survived the treatment with hydrogen peroxide, as 

demonstrated by the MTS assay (Fig. 6F; control: 98.71±11.09, patient: 68.57±5.85; t=2.404, 

df=8; p<0.05). In the surviving cells, ATP levels were  lower in patient cells after hydrogen 

peroxide treatment (Fig. 6H; control: 54.35+6.38; patient: 35.41+3.79; t=2.562, df=8; 

p<0.05). 
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Fig. 4.6: Patient cells were under oxidative stress. A, B: Control (A) and patient (B) ONS 

cells (cytoplasm, red, Cell mask; nucleus, DAPI, blue). C, D: Control (C) and patient (D) 

ONS cells immunostained for the oxidative stress marker (4HNE, green). E: 4HNE 

fluorescence in cells cultured under baseline conditions (Control, Patient) and 1 hour after 

50 µm hydrogen peroxide (Control + H202, Patient + H202). F, G: Relative cell viability 

(MTS levels, F) and (ATP levels, G), of 5 control and 5 patient ONS cells after 8 hour 

treatment with 125µM hydrogen peroxide expressed as a percentage of levels in cells 

cultured for 8 hour under baseline conditions.  

4.3 Discussion 

We show here that microtubule-dependent peroxisome trafficking is severely impaired, along 

several dimensions, in axon-like processes in SPAST HSP patient-derived cells. In patient 

cells there were significantly more slow moving peroxisomes, significantly fewer fast moving 

peroxisomes, significantly slower overall speeds of peroxisome transport, and significantly 

fewer peroxisomes moving in a retrograde direction. In contrast to these differences in 

numbers of transported peroxisomes, there was no patient-control difference in the time-

dependent dynamics that characterise the saltatory movement of peroxisomes. For 

peroxisomes exhibiting microtubule-dependent movement, there were no differences between 

patient cells and control cells in the number and duration of salutatory events. These 

dynamics suggest that peroxisome interactions with microtubules and their motor proteins 

were not affected by SPAST mutations. We conclude therefore that SPAST mutations affect 

the efficiency of microtubule-dependent peroxisome trafficking, without affecting the 

mechanism of the saltatory movement.  
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Peroxisomes are important regulators of oxidative state in cells, especially the metabolism of 

hydrogen peroxide (Antonenkov et al., 2010). We show here that SPAST HSP patient-derived 

cells are under oxidative stress, compared to control cells, and more sensitive to hydrogen 

peroxide. In patient cells there was a significant increase in the expression of 4HNE, a lipid 

peroxidation product, under baseline culture conditions and after exposure to hydrogen 

peroxide. Additionally, exposure to hydrogen peroxide was more toxic to patient-derived 

cells, as assessed by ATP production and cell viability assays.  

Mechanism of organelle trafficking deficit in SPAST HSP patient-derived cells 

Post-mortem analysis of CNS tissue from SPAST patients has demonstrated abnormal 

distribution of mitochondria in upper and lower motor neurons, suggesting a potential axonal 

transport deficit (McDermott et al., 2003a). The same study also showed that cells transfected 

with  spastin  containing a missense mutation showed perinuclear clustering of mitochondria 

and peroxisomes, in contrast to even distribution in cells transfected with wild-type spastin 

(McDermott et al., 2003b). In ONS cells from HSP patients with SPAST mutations the 

distribution of both mitochondria and peroxisomes was different to that of cells derived from 

healthy controls (Abrahamsen et al., 2013).  

Defective mitochondrial transport has been observed in mouse and human neurons with 

mutations in spastin, although there are inconsistencies. In a mouse model, in embryonic 

cortical neurons heterozygous or homozygous for a SPG4 mutation, the frequency of 

anterograde movements of fast mitochondria were significantly reduced and in homozygous 

mouse there was significant reduction in anterograde transport of amyloid precursor protein 

(Kasher et al., 2009). In contrast, in neurons generated from iPSCs derived from skin 

fibroblasts from a SPAST-HSP patient, the frequency of fast mitochondria was reduced 

compared to fast mitochondria in neurons derived from a healthy control but, unlike the 
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mouse model, retrograde but not anterograde movement was impaired (Denton et al., 2014). 

In another study of neurons derived from iPSCs from two SPAST-HSP patients, there was no 

patient-control difference in the number of fast mitochondria although there was reduction in 

the proportion of retrograde movements (Havlicek et al., 2014). It is clear from these studies 

that intracellular transport of microtubule dependent organelles is defective in SPAST 

mutated cells; however the mechanisms by which this happens remains unclear.  

Our results show that spastin mutations do not affect the time-dependent dynamics that 

characterises the microtubule dependent movement of peroxisomes, implying that motor 

proteins or microtubule structural integrity are unlikely to be the cause of the observed 

compromised organelle trafficking. There is no evidence in the literature for peroxisome or 

other membranous organelle biogenesis defects in SPAST HSP. It appears that reduced levels 

of microtubules in SPAST mutated cells (Abrahamsen et al., 2013) lead to reduced probability 

of microtubule-mediated  organelle transport, resulting in suboptimal quantities of organelles 

being transported into the  axons of neurons at any given time, confirmed here by the lower 

number of peroxisomes in patient-derived axon-like processes. Similar observation of fewer 

peroxisomes being transported across axons of neurons has also been observed in neurons 

over-expressing a microtubule-stabilising protein Tau, associated with Alzheimer’s disease 

(Stamer et al., 2002). Also, alterations in peroxisome distribution have been described in 

post-mortem brains of Alzheimer’s disease patients, where patients  in advanced stages 

revealed a higher volume of the peroxisome compartment in the cell body of gyrus frontalis 

neurons than those in initial disease stages (Kou et al., 2011b). 

 

Defective peroxisome transport could alter peroxisome turnover  

In neurons, peroxisomes are transported anterogradely to the distal parts of the axon (up to 1 

metre away) and retrogradely back to the cell body for recycling. In HSP, chronic deficits in 
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the number, speed and direction of peroxisome transport could severely affect the function of 

neurons with long corticospinal axons and lead to their degeneration. In the current 

experiments, there were 25% fewer motile peroxisomes in patient cells, compared to control 

cells, and the motile peroxisomes travelled at half the average speed of control-derived 

peroxisomes. If this occurred in corticospinal motor neurons with 1m long axons, patient 

peroxisomes would take 9 hr to travel from the cell body to distal synapse, compared to 4.5 

hr for control peroxisomes. The retrograde journey would be similarly affected, with fewer 

returning to the cell body in patient cells (from 40% of peroxisomes in control cells to 14% of 

peroxisomes in patient cells). In axons, this could lead to an accumulation of peroxisomes 

distally, as seen in patient-derived ONS cells (Abrahamsen et al., 2013), and lead to altered 

dynamics of peroxisome turnover and recycling. Peroxisomes in mammalian fibroblasts 

undergo regular turnover via an autophagy-related process, “pexophagy”, with a half-life of 2 

days and with the daily fractional turnover rate estimated at approximately 30% (Huybrechts 

et al., 2009). Pexophagy involves specialised phagosomes and lysosomal degradation 

REF(2012) within the cell body, close to the nucleus. A deficit in retrograde transport of 

peroxisomes and distal accumulation of peroxisomes would interfere with the ability of 

patient-derived cells to regulate pexophagy and peroxisome turnover. If this mechanism 

operates in neurons, “old” peroxisomes would accumulate distally, in and around the synaptic 

bouton, potentially interfering with normal synaptic function by decreasing the local ability to 

buffer reactive oxygen species and/or provide other important peroxisomal metabolic 

functions.  

Peroxisome trafficking deficits and oxidative stress in SPAST HSP patient-derived cells 

Peroxisomes play multiple roles in mammalian cells including fatty-acyl-CoA metabolism 

(α- and β-oxidation), synthesis of specialised ether lipids (plasmalogens), and redox control, 



82 
 

including detoxification of hydrogen peroxide by catalase (Antonenkov et al., 2010). 

Peroxisomes are central to neuron and brain function, being essential for maintenance of the 

myelin sheath and axonal integrity. Peroxisome biogenesis disorders (e.g. Zellweger 

syndrome spectrum disorders) lead to both neurodevelopmental and neurodegenerative 

conditions (Denis, 2014, Kou et al., 2011a, Barry and O'Keeffe, 2013). 

It would be expected that inhibition of peroxisome trafficking can lead to oxidative stress and 

reduced cell survival. At baseline, patient-derived cells were clearly under oxidative stress 

compared to control-derived cells, as indicated by the oxidative stress marker, 4-hydroxy-2-

nonenal (4HNE). 4HNE is produced by lipid peroxidation when cells are under oxidative 

stress and plays a role in pathogenesis in several diseases (Mertsch et al., 2001, Kevin et al., 

2004). Increased levels of HNE have also been observed in amyotrophic lateral sclerosis 

patient cerebrospinal fluids (Pedersen et al., 1998) and in brain tissue of Alzheimer’s and 

Parkinson’s disease (Selley et al., 2002, Allan Butterfield et al.). Patient-derived ONS cells 

were significantly more sensitive to hydrogen peroxide and significantly less viable than 

control-derived ONS cells. Loss of peroxisomes from neurites makes then more vulnerable to 

oxidative stress and results in shorter neurites, implicating degeneration (Stamer et al., 2002). 

These observations suggest that hydrogen peroxide metabolism may be defective as a result 

of the localised unavailability of peroxisomes as a consequence of impaired peroxisome 

trafficking.  

Oxidative stress occurs in all mammalian cells but neurons are especially vulnerable due to 

their unique morphology (Kevin et al., 2004), their relative aucity of antioxidant systems, and 

their high content of polyunsaturated fatty acids that are primary targets of ROS-induced 

oxidative stress damage (Kevin et al., 2004). Therefore, the higher level of lipid peroxidation 

product (HNE) measured for patient-derived cells s in this study  may offer at least a partial 



83 
 

explanation for  the neuron-specific degeneration observed for HSP. We suggest that, in the 

human nervous system, abnormal trafficking of peroxisomes may lead to a chronic state of 

oxidative stress in cortical motor neurons and other neurons, which ultimately leads to their 

degeneration. 

Organelle transport and HSP 

Mutations in other genes associated with HSP, including SPG3A, SPG7, SPG11, SPG15, 

SPG10, also lead to altered axonal transport (Blackstone, 2012), demonstrating the centrality 

of axonal trafficking deficits in the cellular pathology of HSP. We suggest that, as in SPAST 

HSP, abnormal axonal trafficking can lead to a chronic state of oxidative stress in cortical 

motor neurons and other neurons, which ultimately leads to their degeneration, eventually 

manifesting the disease.  
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5.0 Low dose tubulin-binding drugs rescue microtubule mediated peroxisome 

trafficking deficit and hydrogen peroxide induced oxidative stress in SPAST HSP 

patient derived cells 

(Data presented in this chapter was originally published on March 2014 in journal Biology 

Open, Publication 3; Appendix) 

5.1 Introduction  

Therapy for SPAST HSP can be aimed at using drugs that can rescue the downstream effects 

of spastin mutation. Our previous experiments showed that SPAST patient-derived ONS cells 

have lower levels of spastin leading to reduced levels of stabilised microtubules (acetylated α 

tubulin) (refer chapter 3).  We also showed that the patient-derived cells have lower 

frequency of microtubule-dependent peroxisome transport (refer chapter 4), are under 

increased oxidative stress (higher levels of lipid peroxidation product: 4HNE) and are more 

vulnerable to ROS (hydrogen peroxide) (refer chapter 4).  

In this part of the project, we hypothesise that microtubule binding drugs, which would be 

expected to normalise levels of stabilised microtubules (i.e. acetylated α-tubulin) in patient-

derived cells, would rescue the peroxisome trafficking deficit in patient-derived cells. This 

hypothesis results from our previous observation that, as demonstrated in Chapter 3, 

peroxisome trafficking is associated with reduced levels of acetylated α-tubulin.  We further 

hypothesise that if the increased oxidative stress in patient-derived cells, and their sensitivity 

to hydrogen peroxide, is due to impaired peroxisome trafficking, then microtubule-binding 

drugs that rescue trafficking should also reduce oxidative stress, including sensitivity to 

hydrogen peroxide. Hydrogen peroxide was chosen as an oxidative stressor because its 

metabolism is dominated in the cell by peroxisomal catalase.   
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We have previously shown that microtubule binding drugs can rescue levels of stabilised 

microtubules (measured as levels of acetylated α-tubulin) in patient-derived cells to levels of 

control-derived cells (Fan et al., 2014).  Specifically, this was achieved using low doses 

(nanomolar concentrations) of the microtubule binding drugs taxol (0.5nM), vinblastine 

(0.5nM), epothilone D (2nM) and noscapine (10µM) (Fan et al., 2014). 

In this study, peroxisome trafficking was evaluated in untreated control-derived cells 

(referred as control cells), untreated patient-derived cells (referred as patient cells) and  

taxol/vinblastine/epothilone D/noscopine treated  patient-derived cells (referred as 

taxol/vinblastine/epothilone D/noscapine treated patient cells respectively). 

5.3 Results  

5.3.1 Effect of taxol on altered peroxisome trafficking in patient-derived cells  

Peroxisome trafficking was evaluated in control cells, patient cells and taxol-treated patient 

cells.  

The average peroxisome mean speed in patient cells was lower than the average peroxisome 

mean speed in control cells (Fig. 5.1A). Taxol treatment increased the average peroxisome 

mean speed in patient cells close to average peroxisome mean speed in control cells (Fig. 

5.1A). Dunnett’s post-hoc multiple comparisons indicated that the average peroxisome mean 

speed in patient cells was significantly different from controls cells (p<0.0001) and from 

taxol treated patient cells (p<0.0001) (Fig. 5.1A).  

The increase in the average peroxisome mean speed in the taxol-treated patient cells is 

specific to the influence of taxol on the microtubule dependent fast peroxisomes. The 

frequency distribution of the populations of peroxisome mean speeds demonstrated that taxol 

specifically increased the number of fast peroxisomes in taxol-treated patient cells. 
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The slow and fast peroxisome populations from all three groups i.e. were compared for the 

10th percentile (p10, slow speed) and for the 90th percentile (p90, fast speed) of the mean 

speed frequency distributions. 

As an illustration of this, the peroxisome mean speed at p90  is higher in taxol- treated patient 

cells than in patient cells and comparable to control cells (p90; taxol treated patient cell 

peroxisome:0.089µm/s, patient cell  peroxisome: 0.084µm/s, control cell peroxisome:0.090 ). 

But the peroxisome mean speed at p10 is unchanged (10th percentile; taxol treated patient cell 

peroxisome: 0.023µm/s, patient cell peroxisome: 0.023µm/s, control cell peroxisome: 

0.023µm/s) (Fig. 5.1C-D).    

To further evaluate the effect of taxol treatment on specifically the microtubule dependent 

fast peroxisomes, we analysed the average mean speed of the fast peroxisomes i.e. 

peroxisome population above the 90th percentile. Dunnett’s post-hoc multiple comparisons 

indicated that the patient cell average peroxisome speed of the fast peroxisomes was 

significantly different from the controls cells (p<0.05) and from the taxol-treated cells  

(p<0.001) (Fig. 5.1E). 

Similar effects of taxol treatment on peroxisomes were observed in peak speed based analysis 

as well (refer Fig. 5.2A-E).  

These observations indicate that treatment of patient cells with taxol rescues the peroxisome 

trafficking impairment, by significantly increasing the number of microtubule dependent fast 

peroxisomes.  
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Fig 5.1: A: Average mean speed of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines); average mean speed of peroxisomes from untreated patient cell 

lines (7554 peroxisomes, 5 cell lines) and average mean speed of peroxisomes from taxol 

treated patient cell lines (5871 peroxisomes, 5 cell lines). B: Frequency distribution of  the 

mean speed of populations of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines). C: Frequency distribution based on mean speed of populations of 

peroxisomes from untreated patient cell lines (7554 peroxisomes, 5 cell lines). D: Frequency 

distribution based on mean speed of populations of peroxisomes from taxol treated patient 

cell lines (5871 peroxisomes, 5 cell lines). The red dotted lines indicate the 10th and 90th 

percentiles of the mean speed based frequency distributions (B, C and D). E: Average mean 

speed of  microtubule dependent peroxisomes from control cell lines (598 peroxisomes, 5 cell 

lines); average mean speed of microtubule dependent peroxisomes from  untreated patient 

cell lines (591 peroxisomes, 5 cell lines) and average mean speed of  microtubule dependent 

peroxisomes from taxol treated patient cell lines (544 peroxisomes, 5 cell 

lines).***:p<0.002; *:p<0.05. 
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Fig 5.2: A: Average peak speed of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines); average peak speed of peroxisomes from untreated patient cell 

lines (7554 peroxisomes, 5 cell lines) and average peak speed of peroxisomes from taxol 

treated patient cell lines (5871 peroxisomes, 5 cell lines) bar). B: Frequency distribution of  

the peak speed of populations of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines). C: Frequency distribution based on peak speed of populations of 

peroxisomes from untreated patient cell lines (7554 peroxisomes, 5 cell lines). D: Frequency 

distribution based on peak speed of populations of peroxisomes from taxol treated patient 

cell lines (5871 peroxisomes, 5 cell lines). The red dotted lines indicate the 10th and 90th 

percentiles of the peak speed based frequency distributions (B, C and D). E: Average peak 

speed of  microtubule dependent peroxisomes from control cell lines (594 peroxisomes, 5 cell 

lines); average peak speed of microtubule dependent peroxisomes from  untreated patient cell 

lines (611 peroxisomes, 5 cell lines) and average peak speed of  microtubule dependent 

peroxisomes from taxol treated patient cell lines (667 peroxisomes, 5 cell 

lines).***:p<0.002; *:p<0.05. 
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5.3.2 Effect of vinblastine on altered peroxisome trafficking in patient-derived cells  

Peroxisome trafficking was evaluated in control cells, patient cells and vinblastine-treated 

patient cells.  

The average peroxisome mean speed in patient cells was lower than the average peroxisome 

mean speed in control cells (Fig. 5.3A). Vinblastine treatment increased the average 

peroxisome mean speed in patient cells close to average peroxisome mean speed in control 

cells (Fig. 5.3A). Dunnett’s post-hoc multiple comparisons indicated that the average 

peroxisome mean speed in patient cells was significantly different from controls cells 

(p<0.0001) and from vinblastine treated patient cells (p<0.0001) (Fig. 5.3A).  

The increase in the average peroxisome mean speed in the vinblastine-treated patient cells is 

specific to the influence of vinblastine on the microtubule dependent fast peroxisomes. The 

frequency distribution of the populations of peroxisome mean speeds demonstrated that 

vinblastine specifically increased the number of fast peroxisomes in vinblastine-treated 

patient cells. 

The slow and fast peroxisome populations from all three groups i.e. were compared for the 

10th percentile (p10, slow speed) and for the 90th percentile (p90, fast speed) of the mean 

speed frequency distributions. 

As an illustration of this, the peroxisome mean speed at p90 is higher in vinblastine-treated 

patient cells than in patient cells and comparable to control cells (p90; vinblastine treated 

patient cell peroxisome: 0.094µm/s, patient cell peroxisome: 0.084µm/s, control cell 

peroxisome:0.090 ). 
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But the peroxisome mean speed at p10 is unchanged (10th percentile; vinblastine treated 

patient cell peroxisome: 0.025µm/s, patient cell peroxisome: 0.023µm/s, control cell 

peroxisome: 0.023µm/s) (Fig. 5.1C-D).    

To further evaluate the effect of vinblastine treatment on specifically the microtubule 

dependent fast peroxisomes, we analysed the average mean speed of the fast peroxisomes i.e. 

peroxisome population above the 90th percentile. Dunnett’s post-hoc multiple comparisons 

indicated that the patient cell average peroxisome speed of the fast peroxisomes was 

significantly different from the controls cells (p<0.05) and from the vinblastine-treated cells 

(p<0.001) (Fig. 5.3E).  

Similar effects of vinblastine treatment on peroxisomes were observed in peak speed based 

analysis as well (refer Fig. 5.4A-E).  

These observations indicate that treatment of patient cells with vinblastine rescues the 

peroxisome trafficking impairment, by significantly increasing the number of microtubule 

dependent fast peroxisomes.  
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Fig5.3: A: Average mean speed of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines); average mean speed of peroxisomes from untreated patient cell 

lines (7554 peroxisomes, 5 cell lines) and average mean speed of peroxisomes from 

vinblastine treated patient cell lines (6123 peroxisomes, 5 cell lines). B: Frequency 

distribution of  the mean speed of populations of peroxisomes from untreated control cell 

lines (5935 peroxisomes, 5 cell lines). C: Frequency distribution based on mean speed of 

populations of peroxisomes from untreated patient cell lines (7554 peroxisomes, 5 cell lines). 

D: Frequency distribution based on mean speed of populations of peroxisomes from 

vinblastine treated patient cell lines (6123 peroxisomes, 5 cell lines). The red dotted lines 

indicate the 10th and 90th percentiles of the mean speed based frequency distributions (B, C 

and D). E: Average mean speed of  microtubule dependent peroxisomes from control cell 

lines (598 peroxisomes, 5 cell lines); average mean speed of microtubule dependent 

peroxisomes from  untreated patient cell lines (591 peroxisomes, 5 cell lines) and average 

mean speed of  microtubule dependent peroxisomes from vinblastine treated patient cell lines 

(683 peroxisomes, 5 cell lines).***:p<0.002; *:p<0.05. 
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Fig5.4: A: Average peak speed of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines); average peak speed of peroxisomes from untreated patient cell 

lines (7554 peroxisomes, 5 cell lines) and average peak speed of peroxisomes from 

vinblastine treated patient cell lines (6123 peroxisomes, 5 cell lines). B: Frequency 

distribution of  the peak speed of populations of peroxisomes from untreated control cell lines 

(5935 peroxisomes, 5 cell lines). C: Frequency distribution based on peak speed of 

populations of peroxisomes from untreated patient cell lines (7554peroxisomes, 5 cell lines). 

D: Frequency distribution based on peak speed of populations of peroxisomes from 

vinblastine treated patient cell lines (6123 peroxisomes, 5 cell lines). The red dotted lines 

indicate the 10th and 90th percentiles of the peak speed based frequency distributions (B, C 

and D). E: Average peak speed of  microtubule dependent peroxisomes from control cell 

lines (594 peroxisomes, 5 cell lines); average peak speed of microtubule dependent 

peroxisomes from  untreated patient cell lines (611 peroxisomes, 5 cell lines) and average 

peak speed of  microtubule dependent peroxisomes from vinblastine treated patient cell lines 

(794 peroxisomes, 5 cell lines).***:p<0.002; *:p<0.05. 
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5.3.3 Effect of Noscapine on altered peroxisome trafficking in patient-derived cells  

Peroxisome trafficking was evaluated in control cells, patient cells and noscopine-treated 

patient cells.  

The average peroxisome mean speed in patient cells was lower than the average peroxisome 

mean speed in control cells (Fig. 5.5A). Noscopine treatment increased the average 

peroxisome mean speed in patient cells close to average peroxisome mean speed in control 

cells (Fig. 5.5A). Dunnett’s post-hoc multiple comparisons indicated that the average 

peroxisome mean speed in patient cells was significantly different from controls cells 

(p<0.0001) and from noscopine treated patient cells (p<0.0001) (Fig. 5.5A).  

The increase in the average peroxisome mean speed in the noscopine-treated patient cells is 

specific to the influence of noscopine on the microtubule dependent fast peroxisomes. The 

frequency distribution of the populations of peroxisome mean speeds demonstrated that 

noscopine specifically increased the number of fast peroxisomes in noscopine-treated patient 

cells. 

The slow and fast peroxisome populations from all three groups i.e. were compared for the 

10th percentile (p10, slow speed) and for the 90th percentile (p90, fast speed) of the mean 

speed frequency distributions. 

As an illustration of this, the peroxisome mean speed at p90 is higher in noscopine-treated 

patient cells than in patient cells and comparable to control cells (p90; noscopine treated 

patient cell peroxisome:0.095µm/s, patient cell  peroxisome: 0.084µm/s, control cell 

peroxisome:0.090). 
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But the peroxisome mean speed at p10 is unchanged (10th percentile; noscopine treated 

patient cell peroxisome: 0.023µm/s, patient cell peroxisome: 0.023µm/s, control cell 

peroxisome: 0.023µm/s) (Fig. 5.5C-D).    

To further evaluate the effect of noscopine treatment on specifically the microtubule 

dependent fast peroxisomes, we analysed the average mean speed of the fast peroxisomes i.e. 

peroxisome population above the 90th percentile. Dunnett’s post-hoc multiple comparisons 

indicated that the patient cell average peroxisome speed of the fast peroxisomes was 

significantly different from the controls cells (p<0.05) and from the noscopine-treated cells 

(p<0.001) (Fig. 5.5E).  

Similar effects of noscopine treatment on peroxisomes were observed in peak speed based 

analysis as well (refer Fig. 5.6A-E).  

These observations indicate that treatment of patient cells with noscopine rescues the 

peroxisome trafficking impairment, by significantly increasing the number of microtubule 

dependent fast peroxisomes.  
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Fig5.5: A: Average mean speed of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines); average mean speed of peroxisomes from untreated patient cell 

lines (7554 peroxisomes, 5 cell lines) and average mean speed of peroxisomes from 

noscapine treated patient cell lines (4818 peroxisomes, 5 cell lines). B: Frequency 

distribution of  the mean speed of populations of peroxisomes from untreated control cell 

lines (5935 peroxisomes, 5 cell lines). C: Frequency distribution based on mean speed of 

populations of peroxisomes from untreated patient cell lines (7554 peroxisomes, 5 cell lines). 

D: Frequency distribution based on mean speed of populations of peroxisomes from 

noscapine treated patient cell lines (4818 peroxisomes, 5 cell lines). The red dotted lines 

indicate the 10th and 90th percentiles of the mean speed based frequency distributions (B, C 

and D). E: Average mean speed of  microtubule dependent peroxisomes from control cell 

lines (598 peroxisomes, 5 cell lines); average mean speed of microtubule dependent 

peroxisomes from  untreated patient cell lines (591 peroxisomes, 5 cell lines) and average 

mean speed of  microtubule dependent peroxisomes from noscapine treated patient cell lines 

(548 peroxisomes, 5 cell lines).***:p<0.002; *:p<0.05. 
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Fig 5.6: A: Average peak speed of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines); average peak speed of peroxisomes from untreated patient cell 

lines (7554 peroxisomes, 5 cell lines) and average peak speed of peroxisomes from noscapine 

treated patient cell lines (4818  peroxisomes, 5 cell lines). B: Frequency distribution of  the 

peak speed of populations of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines). C: Frequency distribution based on peak speed of populations of 

peroxisomes from untreated patient cell lines (7554peroxisomes, 5 cell lines). D: Frequency 

distribution based on peak speed of populations of peroxisomes from noscapine treated 

patient cell lines (4818 peroxisomes, 5 cell lines). The red dotted lines indicate the 10th and 

90th percentiles of the peak speed based frequency distributions (B, C and D). E: Average 

peak speed of  microtubule dependent peroxisomes from control cell lines (594 peroxisomes, 

5 cell lines); average peak speed of microtubule dependent peroxisomes from  untreated 

patient cell lines (611 peroxisomes, 5 cell lines) and average peak speed of  microtubule 

dependent peroxisomes from noscapine treated patient cell lines (532 peroxisomes, 5 cell 

lines).***:p<0.002; *:p<0.05. 
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5.3.4 Effect of epothilone D on altered peroxisome trafficking in patient-derived cells  

Peroxisome trafficking was evaluated in control cells, patient cells and epothiloneD-treated 

patient cells.  

The average peroxisome mean speed in patient cells was lower than the average peroxisome 

mean speed in control cells (Fig. 5.7A). EpothiloneD treatment increased the average 

peroxisome mean speed in patient cells close to average peroxisome mean speed in control 

cells (Fig. 5.7A). Dunnett’s post-hoc multiple comparisons indicated that the average 

peroxisome mean speed in patient cells was significantly different from controls cells 

(p<0.0001) and from epothiloneD treated patient cells (p<0.0001) (Fig. 5.7A).  

The increase in the average peroxisome mean speed in the epothiloneD-treated patient cells is 

specific to the influence of EpothiloneD on the microtubule dependent fast peroxisomes. The 

frequency distribution of the populations of peroxisome mean speeds demonstrated that 

epothiloneD specifically increased the number of fast peroxisomes in epothiloneD-treated 

patient cells. 

The slow and fast peroxisome populations from all three groups i.e. were compared for the 

10th percentile (p10, slow speed) and for the 90th percentile (p90, fast speed) of the mean 

speed frequency distributions. 

As an illustration of this, the peroxisome mean speed at p90  is higher in epothiloneD-treated 

patient cells than in patient cells and comparable to control cells (p90; epothiloneD treated 

patient cell peroxisome:0.089µm/s, patient cell  peroxisome: 0.084µm/s, control cell 

peroxisome:0.090). 
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But the peroxisome mean speed at p10 is unchanged (10th percentile; epothiloneD treated 

patient cell peroxisome: 0.023µm/s, patient cell peroxisome: 0.023µm/s, control cell 

peroxisome: 0.023µm/s) (Fig. 5.7C-D).    

To further evaluate the effect of epothiloneD treatment on specifically the microtubule 

dependent fast peroxisomes, we analysed the average mean speed of the fast peroxisomes i.e. 

peroxisome population above the 90th percentile. Dunnett’s post-hoc multiple comparisons 

indicated that the patient cell average peroxisome speed of the fast peroxisomes was 

significantly different from the controls cells (p<0.05) and from the epothiloneD-treated cells 

(p<0.001) (Fig. 5.7E).  

Similar effects of epothiloneD treatment on peroxisomes were observed in peak speed based 

analysis as well (refer Fig. 5.8A-E).  

These observations indicate that treatment of patient cells with epothiloneD rescues the 

peroxisome trafficking impairment, by significantly increasing the number of microtubule 

dependent fast peroxisomes.  
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Fig5.7: A: Average mean speed of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines); average mean speed of peroxisomes from untreated patient cell 

lines (7554 peroxisomes, 5 cell lines) and average mean speed of peroxisomes from 

epothiloneD treated patient cell lines (6724 peroxisomes, 5 cell lines). B: Frequency 

distribution of  the mean speed of populations of peroxisomes from untreated control cell 

lines (5935 peroxisomes, 5 cell lines). C: Frequency distribution based on mean speed of 

populations of peroxisomes from untreated patient cell lines (7554 peroxisomes, 5 cell lines). 

D: Frequency distribution based on mean speed of populations of peroxisomes from 

epothiloneD treated patient cell lines (6724 peroxisomes, 5 cell lines). The red dotted lines 

indicate the 10th and 90th percentiles of the mean speed based frequency distributions (B, C 

and D). E: Average mean speed of  microtubule dependent peroxisomes from control cell 

lines (598 peroxisomes, 5 cell lines); average mean speed of microtubule dependent 

peroxisomes from  untreated patient cell lines (591 peroxisomes, 5 cell lines) and average 

mean speed of  microtubule dependent peroxisomes from epothiloneD treated patient cell 

lines (628 peroxisomes, 5 cell lines).***:p<0.002; *:p<0.05. 
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Fig5.8: A: Average peak speed of peroxisomes from untreated control cell lines (5935 

peroxisomes, 5 cell lines); average peak speed of peroxisomes from untreated patient cell 

lines (7554 peroxisomes, 5 cell lines) and average peak speed of peroxisomes from 

epothiloneD treated patient cell lines (6724 peroxisomes, 5 cell lines). B: Frequency 

distribution of  the peak speed of populations of peroxisomes from untreated control cell lines 

(5935 peroxisomes, 5 cell lines). C: Frequency distribution based on peak speed of 

populations of peroxisomes from untreated patient cell lines (7554peroxisomes, 5 cell lines). 

D: Frequency distribution based on peak speed of populations of peroxisomes from 

epothiloneD treated patient cell lines (6724 peroxisomes, 5 cell lines). The red dotted lines 

indicate the 10th and 90th percentiles of the peak speed based frequency distributions (B, C 

and D). E: Average peak speed of  microtubule dependent peroxisomes from control cell 

lines (594 peroxisomes, 5 cell lines); average peak speed of microtubule dependent 

peroxisomes from  untreated patient cell lines (611 peroxisomes, 5 cell lines) and average 

peak speed of  microtubule dependent peroxisomes from epothiloneD treated patient cell 

lines (722 peroxisomes, 5 cell lines).***:p<0.002; *:p<0.05. 

 

 

 

 

 

 

 



109 
 

5.3.5 Epothilone D restores hydrogen peroxide induced oxidative stress in patient cells 

Patient and control cells were cultured for 7 days in medium containing 2nM epothilone D, 

after which they were exposed to hydrogen peroxide (Fig. 5.9). 4HNE immunofluorescence 

was quantified at day 0 (baseline, without treatment with hydrogen peroxide) and at day 7 

after exposure to hydrogen peroxide (with and without treatment with 2nM epothilone D). 

Patient cells had higher levels of 4HNE immunofluorescence at baseline (control: 

52.95+3.35; patient: 72.22+5.09) and after exposure to hydrogen peroxide (control: 

66.09+5.41; patient: 90.79+4.05) than control cells. However, patient cells exposed to 

epothilone D for 7 days were less sensitive to hydrogen peroxide. Significantly, with 

epothilone D treatment of patient cells followed by hydrogen peroxide exposure, 4HNE 

fluorescence was reduced to the baseline level of control cells. Epothilone D pre-treatment 

also moderated the production of 4HNE in control cells following hydrogen peroxide 

exposure, but to a much less extent that for patient cells.  .  

A repeated measures analysis of variance showed a significant main effect for disease status 

(F1,8=7.75; p=0.024) and a significant main effect for treatment, representing both hydrogen 

peroxide and epothilone D treatments (F2,7=10.42; p=0.008). The significant interaction 

between disease status and treatment (F2,7=11.05; p=0.007) confirms that the patient cells 

were significantly different in response to treatments than the control cells. 
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Fig 5.9:4HNE fluorescence was quantified in five control cells and five patient cells under 

standard culture conditions (H2O2-negative) and after 1 hour exposure to 50µM hydrogen 

peroxide (H2O2-positive), and after 7 day treatment with 2 nM epothilone D (Epo D-positive) 

followed by H2O2 exposure. 
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5.4 Discussion 

In this study we used the defects in cell function of SPAST patient derived cells as an assay 

for drug discovery. Using high throughput automated imaging, we identified several 

microtubule binding drugs that restored the speed of intracellular peroxisome trafficking in 

patient cells to the speeds attained in control cells. The concentrations used of these 

microtubule binding drugs were shown previously to restore stable microtubule levels 

(assessed as acetylated α tubulin) in patient cells to those typical of control cells (Fan et al., 

2014). All four drugs tested i.e taxol, vinblastine, epothilone D and noscapine restored the 

peroxisome trafficking in patient cells.  

We also showed that the epothilone D treatment of patient cells can ameliorate to control cell 

levels, the levels of 4HNE generated by hydrogen peroxide-induced oxidative stress. The 

concentrations of drugs used in these experiments are non-cytotoxic and do not interfere with 

cellular functions such as proliferation, viability or metabolism (Fan et al., 2014). This study 

therefore demonstrates the utility of the automated organelle trafficking assay (described in 

chapter 3) and automated high content screening (for a marker of oxidative stress, 4HNE) as 

a fruitful approach for drug screening, and has identified drug candidates for SPAST HSP for 

further development.  

Microtubule binding drugs and peroxisome trafficking 

Reduced expression of acetylated α tubulin has been associated with many neurodegenerative 

diseases (Gardiner et al., 2007, d'Ydewalle et al., 2011). SPAST patient-derived cells have 

less stabilised microtubules (acetylated α tubulin), defective peroxisome trafficking (chapter 

3 and 4). We show here that by restoring the levels of acetylated α tubulin (Fan et al., 2014) 

we can rescue peroxisome trafficking defect in patient cells; by specifically increasing the 

frequency of fast microtubule-mediated peroxisomes. 
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Microtubule dependent organelles are transported along microtubules comprising 

polymerised tubulin (Saxton and Hollenbeck, 2012). Tubulin normally undergoes various 

post-translational modifications (Westermann and Weber, 2003) and one such modification is 

the  acetylation of the α tubulin. Acetylation of the tubulin is considered as a signal for the 

motor proteins to tether for cargo transport (Chen et al., 2010, Westermann and Weber, 2003, 

Saxton and Hollenbeck, 2012). Considering this, restoring levels of acetylated α tubulin in 

patient-derived cells can increase the tethering of peroxisomes leading to increase in 

frequency of fast microtubule-mediated peroxisomes. 

It is interesting that although all the microtubule-binding drugs have different binding sites, at 

these low concentrations, they all have similar effects on stabilised microtubules, and 

consequently on peroxisome trafficking. Taxol and epothilones promote assembly of 

microtubules (Checchi et al., 2003, Amos, 2011), vinblastine inhibits assembly of 

microtubules(Gigant et al., 2005) and noscapine alters the steady state dynamics of 

microtubule assembly(Zhou et al., 2003). Treatment of SPAST patient iPSC-derived cortical 

neurons with vinblastine reduced the number of axonal swellings, an axonal defect in SPAST 

patient cortical neurons (Denton et al., 2014). Similarly, treatment of spastin homozygous 

primary mouse neurons by taxol, and vinblastine treatment also reduced axonal swellings 

(Fassier et al., 2013). Both studies show that treatment of spastin mutated cortical neurons 

with microtubule binding drugs can rescue the axonal swelling defect but do not describe a 

mechanism by which this happens.  

Tubulin-binding drugs as potential therapies for SPAST HSP patients 

Although all four microtubule-binding drugs rescued peroxisome trafficking in SPAST 

patient-derived cells, taxol (0.5nM), vinblastine (0.5nM) and epothiloneD (2nM) rescued 

peroxisome trafficking at nanomolar concentrations while noscapine was effective only at a 
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much higher concentration of 10µM. epothilone D, unlike taxol and vinblastine, can cross the 

blood-brain barrier making it a potential drug candidate for further evaluation.  

To test if the patient-derived cells were under higher levels of oxidative stress and more 

sensitive to hydrogen peroxide as a consequence of reduced peroxisome trafficking, we 

treated patient-derived cells were treated for 7 days with 2nM epothilone D, a dose that 

rescued peroxisome trafficking and restored acetylated -tubulin levels in patient-derived 

cells (Fan et al., 2014). This same dose eliminated the sensitivity of patient cells to hydrogen 

peroxide oxidative status, restoring 4HNE expression to control cell levels. These results 

demonstrate that the oxidative stress of patient-derived cells is downstream of the peroxisome 

trafficking deficit, which is itself downstream of an acetylated -tubulin deficit caused by 

mutation in SPAST: correcting the acetylated -tubulin deficit with epothilone D corrected 

the deficit in oxidative stress. 

Deficits in microtubule-associated proteins and impaired organelle trafficking are emerging 

as common mechanisms in several motor neuron diseases (Millecamps and Julien, 2013b, 

Abrahamsen et al., 2013) while chronic oxidative stress is seen as another mechanism for 

neuronal loss in neurodegenerative diseases (Nordgren and Fransen, 2013, Fransen et al., 

2012). Our evidence in SPAST-mutated cells demonstrates a direct link between these 

mechanisms showing that both are restored with epothilone D, which normalises the 

microtubule cytoskeleton. This mechanism may also apply to mitochondria whose trafficking 

is impaired in patient-derived SPAST-mutated cells.  

The drugs used in this study have been “re-purposed” from cancer therapies and therefore 

have passed phase I clinical trials. The concentration of drugs used in cancer treatment are 

about 1000 fold higher than that proposed in this study (Axiak-Bechtel et al., 2013). The low 

doses of drugs tested in this study did not show any cytotoxicity to patient derived cells (Fan 
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et al., 2014).  Since HSP is characterised by degeneration of the cortical neurons, we suggest 

drugs that the potential should be able to cross the blood brain barrier. Both taxol and 

vinblastine cannot penetrate the blood brain barrier(Altmann et al., 2000). Both epothilone D 

and Noscapine can readily cross the blood brain barrier (Brunden et al., 2010) (Aneja et al., 

2007), making them attractive candidates for further investigation. epothilone D, rescued 

peroxisome trafficking and restore oxidative stress can readily cross the blood brain barrier 

and is cleared more slowly from brain than plasma (Brunden et al., 2010). Based on the 

ability of epothilone D to improve cognition in mouse model, axonal density and improve 

microtubule density, it is already in clinical trial for Alzheimer’s disease effects (Brunden et 

al., 2010, Zhang et al., 2012). 

In conclusion, in this study we propose a cell function based assay for drug screening in HSP. 

Here we focus on drugs already in use for other diseases. This “repurposing” of approved 

drugs could be a crucial for rare neurological disorders considering the costs and time 

involved in approving a new drug.   
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6.0 Generation and characterisation of induced pluripotent stem cells SPAST HSP 

patients 

6.1 Introduction 

Cell function defects observed in patient-derived ONS cells are amplified in differentiated 

neuron-like cells (Chapter 3 and 4). We hypothesise that the cell function defects will be 

further amplified and have severe implications in corticospinal motor neurons that are 

degenerated in HSP patients. Although the ONS cell model has allowed us to test our 

hypotheses (Chapter 3 and 4) in patient-derived cells and propose potential drugs (Chapter 5), 

one drawback is the lack of protocols to differentiate these ONS cells to corticospinal motor 

neurons. To overcome this, we decided to use another patient-derived cell model i.e. iPSCs to 

model HSP. For this, we aimed to generate iPSCs from patients and healthy control derived 

cells. iPSCs are genetically reprogrammed adult cells (mostly fibroblasts) which exhibit 

pluripotent stem cell like state similar to the embryonic stem cells (Takahashi et al., 2007, 

Takahashi and Yamanaka, 2006), allowing them to be differentiated to specific cell 

populations. Several protocols have been described to differentiate iPSCs to specific neuronal 

populations including corticospinal motor neurons (Chambers et al., 2009, Shi et al., 2012), 

more specific to HSP. Two recent studies show the use of   iPSCs for disease modelling of 

many neurological disorders (Imaizumi and Okano, 2014) including HSP. Analysis of patient 

iPSC-neurons in both studies showed disease specific defects of increased axonal swellings 

and altered mitochondria trafficking along axons of neurons, compared to control iPSC-

neurons (Havlicek et al., 2014, Denton et al., 2014).  
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6.2 Results 

6.2.1 Generation of iPSCs from patient and control-derived cells                                             

Primary fibroblast cell lines were previously established from skin biopsies of three controls 

(10014, 10027 and 10017) and two SPAST HSP patients (08088) (09007). The healthy 

control individuals had no history of neurological disease.  The patient cell lines 08088 and 

09007 carried heterozygous SPAST mutations c.444G>A and c.1789A>G, respectively. To 

generate iPSC cell lines, low passages of fibroblast lines (passage5) were transduced with 

reprogramming vectors: hOct3/4, hSox2, hKlf4 and hc-Myc (using CytoTune-iPS Sendai 

reprogramming kit). Two-three weeks after the transduction, the transduced cells start 

dividing profusely and form compact cell colonies (Fig. 6.1).  The iPSC cell colonies were 

manually picked under a stereo microscope and expanded and maintained on feeder 

dependent conditions (Fig. 6.1). Of the three control and two HSP patient fibroblast cell lines 

that were reprogrammed, two control cell lines 10014, 10027 and one patient cell line 09007 

formed iPSC cell colonies. The other cell lines 10017 and 08088 did not form colonies (Fig. 

6.2).  
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Fig. 6.1. Generation of iPSC colonies. Representative images of successfully reprogrammed 

iPSC colonies 28 days after transduction of human skin fibroblast cell line with 

reprogramming vectors: hOct3/4, hSox2, hKlf4 and hc-Myc (using CytoTune-iPS Sendai 

reprogramming kit).Scale bar: 100µm.  
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Fig6.2. Partially reprogrammed iPSc colony. Representative image of unsuccessful 

reprogrammed (A) and successful reprogrammed iPSC colony (A) 28 days post 

reprogramming vector transduction. Scale bar:100µm.     

6.2.2 Identifying good iPSC colonies to establish iPSC cell lines  

To establish iPSC cell lines from iPSC colonies, it is crucial to identify fully reprogrammed 

and avoid partially reprogrammed iPSC cell colonies. Often partially reprogrammed iPSc cell 

colonies out number fully reprogrammed iPSc cell lines. One way of selecting the fully 

reprogrammed iPSC cell colony is to stain live cell colonies for known pluripotency markers. 

For this, we stained live iPSC cell colonies with known pluripotency markers SSEA-4 and 

Tra-1-60 (Millipore, SCR502) as per manufacturer’s instructions. The transduced cell lines; 

two control cell lines (10014 and 10027) and one SPAST patient cell line (09007) that 

generated iPCS colonies all had some iPSC colonies positive for the pluripotency markers 

(Fig. 6.3).  

Each single positively stained iPSC colony was manually picked, grown, expanded and 

established as an individual iPSC cell line. Multiple colonies from one cell lines were 

considered clones.  

A B 
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We established iPSC cell lines control cell line 10014 (one clone C2), control cell line 10027 

(clones C2 and C3) and patient cell line 09007 (clones C2 and C3).  

 

Fig6.3: Live cell stain of iPSC colonies for pluripotency markers. Representative images 

show both control and patient iPSC colonies are positive for immunostaining for known 

pluripotency markers Tra-1 60 and SSEA-4. Scale bar: 100µm.  

6.2.3 Non-integrating Sendai virus 

For successful reprogramming, the cell should turn on its own pluripotency genes and the 

introduced genes should be not be integrated. One of the advantages of using the Sendai virus 

system (CytoTune-iPS Sendai reprogramming kit) is that it does not integrate in the host cell 

genome. To confirm this, we immunostained reprogrammed iPSC colonies with polyclonal 

anti-Sendai virus antibody (MBL, PD029). The immunostaining was performed as per the 

instruction manual. As expected the iPSC cell colonies at day 28 after transduction were 

positive for the immunostaining but seven passages after the colony formation, the iPSC cell 

colonies were negative for the immunostain (Fig. 6.4). 
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Fig6.4. iPSC colonies free of Sendai virus. Representative images shows the Sendai virus 

used to deliver the reprogramming factors do not integrate into the host cell genome. iPSC 

colony after 7 passages is free of the Sendai virus. Scale bar: 100µm.  

6.2.4 Cytogenetic analysis 

Genetic reprogramming of cells can make iPSC cells vulnerable to chromosomal defects. For 

this, cytogenetic analysis was performed on G-banded metaphase cells. This analysis was 

performed at the Cytogenetics Department, Royal North Shore Hospital, Sydney. 

Neither clones of the control iPSC cell line 10027(C2 and C3) had any chromosomal 

abnormality. However, both the clones of patient iPSC cell line 09007 (C2 and C3) had a 

chromosomal abnormality of balanced translocation between chromosome 3 and 4 (Fig. 6.5).  

One possibility of this abnormality is the reprogramming process but the other possibility is 

the cell line already had the abnormality before reprogramming. To test this, we performed 
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cytogenetic analysis on the patient fibroblast cell line (not reprogrammed). The patient 

fibroblast cell line 09007 also had the chromosomal abnormality (Fig. 6) thus confirming that 

the chromosomal aberration seen in the patient iPSC clones from cell line 09007 was not a 

consequence of genetic reprogramming. 

 

Fig6.5. Cytogenetic analysis of two clones from each iPSC control cell line (10027) and 

patient iPSC cell line (09007). The arrows highlight the translocation between chromosome 3 

and 4.  
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Fig6.6. Cytogenetic analysis of the patient fibroblast cell line (09007). The arrows highlight 

the translocation between chromosome 3 and 4. 

6.2.4 Gene expression analysis of iPSC cells for pluripotency 

Fully reprogrammed iPSCs have upregulation of pluripotency or self-renewal 

genes and downregulation of genes specific to differentiated cells (mesoderm, 

ectoderm and endoderm).  For this we evaluated the gene expression of control 

iPSC cell line 10027C2 and SPAST patient iPSC cell line 09007C2 using Taqman 

scorecard assay (Thermofisher, A15872).  The gene expression assay contains a 

collection of predesigned, gene specific primers and probe sets to quantitate 

gene expression on cDNA’s prepared from the iPSC cells. The data analysis 

software compares the gene expression profiles of our iPSC cell lines to a 

common reference set. Fig 6.7 shows the upregulation and downregulation (colour coded) of 

gene expression of both iPSC cell lines 10027C2 and 09007C2.  
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The gene expression data was common reference set using the hPSC Scorecard™ Analysis 

software. The results showed that the both the iPSC cell lines control 10027C2 and SPAST 

patient 09007C2 have pluripotency genes upregulated and have differentiation gene 

downregulation, thus confirming that the iPSC cell lines we generated are pluripotent.   

 

Fig6.7. Fold-change in the gene expression of RNA prepared from the iPSC cell lines 

10027C2 and 09007 C2.  

6.2.5 Gene expression analysis of iPSC cells to determine differentiation potential 

Since the aim of generating iPSC cell lines is to eventually differentiate them to 

a desired cell type, it is essential to determine if the cell lines generated have the 

ability to differentiate. This prediction is important since the actual 

differentiation protocols are time consuming and expensive. We determine this 

ability of the iPSC cell lines, by evaluating the gene expression of iPSC cell 

lines after they are allowed to randomly differentiate . For this we generate 

Embryoid bodies (EBs) for random differentiation from iPSC cells (Rungarunlert 

et al., 2009).  
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Fig6.8. Fold change in the gene expression of cDNA prepared from the iPSC-EB cell lines 

10027C2 and 09007 C2.  

Fig 6.8 shows the upregulation and downregulation (colour coded) of gene expression of both 

iPSC-EB cell lines 10027C2 and 09007C2. The gene expression data was common reference 

set using the hPSC Scorecard™ Analysis software. The results showed that the control iPSC 

cell line control 10027C2 has down regulated self-renewal genes and up regulated genes for 

all three cell line lineages (ectoderm, endoderm and mesoderm). The patient cell line 

09007C2 showed down regulated self-renewal genes, as well as genes for lineages ectoderm 

and endoderm and showed up regulated genes for the mesoderm cell lineage.   

These results suggest that the control iPSC cell line 10027C2 has a high probability to 

differentiate to any desired cell lineage but the patient iPSC cell line has a high probability to 

differentiate more specifically to the mesoderm lineage. These results only predict the 

differentiation ability but the true ability of the cell lines will be know when they are 

subjected to the differentiation protocols.  

6.2.6 SPAST patient iPSC cell line authentication 

To confirm if the patient cell line still maintained the genetic mutation post genetic 

reprogramming, we sequenced the DNA from both clones of the patient iPSC cell line. Both 
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clones of the patient cell line 09007 (C2 and C3) had the mutation SPAST c.1789A>G (Fig. 

6.9) previously described in the patient fibroblast cell line (Vandebona et al., 2012).  

 

Fig6.9. Genetic mutation present in both clones of the patient cell line 09007 after genetic 

reprogramming.  
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6.3 Discussion 

In this study we successfully reprogrammed fibroblast cell lines derived from SPAST HSP 

patient and healthy controls. Of the five cell lines we reprogrammed i.e. three healthy control 

cell lines and two patient cell lines individually carrying the disease mutation c.444G>A and 

c.1789A>G, we successfully reprogrammed two control cell lines 10014 (one clone); 10027 

(two clones) and one patient cell line 09007(two clones) carrying the mutation c.1789A>G. 

The cell lines reprogrammed were characterised to confirm their stem cell identity.   

Reprogramming efficiency 

One drawback of using iPSC cells is their low efficiency to generate them (Vitale et al., 

2012) and researchers are constantly finding new ways to overcome this (Higuchi et al., 

2015).  We also experienced the issue of low reprogramming efficiency. Of the five fibroblast 

cell lines we reprogrammed, we could successfully reprogram only three cell lines (one 

control cell line 10097 and one patient cell line 09007 characterised). The other two cell lines 

did not generate iPSC colonies.   

Picking fully (not partially) reprogrammed iPSC colonies to establish iPSC cell lines 

To generate iPSC cell lines, fibroblast cells are introduced with transcription factors, 

following which the cells start dividing to form colonies. A successfully reprogrammed 

colony can then generate an iPSC cell line. However often partially reprogrammed colonies 

are generated that may resemble a successfully reprogrammed iPSC colony but they do not 

have the ability to differentiate to the full range of cell types (Chan et al., 2009). One way of 

identifying the successfully reprogrammed iPSC colonies is to immunostain live iPSC 

colonies to identify markers that indicate good quality pluripotency (Baker, 2012, Chan et al., 

2009). Of the several pluripotency markers including SSEA-4, Nanog, alkaline phosphatase 

and Tra-1-60, Tra-1-60 a surface marker that appears in later stages of reprogramming is 
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suggested to be good marker for pluripotency(Chan et al., 2009). In our study we use two 

markers SSEA-4 and Tra-1-60 in combination to select reprogrammed colonies to generate 

iPSC cell lines.   

Genome tests to characterise iPSCs   

Conventional approach of formation of teratomas in mice remains the gold standard to 

characterise the differentiation ability of iPSCs.  However, the process of teratoma generation 

itself is a time-consuming process and moreover, the results are difficult to quantify and 

highly variable (Müller et al., 2010, Dolgin, 2010). An alternate to using teratomas as a 

measure of pluripotency, genomic approaches have been described recently that are more 

quantitative and enable assess of the quality and functional potential of iPSCs (Bock et al., 

2011, Müller et al., 2011).  One genomic approach is the Pluritest (Müller et al., 2011). The 

Pluritest measures the gene expression for pluripotency genes and uses this data to categorise 

pluripotency of iPSCs. The other approach  is the score card approach (Tsankov et al., 2015), 

that we use in this study. The score card approach also measures the gene expression for 

pluripotency and genes that indicate functional differentiation i.e. the differentiation to each 

germ layer.  These genomic approaches allow rapid quantitative characterisation of iPSCs in 

comparison to the teratoma assay.  

Chromosomal translocation in patient iPSC cell line 

Both clones of the patient iPSC cell line 09007C2 and 09007C3 had chromosomal aberration. 

There was a translocation between chromosome 3 and 4.  However, we confirmed that the 

aberration was not a consequence of reprogramming the fibroblast cells to iPSCs as the un- 

reprogrammed fibroblast cell line also had the chromosomal aberration. The aberration raised 

concern of using that patient cell line as a model of HSP. If cell functions are investigated in 

this patient cell line, it may be difficult to determine if the cell functions measured are a 
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consequence of the disease causing mutation or the chromosomal aberration. One way to 

potentially use this cell line would be to use genome manipulation strategy such as the 

CRISPR/Cas system that allows correction of the disease mutation and evaluate change in 

cell phenotype.  

Future of the iPSC HSP cell model experiments 

Although the iPSC cell model provides the platform to test desired cell types, cortical 

neurons in HSP, the process to generate and characterise the iPSCs themselves is a low 

efficiency, highly variable and time-consuming process.   As discussed in previous sections, 

all these factors have influenced our experiments as well. More specifically in our 

experiments only three of the five fibroblast cell lines transduced with the reprogramming 

sendai virus generated fully reprogrammed  iPSC cell lines. The neuronal differentiation of 

iPSCs is variable and it has been shown that late passages of iPSCs  (>20 passages; 1 passage 

= ~1week) are more established and differentiate with higher efficiency than early passage 

iPSCs (Koehler et al., 2011).   

Future experiments of 1) Generating more SPAST patient and healthy control iPSC cell lines 

2) Differentiating iPSCs to functional cortical neurons 3) Evaluating cell function defects in 

the patient and control iPSC-cortical neurons, would be required to validate our cell function 

defects we showed  in the ONS HSP cell model. 
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7.0 Conclusion 

In HSP, spinal cord atrophy has been a hallmark of its pathology. Post mortem analysis of the 

central nervous system shows reduction of axons along the corticospinal and sensory tracts in 

the upper spinal cord (Deluca et al., 2004, Hedera et al., 2005a). The cause of HSP mutations 

leading to degeneration of the long axons is unknown. In this thesis I evaluate how 

intracellular organelle transport is involved in HSP pathogenesis.  

The results presented in Chapter 3 shows that the organelle trafficking is impaired in SPAST 

patient-derived ONS cells in comparison to control-derived ONS cells (addressing aim 1). 

SPAST patient-derived ONS cells have previously shown to have major dysregulation of gene 

expression with 57% of all mRNA transcripts affected, many associated with microtubule 

dynamics (Abrahamsen et al., 2013).In comparison to control-derived cells, patient-derived 

cells had 50% reduced spastin, 50% reduced stabilized microtubule represented by acetylated 

α-tubulin and altered distribution of cellular organelles peroxisomes and mitochondria that 

are mainly dependent on microtubules for intracellular transport (Abrahamsen et al., 2013) . 

These findings led us to the hypothesis that organelle trafficking that is dependent on 

microtubules is defective in HSP patient-derived cells. For this, we analysed microtubule-

dependent peroxisome transport across five SPAST patient derived cell lines. Our peroxisome 

trafficking studies showed impaired microtubule specific peroxisome trafficking in all five 

patient-derived ONS in comparison to control-derived ONS cells with fewer microtubule-

dependent fast peroxisomes and more microtubule-independent slow peroxisomes (Fan et al., 

2014, Abrahamsen et al., 2013). This peroxisome trafficking defect was identified using the 

high-throughput live cell imaging assay I developed to capture and analyse organelle 

movement in live cells. The high-throughput live cell live cell imaging assay was also used in 

studies to understand disease mechanism (described in Chapter 4) and also screen potential 

drugs (described in chapter 5). Knock-down of spastin in control-derived ONS cells resulted 
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in lower levels of stabilized microtubules (acetylated α-tubulin) and fewer fast moving 

peroxisomes, defects observed in patient-derived cells. This strongly suggested the organelle 

trafficking defect observed in patient-derived cells is secondary to spastin mutation.  

Organelle trafficking has previously been evaluated in two separate studies in SPAST mutated 

patient-derived cells. Although both studies show alternated mitochondria transport, the 

observations are inconsistent.  One study with cortical neurons generated from  one iPSC cell 

line carrying heterozygous SPAST c.683-iG>T mutation show reductions in the percentage of 

microtubule-dependent mitochondria, reduced retrograde and unchanged anterograde 

transport (Denton et al., 2014). Another study with cortical neurons generated from two iPSC 

cell lines carrying the same heterozygous SPAST mutation  c.1684C>T cell lines reports no 

difference in percentage of microtubule dependent mitochondria but reduced retrograde and 

increased anterograde transport (Havlicek et al., 2014), inconsistent from the other study 

(Denton et al., 2014). With the increasing number of mutations being discovered, it may be 

inappropriate to conclude the effect of certain mutations in a gene as a collective effect of any 

or all mutation in that gene. For this reason, we evaluate the disease specific defects in a 

cohort of five patient-derived cell lines carrying individual mutations in the SPAST gene: 

c.1413+3_1413+6del, p.E464D; c.1392 A>T, p.L195V; c.583C>G, p.E366K (2 patients); 

c.1096G>A  and five ONS healthy control derived cell lines. The impaired peroxisome 

trafficking defect was observed consistently across all five patient cell lines.  

The results presented in Chapter 4 describe amplified peroxisome trafficking defects and 

related defects in neuron-like cells differentiated from patient-derived ONS cells (addressing 

aim 2). Intracellular organelle transport is essential for all cell types but this is the case 

especially for neurons. Neurons due to their cytoskeletal architecture are dependent more on 

microtubules for intracellular transport. The distance to which cargo needs to be transported 
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is much longer in neurons than most other cell types (up to 1 meter in cortical neurons) and 

also this transport is dependent on the microtubule cytoskeletal (Guzik and Goldstein, 2004). 

To determine if the disease specific defects are relatively more severe in neurons as compared 

to other cell types due to their unique, I developed a protocol to differentiate patient-derived 

and control-derived ONS cells to neuron-like cells. The differentiated neuron-like cells had 

amplified cell length and the axon-processe cytoskeleton was comprised of microtubules and 

not actin, allowing us to evaluate microtubule-dependent organelle transport uninterrupted by 

actin. Interestingly, the patient-control peroxisome trafficking difference was significantly 

amplified in neuron-like cells in comparison to ONS cells. In this study I further showed that 

peroxisome trafficking is severely impaired along several dimensions in patient-derived 

axon-processes. The patient-derived neuron-like cells with axon-processes had abnormal 

organelle distribution, fewer fast microtubule dependent peroxisomes, lower mean speed of 

peroxisome travel and deficit in retrograde movement but no difference in the time-dependent 

peroxisome dynamics. These results strongly suggest that in HSP, disease-specific defects are 

not limited to neurons; however, the disease specific defects are amplified in neuron. And 

that this is likely due to the unique cytoskeletal architecture of the neurons which makes them 

more dependent on stabilised microtubules that are reduced in HSP patient cells, thus making 

them more susceptible to degeneration.   

The organelle distribution analysis presented in chapter 4 also showed abnormal organelle 

distribution in patient-derived neuron-like cells. The peroxisomes in patient-derived neuron-

like cells accumulated more in the cell bodies and fewer of them were present along the axon-

processes. Similar axonal defect of increased peroxisomes in the cell body of gyrus frontalis 

neuros has been also observed in post-mortem brain analysis of Alzheimer’s disease patients 

(Kou et al., 2011b). This suggests that the altered peroxisome distribution defect we observe 

in HSP patient cells is of pathophysiological relevance.   



132 
 

Trafficking of membranous organelles, vesicles, and membranes towards axon terminal is 

achieved through fast anterograde transport that is powered by kinesin motor protein, 

whereas, fast retrograde transport, dynein- mediated, is necessary for carrying degradative 

organelles like lysosomes and similar organelles and neurotrophins towards the cell body. 

Our analysis shows that the retrograde transport is hampered in patient-derived cells 

(Chapter4). A deficit in retrograde organelle trafficking has been shown in related studies 

with spastin mutant mice (Tarrade et al., 2006, Fassier et al., 2013) and iPSC (Havlicek et al., 

2014, Denton et al., 2014) derived cortical neurons (Tarrade et al., 2006, Fassier et al., 2013, 

Denton et al., 2014). The results of defective retrograde organelle trafficking in HSP patient 

cells concur with these studies. This suggests that the deficit in directional organelle 

trafficking defect previously shown is not specific to corticospinal motor neurons.  

Evidence supporting a direct correlation of impaired organelle trafficking to neuronal 

degeneration in HSP is still absent.  

The results presented in Chapter 4 show that SPAST patient-derived cells in comparison to 

control-derived cells have higher levels of oxidative stress and are more sensitive to H2O2 

(addressing aim 4). This is the first evidence of oxidative stress in HSP patient cells. 

Peroxisomes and mitochondria have a close association and alterations in one organelle’s 

biogenesis, dynamics or metabolism may affect the other organelle (Camoes et al., 2009, 

Schrader and Yoon, 2007b, Schrader and Yoon, 2007a). Mitochondria are not only the 

powerhouse for ATP production, but are also involved in calcium and lipid homeostasis, and 

ROS metabolism, thereby contributing at a high level to regulating cellular homeostasis  

(Tatsuta and Langer, 2008).  The major functions of peroxisomes include fatty acid α- and β-

oxidation, ether lipid (esp. plasmalogen) biosynthesis and ROS homeostasis (Antonenkov et 

al., 2010). Both peroxisomal and mitochondrial disorders have been associated with impaired 

developmental and neurological deficits  (Camoes et al., 2009, Denis, 2014) and impairment 
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of mitochondrial and peroxisomal pathways of oxidative stress response have been suggested 

to contribute to the aetiology of chronic conditions such as inflammation, type 2 diabetes, 

neurodegeneration and aging (Schrader and Fahimi, 2006b, Terlecky et al., 2006).  Impaired 

axonal transport is reportedly correlated with axonal degeneration - originating distally and 

then progressing towards proximal region - in paraplegin-deficient (mutation in a subunit of 

m-AAA protease), symptomatic mice (SPG7 HSP) (Ferreirinha et al., 2004). Mutations in 

two mitochondrial outer membrane proteins are attributable to Charcot-Marie-Tooth disease 

(Baloh et al., 2007). It has been postulated that defective trafficking could be the secondary 

cause for the observed pathogenesis, but compromised mitochondrial dynamics and functions 

could be the primary cause for the observation (Tatsuta and Langer, 2008, Ferreirinha et al., 

2004).   

For future experiments, it will be interesting to evaluate if either peroxisomes or 

mitochondria or both are responsible for the susceptibility of patient cells to hydrogen 

peroxide. One way of doing this would be to inhibit the ROS maintaining ability of either 

organelles; Aminotriazole for peroxisome catalase, buthionine sulfoximine for glutathione 

pathway in mitochondria (Griffith and Meister, 1979) and auranofin for thioredoxin pathway 

in mitochondria (Aon et al., 2012) in control and patient ONS cells and then evaluating 

susceptibility to hydrogen proxide.  

Recent neuroimaging studies have shown that there is widespread loss of white matter tracts 

in HSP, not just corticospinal motor tracts, as long proposed based on symptomatology. 

White matter losses are not confined to the corticospinal tract but are also observed at the 

whole brain level and in frontal and temporal lobes, cerebellum, and other regions in HSP 

patients with and without SPAST mutations (Warnecke et al., 2007, Agosta et al., Hedera et 

al., 2005a, Duning et al., 2010). These observations demonstrate that axonal loss is 
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widespread throughout the central nervous system in HSP and not just confined to the long 

axons of the corticospinal tract upon which diagnosis is dependent. 

 

Fig. 7. Model for oxidative stress linked to peroxisome trafficking in HSP patient cells. 
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In healthy axons an adequate microtubule network allows normal numbers of peroxisomes to 

travel at normal speeds in anterograde and retrograde directions (A: large circle). In 

SPAST-mutated axons the reduced microtubule network reduces the number of peroxisomes 

causing fewer peroxisomes to travel more slowly, with a larger effect on retrograde transport 

(B: large circle). In healthy neurons the peroxisome transport is enough to assure normal 

peroxisome distributions in cell body and distal axon and appropriate redox state (A: small 

circles). In SPAST-mutated neurons impaired peroxisome transport causes a build-up of 

peroxisomes at the distal end of the axon, with reduced peroxisome turnover at the cell body 

leading to oxidative stress (B: small circles). 

I postulate that the cytoskeletal architecture of neurons makes them more vulnerable to HSP 

disease mutations. The investigation with patient-derived ONS cells has shown how reduced 

spastin levels in patient cells triggers a cascade of events that can eventually lead to cell 

death. It will be interesting to test our findings with patient-derived ONS cell model in human 

cortical neurons. For this, I generated iPSCs from both SPAST patient and control cells 

(Chapter 6). However, due to time restraints I could not differentiate the iPSC cell lines into 

neurons (partially addressing aim 5).  

The investigations with patient-derived ONS cells also show that the patient-derived cells in 

comparison to control-derived cells are under higher oxidative stress and more vulnerable to 

stress (Chapter 4).  Though oxidative stress is suffered by all mammalian cells, neurons are 

particularly vulnerable. This difference in increased sensitivity is related to the unique 

functional and structural organisation of neurons. The human brain, along with the spinal 

cord comprising the central nervous system, has a very high consumption of oxygen. The 

central nervous system approximately consumes twenty percent of the basal oxygen 

consumption in the body. The major reason for this discrepancy of high oxygen uptake is the 
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vast amounts of adenosine triphosphate required by neurons for normal neuronal intracellular 

ion homoeostasis, essential for   propagation of action potentials (Halliwell, 2006, Kevin et 

al., 2004). Despite the high oxygen uptake by the neurons, neurons are deficient in the 

enzymes that metabolise oxygen-based reactants (Nunomura et al., 2006), which may lead to 

an increase in ROS. In addition, neurons are enriched with polyunsaturated fatty acids that 

are primary targets of ROS-induced oxidative damage (Kevin et al., 2004). Oxidative stress 

leading to an increase in 4HNE can also damage the blood brain barrier by increasing its 

permeability (Mertsch et al., 2001).  

These features may explain why the long corticospinal neurons are more susceptible to 

disease specific defects. Thus compromised transport of a wider range of constituents may be 

expected with progressive injury to distal neuronal process, especially long axons, eventually 

leading to cortical axonal degeneration originating from distal extremities. This hypothesis 

fits well with the clinical presentation of HSP patients with SPAST mutations, viz. adult 

onset, with moderate injury over longer periods leading to lower limb weakness. However, 

environmental factors could exacerbate the axonal injury through various mechanisms 

including oxidative stress and may contribute towards individual variations and prognosis of 

the disease.  

The patients cells in this study had several different SPAST mutations but similar 

haploinsuffiency in both isoforms of spastin (shown before (Abrahamsen et al., 2013)). 

Individual patient cells behaved as a group in all assays, here and previously, independent of 

any specific genetic SPAST mutation (Chapter 3, 4 and 5) (Abrahamsen et al., 2013, Fan et 

al., 2014). Particularly, SPAST knock down mimics SPAST mutations in altering acetylated α 

tubulin (Chapter 3), in addition, increasing levels of acetylated α tubulin alone restored the 

cell function defect of organelle trafficking in the presence of any potentially mutated spastin 
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(Chapter 4). These results strongly suggest spastin haploinsuffiency and not dominant-

negative action of mutated spastin as the causative genetic mechanism in HSP.  

Finally, the results presented in Chapter 5 show that the microtubule-binding drug epothilone 

D could rescue the cell functions defects associated with reduced spastin levels in patient-

derived ONS cell (addressing aim 4). The drug rescued the reduced stabilised microtubule 

(acetylated α-tubulin) levels, rescued impaired peroxisome trafficking and also rescued the 

sensitivity of patient-derived cells to H2O2. In the future, the potential of epothilone D to 

rescue disease specific defects in SPAST HSP should be tested in other models of HSP before 

proposing it for clinical trials.         
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