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3 Summary/Zusammenfassung 

3.1 Summary 

The hereditary spastic paraplegias (HSP) are a heterogeneous group of motor neuron diseases, 

characterized by progressive spasticity and paresis of the lower limbs. Research in the past 

two decades focused on screening for genes and gene loci associated with HSP, identifying 

the huge cohort of 74 gene loci that are disease causative. Mutations in SPG4 (sp

To understand, how mutations in SPG4 affect human neurons, we generated human induced 

pluripotent stem cells (hiPSCs) from fibroblasts of two patients carrying a c.1684C>T 

nonsense mutation in SPG4, and from two age matched controls. These SPG4 and control 

hiPSCs were able to differentiate into neurons and glia at comparable efficiencies and mature 

functionally in vitro. We show here, that neurons from SPG4 patients had a comparably 

decreased total neurite length and arborization, indicating an altered neurite complexity. In 

addition, numerous neurite swellings with severely disrupted microtubule structures were 

identified in SPG4 neurons. The neurite swellings and the reduced neurite complexity were 

associated with reduced levels of all known Spastin isoforms in SPG4 neurons. These 

phenotypes were fully reverted by lentiviral overexpression of either M1 or M87 Spastin. 

Neurite swellings in SPG4 neurons partly accumulated Tubulin with microtubule stabilizing 

posttranslational modifications like acetylation and detyrosination. Nevertheless, the total 

amount of acetylated and detyrosinated Tubulin within the cells was unaltered. In line with 

this, an endogenous upregulation of p60 Katanin was detected in patient cells. P60 Katanin is 

known to have an important role in regulating microtubule dynamics within neurons, and 

therefore might partly compensate for the loss of Spastin. Furthermore, a prominent alteration 

astic 

paraplegia 4; also known as SPAST), encoding Spastin, are the most frequent cause of HSP, 

accounting for 40-50% of all autosomal dominant cases. Animal models for SPG4-related 

HSP have been generated in Drosophila, zebrafish and mouse. They have contributed to our 

current knowledge on the role of Spastin in microtubule dynamics and were used to generate 

hypotheses for the potential pathological processes that might underlie HSP in humans. 

However, these animal models have generated inconsistent cellular phenotypes across the 

different species and vary largely in the degree of motor deficits they develop, thereby not 

recapitulating some major aspects of HSP seen in human patients. 
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of the movement of mitochondria towards less retrograde transport was observed in SPG4 

neurons and might contribute to HSP pathogenesis. Interestingly, we identified a new Spastin 

isoform, which is generated by exon 15 skipping. We were able to detect this isoform in 

human post mortem spinal cord tissue, suggesting the physiological expression of this isoform 

exists in vivo. 

In conclusion, our data are consistent with a gene-dosage dependent neurodegenerative effect 

of Spastin in human SPG4 neurons and suggest that bringing wild-type Spastin expression 

back to normal levels might be an opportunity to halt neuronal degeneration in patients. Our 

human in vitro model provides the foundation for compound screenings with the goal to 

restore physiological Spastin levels in patient samples and thereby paves the road to discover 

new treatment strategies for SPG4 related HSP. 
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3.2 Zusammenfassung 

Die Hereditäre Spastische Paraplegie (HSP) ist eine heterogene Gruppe von 

Motoneuronerkrankungen, die durch eine progressive Spastik und Parese der unteren 

Extremitäten charakterisiert sind. Das Hauptaugenmerk der HSP Forschung der vergangenen 

20 Jahre lag auf der Identifikation zahlreicher Gene und Genloci, die mit HSP assoziiert sind. 

Nach dem aktuellen Stand (30.03.2014) sind bereits 74 Genloci bekannt, die zu einer Form 

der HSP führen können. Mutationen im SPG4 Gen (engl. sp

Um zu analysieren, welchen Einfluß SPG4 Mutationen auf menschliche Neuronen haben, 

generierten wir humane induzierte pluripotente Stamzellen (hiPSZ) sowohl von zwei 

Patienten mit einer c.1684C>T nonsense Mutation im SPG4 Gen, als auch von zwei 

gesunden, auf das Alter der Patienten abgestimmten Kontrollen. Sowohl die SPG4, als auch 

die Kontroll hiPSZ Linien konnten mit vergleichbarer Effizienz zu Neuronen und Gliazellen 

differenziert werden, welche auch in vitro funktional ausreiften. Wir zeigen, dass SPG4 

Neurone eine verkürzte Neuritenlänge und einen reduzierten Verzweigungsgrad aufweisen. 

Diese Befunde deuten auf eine reduzierte Neuritenkomplexizität in den SPG4 Neuronen hin. 

Desweitern wurden zahlreiche Neuritenschwellungen mit prominenten Unterbrechungen der 

Mikrotubulibündel in den SPG4 Neuronen identifiziert. Wir konnten die 

Neuritenschwellungen, als auch die reduzierte Neuritenkomplexizität auf eine Reduktion der 

bekannten Spastinisoformen zurückführen, da eine lentivirale Überexpression der M1 oder 

M87 Isoform von Spastin die Phänotypen in den SPG4 Zellen revidiert hat. Die 

Neuritenschwellungen akkumulierten teilweise Tubulinproteine, die posttranslationale 

Modifikationen wie Acetylierung und Detyrosinierung trugen. Diese Modifkationen sind 

charakteristisch für stabilisierte Mikrotubulibündel. Nichtsdestotrotz, konnten wir keine 

astic parplegia 4; auch als SPAST  

bekannt), welches das Protein Spastin kodiert, sind die häufigste Ursache für eine HSP und 

verursachen etwa 40-50% aller autosomal dominant vererbten Fälle. Tiermodelle der SPG4 

wurden in Drosophila, Zebrafisch und der Maus generiert. Sie haben zu unserem derzeitigen 

Verständnis über die Rolle von Spastin in der Regulation der Dynamik der Mikrotubuli 

beigetragen. Desweiteren wurden sie genutzt, um Hypothesen über die potentiellen 

Pathomechanismen zu generieren, die zur Erkrankung im Menschen führen könnten. Jedoch 

weisen diese Tiermodelle inkonsistente Phänotypen sowohl auf zellulärer Ebene, als auch im 

Umfang der Einschränkung der Motorik auf. Demnach können sie nur limitiert wesentliche 

Aspekte der humanen Pathogenese rekapitulieren, die bei HSP Patienten gefunden werden. 
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Veränderung in der Gesamtmenge von acetyliertem oder detyrosiniertem Tubulin in diesen 

Zellen feststellen. Im Einklang hiermit, konnten wir eine endogene Hochregulation von p60 

Katanin feststellen. P60 Katanin ist ein Protein, dass bereits mit der Regulation der Dynamik 

der Mikrotubuli in neuronalen Zellen assoziiert wurde und könnte somit den Verlust von 

Spastin in SPG4 Neuronen teilweise kompensieren. Zusätzlich konnten wir in SPG4 

Neuronen eine auffällige Veränderung der aktiven axonalen Verteilung der Mitochondrien 

nachweisen, wobei im Speziellen weniger Mitochondrien retrograd transportiert wurden. 

Diese Veränderung im axonalen Transport könnte mit der Pathogenese der HSP assoziiert 

sein. Erstaunlicherweise, waren wir in der Lage eine neue Spastinisoform zu identifizieren, 

bei der Exon 15 alternativ gespleißt wird. Diese Isoform konnten wir auch in humanem post-

mortem Gewebe des Rückenmarks nachweisen, was darauf hindeuten könnte, dass diese 

Isoform auch physiologisch in vivo existiert. 

Zusammenfassend weisen unsere Daten auf einen Gendosis abhängigen, neurodegenerativen 

Effekt der Spastinmenge in humanen SPG4 Neuronen hin. Darüberhinaus deuten die Daten 

darauf hin, dass eine Erhöhung der Spastinmenge in SPG4 Patienten eine Möglichkeit 

darstellen könnte, die Degeneration der Nervenzellen in den Patienten aufzuhalten. Das hier 

enwickelte humane in vitro Modell der HSP bildet die Grundlage für das Screening von 

Substanzen mit dem Ziel, die Spastinmenge auf physiologisches Niveau zu erhöhen und ebnet 

somit den Weg für die Entwicklung neuer therapeutischer Ansätze für die SPG4 assoziierte 

HSP. 
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4 Introduction 

4.1 Motor neuron diseases 

Voluntary movements of the body are planned, coordinated and executed by the central 

nervous system (CNS), and for the transmission of the movement commands the CNS largely 

relies on the pyramidal motor system. This system mainly consists of two types of motor 

neurons, the corticospinal motor neurons (CSMNs) and the alpha motor neurons (α-MNs; see 

Figure 1). The cell bodies of the CSMNs (also referred to as the upper or primary motor 

neurons) reside in the cerebral motor cortex. The CSMNs project through the internal capsule 

in the medullary pyramids of the brain stem, where most fibers decussate in the caudal 

medulla before descending as the lateral corticospinal tracts in the spinal cord. Fibers that do 

not decussate form the anterior corticospinal tract. Although some CSMNs establish synapses 

directly with α-MNs in the spinal cord, the vast majority of CSMNs form synapses with spinal 

interneurons, which then establish connections to α-MNs. The α-MN (also referred to as the 

lower or secondary motor neuron) cell bodies lie within the anterior horn of the spinal cord. 

Their projections leave the spinal cord via the ventral roots of the anterior horn and terminate 

at muscle fibers in specialized synapses called neuromuscular junctions. The activation of a 

group of muscle fibers by α-MNs leads to the contraction of the muscle, resulting in the 

movement of the body (Kandel, Schwartz et al. 2000). 

Distances covered by CSMNs and α-MNs are among the longest in the body. The axons of 

motor neurons can extend up to 1 m in length, before they reach their target innervation sites 

(Kandel, Schwartz et al. 2000). It is thought that single, very long motor neurons have 

evolved to permit the very rapid relay of action potentials enabling fast, and timely voluntary 

movements (Kandel, Schwartz et al. 2000). However, the enormous length of neurons has a 

great downside: In order to maintain their functions, the neurons require complex intracellular 

machineries for sorting and distributing proteins, lipids, mRNAs, organelles, and other 

macromolecules over long distances. Often, the distribution of these components is achieved 

by active axonal transport along cytoskeletal scaffolds. Motor proteins target and deliver 

components selectively throughout the cell by using “railways” consisting of microtubules. 

Motor proteins within the kinesin, dynein, and myosin protein superfamilies mediate much of  
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the anterograde (kinesin-driven) and retrograde (dynein-driven) transport specificity through 

selective cargo interactions. Additional specificity and regulatory control are mediated 

through various adaptor proteins (reviewed in Goldstein, Wang et al. 2008, Hirokawa, Niwa et 

al. 2010). Not surprisingly, motor neurons are very susceptible to length-dependent defects in 

         

Figure 1: Schematic representation of the pyramidal tract of the motor pathway 

The upper motor neurons (CSMNs) reside in the primary motor cortex of the brain and project through the brain 
stem towards the spinal cord. Most fibers decussate in the brainstem and cross to the contralateral side where 
they form the lateral corticospinal tract in the spinal cord. Those fibers which do not decussate form the anterior 
corticospinal tract. In the brainstem and spinal cord the CSMNs synapse directly or indirectly via interneurons 
(not shown) with bulbar or lower motor neurons (α-MNs). Bulbur motor neurons innervate facial muscles, 
whereas α-MNs connect to skeletal muscles. CSMN, corticospinal motor neuron; α-MN, alpha motor neuron. 

Adapted from: Winner, Marchetto, et al. 2014, submitted 
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axon development and maintenance causing neurological syndromes classified as motor 

neuron diseases (MNDs). 

MNDs are a heterogeneous group of neurological disorders that primarily affect motor 

neurons. Generally, they can occur sporadic or be inherited and are usually progressive in 

nature. MNDs can be classified into groups that affect primarily upper MNs, primarily lower 

MNs or those that affect both (see Table 1). Upper motor neuron involvement is usually 

associated with muscle weakness, exaggerated tendon reflexes and, especially spasticity due 

to an increased muscle tone (Donaghy 1999). Lower MN involvement is usually characterized 

by muscle wasting, fasciculations, and flaccid weakness of muscles (Donaghy 1999). 

Symptoms may vary among individuals and, in the early stages of the disease, may be similar 

to those of other neurological diseases, making diagnosis difficult (Francis, Bach et al. 1999). 

Neurological examinations are needed to investigate motor and sensory systems, coordination 

and balance, hearing, speech, and vision, cognitive status, and changes in mood or behavior to 

exclude other neurological conditions and to clearly distinguish between the different types of 

MNDs (Donaghy 1999, Francis, Bach et al. 1999). 

Table 1: Classification of selected motor neuron disorders 

Disorder Age at onset 

Primary upper motor neuron involvement  

   Hereditary spastic paraplegia Childhood - elderly 

   Primary lateral sclerosis Adult - elderly 

   Pseudobulbar palsy Adult 

Primary lower motor neuron involvement  

   Spinal muscular atrophy Infantile - adult 

   Spinal and bulbar muscular atrophy Elderly 

   Proximal hereditary motor neuronopathy Infantile - adult 

   Hereditary bulbar palsy Childhood - elderly 

Combined upper and lower motor neuron involvement  

   Amyotrophic lateral sclerosis Childhood - elderly 

Adult onset 15–50 years, elderly onset over 50 years; adapted from Donaghy, 1999. 
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4.2 Hereditary spastic paraplegias (HSP) 

The hereditary spastic paraplegias (HSPs) were first described by the German internist Adolf 

von Strümpell in 1883 and later in more detail by the French physicist Maurice Lorrain. The 

HSPs are therefore also known as the Strümpell-Lorrain syndrome or, less commonly, as the 

familial spastic paraparesis. HSP is an inherited disease and can follow an autosomal 

dominant, recessive, X-linked recessive or maternal (mitochondrial gene) trait (reviewed in 

Fink 2003, Fink 2013). The HSPs are a subgroup of MNDs that primarily affect the upper 

MNs, presumably by causing a retrograde axonopathy of the longest corticospinal tracts 

(Deluca, Ebers et al. 2004, Salinas, Proukakis et al. 2008, Blackstone, O'Kane et al. 2011). 

Although cell death/loss can be seen in some cases of HSP, it does not seem to be the primary 

cause for disease manifestation (reviewed in Blackstone, O'Kane et al. 2011, Blackstone 2012, 

Fink 2013). Therefore studying HSP provides an important means to understand the specific 

molecular mechanisms underlying axonal maintenance and degeneration in neurons.  

4.2.1 Clinical features and epidemiology of HSP 

Clinically and genetically the HSPs are very heterogeneous. The key diagnostic clinical 

findings are lower limb spasticity and weakness, with hyperreflexia and extensor plantar 

responses (reviewed in Salinas, Proukakis et al. 2008, Fink 2013). The onset of HSP is subtle, 

with patients developing leg stiffness and consequently, patients report of occasional tripping 

or falling while walking, possibly due to an altered gait behavior after disease onset (Harding 

1993). Compared with other causes of spastic paraplegia, such as multiple sclerosis and spinal 

injury (which are not classified as primary MNDs), there is a relative preservation of muscle 

strength despite dramatically increased tone in the legs, particularly in patients with early-

onset disease (reviewed in Salinas, Proukakis et al. 2008). Spasticity is thought to be the result 

of the impaired ability of damaged/ lost CSMN to regulate descending pathways and thereby 

giving rise to increased excitability of muscle spindles, and decreased synaptic inhibition of 

muscle stretch reflexes causing hypertonia (Kandel, Schwartz et al. 2000). The progressive 

nature of HSP makes patients dependent on canes or walkers and more severe cases ultimately 

require a wheelchair later in life. 

Historically, the disease has been classified into two groups: pure (or uncomplicated) HSP and 

complicated (or complex) HSP based on the absence (pure) or presence (complicated) of 

additional clinical features besides spastic paraparesis. In pure HSP mild sensory 
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abnormalities of the lower limbs like a reduced vibration sense or additional symptoms like 

urinary urgency, and pes cavus (high arch of the foot) might be present (Durr, Brice et al. 

1994, Fink 2003). Complicated HSPs can be accompanied by other neurological phenotypes 

such as ataxia, extrapyramidal signs, peripheral neuropathy, epilepsy, deafness, optic atrophy, 

pigmentary retinopathy, cognitive impairment, dementia, and severe amyotrophy (reviewed in 

Blackstone 2012, Fink 2013). 

Few epidemiological studies of HSP exist, which estimate the prevalence of HSP between 3–

12 cases per 100,000 population in Europe (Polo, Calleja et al. 1991, Filla, De Michele et al. 

1992, Erichsen, Koht et al. 2009, Coutinho, Ruano et al. 2013). In certain regions the 

prevalence can be as high as 19 per 100,000 due to the demographic and/or genetic profile of 

the community (Racis, Tessa et al. 2013). The age at onset of HSP can vary widely from early 

childhood through late in life and HSPs are therefore a significant source of chronic 

neurodisability throughout society (reviewed in Salinas, Proukakis et al. 2008, Blackstone 

2012). In most cases, the HSPs do not reduce life expectancy (reviewed in Fink 2013). 

4.2.2 Genetic diversity and disease etiology of HSP 

To date, 74 different gene loci have been associated with HSP and they have been numbered 

SPG1-71 in order of their discovery (SPOAN, ATP6 and 5p15.31-14.1 are currently without 

SPG designation) of which so far 54 genes have been identified (Fink 2013, Novarino, 

Fenstermaker et al. 2014). Despite the huge diversity of genes affected, it is becoming more 

and more evident that there may be distinct common cellular and molecular processes linked 

to HSP disease. Therefore, most of the proteins encoded by SPG genes are suggested to be 

organized into functional groups: Membrane traffic and organelle shaping, mitochondrial 

regulation, myelination and lipid/sterol modification, and axon path finding (see Table 2). 

4.2.3 Treatment of HSP 

Unfortunately, there are still no medications or therapies which cure or at least halt disease 

progression in HSP, a common problem among MNDs. To reduce the symptoms of spasticity, 

oral administration of muscle relaxants like the GABAB

Soderblom 

and Blackstone 2006

 receptor agonist Baclofen, α2 

adrenergic agonist Tizanidine, sodium and calcium channel blocker Tolperisone, or 

sarcoplasmic reticulum calcium release inhibitor Dantrolene are used (reviewed in 

, Fink 2013). Baclofen can also be administrated intrathecally. Selective 

injections of botulinum toxin (also known as Botox) may help reduce the spasticity locally by 
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inhibiting the presynaptic release of acetylcholine at the neuromuscular junction (reviewed in 

Soderblom and Blackstone 2006, Fink 2013). Other symptoms like urinary urgency are 

treated symptomatically as well. Nevertheless, exercising and physical therapies are important 

Table 2: Functional groups of selected HSP genes. 

  

Abreviations: AD, autosomal dominant; AR, autosomal recessive; BMP, bone morphogenetic protein; ER, 
endoplasmic reticulum. b, when different from disease name. 

Source: Blackstone, 2012 
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in order to maintain the range of motion and increase cardiovascular conditioning (reviewed 

in Soderblom and Blackstone 2006, Fink 2013). Some HSP patients also report benefits from 

treatments as diverse as ankle/foot surgery where tendons are relocated, to specialized 

treatment from neurophysiotherapists for improving fitness and maintaining muscle strength 

(The HSP research foundation, http://www.hspersunite.org.au/). 

4.3  SPG4/Spastin 

4.3.1  Mutation spectrum in SPG4 

The gene SPG4, also known as SPAST, encodes for 17 putative exons of the protein Spastin. 

Mutations in SPG4 account for 40-50% of all autosomal dominant HSPs and usually cause a 

pure clinical phenotype (Shoukier, Neesen et al. 2009, Schule and Schols 2011, Fink 2013). 

Nevertheless, there have been reports of complicated clinical phenotypes due to SPG4 

mutations (McDermott, Burness et al. 2006, Fink 2013). Genetic penetrance has been 

described as high as 90% (Durr, Davoine et al. 1996). The “Human Gene Mutation Database” 

 

Figure 2: Mutation spectrum in Spastin 

Schematic diagram of Spastin protein sequence (amino acids 1-616) showing important structural domains (in 
color). The identified mutations are mapped and different types of mutations are indicated by different forms as 
summarized at the bottom. Mutations cluster around several hot spots, preferably along the structural domains of 
the protein. The primary cluster is indicated by a red below the AAA domain. Secondary clusters are indicated by 
orange bars. TM, transmembrane domain; MIT, microtubule interacting and trafficking domain; MTBD, 
microtubule binding domain; AAA, ATPase associated with various cellular activities domain. 

Adapted from: Shoukier et al., 2009 
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currently lists 136 different disease causative mutations in SPAST (http://www.hgmd.org/, 

28.02.2014), although the number has been reported to be as high as 224 (Shoukier, Neesen et 

al. 2009). Known mutations include frame shift, nonsense and missense mutations, large 

deletions and splice site mutations (Shoukier, Neesen et al. 2009). Interestingly, although 

mutations can be spread throughout the whole gene – except for exon 4 – mutations seem to 

cluster in regions encoding important structural domains of the protein (see Figure 2; 

Shoukier, Neesen et al. 2009). The p.S44L polymorphism is a disease modifier, causing a 

substantial reduction in the age at onset and often a more severe phenotype when in 

combination with another SPAST mutation (Chinnery, Keers et al. 2004, Svenson, Kloos et al. 

2004, Depienne, Tallaksen et al. 2006, McDermott, Burness et al. 2006). 

4.3.2  Cellular functions of Spastin 

Full length Spastin is a 616 amino acid protein of approx. 67.2 kDa and is often referred to as 

the M1 isoform. Through the usage of an alternative translation initiation site within exon 1, 

the M87 isoform can be generated, which lacks the first 86 amino acids. In addition, both 

isoforms can be alternatively spliced skipping exon 4, thereby generating M1ΔEx4 and 

M87ΔEx4 Spastin (Claudiani, Riano et al. 2005, Mancuso and Rugarli 2008). Spastin is 

expressed in tissues such as the heart, lung, muscle and brain, and interestingly the major 

isoforms produced are the M87 variants (Claudiani, Riano et al. 2005, Solowska, Morfini et 

al. 2008). Spastin is abundant in the brain and spinal cord, and specifically in neural tissues an 

increase in the M1/M87 Spastin ratio has been described (Claudiani, Riano et al. 2005, 

Solowska, Morfini et al. 2008), tempting the assumption that full length Spastin might have 

an essential function in neurons. 

Spastin is localized in the cytoplasm along microtubules, associates with the endoplasmic 

reticulum (ER) and endosomes, and has been visualized in the nucleus (Errico, Ballabio et al. 

2002, Claudiani, Riano et al. 2005, Reid, Connell et al. 2005, Connell, Lindon et al. 2009). 

Several structurally and functionally important protein domains have been identified (see 

Figure 3). The microtubule binding domain (MBD, residues 270-328) is important for binding 

polymerized microtubule arrays and together with the AAA (ATPases associated with various 

cellular activities) domain (residues 342-599) human Spastin is able to sever microtubules 

(Evans, Gomes et al. 2005, White, Evans et al. 2007). In Drosophila however, the microtubule 

interacting and trafficking domain (MIT, residues 116-194 in human Spastin) might be 

necessary for the microtubule severing activity (Roll-Mecak and Vale 2008). ATP (Adenosine  

http://www.hgmd.org/�
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triphosphate) bound by the AAA domain leads to hexamerization of Spastin creating a central 

core (see Figure 4). It is assumed that the positively charged central core of Spastin is able to 

pull the negatively charged C-terminal tail of tubulin and generate breaks in the microtubules 

(Hazan, Fonknechten et al. 1999, Salinas, Carazo-Salas et al. 2007, White, Evans et al. 2007, 

Roll-Mecak and Vale 2008). 

In neurons, the microtubule severing activity seems to be an important function for the 

formation of axonal branches. Findings in axonal outgrowth studies in zebrafish, Drosophila, 

and in rodent neuronal cultures revealed that loss of Spastin reduced the numbers of axonal 

branches and reduced the outgrowth of existing branches (Wood, Landers et al. 2006, Yu, 

Qiang et al. 2008, Riano, Martignoni et al. 2009, Stone, Rao et al. 2012). Microtubule 

polymerization follows a directed growth from the minus to the plus end (reviewed in Desai 

and Mitchison 1997). In order to form a new axonal branch, the cell first needs a new 

nucleation point for microtubule polymerization. It has been proposed that the short fragments 

generated by Spastin-mediated microtubule severing could be used as such nucleation points 

for new branch formations (reviewed in Baas, Vidya Nadar et al. 2006). 

     

Figure 3: Functional protein domains and interaction partners of Spastin 

Schematic representation of Spastin protein domains. Spastin can interact via its hydrophobic region (HR) or  the 
microtubule interacting and trafficking (MIT) domain with various binding partners from different functional 
categories as indicated. The microtubule binding domain (MBD) mediates binding to the microtubule skeleton. 
The AAA (ATPases associated with diverse cellular activities) ATPase domain contains the enzymatic activity of 
the protein that is essential for microtubule severing. 

Source: Blackstone et al., 2011 



Introduction 

21 

 

As a regulator of microtubule 

dynamics, Spastin could also influence 

microtubule based axonal transport 

events. Indeed, two knockout mouse 

models of SPG4-related HSP showed 

abnormal transport events, and these 

defects were associated with increased 

stabilized microtubules and the 

observation of neurite swellings along 

the axons (Tarrade, Fassier et al. 2006, 

Kasher, De Vos et al. 2009). 

The N-terminal region of Spastin 

contains a hydrophobic region, which 

is only present in the full length M1 

isoform. This hydrophobic sequence 

mediates interactions with various 

adaptor proteins like Altlastins, 

Receptor expression-enhancing protein 

1 (REEP1), Reticulons and Nuclear 

autoantigen 14 (NA14) (see Figure 3). 

Mutations in some of these binding 

partners can cause other HSP forms like SPG3A and SPG31 (Zhao, Alvarado et al. 2001, 

Zuchner, Wang et al. 2006, Montenegro, Rebelo et al. 2012). Spastin interaction partners are 

thought to recruit Spastin to sites of action. Most of these interactors are integral membrane or 

membrane-associated proteins, suggesting that Spastin’s microtubule severing activity is 

targeted to specific membranes or organelles (reviewed in Blackstone 2012). 

To summarize, Spastin has multiple functions in establishing and regulating the cellular 

cytoskeleton, shaping membrane organelles and influencing their transport along 

microtubules. As more and more new functions are being discovered, the scientific 

community is increasingly appreciating that there might not be a sole cellular function or 

signalling pathway disrupted due to mutations in SPAST. Rather, the manifestation of HSP 

might be due to the sum of disturbances of multiple pathways, cumulating in “cellular stress” 

 

Figure 4: Model of active, hexameric Spastin from light 

and small-angle X-ray scattering 

Ab initio SAXS reconstructions of C. elegans Spastin (MIT + 
AAA; residues 15–452, ATP-hydrolysis-deficient E278Q 
mutant). Shown is a fit of a Spastin hexameric ring in the  
Ribbon representation model of the crystal structure into the 
SAXS reconstruction with axial view. N-terminal helix/loop, 
magenta; NBD (light green), nucleotide binding domain; 
HBD (dark green), four-helix bundle domain; C-terminal 
helix (blue). The pore in the center is thought to be able to 
pull the C-terminal tail of tubulin and generate breaks in the 
microtubules. 

Source: Roll-Mecack and Vale, 2008 
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to which the longest axons of all – those of the CSMNs – seem to be most vulnerable 

(reviewed in McDermott, Burness et al. 2006, Blackstone 2012, Fink 2013). 

4.4 Human induced pluripotent stem cell (hiPSC) technology 

4.4.1 Historical achievements paved the road to induced pluripotency 

A long lasting dogma in biology was the irreversible commitment of differentiated cells to a 

certain cell fate. A theory published in 1885 in Jena by the German biologist August 

Weismann was probably one of the founding concepts leading to that dogma. He suggested, 

that qualitative divisions among daughter cells segregated subsets of heritable material to 

specify their unique traits (Weismann 1885). Later, after it had become clear that genes are 

responsible for the inheritance of traits and that the chromosomes in the nuclei of cells are the 

“home” of these genes, Briggs and King performed experiments, that were contradicting 

Weismann’s assumptions (Briggs and King 1952). They invented a technique now known as 

somatic cell nuclear transfer (SCNT). In brief, SCNT describes the process of taking the 

nucleus of a somatic cell and introduce it in to an enucleated zygote and thereby to test the 

ability of the somatic cell nucleus to form a whole embryo. Briggs and King were able to 

show that nuclei of cells from the blastula stage of a frog embryo (Rana pipiens) could 

reconstruct zygotes producing a viable, swimming tadpole in approximately one third of 

attempts. Interestingly, it was exactly this same technique performed by Gurdon over a decade 

later, which helped him to establish that normal development of a whole Xenopus laevis frog 

could even be achieved by transfer of nuclei from fully differentiated intestinal cells of 

feeding-stage larvae (Gurdon and Uehlinger 1966). These remarkable experiments established 

that at least some highly differentiated cells retained all relevant autonomous information, and 

discarding of nuclear material would not be necessary for cell specialization. Gurdon’s 

profound contribution represents the foundation of our current assumptions of nuclear 

equivalence. Successful SCNT in the amphibian led to widespread attempts in other 

organisms to produce genetically identical animals through nuclear transplantation, a process 

notoriously known in public as “cloning”. Eventually in 1996, Campbell and Wilmut 

succeeded in deriving two cloned sheep from a differentiated cell line established from a 9-

day-old embryo, and a year later they achieved worldwide acclaim by successfully deriving a 

single sheep, named ‘‘Dolly’’, from the mammary cells of an adult ewe (Campbell, McWhir 

et al. 1996, Wilmut, Schnieke et al. 1997). 
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Just one year after Dolly, another groundbreaking achievement was introduced. A group from 

the University of Wisconsin, USA, successfully established human embryonic stem cell 

(hESCs) lines in culture (Thomson, Itskovitz-Eldor et al. 1998). HESCs are pluripotent stem 

cells derived from the inner cell mass of the blastocyst, which are able to generate progeny of 

all three germ layers (Thomson, Itskovitz-Eldor et al. 1998). Scientists around the world 

recognized them as a great tool to study human developmental biology and as a potential 

source for medical therapies. Now, human cell types which are usually not applicable to gain 

from biopsies (e.g. neurons) could be differentiated from hESCs and these cells could be used 

to study various aspects of cellular functions (e.g. axonal transport) or be used for compound 

screening assays. Moreover, hESCs might even be a source for cell replacement therapies and 

two such clinical trials are being pursued by Advanced Cell Technologies (ATC), USA, to 

date. In both clinical studies ATC is evaluating the safety and tolerability of subretinal 

transplantation of hESC-derived retinal pigment epithelium in patients with Stargardt's 

macular dystrophy and dry age-related macular degeneration (Schwartz, Hubschman et al. 

2012). However, ethical concerns about using human cells derived from a fertilized egg 

(embryo) and the public fear of “cloning” humans, just as Dolly, hampered progress in the 

advancement of hESC research. In addition, transplant rejections by the host tissue and the 

possibility of tumor formations after transplantation of hESC-derived cell progeny into 

patients is a great concern. Therefore, the idea of generating patient specific stem cells derived 

from adult somatic cells was put forward. 

However, how to convert a whole somatic cell back into an embryonic stem cell like state was 

an unanswered question scientists struggled with. Previous work by Davis and colleagues had 

shown that the transfection of a single transcriptional regulator, namely MyoD, was able to 

transdifferentiate fibroblasts into myoblasts (Davis, Weintraub et al. 1987). This inspired 

Shinya Yamanaka and Kazutoshi Takahashi to test a battery of 24 different transcriptional 

regulators associated with pluripotent cells in their potency to induce an embryonic stem cell-

like state in mouse embryonic fibroblasts (Takahashi and Yamanaka 2006). They were 

successful in their endeavor and could limit their “cocktail” of regulators down to the four, 

now famous Yamanaka factors: Octamer-binding transcription factor 4 (Oct4; also known as 

Pou domain class 5 transcription factor 1, POU5F1), Sex determining region Y box 2 (Sox2), 

Krueppel-like factor 4 (Klf4), and v-Myc avian myelocytomatosis viral oncogene homolog (c-

Myc), which alone are sufficient to revert a somatic cell to its latent embryonic potential 

(Takahashi and Yamanaka 2006). This process is now widely known as the reprogramming of 

somatic cells into iPSCs. Just a year later, the same group of scientists proved that the 
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identical core factors are able to reprogram human adult fibroblasts into hiPSCs (Takahashi, 

Tanabe et al. 2007). A new era was born. 

In 2012 the Swedish Academy recognized Sir John Gurdon of the United Kingdom and 

Shinya Yamanaka of Japan with the Nobel Prize for their demonstration that differentiated 

somatic cells can be reprogrammed to an embryonic state. Their momentous contributions 

have fundamentally shaped our understanding of cellular differentiation and dedifferentiation, 

ushered in powerful opportunities for modeling human diseases in vitro, and brought 

personalized cellular and genetic therapies closer to reality. Their work has taught us to accept 

that cells are plastic and can be engineered as tools for research (reviewed in Daley 2012). 

4.4.2 Generation and characterization of hiPSCs 

Soon after the initial description of the generation of iPSCs, a burst of reports presented 

alternative combinations of transcription factors including Nanog homeobox (Nanog), Lin28, 

Estrogen-related receptor beta (Esrrb), or Nuclear receptor subfamily 5, group A, member 2 

(Nr5a2) being able to reprogram somatic cells (Yu, Vodyanik et al. 2007, Feng, Jiang et al. 

2009, Heng, Feng et al. 2010). Furthermore, the feasibility to reprogram other types of 

somatic cells as diverse as keratinocytes, stomach cells, pancreatic beta cells, B lymphocytes, 

and T cells was shown (Aasen, Raya et al. 2008, Aoi, Yae et al. 2008, Hanna, Markoulaki et 

al. 2008, Stadtfeld, Brennand et al. 2008, Loh, Hartung et al. 2010). In parallel, many groups 

focused on changing the delivery method of the reprogramming factors (see Table 3). First 

protocols used lentiviral instead of retroviral approaches, inducible or excisable lentiviral 

constructs, or transposons (Yu, Vodyanik et al. 2007, Maherali, Ahfeldt et al. 2008, Woltjen, 

Michael et al. 2009, Somers, Jean et al. 2010). Eventually, there was an enormous effort to 

generate “safer” iPSCs, not harboring integrated transgenes, which are thought to have a 

reduced risk of generating tumors when transplanted into patients. This led to numerous 

publications using non-integrating viruses, proteins, mRNAs, micro RNAs, or even 

reprogramming only using chemical compounds (Okita, Nakagawa et al. 2008, Stadtfeld, 

Nagaya et al. 2008, Kim, Kim et al. 2009, Zhou, Wu et al. 2009, Warren, Manos et al. 2010, 

Miyoshi, Ishii et al. 2011, Hou, Li et al. 2013). However, these non-integrating approaches 

usually come with the set back of reduced efficiency of an already rather low efficient 

procedure at 0.1-1% conversion rate, when using the classical retroviral method (reviewed in 

Robinton and Daley 2012). The general mechanism to generate iPSCs is to jumpstart the 

endogenous pluripotency network in individual somatic cells using one of the above 
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mentioned methods. It is believed, that the pluripotency machinery is self-regulating in stem 

cells to maintain the pluripotent state (Young 2011). Jump starting the machinery in somatic 

cells by introducing reprogramming factors can therefore lead to the establishment of a stem 

cell-like state (Takahashi and Yamanaka 2006, Takahashi, Tanabe et al. 2007). 

As the reprogramming efficiency is low, it can be a daunting challenge to successfully isolate 

reprogrammed cells from those that are incompletely reprogrammed or even transformed. 

Therefore, it is important to be able to identify and characterize bona fide hiPSCs. Typically, 

Table 3: Methods for reprogramming somatic cells to iPSCs 

*OSKM and similar factor names represent combinations of reprogramming factors: K, KLF4; L, LIN28; M, c-
MYC; N, NANOG; O, OCT4; S, SOX2; and VPA, valproic acid. 

Adapted from: Robinton and Daley, 2012 
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hiPSCs resemble hESCs very closely. HESCs/and hiPSCs have a high nucleus to cytoplasm 

ratio, and grow in very dense, flat colonies with rather smooth, round boarders (see Figure 5). 

Apart from morphological features, the 

criteria to define the pluripotency of 

hiPSCs are the expression of endogenous 

pluripotency associated markers like 

Nanog, Oct4, Tra1-60, Tra1-81, Lin28, 

and Telomerase (Thomson, Itskovitz-

Eldor et al. 1998, Takahashi, Tanabe et al. 

2007). In addition, hiPSCs must show the 

capability to contribute to progeny of the 

three embryonic germ layers ectoderm, 

mesoderm, and endoderm by either in vivo 

teratoma assays in immuno-deficient mice 

or in vitro differentiation assays 

(Takahashi, Tanabe et al. 2007, Robinton 

and Daley 2012). After passing all these 

criteria, general problems inherent to all in vitro culture experiments can still lead to the 

exclusion of a hiPSC clone for research purposes. Particularly, the accumulation of mutations, 

epigenetic alterations, or chromosomal aneuploidies can be frequently acquired during in vitro 

cultivation of hiPSCs (Gore, Li et al. 2011, Hussein, Batada et al. 2011, Lister, Pelizzola et al. 

2011). A recent study by “The International Stem Cell Initiative” pointed out that on average 

34% of hESC/ hiPSC clones had acquired chromosomal abnormalities during culture (Amps, 

Andrews et al. 2011). As a consequence, laboratories working with stem cells need to 

routinely check the cells’ karyotypes by G-banding to investigate if translocations or large 

deletions/duplications have occurred. Array-based comparative genomic hybridization assays 

can be utilized to detect copy number variations (CNVs) allowing increased resolution to 

detect deletions/duplications as low as 100 kilobases (Martins-Taylor and Xu 2012). 

Alternatively, single-nucleotide polymorphism-based microarrays may be chosen to detect 

both CNVs and loss of heterozygosity (Martins-Taylor and Xu 2012). 

Very recently, a completely new approach to generate pluripotent stem cells was reported, 

termed stimulus-triggered acquisition of pluripotency (STAP), which requires neither nuclear 

transfer nor the introduction of transcription factors (Obokata, Sasai et al. 2014, Obokata, 

 

Figure 5: Morphology of hiPSCs 

Phase contrast image of a hiPSC clone grown on 
Matrigel. Cells grow in dense, flat colonies with smooth 
boarders. Scale bar 50 µm. 
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Wakayama et al. 2014). In STAP, strong external stimuli such as a transient low-pH stressor 

reprogrammed mammalian somatic cells, resulting in the generation of pluripotent cells. 

Surprisingly, under specific culture conditions STAP cells were reported to contribute to both 

embryonic and placental tissues, unlike ESCs, indicating that they have a unique state of 

pluripotency. However, shortly after publication of the two studies, scientists have uncovered 

problems with the papers. The most serious problems have included irreproducibility, and 

manipulation of some figures. Consequently, four investigations were launched by the 

institutions involved in the study (Riken Center, Japan, and Harvard, USA), Nature journal, 

and the university that approved the PhD thesis of first author Haruko Obokata, Waseda (see 

Nature News, doi:10.1038/nature.2014.14946). So far, the publications have not been 

retracted (status 30.03.2014). 

4.4.3 Addressing the nature of induced pluripotent stem cells 

Although iPSCs are morphologically indistinguishable from hESCs and have re-established 

pluripotency similar to hESCs, a lot of investigations in recent years sought out to identify, 

how similar those two types of cells really are. Disparities were first observed in the 

differentiation abilities of iPSCs and ESCs in in vitro differentiation assays. Some hiPSCs 

showed a lesser propensity to differentiate along haematopoietic, neuroepithelial and neuronal 

lineages than hESCs. This suggested there might be some epigenetic differences in some 

hiPSCs, hampering their differentiation (Feng, Lu et al. 2010, Hu, Weick et al. 2010). In line 

with these findings, three studies have shown that iPSCs can differentiate back to their 

original cell type with a higher efficiency than to alternate fates (Kim, Doi et al. 2010, 

Stadtfeld, Apostolou et al. 2010, Bar-Nur, Russ et al. 2011). Looking for an explanation, these 

authors analyzed the epigenome of the reprogrammed iPSCs and discovered that they were 

prone for retention of a subset of methylation signatures characteristic of the cell type of 

origin. These data provided evidence for a lack of complete reprogramming of the epigenetic 

state of the genome in iPSCs. During spontaneous differentiation assays, this would favor re-

establishing core transcription factor networks or master regulators, typical for the cell type of 

origin. On a positive note, this phenomenon might be used to take advantage of, if one needs 

to generate cells of a fate that is rather difficult to differentiate using in vitro assays (reviewed 

in Daley 2012). 

Nevertheless, the open question remaining from these studies was to which extent this 

retained “methylome” would hamper directed differentiation into specific cell types? This 
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issue was addressed in a study that compared the differentiation ability of 16 hiPSC and 6 

hESC lines to generate spinal motor neurons under defined conditions (Boulting, Kiskinis et 

al. 2011). Three out of the 16 iPSC clones tested did not yield motor neurons under standard 

differentiation conditions despite expressing a normal pluripotency marker profile. 

Nevertheless, these poorly performing clones could be “rescued” simply by using a stronger 

neural induction stimulus using chemical inhibitors of alternate cell fates (known as the dual 

SMAD inhibition protocol; Chambers, Fasano et al. 2009, Boulting, Kiskinis et al. 2011). 

Notably, the reproducibility of each line to generate similar amounts of motor neurons in 

consecutive experiments was remarkably high and a comparison of the motor neuron yield 

between hESC and hiPSC lines showed no significant difference (Boulting, Kiskinis et al. 

2011). 

In conclusion, hiPSCs are not identical to hESCs, but can still be used as an alternative source 

for pluripotent cells in most applications. It is important to note that, in contrast to a long-

standing belief, different ESC lines themselves have considerable epigenetic heterogeneity 

and differing propensities for differentiation, much like those found in iPSCs (Osafune, Caron 

et al. 2008, Martinez, Bena et al. 2012). Instead of assuming iPSCs are different from ESCs, 

there is rather an emerging consensus that iPSCs and ESCs are neither identical nor distinct 

populations. Instead, they are overlapping, with greater variability inherent within each 

population than between the populations (reviewed in Robinton and Daley 2012). 

4.4.4 Disease modeling using human pluripotent stem cells 

Animal models of genetic diseases had an enormous impact on our current knowledge of 

human diseases. Biological systems that allow an analysis of the whole organism have 

traditionally been considered more informative than cell-based in vitro approaches in 

modeling human disease. Mice can be manipulated genetically, analyzed anatomically, 

physiologically, and behaviorally. Furthermore, mice combine the advantage of being 

phylogenetically close to humans with that of being free of both the costs of large-animal 

models and the additional ethical concerns when using primates. However, these advantages 

can be offset by species-specific differences between mice and humans in their biochemical, 

physiological and anatomical characteristics. These differences can be already seen on the 

level of the genome sequence, and how the genetic regulatory machinery of both species has 

diverged considerably over time (Odom, Dowell et al. 2007). In other words, mice are not 

human, and these species-specific differences likely contribute to the high failure rate of drug 
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tests in late phase clinical trials (reviewed in Lowenstein and Castro 2009). Moreover, many 

mouse models of human disease created by disrupting the gene underlying the disorder do not 

reliably reproduce the human phenotypes, or at least not the whole spectrum of phenotypes. 

For example, mice with the mutation in the gene causing cystic fibrosis in humans die from 

intestinal blockage before any respiratory symptoms become evident (reviewed in Wilson 

1996). Also, the mouse model of the severe combined immunodeficiency syndrome caused by 

deficiency of Adenosine deaminase shows several developmental phenotypes but not the 

characteristic T cell-mediated failure of the immune system observed in human patients 

(reviewed in Wilson 1996). 

However, human tissues other than blood are usually unavailable in sufficient amounts for 

research, and specifically disorders of the central nervous system usually cannot be studied by 

taking biopsies from the brain of a living patient. In light of this, the derivation of patient 

specific hiPSCs opens new avenues to model and study human diseases in the specific human 

cell types affected by that disease. Soon after the initial report of the generation of hiPSCs by 

Takahashi and Yamanaka, another group reported in a proof of principle study the first 

successful derivation of patient specific hiPSCs (Park, Arora et al. 2008). The study by Park et 

al. achieved the generation of multiple diseases related hiPSCs. However, Kevin Eggan’s 

group was the first to show that hiPSCs from an ALS patient were able to differentiate into 

neurons and astrocytes, the two main cell types thought to be affected in ALS (Dimos, 

Rodolfa et al. 2008, Park, Arora et al. 2008). And finally, in 2009, the first study reporting 

neurological disease related phenotypes in hiPSC-derived cells were published (Ebert, Yu et 

al. 2009). This study generated hiPSCs from an individual affected with spinal muscular 

atrophy (SMA), differentiated them into neurons and found a selective reduction in the 

number of motor neurons over time, reproducing what is seen in individuals with SMA. Since 

then, numerous groups have revealed disease-specific phenotypes in models based on hiPSC 

technology. Among the diseases investigated were those of neuropsychological conditions, 

peripheral neuropathies, cardiac syndromes, and premature aging, to mention just a few (Lee, 

Papapetrou et al. 2009, Marchetto, Carromeu et al. 2010, Moretti, Bellin et al. 2010, 

Brennand, Simone et al. 2011, Liu, Barkho et al. 2011). Those studies proofed the concept of 

successful disease modelling using patient-specific hiPSCs. Once a model is established, it 

might be used to help decipher the molecular pathological mechanisms initiating the disease. 

Moreover, it might be used as a platform for pre-clinical compound screens with the goal to 

discover new drug candidates for disease treatment. Lorenz Studer’s group was one of the 

first to take advantage of hiPSC technology for compound screens, after they had established 
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a model for familial dysautonomia (FD), a disease causing peripheral neuropathy (Lee, 

Papapetrou et al. 2009, Lee, Ramirez et al. 2012). They tested 6,912 small-molecule 

compounds and were able to characterize eight that rescued expression of IKBKAP, the gene 

responsible for FD (Lee, Ramirez et al. 2012). 

Considering the profound advances in the field of hiPSC technology within the past 7 years 

since its discovery, the possibilities seem endless for the use of hiPSCs in studying principal 

mechanisms of human development, disease, and the hope for drug discovery and cell 

replacement therapy. Scientists have begun to produce iPSC-derived 3D models of specialized 

tissues, called organoids, which have key features of their in vivo counterparts. For example, 

stem cell-derived optic cups may be used to study the development of the eye, ESC-derived 

intestinal tissues might be used to investigate microbe-host interactions and even cerebral 

organoids called “mini brains” have been used to model the complex neurodevelopmental 

disorder microcephaly, causing abnormal growth of the brain (Sato, Vries et al. 2009, Eiraku, 

Takata et al. 2011, Nakano, Ando et al. 2012, Lancaster, Renner et al. 2013, Sasai 2013). 

All these technological advances in stem cell biology are paralleled by tremendous progress in 

other fields of research. Human genome analyses have been revolutionized using high 

throughput, large scale sequencing possibilities (e.g. next generation sequencing), helping to 

identify genes or networks of genes that are causative for disease manifestation. The 

development of faster computers and new algorithms propelled bioinformatics generating new 

insights into the “omics”-fields (genomics, proteomics, lipidomics, and metabolomics) 

allowing us to generate and investigate network associations. Scientists around the world are 

now using these technological advances to help identify new therapeutic strategies for 

patients, sparking hope for many suffering by as yet untreatable conditions, and thereby 

helping shape the era of the “next generation medicine". 

4.5 Hypothesis of the thesis 

Partly due to a lack of reliable preclinical models, currently, no curative therapies are 

available for MNDs. Enormous advances are expected from human stem cell derived models 

for understanding mechanisms relevant to MNDs and for the development of therapies 

(reviewed in Marchetto, Winner et al. 2010, Robinton and Daley 2012). Previous studies 

successfully generated hiPSC-based models of MNDs with lower MN involvement (Ebert, Yu 
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et al. 2009, Mitne-Neto, Machado-Costa et al. 2011). However, hiPSCs-based models of 

MNDs with primary CSMN involvement are lacking. 

The aim of this study was to generate the first human in vitro model of neuronal pathology 

associated to CSMN degeneration, such as seen in HSP. Mutations in the gene SPG4 are the 

most frequent cause for autosomal dominant HSP. Therefore, we sought to generate hiPSCs 

from patients and age matched controls, and to derive cortical neurons from these hiPSCs. 

The hypothesis of this thesis was that a lack of Spastin in SPG4 patient-derived neurons 

would be causative for the development of axon maintenance defects and induce an 

axonopathy such as possibly seen in patients. 

 

Fibroblasts from two SPG4 patients and two age-matched controls were provided from the 

Department of Molecular Neurology (Prof. Jürgen Winkler). The first aim was to generate at 

least two hiPSC lines from each fibroblast line. This is achieved by infecting the fibroblasts 

with four retroviruses encoding the classical Yamanaka reprogramming factors (Oct-4, Klf-4, 

Sox-2, and c-Myc). Successfully reprogrammed hiPSCs are clonally expanded and 

characterized for the expression of pluripotency markers and the maintenance of a stable 

karyotype. In addition, the presence of the SPG4 mutation in patient hiPSCs must be 

confirmed. 

Aim 1: Generation and characterization of hiPSCs 

To generate a suitable cell type for modeling HSP, the hiPSCs are differentiated into cortical 

neuronal cells. These neuronal cells need to be characterized for the expression of bona-fide 

neuronal cell markers. For this, it is important to analyze the expression of neuronal-specific 

proteins and demonstrate that the cells have a neuron-typical morphology. In addition, 

proving electrical activity of the neurons and the ability to form synapses is required. 

Aim 2: Neuronal differentiation of hiPSCs 

In order to reveal Spastin expression patterns in different human cell types, Western blot 

analyses are applied to all cell types generated. First, expression of the various isoforms in 

different cell types is compared. This will reveal, if the differential expression of Spastin 

isoforms resembles those described for rodent tissues (

Aim 3: Analyzing the expression of Spastin isoforms 

Claudiani, Riano et al. 2005). 

Furthermore, expression levels of total Spastin amount will be compared between patient and 

control samples to analyze if the mutation causes a loss of Spastin protein. 
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To identify phenotypes in SPG4 neurons, extensive morphological and biochemical analyses 

are required. In particular, neurite morphology (length and arborization) and neurite integrity 

are investigated. These aspects are specifically important, as they have been described to be 

altered in animal models of SPG4 (

Aim 4: Revealing HSP related pathological phenotypes in SPG4 neurons 

Tarrade, Fassier et al. 2006, Wood, Landers et al. 2006, 

Kasher, De Vos et al. 2009, Stone, Rao et al. 2012). 

If phenotypes in SPG4 neurons can be revealed, it is necessary to associate those phenotypes 

with altered Spastin function or Spastin expression level. Therefore, it is important to analyze 

if Spastin overexpression can revert the specific disease phenotypes in patient neurons. To 

achieve this, lentiviral overexpression constructs of Spastin will be generated, packaged in 

virus particles and delivered to patient neurons. 

Aim 5: Reverting the identified SPG4 phenotypes in patient neurons 
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5 Materials and Methods 

5.1 Materials 

All chemicals, solutions, enzymes, kits, antibodies, culture media, electrical devices and 

disposables are listed in tables 8-17 in the supplementary information section. 

5.1.1 Human post mortem tissue 

Human post mortem tissue of the parietal lobe and thoracic spinal cord were obtained from a 

female, 60y/o subject. Post mortem duration was 14.5 hours (HB_66881, Brain Net, Center 

for Neuropathology, LMU Munich, Germany). The subject had no previous history of 

neurologic disease and unremarkable neuropathologic findings on post mortem brain and 

spinal cord examination (Braak&Braak 1, CERAD 0, no synuclein, no TDP-43). The reason 

for death was septic multi organ failure due to pneumonia. Samples were shipped on dry ice 

and stored at -80°C. 

5.1.2 Plasmids 

Retroviral plasmids for human Klf4, c-Myc, Oct4, and Sox2 were obtained from Addgene 

(Cambridge, USA). pCMV-VSVG, pCMV-GP, pCMV-MDL, pCMV-RevRSV, and pCAG-

IRES-GFP were a kind gift from Prof. I. Verma, Salk Institute for Biological Studies, La Jolla, 

USA. The pCMV6-Entry-SPAST(M1) vector was obtained from Origene (Rockville, USA). 

Lentiviral expression plasmids of M1, M87, M1-R562X, and M87-R562X were cloned as 

described in the methods section. 
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5.2 Methods 

5.2.1 Cell culture 

5.2.1.1 Patient information and fibroblast derivation 

The patients included (n = 2) were Caucasians with prototypical characteristics of spastic 

paraplegia and genetically confirmed heterozygous mutations at position c.1684C>T/ 

p.R562X in SPAST (Center for Human Genetics, University of Regensburg). The age-matched 

controls (n = 2) were healthy Caucasian individuals with no history of movement disorder or 

neurologic disease. The detailed clinical characteristics are summarized in Table 4. The 

human fibroblasts were obtained from dermal punch biopsies from of the upper arm following 

Institutional Review Board approval (Nr. 4120: Generierung von humanen neuronalen 

Modellen bei neurodegenerativen Erkrankungen) and informed consent of the participants at 

the movement disorder clinic of the Department of Molecular Neurology, 

Universitätsklinikum Erlangen (Prof. Jürgen Winkler). Fibroblasts were cultured in fibroblast 

medium and passaged using TrypLE as previously described (Park, Lerou et al. 2008). 

Table 4: Clinical characteristics of the included subjects 

Subject Sex Onset age/ 

Exam. age 

SPRS 

(max 52) 

L.o.D Barthel 

Index 

MMSE 

(30) 

MRI 

(brain/spinal) 

SPG4-1 F 36/51 23 3 100 30 normal/normal 

SPG4-2 F 32/48 18 3 100 30 n.d./n.d. 

Ctrl-1 M -/53 0 0 100 30 n.d./normal 

Ctrl-2 F -/46 0 0 100 30 n.d./normal 

Abreviations: Ctrl, control; Exam., examination; F, female; L.o.D., landmark of disability; M, male; MMSE, 

Mini-Mental State Examination; MRI, magnetic resonance imaging; n.d., not done; SPRS, Spastic Paraplegia 

Rating Scale 
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5.2.1.2 HiPSC derivation 

Low passage fibroblasts seeded in a 6-well plate in fibroblast medium were infected twice 

daily for two consecutive days with equal amounts of supernatants of Sox2, Klf4 and c-Myc -

containing retrovirus and three times the amount of Oct3/4 by spinfection (800 g for 60 min; 4 

µg/µL Polybrene) (Takahashi, Okita et al. 2007, Takahashi, Tanabe et al. 2007). One day post 

infection, fibroblasts were detached using TrypLE and cultured with hESC medium on a 

feeder layer of irradiated mouse embryonic fibroblasts (Millipore). HESC medium was 

changed every other day. HiPSC colonies started to appear around day 12 post infection and 

were manually isolated under a stereo microscope (Olympus) and transferred to feeder-free 

conditions on 24-well plates coated with 0.5 mg Matrigel in mTeSR1 medium. HiPSCs were 

expanded clonally and passaged every 7-8 days with Collagenase IV (200 U/ml), and a 

manual disintegration using 1 ml glass pipets. A schematic representation of the 

reprogramming paradigm is shown in Figure 6. 

 

Figure 6: Reprogramming and expansion paradigm 

Schematic represtation of the reprogramming and expansion paradigm for the generation of hiPSCs. Fibroblasts 
were infected with retroviral supernatants encoding Oct-4, Klf-4, Sox-2 and c-Myc twice daily for two days prior 
to cultivation conditions as indicated. Fibroblasts are a morphological elongated cells and have a small 
nucleus:cytoplasm ratio as shown in the lower left image. HiPSCs grow in dense, flat colonies with a smooth, 
round boarder, and individual cells have a high nucleus:cytoplasm ratio. 
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5.2.1.3 Neuronal and spontaneous differentiation 

Embryoid bodies (EBs) were generated by transferring hiPSCs to ultra-low attachment plates 

in mTeSR1 (Stemcell Technologies). For directed neuronal differentiation, the EB colonies 

were maintained in suspension in N2/B27 medium from day 2 – 7 and then plated onto 

polyornithine (PORN)/laminin coated plates. Visible rosettes formed within 1 week and were 

manually dissected under a stereo microscope and cultured in NPC medium to form 

proliferative neural precursor cell (NPC) lines. NPCs were maintained at high density, grown 

on PORN/laminin-coated plates, and split approximately 1:3 every 5–10 days with TrypLE. 

Terminal differentiation of NPCs was initiated in differentiation medium at a density of 

approximately 40,000 cells/cm2

For spontaneous undirected differentiation, hiPSCs were differentiated to form progeny of all 

three germ layers by forming EBs in HEK or fibroblast medium. After 2 weeks, EBs were 

manually disrupted by pipetting and cultured for 1-3 weeks on 0.1% gelatin coated plates (for 

RNA isolation) or PORN/laminin coated glass coverslips (for immunofluorescence staining). 

 on PORN/laminin-coated plates, or glass coverslips. Neurons 

were cultured under these conditions for 4-8 weeks with a half medium change every week.  

5.2.1.4 Neurite length, branching points, and primary neurite measurements 

Neuronal cultures were grown in 24-well plates with glass coverslips for 27 days and then 

transfected with pEF1-dTomato using Lipofectamine 2000. The ratio of transfection reagent 

to DNA was 1:2 (1.5 µg DNA and 3 µl Lipofectamine 2000 per well). Cells were fixed 24–48 

hours post transfection, immunostained and then detailed overview images were taken using 

Mosaix software (Zeiss) and a 40x objective on the Observer.Z1 fluorescence microscope 

(Zeiss). Tracings of individual cells were performed semi-automatically using the NeuronJ 

plugin for ImageJ. A minimum of 21 cells per line with a total of 96 patient cells and 116 

control cells from 4-6 wells were analyzed to estimate average neurite length, number of 

branching points and number of primary neurites per cell line. 

5.2.1.5 Virus production 

Retro- and lentivirus was packaged in human embryonic kidney (HEK) 293T cells grown in 

HEK medium. Per 15-cm plate, the following solution was prepared: 4.6 µg CMV-VSVG, 9.2 

µg CMV-gp, and 13.8 µg retroviral target construct DNA. For the Lentiviral plasmids 
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(pCAG-SPAST(M1/or M87)-IRES-GFP and pEF1α-IRES-GFP) the following solution was 

prepared: 8.1 µg CMV-MDL, 3.1 µg CMV-RevRSV, 4.1 µg CMV-VSVG, and 12.2 µg target 

construct. Medium was changed after 6 hours. Viral supernatants were harvested 48 and 62 

hours post transfection, filtered through a 0.45-mm SteriCup and stored at -80°C. 

5.2.1.6 Karyotyping 

Standard G-banding chromosome analysis was performed by Cell Line Genetics (Madison, 

USA) or at the Centre for Human Genetics, Regensburg, Germany. 

5.2.1.7 Spastin and GFP overexpression 

Human SPAST (M1 or M87 isoform), including a C-terminal myc/flag tag were overexpressed 

via lentiviral transduction. Neuronal cultures were seeded on PORN/laminin-coated glass 

coverslips in 24-well plates at a density of 40,000–50,000 cells/cm2 in neuronal 

differentiation medium. After 48 hours, cells were infected with SPAST or empty GFP control 

lenitvirus at an MOI (multiplicity of infection) of 0.25 – 0.5. Neuronal cultures were allowed 

to differentiate for 27 days after seeding, then transfected with pEF1-dTomato and fixed 24 

hours thereafter. Infected cells were highlighted with anti-GFP staining. Ten to 16 cells per 

line from 4-6 wells were analyzed for the control lines Ctrl-111, and Ctrl-212, and all four 

SPG4 lines. 

5.2.1.8 Cell death analyses 

All control and SPG4 neuronal cultures were differentiated for 4 weeks and then either 

utilized for viability assays or cleaved Caspase3 assays as follows. For viability assays, the 

cells were incubated for 30 min at 37°C with Image-iT DEAD Green viability stain prior to 

PFA (4%) fixation and immunofluorescence staining. Image-iT DEAD Green solution was 

prepared as recommended by the producer. For cleaved Caspase3 (cl-Cas3) assays, cells were 

fixed in PFA (4%), washed, incubated in acidic acid: Ethanol (1:2, v:v) for 5 min at -20°C, 

washed, and then used for immunofluorescence staining. In both assays, the cells were stained 

with TuJ-1 (to identify neuronal cells) and DAPI (to visualize all cells present). Three random 

images per well (triplicate wells per cell line) were acquired and cell death was estimated by 

counting manually cl-Cas3+/or Image-iT DEAD Green+ cells over total DAPI+ or TuJ-1+ cells. 
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5.2.1.9 Axonal transport measurements 

Axonal transport was analyzed in neurons of two control (Ctrl-121 and -211) and two 

SPG4lines (SPG4-121 and -211) cultured in microfluidic chambers to allow directed and 

parallel growth of axons, and identification of transport directions (Taylor, Rhee et al. 2006). 

Microfluidic chambers were prepared according to the manufacturer’s instructions. The 

microfluidic chambers were assembled and coated with PORN/laminin in DMEM/F12 

overnight at 37°C. 80,000 NPCs and 20,000 human astrocytes were seeded on the soma side. 

In addition 20,000 human astrocytes were plated to the axonal side of each microfluidic 

chamber. Cells were cultured in neuronal differentiation medium containing 2% FBS. 

Mitochondria were visualized by overexpression of Mito-DsRed after lentiviral infection of 

the soma side at an MOI of 1 two days post seeding NPCs. The medium was replaced 48 

hours post infection. Live-cell imaging was performed on axons in the microgroove area of 

the microfluidic chambers at stable temperature and balanced CO2

5.2.1.10 Soma size measurements 

 conditions using a Nikon 

Eclipse Ti inverted microscope equipped with an EMCCD camera (model DU-885, Andor) 

and a NIS-Elements AR 3.2 software (Nikon). For live-cell imaging, the culture media was 

replaced by the live cell imaging buffer with an osmolarity equal to the osmolarity of the 

culture media (309 mmol/kg). Time-lapse recording conditions were setup as 1 frame per 

second with a total duration time of 10 minutes. At least 20 neurites per line were recorded 

and analyzed. Time-lapse recordings were analyzed by creating kymographs from single 

neurites to measure the time and displacement length of mitochondria using ImageJ 1.47f 

Software and Multiple Kymograph plugin. Mitochondria transport parameters (speed and 

transport direction) were obtained from single tracks of moving events on the kymographs 

and the number of moving versus stationary events per neurite were calculated. The 

thresholds for transport events in either anterograde or retrograde direction were considered at 

a minimum displacement length of ≥ 5 µm and if the mitochondria were tractable for a 

minimum of 3.5 min (1/3 of total imaging length). All time-lapse microscopy experiments and 

video evaluations were performed by Dr. Iryna Prots, IZKF Junior Research Group 3/BMBF 

Research Group Neurosciences, University of Erlangen-Nuernberg. 

Four weeks differentiated neurons were fixed, stained for TuJ-1 and imaged with a 20x 

objective. Nine images per line were randomly taken from triplicates. Somas were outlined 
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manually in ImageJ and the surface area (= soma size) calculated. A minimum of 100 cells per 

line from two experiments were analyzed and used to estimate the average soma size. 

5.2.1.11 Electrophysiology 

Neurons were differentiated for 6-8 weeks in differentiation medium on glass coverslips. 

Whole-cell patch clamp recordings were performed at RT using an EPC 10 amplifier (HEKA 

electronics) in artificial cerebrospinal fluid bubbled with 95% O2 5% CO2 (in mM: 125 NaCl, 

3 KCl, 1 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, and 10 d-glucose, pH 7.4). The 

internal solution contained (in mM): 4 NaCl, 135 K-gluconate, 3 MgCl2, 5 EGTA, 5 HEPES, 

2 Na2-ATP, and 0.3 Na3

5.2.2 Molecular biology 

-GTP (pH 7.25). Electrophysiological experiments were carried out in 

collaboration with the lab of Prof. Angelika Lampert, Institute for Physiology and 

Pathophysiology, University of Erlangen-Nuernberg/RTWH Aachen. 

5.2.2.1 Plasmid cloning 

The lentiviral pCAG-SPAST(M1)-IRES-GFP plasmid was generated by cloning the full 

length SPAST cDNA sequence from the pCMV6-Entry-SPAST(M1) vector into the pCAG-

IRES-GFP vector using the In-Fusion HD Cloning (Life Technologies) system. All other 

SPAST isoforms were generated by PCR amplification of the respective cDNA sequence using 

primers with NotI and PmeI restriction site overhangs from the pCAG-SPAST(M1)-IRES-

GFP template. Expression constructs were cloned by replacing SPAST(M1) via NotI/PmeI 

double digestion, subsequent gel purification of inserts and vector backbones, and ligation 

using T4 DNA Ligase according to recommended protocols by the producer. Insert:vector 

ratio during ligation was approximately 3:1. Constructs were transformed into 

chemocompetent bacterial strains. Positive clones were identified via restriction digestions 

and Western blotting after transfection into HEK 293T cells. 

5.2.2.2 Transformation of competent bacteria 

Top10 chemocompetent E. coli were thawed on ice for 10 minutes. 1-5 μl plasmid DNA 

containing 1 pg-100 ng DNA was added to the cell mixture and carefully flicked 4-5 times to 

mix cells and DNA. After incubating on ice for 30 min the mixture was heat shocked at 42°C 
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for exactly 60 seconds in a Thermomixer. Cells were chilled on ice for 2 min and then 250 μl 

of RT SOC medium was added to the mixture. The bacteria were incubated at 37°C for 60 

min (900 rpm, Thermomixer) and then 80-100 μl of the bacterial suspension was spread onto 

a pre-warmed agar selection plate and incubated overnight at 37°C. Single colonies were 

picked, transferred into 3.5 ml of LB medium including the appropriate antibiotic selection 

supplement and incubated overnight at 37°C prior to plasmid DNA isolation. 

5.2.2.3 Plasmid isolation 

For plasmid isolation either the QIAprep Spin Miniprep Kit (for volumes up to 5 ml bacterial 

culture) or the EndoFree Maxiprep Kit (for volumes up to 300 ml bacterial culture) were used 

according to the manuals provided by the producer. Plasmids were eluted in 50 μl or 250 μl 

elution buffer, respectively. The DNA yield was determined using Nanodrop ND1000 

spectrophotometer and plasmid DNA was stored at -20°C. 

5.2.2.4 Restriction digestion of plasmids 

Restriction digestions of plasmid DNA was performed using up to 1μg DNA mixed with 0.2 

μl of respective digestion enzymes in buffers recommended by the producer. The total volume 

of the restriction mix was 20 μl. Samples were incubated at 37°C for 2-3 h or overnight, 

mixed with DNA loading buffer and then analyzed via agarose gel separation. 

5.2.2.5 Polymerase chain reactions 

Polymerase chain reactions (PCRs) were performed in the Thermal Cycler C1000 using 0.2 μl 

T4 Taq DNA Polymerase in 1x ThermoPol buffer in a 20 μl reaction set up. Primers were used 

at a final concentration of 200 pMol to amplify 10-20 ng template DNA or 1 μl or RT-PCR 

product. Cycle conditions were set as shown in Table 5. 

Table 4: PCR cycle conditions 

Step Cycle Temp (in °C) Duration (in sec) Repeats 

Pre-incubation 95 30 1 

Melting 95 30 35 

Annealing 15 30 35 
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Step Cycle Temp (in °C) Duration (in sec) Repeats 

Elongation 68 60 s/1 kb 35 

Elongation 68 300 1 

Cooling 8 continuous 1 

5.2.2.6 Reverse Transcription PCR (RT-PCR) 

500 ng RNA were reverse transcribed in a 20 μl reaction using the QuantiTect Reverse 

Transcription Kit including the genomic DNA Wipeout pre-incubation step according to 

producer’s instructions. Reactions were carried out in the Thermal Cycler C1000 using the 

conditions shown in Table 6. Copy DNA (cDNA) was stored at -20°C. 

Table 5: Cycle conditions for reverse transcription of RNA samples 

Step Cycle Temp (in °C) Duration (in min) 

gDNA Wipeout 42 2 

Cooling 4 2 

RT 42 20 

Inactivation 95 3 

5.2.2.7 Quantitative real time PCR 

Quantitative real time PCRs (qRT-PCRs) were performed on 1 μl cDNA using SYBRGreen 

master mixes with a final concentration of 200 pMol primers in the 7300 Real Time PCR 

System. For all quantifications ct values of target genes were normalized against the three 

housekeeping genes GAPDH, HPRT, and β2M. 

Table 6: Cycle conditions for qRT-PCRs 

Step Cycle Temp (in °C) Duration (in sec) Repeats 

Activation 95 600 1 

Melting 95 15 40 

Elongation 60 60 40 

Dissociation curve 
95 15 1 

60 30 1 

95 15 1 
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5.2.2.8 RNA isolation 

RNA was extracted directly from cells using the RNeasy Minikit, including the on column 

DNA digestion step, according to the provided manual. RNA was eluted in 50 μl RNAse-free 

water and stored at -80°C. Isolated RNA was quality controlled by visualization in ethidium 

bromide containing TAE-agarose gels under UV light and by analyzing 260/230 and 260/280 

values estimated by the Nanodrop ND 1000 spectrophotometer. 

5.2.2.9 Agarose gel electrophoresis 

To monitor the quality of the isolated RNA, and the specificity of qRT-PCRs, as well as 

restriction digested plasmid DNA, agarose gel electrophoresis was performed. 1.0-2.0 % 

agarose was boiled in 100 ml of TAE buffer, supplemented with 10 μl of ethidium bromide 

solution and poured into gel casks. DNA/RNA samples were loaded after mixing with loading 

dye (1x). For reference, a 100 bp/or 1 kbp DNA ladder was loaded in a free well. 

Electrophoresis was carried out at 120 V for up to 45 min. Nucleic acids were visualized 

under UV light post gel electrophoresis. 

5.2.2.10 Protein extraction and quantification 

Cells were lysed directly in the culture plates in fresh lysis buffer on ice. Cell lysates were 

incubated for 10 min on ice before applying ultra-sonication steps to the samples (5 cycles, 

75% activity, 5 sec). Next, cell lysates were centrifuged at full speed for 10 min at 4°C in a 

table-top centrifuge. Supernatants were collected and protein contents were estimated from 

1:10 dilutions in PBS using a BCA assay according to producer’s recommendations. Samples 

were stored at -20°C. 

5.2.2.11 SDS-PAGE and Western blotting 

Unless otherwise stated, 20 µg protein samples were loaded on 9 % gels for SDS-

polyacrylamide gel electrophoresis (SDS-PAGE). Gels were run in Mini-Protean Tetra Cell 

gel systems at 120 – 150V for up to 2 h. Separated proteins were wet-transferred to PVDF 

membranes using XCell II Blot modules. After blotting, PVDF membranes were blocked in 

5% Blotting-Grade Blocker solution in TBS-T (= blocking solution) for 30 min. Primary 

antibodies were diluted in blocking solution and incubated with membranes overnight at 4°C 
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in 50 ml falcon tubes on a RM 5 roller. Horseradish peroxidase conjugated secondary 

antibodies were diluted in blocking solution and incubated for 3 hours at RT. Blots were 

developed on Hyperfilms using Luminol based chemiluminescent solutions (ECL blotting 

solution) and the automated developer system Curix60. Primary and secondary antibodies are 

listed in Table 11. 

5.2.2.12 Immunofluorescence staining 

Cells grown on cover slips were fixed in 4% paraformaldehyde in PBS at RT for 10 - 20 min 

and stored at 4°C after 3 washing steps in PBS. For immunofluorescence stainings, fixed cells 

were permeabilized and blocked at RT for a minimum of 30 min in PBS++. Primary 

antibodies were diluted in PBS++ and incubated with samples over night at 4°C. The 

following day, samples were washed 3 times in PBS. Next, secondary antibodies were 

incubated with samples for 2-3 hours at RT in PBS++. To visualize nuclei, 0.5 mg/ml DAPI 

diluted in PBS was incubated with samples for 1-3 min at RT. Following 3 washing steps with 

PBS, and two dips in H2

5.2.3 Microscopy 

O, coverslips were mounted on glass microscope slides in Aqua 

Polymount. Primary and secondary antibodies are listed in Table 11. 

Fluorescence images were acquired with the Observer.Z1 fluorescence microscope equipped 

with a monochrome AxioCam MRm camera or with the LSM 780 confocal microscope 

(Institute for Physiology and Pathophysiology, University of Erlangen/ Nürnberg). Exposure 

times were set accordingly to receive brightest signals without saturating pixel values. 

5.2.3.1 Spastin density measurements 

Fixed control and SPG4 neuronal cultures were stained using the SP6C6 Spastin rabbit 

antibody. During the staining, all samples were treated simultaneously and with the same 

antibody master mix. All samples (duplicate wells per line) were imaged using the same 

exposure time settings (three randomly chosen areas per well) within 1.5 hours. Images were 

quantified using ImageJ by setting the threshold and pixel size to only measure the average 

Spastin density in the soma regions on each picture. 
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5.2.3.2 Transmission electron microscopy 

Transmission electron microscopy was performed by Prof. Ursula Schlötzer-Schrehardt, 

Department for Ophthalmology, University Hospital Erlangen. Neuronal cultures grown on 

plastic coverslips were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, postfixed in 

2% buffered osmium tetroxide, dehydrated in graded alcohol concentrations, and embedded in 

epoxy resin according to standard protocols. Ultrathin horizontal sections were stained with 

uranyl acetate and lead citrate and were examined with a transmission electron microscope 

(EM 906E; Carl Zeiss NTS). 

5.2.4 Statistics 

All statistical analyses were performed in GraphPad Prism version 5.00. For comparisons of 

the mean between two groups one-tailed or two-tailed t-tests were applied. The groups 

consisted of the means of each cell line. One-Way ANOVA followed by Bonferroni's multiple 

comparison tests were performed when 3 or more groups were compared. Chi-square analysis 

was used to compare parameters of axonal transport. P-values ≤ 0.05 were considered 

significant (* ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001). All data are shown as me an ± SEM.



Results 

45 

 

6 Results 

6.1 Generation of hiPSCs from SPG4 patients and controls 

The control primary human fibroblast lines were established from healthy controls with no 

history of movement disorder or neurologic disease. They were age-matched with two SPG4 

patients who both carried the heterozygous SPG4 nonsense mutation c.1684C>T (p.R562X). 

The patient pedigrees are shown in Figure 7A and are in agreement with an autosomal 

dominant inheritable disease trait. The clinical characteristics of the patients were evaluated at 

the movement disorder clinic of the Department of Molecular Neurology, University Hospital 

Erlangen, and are summarized in Table 4. To generate hiPSC clones, low passage fibroblasts 

from all subjects were infected with retroviral reprogramming vectors encoding Klf4, c-Myc, 

Oct-4, and Sox2 as described in the methods section and outlined in Figure 6. After 2 to 3 

weeks, compact hiPSC colonies emerged from a background of fibroblasts and were 

identified by morphological features like dense, flat colony growth, smooth colony boarders, 

and high nucleus to cytoplasm ratio. The hiPSCs were manually picked under a 

stereomicroscope, expanded clonally, and cultured under feeder-free conditions (see Figure 

6). Two Ctrl and SPG4 hiPSC lines from each subject were generated (referred to as Ctrl-11/-

12, Ctrl-21/-22, SPG4-11/-12, and SPG4-21/-22). 

To investigate, if the isolated cell lines are pluripotent, the expression of pluripotency 

associated markers such as Nanog and Tra-1-60 were analyzed (see Figure 7B). Furthermore, 

expression of pluripotency markers was confirmed on mRNA level by RT-PCR analysis for 

the endogenous expression of Oct-4 and Nanog transcripts, which were specifically expressed 

by hiPSCs, but not by the respective fibroblasts they were derived from (see Figure 7C). 

Besides the expression of pluripotency associated markers, the two defining characteristics of 

pluripotent stem cells are the ability to self-renew and to generate cell types of all three 

embryonic germ layers. The hiPSC lines used in this study have been passaged more than 30 

times since their establishment (data not shown), underlining their ability to self-renew. To 

address the other characteristic of pluripotent stem cells, undirected in vitro differentiation 

assays were performed, in which hiPSCs were allowed to differentiate spontaneously in the 

presence of FBS containing medium. The differentiated cells were fixed and analyzed by  
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Figure 7: Pedigrees of SPG4 patients and characteristics of hiPSCs. 

(A) Pedigrees of patients included in the study (arrows). (B) Patient and control hiPSCs are morphologically 
similar to human embryonic stem cells, have well-defined borders and express the pluripotency-associated 
proteins Nanog and Tra-1-60. Representative images of Ctrl-11 and SPG4-21. (C) Patient and control hiPSCs, 
but not fibroblasts, express endogenous Nanog and Oct-4 transcripts as shown by RT-PCRs. (D) All SPG4 
hiPSCs were sequenced for the presence of the heterozygous SPG4 mutation c.1684C>T (p.R562X) as shown 
here for SPG4-21. (E) Undirected differentiation of all patient and control hiPSCs gave rise to progeny of all 3 
germ layers. Representative images shown; SMA = Smooth muscle actin (mesoderm), Gata4 (endoderm) and 
Nestin/ Sox2 double- positive cells (ectoderm). (F) All hiPSCs maintained a normal karyotype determined by G-
banding analysis. Representative karyograms of Ctrl-11 and SPG4-21. Scale bars in (B) and (E) are 50 µm. 

immunofluorescence staining for markers of progeny from the three embryonic germ layers. 

Pluripotency was confirmed by detecting derivatives positive for Smooth muscle actin (SMA, 
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mesoderm), GATA-binding protein 4 (Gata4, endoderm), and Nestin/ Sox2 double-positive 

cells (ectoderm; see Figure 7E). 

All hiPSC lines used in this study maintained a normal karyotype (see Figure 7F) and PCR 

fingerprinting confirmed derivation from respective fibroblasts (data not shown). 

Furthermore, the SPG4 mutation c.1684C>T was confirmed in the hiPSC clones derived from 

the patient’s fibroblasts by the Center for Human Genetics, University of Regensburg (see 

Figure 7D). 

6.2 Generation and characterization of neurons from hiPSCs 

The neural differentiation paradigm is outlined in Figure 8. To initiate neural differentiation, 

hiPSCs were cultured in free-floating conditions to generate embryoid bodies (EBs). After one 

week, EBs were plated on a PORN/laminin-coated surface and cultured for an additional 

 

Figure 8: Neural differentiation paradigm 

Schematic view of the neural differentiation protocol. HiPSCs are transferred to ultra-low attachment plates to 
form free-floating, spherical embryoid bodies (EBs). EBs are then cultured adherent to form neural rosettes 
(NR), which can be identified by their circular donut-like shape. Isolated NR can be dissociated and propagated 
as proliferative neural precursor cells (NPCs) in the presence of fibroblast growth factor 2 (FGF2). Terminal 
differentiation can be initiated by withdrawal of FGF2 and supplementation of BDNF, GDNF, ascorbic acid 
(AA) and cAMP to generate neurons and glia (not shown). Straight arrows indicate subsequent steps; circular 
arrows indicate that cells can be expanded at respective stages. Durations as indicated. 
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week until neural rosettes (NRs) formed. NRs were collected manually under a 

stereomicroscope, dissociated and re-plated as proliferative neural precursor cells (NPCs), 

which co-expressed the early neural precursor markers Nestin and Sox2 (see Figure 9A). Two 

NPC lines from each patient (SPG4-111, -121, -211, -212) and control (Ctrl-111, -121, -211, -

212) were established. No obvious differences in Nestin+/Sox2+

To further confirm that the hiPSC-derived cells were neurons, we stained for axonal and 

dendritic markers like the microtubule-associated proteins (Map) Tau and Map2a/b (see 

Figure 9D). Analysis of the neurotransmitter phenotype of the cells revealed that most 

neurons were glutamatergic (see Figure 9E), and mostly stained positive for the cortical 

marker COUP TF-interacting protein 2 (Ctip2, 72.17 ± 14.23% Ctip2

 double positive cell numbers 

and proliferation between SPG4 and control NPCs were detected (data not shown). After 

terminal differentiation the neuronal culture was analyzed for TuJ-1 (b-III-Tubulin, neuronal 

marker) or Glial fibrillary acidic protein (GFAP, astroglial marker) expression (see Figure 

9B). The percentages of TuJ-1- and GFAP-expressing cells were not different between 

patients and controls (percent over DAPI; p = 0.24 and p = 0.26 respectively; see Figure 9C), 

indicating that patient and control hiPSCs were able to form NPC lines which give rise to 

neurons and glia with variation between lines, but no significant difference between SPG4 

and control groups. 

+ of TuJ-1+

Arlotta, Molyneaux et al. 2005

; see Figure 

9F). Ctip2 is expressed by cortical layer 5/6 neurons in vivo, among them corticospinal 

motorneurons ( ), the main cell type affected in HSP. Key 

features of neuronal functions are the ability to form synapses and generate action potentials. 

In order to investigate, if hiPSC-derived neuronal cells displayed similar features during in 

vitro differentiation, we performed immunofluorescence stainings for synaptic markers, 

electron microscopy to visualize ultrastructural features, and tested the cells’ 

electrophysiological characteristics. For these experiments, we co-cultured the hiPSC-derived 

neurons with murine primary astrocytes for six weeks, since it had been described that this co-

culture promotes the maturation of hiPSC-derived neuronal cells (Tang, Zhou et al. 2013). 

Synaptophysin and Postsynaptic density 95 (PSD-95) -positive opposing puncta on crossing 

neurites indicated formation of synapse-like structures (see Figure 10A). Early stages of 

synapse formation were further supported by transmission electron micrographs showing 

axon-like processes that formed terminal boutons (see Figure 10B). However, these synapse-

like structures did not reveal the morphological architecture of fully mature synapses, in 

which the postsynaptic density structure is present and the presynaptic bouton displays a 

synaptic vesicle filled reservoir. This suggested that the neuronal cells can principally form  
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Figure 9: Characterization of neuronal cells derived from hiPSCs 

(A) Neural precursor cell (NPC) lines co-express the early neural precursor markers Nestin and Sox2. (B) 
Neuronal cultures expressed neuronal (TuJ-1) and glial (GFAP) markers. (C) Statistical analysis for TuJ-1 and 
GFAP (% over DAPI) revealed no difference between patients and controls. Plotted are means of each line, n = 
two independent experiments per line in triplicates. Data shown as mean ± SEM. (D) Representative image of 
Map2a/b and Tau staining of neuronal cultures. (E) Representative overview image of V-Glut-2 and TuJ-1 
staining revealing most neuronal cells are glutamatergic (upper panel). Detailed image of V-Glutv2 staining 
showing vesicle-like structures along neurites (lower panle). (F) Staining for the cortical marker Ctip2 and TuJ-1 
is shown. Scale bars are 50 µm except for lower panel in (E) 10 µm. 
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synapses, but were still at an early developmental stage at the time point of analysis. 

Nevertheless, 95%/100% (disease/control) of tested cells displayed voltage-gated ion currents 

such as generated by sodium and potassium channels, and 87%/88% generated action 

potentials or spiklets, suggesting the presence of functional neuron-like cells (see Figure 

10C). 

 

Figure 10: Neurons form synapses and fire action potentials 

(A) Immunofluorescence staining for Synaptophysin and PSD-95 after 6 weeks of differentiation revealed 
punctuate staining in close proximity to crossing neurites indicating synapse formations. (B) Ultrastructural 
electron micrographs further indicated synapse formation. Shown is an axon-like process containing microtubule 
structures (asterisk) forming a terminal button containing ribosomes (arrowheads) and vesicles (arrow). (C) 
Both, control and SPG4 differentiated neuronal cells displayed voltage-gated sodium and potassium channels 
(right column, voltage-clamp recordings) and fired action potentials (left column, current-clamp recordings, cells 
were held at -70 mV), reminiscent of neurons. Scale bars 5 µm in (A) and 500 nm in (B). 

6.3 Differential expression of Spastin isoforms in SPG4 patients 

In mice, Spastin is expressed as four different isoforms. The full length isoform is termed M1, 

while the M87 isoform is generated by an alternative translation initiation codon, thereby 

skipping the first 86 amino acids. Of both variants, additional isoforms exist, which lack exon 
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4 (M1∆Ex4 and M87∆Ex4). However, little is known about the expression of Spastin 

isoforms in different human cell types. We analyzed the expression in our primary fibroblasts, 

hiPSCs, NPCs, neuronal cultures, and in human primary astrocytes (see Figure 11A). We 

observed that the two major isoforms present in every cell type were M87 and M87∆Ex4 , 

similarly to mouse tissues, suggesting this expression pattern is conserved across species. 

Notably, expression levels of Spastin were increased in NPCs and neuronal cultures, and, to a 

lesser extent, in hiPSCs. The presence of M1 isoforms was exclusively restricted to NPCs and 

neuronal cultures (see Figure 11A, C). 

We further sought to determine whether the levels of Spastin protein in SPG4 patients were 

altered and observed that the Spastin M87 isoforms were significantly reduced by 48% in 

SPG4 fibroblasts (p = 0.002; see Figure 11B). In hiPSC-derived neuronal cultures we 

observed M1 isoforms (M1 and M1∆Ex4) and M87 isoforms (M87 and M87∆Ex4) in control, 

as well as in SPG4 samples. The levels of M1, and M87 isoforms were significantly decreased 

in SPG4 patients’ neuronal cultures (34%, p = 0.008, and 40%, p < 0.0001 reduction of M1 

and M87 isoforms, respectively; see Figure 11C, D). To further validate this finding, density 

measurements on Spastin immunofluorescence stainings of neuronal cultures were performed, 

which confirmed a significant decrease of Spastin protein level in SPG4 patients (49.7% 

decrease on average, p = 0.024; see Figure 11E). Interestingly, using long exposures times for 

the Western blots of the neuronal culture lysates, an additional band of approximately 49 kDa 

in size was present in Ctrl and SPG4 samples (see Figure 11C). The presence of this isoform 

was confirmed by two different antibodies (data not shown). Surprisingly, the expression 

intensity of this lower band was increased 4-fold in SPG4 patients (p < 0.0001, see Figure 

11D). Since this new isoform is expressed in control samples, it is unlikely, that the increase 

in band intensity in SPG4 samples is due to a truncated Spastin protein, which might be 

generated by the nonsense mutation (the M87-R562X mutant is estimated to run at 51.6 kDa). 

In contrast, transcripts carrying the premature termination codon generated by the c.1684C>T 

nonsense mutation are expected to induce the nonsense mediated mRNA decay pathway. This 

cell autonomous mechanism leads to degradation of transcripts with premature termination 

signals, preventing their translation (reviewed in Cartegni, Chew et al. 2002, Kervestin and 

Jacobson 2012). Consistent with this, we did not observe any truncated version of Spastin in 

any SPG4 patient derived cell type (fibroblasts, hiPSCs, NPCs and neuronal cultures) by 

Western blotting (see Figure 11B, C, and data not shown). To validate that the antibodies used 

would be able to recognize truncated Spastin isoforms, we introduced the p.R562X stop 

mutation into M1 and M87 Spastin expression vectors and overexpressed them in HEK 293T  



Results 

52 

 

 

Figure 11: Differential expression of Spastin isoforms in SPG4 patients 

(A) Comparison of Spastin expression in different human cell types by Western blotting. The M87 and 
M87∆Ex4 isoforms are the predominant bands. Noteworthy, only NPCs and neuronal cultures, but not astrocytes 
or non-neuronal cells, show expression of isoforms bigger than 60 kDa (faint bands, see arrowhead). Hu prim 
Astro = human primary cerebellar astrocytes, NPC = iPSC derived neural precursor cells. (B) Significant 
reduction of Spastin protein levels was already evident in primary fibroblast cultures from patients. Graph on the 
right shows the fold changes of the adjusted density of Spastin (normalized against GAPDH). N = 3 replicates, 
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cells (Havlicek, Kohl et al. 2014). We hypothesized that the base substitution c.1684C>T 

within exon 15 may not only act as a stop signal during protein translation as previously 

predicted (Fonknechten, Mavel et al. 2000), but instead, since it is located at position -4 of the 

regular donor site of intron 15, it might also lead to an increased skipping of exon 15 at the 

mRNA level generating an M87∆Ex15 isoform. Using primers amplifying this region (see 

Figure 12A) we detected prominent 321 bp amplicons (= transcripts including exon 15) in 

cDNA from differentiated neuronal cultures of all control and all SPG4 lines, as expected. In 

addition, we consistently amplified a 250 bp amplicon (= ∆Ex15 transcripts) in every sample, 

indicating the presence of ∆Ex15 transcripts in human neuronal cells (see Figure 12B). After 

cloning the 321 bp and 250 bp amplicons into a modified pJet2.1 vector we sequenced the 

amplicons and confirmed the presence of SPG4 transcripts including Ex15 or skipping Ex15 

(see Figure 12C).  

Next, we sought to determine the frequency of transcripts carrying the mutation. We 

sequenced a total of 17 different clones of the 321 bp amplicons from one SPG4 line and 

analyzed the presence or absence of the mutation. If the mutation did not affect splicing 

events, the prediction would be to find the same amount of amplicons carrying the mutation in 

exon 15 as amplicons derived from the wild type (wt) allele. However, only a total of 6 clones 

carried the mutation whereas 11 had the wt sequence (data not shown). This indicated 

enhanced skipping of exon 15 in transcripts carrying the mutation and might explain the 

higher amount of ∆Ex15 Spastin protein levels in the SPG4 samples. This assumption is in 

agreement with a prediction for the attenuation of the splice donor site of exon 15 by 33% 

when the mutation is present (Genesplicer, http://ccb.jhu.edu/software/genesplicer/). The 

attenuation of the splice donor site leads to an increased probability of the usage of the 

previous donor splice site and thereby might explain the increased level of alternatively 

spliced transcripts. 

To confirm that the ∆Ex15 isoform is not a reprogramming related or tissue culture artifact, 

but also physiologically present in humans, we compared SPG4 neuronal cultures with human 

post mortem brain and thoracic spinal cord tissue from an individual without previous history 

of neurologic disease by Western blotting. We detected the ∆Ex15 isoform in spinal cord 

data shown as means ± SEM. (C, D) Neuronal cultures show a reduction in expression of the M87 isoforms 
(short exposure, top panel, 58% of M87 isoforms (p˂0.0001) and the M1 isoforms (lo nger exposure, middle 
panel, 66% M1 isoforms (p=0.004)), in patient samples. Surprisingly, we detected a new isoform that was 
present in control cells and to an even higher level in patient cells (increase to 412% of the new isoform 
(p˂0.0001) compared to controls). N = 3 blots, data shown as means ± SEM. (E) Imaging of endogenous Spastin 
levels in neuronal cultures revealed an average reduction of Spastin to 50.3% in SPG4 samples. N = 2 per line. 
Data shown as means ± SEM. 

http://ccb.jhu.edu/software/genesplicer/�
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lysates, but not in samples of the inferior parietal lobe (see Figure 12D). It is noteworthy that, 

at lower exposure, we detected a discrepancy in M87 isoform expression pattern between the 

two regions of the central nervous system, with a higher amount of M87 than M87∆Ex4 i n 

brain tissue and higher M87∆Ex4 than M87 in spinal cord. 

In summary, we detected a reduction of M1 and M87 expression levels in the SPG4 neuronal 

cultures. We discovered a new ∆Ex15 isoform, which was increased in pati ent samples, 

indicating that the previously described nonsense mutation c.1684C>T likely also acts as a 

splice mutation with partial penetrance. 

6.4 Morphological alterations in SPG4 neurons 

Spastin regulates microtubule dynamics and cell outgrowth in rodents (Errico, Ballabio et al. 

2002, Roll-Mecak and Vale 2008, Riano, Martignoni et al. 2009). Identifying disproportionate 

expression levels of Spastin isoforms in the human SPG4 samples prompted us to investigate 

whether these altered Spastin levels might have an impact on human neuron morphology. To 

 

Figure 12: Identification of Spastin isoforms lacking exon 15 

(A) Strategy for testing of exon 15 skipping. Transcripts including or excluding exon 15 give rise to 321 bp or 
250 bp amplicons, respectively. (B) RT-PCRs from RNA isolated from control and SPG4 neuronal cultures gave 
rise to 321 bp and 250 bp amplicons, suggesting the presence of ∆Ex15 transcripts. (C) Sequencing of the 250 bp 
amplicon verified skipping of exon 15. (D) Comparison of neuronal cultures from SPG4 patients with human 
(control) post mortem tissue: the new ∆Ex15 isoform wa s also present in human post mortem spinal cord. It was 
not detected in the human brain sample. Brain and spinal cord samples showed differential expression of M87 
isoforms (upper panel). Hu brain = human inferior parietal lobe, SC = human spinal cord. Protein amounts 
loaded on gels are 20 µg for the SPG4 sample, and 80 µg for human post mortem samples. 



Results 

55 

 

 



Results 

56 

 

visualize processes of single neuronal cells within a dense network, we transfected the 

cultures at low efficiency with the pEF-1 dTomato construct described earlier (Janssen, 

Robinson et al. 2010). This allowed us to visualize the morphology of very few neurons, and 

to take detailed mosaic pictures of the neurite arborization of these highlighted neurons. We 

determined soma size, neurite arborization, and measured total neurite length of 96 SPG4 and 

116 Ctrl neurons (see Figure 13A). While soma size was not changed between controls and 

SPG4 patients’ neuronal cells (p = 0.153; see Figure 13B), the morphological analyses 

revealed that SPG4 neurons had significantly less primary neurites (p = 0.025; see Figure 

13C). In addition, total neurite length was significantly decreased by an average of 40% (p = 

0.025; see Figure 13D). Moreover, the number of branching points was significantly 

decreased by 50% (p = 0.004; see Figure 13E), indicating SPG4 neuronal cells have a reduced 

neurite complexity. Scholl analysis of neurite complexity independently confirmed these 

findings and indicated that branching in regions proximal to the soma is most severely 

affected (see Figure 13F). 

To comprehensively analyze the neurite processes of the hiPSC-derived neurons, we 

performed ultrastructural analysis using transmission electron microscopy. In control cultures, 

we mostly observed bundles of straight and elongated neurites containing parallel arrays of 

microtubules and occasionally interspersed mitochondria, but only rare signs of moderate 

neurite swellings (see Figure 14A). In contrast, the neurites of SPG4 patients displayed 

abundant neurite swellings with loosely arranged, interrupted microtubules. Additionally, the 

neurite sewllings occasionally cumulated mitochondria. Only rarely, SPG4 neurons had 

neurites with a completely intact microtubule system (see Figure 14B). Taken together, these 

ultrastructural analyses implied that the maintenance of neuritic microtubule structures was 

severely impaired in SPG4 neurons. Previously, it had been suggested that neurite swellings 

are associated with increased stabilization of microtubules (Tarrade, Fassier et al. 2006, 

Kasher, De Vos et al. 2009). Acetylation and detyrosination of Tubulin are commonly referred 

to as posttranslational modifications for stabilized microtubules. We analyzed the presence of  

Figure 13: Significant decrease in neurite complexity in SPG4 neurons. 

(A) Neuronal cultures were transfected with pEF1-dTomato to visualize individual cells. Representative images 
of transfected neuronal control (left) and patient (right) neurons. Neurite tracings are shown in purple inserts. (B) 
No difference in the average soma sizes between control and SPG4 were detected. N = two experiments in 
triplicates, data shown as means ± SEM. (C) The average number of primary neurites per cell was significantly 
decreased. (D) The average neurite length was significantly decreased in SPG4 neurons. (E) The average number 
of branching points was significantly decreased in SPG4 neuronal cultures. (C), (D), (E), Evaluation of 
transfected cells shown in (A). n = minimum of 21 cells per line with a total of 96 patient cells and 116 control 
cells from 4-6 wells. (F) Scholl analysis revealed a significant reduction of branching especially in the proximal 
regions close to the soma (radii 310 – 860 µm) in SPG4 neurons and confirmed the reduction of primary neurites 
(10 µm radius). N = 20 cells per group. Data shown as means ± SEM. 
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Figure 14: Ultrastructural and biochemical analyses of neurite swellings in SPG4 samples 

(A) Multiple neurites showing regularly organized microtubule structures (arrowheads) and occasional 
mitochondria (asterisk in second panel) in control cells. Rarely, control neurites showed mild focal bulging of the 
plasma membrane (arrowheads in bottom panel). (B) Most of SPG4 neuronal cells displayed prominent neurite 
swellings with disrupted microtubules (arrows) and occasional accumulation of mitochondria (asterisks in 
middle panel). Rarely, neurites only containing regularly organized microtubule structures were present in SPG4 
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these markers in the neurite swellings of SPG4 neurons and revealed that they were present in 

most, but not all swellings. While detyrosinated Tubulin was rarely enriched in swellings to 

levels beyond that seen in unaffected regions (see Figure 14C), acetylated Tubulin mostly 

showed a prominent staining (see Figure 14D). Some swellings were devoid of acetylated or 

detyrosinated Tubulin (see arrows in Figure 14C, D). However, high levels of modified 

Tubulins also correlated with enriched total Tubulin levels within the swellings, suggesting a 

general accumulation of modified and unmodified Tubulins in most swellings rather than a 

specific increase in the ratio of stabilizing Tubulin modifications. This led us to investigate the 

relative amounts of detyrosinated and acetylated Tubulin normalized against total Tubulin 

levels by Western blotting in whole cell lysates (see Figure 14E and G). No differences in 

total Tubulin detyrosination or acetylation levels were identified (p = 0.137 and p = 0.466, 

respectively; see Figure 14F and H). 

Considering that Spastin has a critical role in microtubule dynamics, it was surprising that 

there were no changes in stabilized Tubulin levels, despite a partial loss of Spastin in SPG4 

neurons. To further analyze potential underlying mechanisms, we investigated p60 Katanin, 

another microtubule severing enzyme. Strikingly, p60 Katanin was significantly increased in 

all SPG4 lines on mRNA and protein expression levels (see Figure 14I-K). This might 

indicate that SPG4 neurons might be able to partially compensate for loss of Spastin by up 

regulating p60 Katanin. 

Neurite swellings are typically thought to mark axonal degeneration processes in a multitude 

of neurodegenerative conditions (reviewed in Coleman 2005). In order to investigate if the 

observed swellings were associated with increased cell death in SPG4 samples, we performed 

viability and cell death assays. Interestingly, despite the presence of neurite swellings, the 

survival rate of SPG4 neurons was unaltered (see Figure 14L). Thereby, our model 

lines (arrowhead in second panel). (C) The majority of swellings (arrowheads) did not stain for detyrosinated 
Tubulin (detyr Tub). Some swellings were devoid of Tubulin staining (arrow). (D) The majority of swellings 
(arrowheads), but not all (arrow), stained intensely for acetylated Tubulin (acetyl Tub). (E) Representative 
Western blot of detyr Tub levels in two control and two SPG4 neuronal cultures. (F) Quantification of detyr Tub 
levels normalized against total alpha Tub levels revealed no difference in all 4 SPG4 lines compared to all 4 
controls. (G) Representative Western blot of acetyl Tub levels in two control and two SPG4 neuronal cultures. 
(H) Quantification of acetyl Tub levels normalized against total alpha Tub levels revealed no difference in all 4 
SPG4 lines compared to all 4 controls. (I) Representative Western blot of p60 Katanin levels in control and 
SPG4 neuronal cultures. (J) Quantification of p60 Katanin levels normalized against total alpha Tub levels 
revealed a significant increase in all SPG4 lines compared to controls (p=0.008). (K) qRT-PCRs confirmed 
upregulation of Katna1 (gene encoding p60 Katanin) mRNA levels in all SPG4 lines. mRNA levels were 
normalized against three housekeeping genes (HKGs = HPRT, GAPDH, and ß2M). (L) Total cell death was 
estimated in neuronal cultures as dead cells/DAPI (p=0.831), and dead cells/TuJ-1+ cells (p=0.811), using 
Image-iT® DEAD™ Green viability stain or by co-staining of TuJ-1 and cleaved Caspase 3 (p=0.189). No 
difference was observed between control and SPG4 samples. N = duplicates of all 8 lines. Data shown as means 
± SEM. Scale bars 500 nm (A, B), and 10µm (C, D). 
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recapitulates hallmarks of SPG4-related HSP pathogenesis, which is commonly not associated 

with cell death at early disease stages (reviewed in Blackstone, O'Kane et al. 2011). 

6.5 Retrograde axonal transport alteration in SPG4 neurons 

To investigate, if the altered morphology of the SPG4 neurites had a functional impact on 

axonal transport processes, we performed time-lapse microscopy imaging (see Figure 15A). 

To unambiguously distinguish between antero- and retrograde transport events in axons, we 

differentiated the neuronal cultures in microfluidic chambers, in which neurons project their 

axons from the cell soma side through narrow, 450 µm long microgrooves to the opposite 

(axonal) chamber side (Taylor, Rhee et al. 2006). Importantly, glial cells were unable to 

project through the microgrooves (data not shown), allowing us to selectively investigate 

axonal transport in neurons. Lentivirus mediated overexpression of Mito-DsRed visualized 

the cells’ mitochondria. Two weeks post seeding, when the axons of neurons had projected 

through the microgrooves, we investigated Mito-DsRed positive mitochondria in two patient 

and two control lines by time-lapse microscopy. In total, we imaged more than 20 neurites per 

line over 10 min, cumulating in 2116 Ctrl mitochondria and 1741 SPG4 mitochondria 

analyzed. In SPG4 neurons the motility of mitochondria (amount of actively transported 

mitochondria) was unchanged (SPG4: 23.5 ± 0.58%, Ctrl: 19.1 ± 0.52%, p = 0.487; see 

Figure 15B). The frequency distribution of speed ranges was unchanged (see Figure 15C). 

Similarly, the mean velocities of anterograde (Ctrl: 0.274 ± 0.019 µm/s, SPG4: 0.296 ± 0.017 

µm/s, p = 0.398) and retrograde (Ctrl: 0.374 ± 0.019 µm/s, SPG4: 0.373 ± 0.021 µm/s, p = 

0.97) transport were unaltered (see Figure 15D). Strikingly, we measured a significant 

alteration in transport directions of mitochondria in SPG4 cells, revealing reduced percentages 

of retrograde transport events and more anterograde transport events compared to controls. On 

average, 64.9 ± 3.6% of mitochondria were transported retrogradely in control neurons 

compared to 45.7 ± 0.9% in SPG4 neurons (p = 0.007, Fig 5M). Together, these data suggest 

there is no general impairment in the initiation of transport processes but an alteration in 

transport directions in SPG4 neurons. 



Results 

60 

 

6.6 Rescue of neurite defects by M1 or M87 overexpression 

To directly link the observed disease phenotypes to the reduction of Spastin, we asked, if the 

structural neurite defects might be reverted by elevation of Spastin levels in SPG4 neurons. In 

addition, we sought to determine if the M1 and M87 isoforms would differ in their abilities to 

 

Figure 15: Axonal transport imbalance in SPG4 neurons 

(A) Representative kymographs of axonal mitochondria transport in Ctrl and SPG4 neurons. (B) Amount of 
moving versus stationary mitochondria. (C) Frequency distribution of transport velocities was similar in SPG4 
and Ctrl samples. (D) Mean velocities of anterograde and retrograde transport were unchanged. Data shown as 
means ± SD. (E) Balance of anterograde and retrograde transport events in Ctrl and SPG4 lines was altered 
(p=0.007, Chi-square test). 
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prevent the structural neurite phenotypes. Therefore, we independently overexpressed 

SPAST(M1)-IRES-GFP, or SPAST(M87)-IRES-GFP, two lentiviral constructs which, when 

overexpressed, produced a single M1/or M87 isoform band in Western blots, respectively 

(Havlicek, Kohl et al. 2014). As controls we used Ctrl neurons, non-overexpressing SPG4 

neurons and GFP-overexpressing SPG4 neurons. To analyze neuron morphology, we 

performed the neurite analyses in a similar way as described in the previous sections. 

Importantly, overexpression of either Spastin isoforms led to a reduction of the amount of 

neurite swellings, and the restoration of the number of primary neurites, total neurite length,  

 

Figure 16: Rescue of neurite phenotypes in SPG4 neurons 

(A) Tracings of cells overexpressing GFP or Spastin after lentiviral transduction with an empty vector or by a 
pCAG-SPAST(M1)-IRES-GFP/or pCAG-SPAST(M87)-IRES-GFP vector, respectively. (B) Overexpression of 
M1 or M87 Spastin reduces the number of swellings to control levels. (C) Spastin, but not GFP overexpression 
restores the average neurite length to control levels. (D) Spastin, but not GFP overexpression restores the average 
numbers of branching points per cell to control levels. (E) Spastin, but not GFP overexpression significantly 
increases the average number of primary neurites per cell. There are significantly more primary neurites 
following M1 Spastin overexpression compared to M87 Spastin. (B), (C), (D), (E), Evaluation of transduced 
cells shown in (A). NT = non transduced; n = minimum of 20 cells per condition of 4-6 wells. Data shown as 
means ± SEM. Scale bars are 100 µm. 
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and number of branching points in SPG4 neuronal cultures (MOI: 0.25 - 0.5; p ≤ 0.05 for all 

analyses; see Figure 16A - D). This indicated that only Spastin overexpression, but not GFP, 

led to an abrogation of the described structural neurite defects. We did not observe any effect 

of overexpression of Spastin on control neurons under the same conditions (data not shown). 

Interestingly, an MOI of 1 or higher of SPAST-virus, but not GFP-virus alone, was highly 

toxic to SPG4 and control neurons (data not shown), suggesting that the effect of Spastin on 

human neurons is gene dosage dependent. 
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7 Discussion 

The HSPs are characterized by progressive lower limb spasticity and weakness due to a 

retrograde axonopathy of the longest corticospinal tract fibers. Unfortunately, there are no 

curative therapies available to date, and patients can only be treated symptomatically to 

reduce the severity of spasticity. Mutations in SPG4 are the most common cause for HSP, 

accounting for 40-50% of all autosomal dominant cases (reviewed in Schule and Schols 2011, 

Fink 2013). One of the most challenging aspects of SPG4 related pathogenesis is that, despite 

the ubiquitous presence of Spastin in many different organs, mutations in the gene SPAST 

result in the specific degeneration of processes of the longest neurons of the pyramidal tract 

and dorsal columns. We show here, that neurons from SPG4 patients have decreased total 

neurite length and arborization, indicating an altered neurite complexity. In addition, 

numerous neurite swellings with severely disrupted microtubule structures were identified in 

SPG4 neurons. The neurite swellings and the reduced neurite complexity were associated with 

reduced levels of all known Spastin isoforms in SPG4 neurons. These phenotypes were fully 

reverted by lentiviral overexpression of either M1 or M87 Spastin. Some neurite swellings in 

SPG4 neurons were enriched for Tubulin with stabilizing posttranslational modifications like 

acetylation, and detyrosination. Nevertheless, the total amount of acetylated and detyrosinated 

Tubulin within the cells was unaltered. This might be correlated with the up regulation of p60 

Katanin, which is known to play an important role in microtubule dynamics in neurons 

(Ahmad, Yu et al. 1999, Yu, Qiang et al. 2008). A prominent reduction of mitochondria 

distribution towards decreased retrograde transport events was also observed and might 

contribute to HSP pathogenesis. 

7.1 Rational for the generation of a human SPG4 disease model 

Animal models for SPG4-related HSP have been generated in Drosophila, zebrafish and 

mouse (Sherwood, Sun et al. 2004, Trotta, Orso et al. 2004, Tarrade, Fassier et al. 2006, 

Wood, Landers et al. 2006, Kasher, De Vos et al. 2009). They have contributed to our current 

knowledge on the regulatory role of Spastin on microtubule dynamics and they were used to 

generate hypotheses for the potential pathological processes that might underlie HSP in 

humans. However, there are prominent differences between the model species already on a 

behavioral level. Drosophila null mutants cannot fly at all and have a high larval lethality rate 
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(Sherwood, Sun et al. 2004). In contrast, Drosophila homozygous hypomorphs (Spastin 

mutants with reduced function) have a normal larval development and only show some degree 

of behavioral phenotypes during challenged flight assays, but not in climbing assays 

(Sherwood, Sun et al. 2004, Trotta, Orso et al. 2004). Similarly, morpholino mediated 

knockdown of Spastin in zebrafish spinal motor neurons causes impaired motility, which 

correlates with the amount of injected morpholino dosage (Wood, Landers et al. 2006). 

Nevertheless, it should be noted that acteylcholinergic spinal motor neurons, the cell type 

targeted in the zebrafish model, are a different cell type than the CSMN which are affected in 

SPG4-related human pathology, questioning the significance of these results for humans. In 

contrast, despite complete Spastin knockout in murine SPG4 models, these mice showed only 

very subtle behavioral phenotypes like an increase in the distance between the hind limbs 

(base of support), or a decrease in step length at 22 months of age (Tarrade, Fassier et al. 

2006, Kasher, De Vos et al. 2009). The differences among these animal models suggest that 

Spastin function might have diverged during evolution. This is supported by the amount of 

homology between Spastin orthologs. For example, zebrafish Spastin is 60.9% identical to 

human Spastin, and this number drops to less than 50% in Drosophila, with most divergence 

in the N-terminal regions (Sherwood, Sun et al. 2004, Wood, Landers et al. 2006). As a direct 

consequence, Spastin orthologs of both of these model species do not conserve the nuclear 

localization signals present in human Spastin (Beetz, Brodhun et al. 2004). Consistent with 

this, nuclear localization of Spastin was not reported in Drosophila (Sherwood, Sun et al. 

2004). Nevertheless, the most important protein domain for microtubule severing in Spastin, 

the AAA ATPase domain, shows a much higher degree of conservation. In line with this, both 

Drosophila and zebrafish Spastin have been shown to function as severing enzymes 

(Sherwood, Sun et al. 2004, Wood, Landers et al. 2006). In conclusion, non-mammalian SPG4 

models might be suitable to study certain aspects related to Spastin’s severing activity. 

However, other functions such as determined by the nuclear localization or interactions with 

binding partners via the N-terminal hydrophobic domain of M1 Spastin might not be 

addressed in these model systems. 

Heterozygous mutations in humans are sufficient to cause very severe motor deficits, which 

could not be reproduced by any of the above described animal models. The potential 

divergence of Spastin protein functions during evolution of species indicates limitations to 

which extent animal models can be used to study human SPG4-related pathology. Therefore, 

we sought to develop a human neuronal in vitro model for HSPs using hiPSCs derived from 

SPG4 patients.  
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7.2 Spastin expression studies 

7.2.1 M1 Spastin is specifically expressed in neuronal cells 

Traditionally, post mortem analyses have been the only way to study human pathology of the 

CNS. However, opportunities to study human CNS tissue are rare and furthermore, post 

mortem studies reflect the end stage of the disease and not early symptoms of disease 

manifestation and progression. Previously, only few human post mortem analyses were 

performed on Spastin expression patterns, some reporting neuronal expression of Spastin not 

only in the motor cortex, but widespread in the brain and spinal cord (Charvin, Cifuentes-Diaz 

et al. 2003, Ma, Chia et al. 2006). Our studies expand the expression of Spastin to human 

fibroblasts, hiPSCs, and astrocytes, for the first time, and indicate that the M87 isoforms of 

Spastin are expressed in diverse human cell types. We detected the full-length M1 and 

M1ΔEx4 isoforms specifically in human neuronal cells. Spastin expression patterns in rodent 

tissues showed expression in heart, lung, muscle and the CNS (Claudiani, Riano et al. 2005, 

Solowska, Morfini et al. 2008). In agreement with our findings, the M1 isoforms of Spastin 

were specifically enriched in the CNS compared to non-neuronal tissues, suggesting this 

expression pattern is conserved across mammalian species (Claudiani, Riano et al. 2005). 

Endogenous levels of Spastin are low, which is reflected by the long exposure times needed to 

develop Western blots (up to 15 min exposure compared to very few seconds for proteins like 

GAPDH and α-Tubulin). In addition, immunofluorescence signals were weak as shown in 

Figure 14E, and even more difficult to detect using a different Spastin antibody (data not 

shown). This finding is in line with reports in Drosophila, rat and zebrafish, in which 

endogenous levels of Spastin were not readily detectable using standard protocols (Sherwood, 

Sun et al. 2004, Wood, Landers et al. 2006, Solowska, Morfini et al. 2008). Interestingly, the 

report by Solowska and colleagues showed that Spastin is expressed at even lower levels in 

adult tissues than during development. Changes in the amount of a low abundant protein 

might have the strongest pathological effects on cells at time points when expression levels 

are at the lowest level. If the differential expression pattern of Spastin during development is 

conserved in humans, it could be indicative for the cause of the late onset of HSP. 

7.2.2 SPG4 neurons have reduced levels of Spastin 

The c.1684C>T (p.R562X) mutation in SPAST was first described in a screen for the spectrum 

of SPG4 mutations and predicted to be a nonsense mutation (Fonknechten, Mavel et al. 2000). 



Discussion 

66 

 

Due to this mutation, a premature termination codon (PTC) is generated late in exon 15 and a 

truncated Spastin protein could potentially be produced. However, we never observed 

abnormally truncated versions of Spastin in any SPG4 patient derived cell line. Most likely, 

transcripts carrying the mutation are degraded due to the activation of the nonsense-mediated 

RNA decay (NMD) pathway (reviewed in Cartegni, Chew et al. 2002, Kervestin and Jacobson 

2012). An absence of truncated Spastin was also reported in lymphoblastoid cell lines from 

SPG4 patients with a c.1634C>G (p.S545X) mutation, supporting our findings (Riano, 

Martignoni et al. 2009). To further investigate if NMD is activated in the SPG4 samples, one 

could analyze the stability of mutant versus wild-type (wt) transcripts using SNP-specific 

quantitative real-time PCR assays (Harries, Hattersley et al. 2004). In case of NMD activation 

the amount of transcripts from the mutated allele should be reduced compared to the wt allele. 

Complimentary to this approach, treatment of SPG4 samples with PTC read through 

compounds like Gentamicin or PTC124 could stabilize the mutated mRNA transcripts 

(Welch, Barton et al. 2007), and as a consequence, increases in Spastin amount should be 

detectable by Western blot. Alternatively, knock down of key factors of the NMD pathway 

like Up-frameshift protein 1 (Upf1) might inhibit NMD (Usuki, Yamashita et al. 2006), and as 

a consequence, one would expect to see the production of truncated Spastin isoforms. 

We detected a significant decrease of Spastin protein by 34% of M1 and 40% of M87 

isoforms in SPG4 neuronal cultures by Western blotting and a decrease of 50% by 

immunofluorescence density measurements compared to our controls. Noteworthy, the 

decrease of Spastin in fibroblasts (about 48% decrease of M87 isoforms) was even more 

pronounced than in neuronal cells indicating a potential role for patient-derived fibroblasts as 

a powerful pharmacological screening tool in the future. A reduction in Spastin expression 

levels in olfactory mucosa-derived CD105+ progenitors from nine SPG4 patients and hiPSC 

derived neuronal cultures from one single SPG4 case (SPG4 mutation c.683-1G>T) have been 

observed previously and are in line with our findings (Abrahamsen, Fan et al. 2013, Denton, 

Lei et al. 2014). The absence of truncated Spastin and the reduced protein levels of total 

Spastin in our human SPG4 neuronal model convincingly demonstrates that 

haploinsufficiency is the most probable cause for c.1684C>T

Solowska, Garbern et al. 2010

 SPG4 related HSPs in humans. 

However, other mutations, especially missense mutations, which cause a substitution of an 

amino acid, might have a dominant negative effect ( , Solowska, 

D'Rozario et al. 2014). 
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7.2.3 Identification of Spastin isoforms lacking exon 15 

Interestingly, we discovered a new band in Western blots from human neuronal cells and post 

mortem spinal cord. We showed that the patients’ mutation can be correlated to increased 

splicing of exon15 in transcripts carrying the mutation and this likely explains the increase in 

the new Spastin band. The skipping of exon 15 leads to a frameshift in the coding sequence, 

changing the methionine at position 540 to a threonine (p.M540T) during protein translation 

(reference: SPAST  DNA sequence annotated in GenBank: AJ246003.1). The following 11 

amino acids are novel and all differ from the original exon 16 sequence before a PTC is 

generated (p.L552X). Therefore, the prediction is that a large part of the last alpha helix (α11) 

of the protein structure is missing and this would lead to a severe decrease in ATP 

hydrolyzing/microtubule severing activity (Roll-Mecak and Vale 2008, Taylor, White et al. 

2012). Currently, we do not know why the PTC generated by exon 15 skipping does not 

induce NMD (or at least not as strong) and the functional significance of the generated 

isoform. These aspects need to be addressed in future projects. First, one could generate 

expression constructs for exon 15 spliced and unspliced Spastin. Important “checkpoints” for 

the activation of NMD pathways seem to be intron splicing events (reviewed in Cartegni, 

Chew et al. 2002, Kervestin and Jacobson 2012). Therefore, in order to allow physiological 

processing of the mRNA transcripts, the Spastin expression constructs should be generated 

with (partial) introns. After transfections in cell lines like HEK 293T cells, one could analyze, 

if, and to which extent, the constructs induce NMD. For this, one might measure the 

expression levels or activation state of NMD key molecules by qRT-PCR and Western 

blotting, respectively. 

A previous study reported exon 15 splice variants in humans carrying the non-symptomatic 

SPG4 genetic modifier c.1687G>A (Pantakani, Zechner et al. 2008). Interestingly, this 

modifier is located only 3 nucleotides downstream of our SPG4 patients’ mutation. Pantakani 

and colleagues were able to show that heterozygous mutations of c.1687G>A did not cause 

HSP onset but, in combination with another compound heterozygous polymorphism (p.S44L) 

could increase disease severity and age at onset of HSP, compared to the disease progression 

without the genetic modifier. Although Patakani et al. did not check protein expression, the 

authors were able to show that ∆Ex15 transcripts could be identified on mRNA level in those 

carriers, thereby independently confirming the existence of such transcripts, as we have 

proposed in this study. Furthermore, we have shown that ∆Ex15 transcripts are likely to be 

translated into protein, suggesting that elevated ∆Ex15 Spastin isoforms also exist in 
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c.1687G>A non-symptomatic carriers. However, the fact that those carriers do not develop 

HSP demonstrates that ∆Ex15 Spastin isoforms most likely do not have a dominant negative 

effect. This indirectly further strengthens our hypothesis, that HSP manifestation in the 

patients included in this study is due to haploinsufficiency. To unambiguously demonstrate 

that elevated ∆Ex15 Spastin isoforms do not have a dominant negative effect, one could 

overexpress this isoform in control neurons and analyze their neurite complexity, which 

should not be altered, if our assumption holds true. 

The open question remaining is how can the mutation described by Pantakani et al. modify 

disease onset and severity? Our data suggest that not all transcripts are alternatively spliced to 

skip exon 15. Pantakani and colleagues draw the same conclusion by in silico analysis using a 

splice site prediction program. This program revealed that the probability for the use of the 

splice donor site of exon 15 (= correct splicing of exon 15) is diminished from 99 % to 76 % 

probability. This finding may be an indication that the majority of transcripts will be spliced 

correctly, and only a smaller amount will be alternatively spliced. In conclusion, non-

symptomatic carriers most likely have only slightly reduced levels of M1 and M87 Spastin. 

One could speculate that those levels might still be sufficient to maintain all physiological 

functions in the CSMNs and consequently, no HSP symptoms would manifest. However, 

combined with another SPG4 mutation, which itself already reduces functional Spastin levels 

by 50 %, the genetic modifier could lead to an additional reduction of Spastin amount and 

thereby increase disease severity and reduce age of onset. This would point towards a gene-

dosage dependent effect of Spastin on human neurons, where minimally reduced levels of 

Spastin do not affect physiological functions of the neuron. However, once the reduction of 

Spastin reaches a certain threshold, disease symptoms manifest and might become more 

severe, the less functional protein is available. 

It should be noted, that we specifically detect M87∆Ex15 in our Western blots. Nevertheless, 

an M1∆Ex15 isoform is likely to be generated as well, which is expected to run at 60 kDa. We 

believe that the M1∆Ex15 band overlaps with the signals for the wt M87 isoform and 

therefore, we were unable to identify M1∆Ex15 by Western blotting. To address this issue in 

future, one will have to separate band sizes more efficiently, for example by running longer 

SDS-PAGEs and/or optimize pore size of the gels used. A more elegant way could be to 

generate a ∆Ex15 specific Spastin antibody and analyze cell lysates for their expression 

pattern. 
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As described above, ∆Ex15 isoforms of Spastin are likely to have severely reduced ATP 

hydrolyzing activity (if any at all) and therefore are unlikely to act as microtubule severing 

enzymes. It will be important to further investigate the functional significance of this isoform 

in future. An important aspect towards this will be to elucidate the subcellular localization of 

∆Ex15 isoforms. Since no antibodies are available to distinguish ∆Ex15 isoforms from other 

Spastin isoforms, one could use an overexpression approach in which ∆Ex15 Spastin is 

tagged by a fluorescence reporter protein like GFP. Investigating the subcellular distribution 

of the GFP signal within neuronal and/or non-neuronal cells might give first hints towards its 

function. Furthermore, one would need to test, if the isoform has any severing activity. 

Similarly to the experiments performed with M1 and M87 Spastin, one could check the 

integrity of the microtubule system post ∆Ex15 Spastin overexpression (Errico, Ballabio et al. 

2002). Only if the microtubules are depolymerized ∆Ex15 Spastin likely has severing activity. 

Since this new ∆Ex15 isoform has not been described in any common animal model system 

so far, our findings are a proof of principle for the identification of subtle differences in 

protein isoform expression patterns between humans and other species by the use of hiPSCs 

and the cellular derivatives thereof. 

7.3 Morphological alterations in SPG4 neurons 

7.3.1 SPG4 neurons have decreased neurite complexity  

It is well accepted that one of the main functions of Spastin is to sever microtubules and 

regulate microtubule dynamics (Errico, Ballabio et al. 2002, White, Evans et al. 2007, Roll-

Mecak and Vale 2008). We therefore hypothesized that alterations in the microtubule network 

might be a consequence of decreased Spastin levels seen in the SPG4 neurons, and that this 

might lead to structural neurite defects. We comprehensively analyzed the cell morphology in 

SPG4-derived neuronal cultures by tracing individual neurons within a dense network of cells 

after transfection with a fluorescence reporter construct. We determined that SPG4 neurons 

had less primary neurites and that those neurites were significantly decreased in length and 

branching, indicative of decreased neurite complexity. This phenotype was independently 

confirmed by applying Scholl analysis of neurite complexity on a different batch of neuronal 

cultures. Interestingly, regeneration of an axon from the axon stump after distal axotomy has 

been shown to be sensitive to Spastin gene dosage in Drosophila. Here, loss of one copy of 
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the Drosophila homologue D-spastin gene impaired this outgrowth process (Stone, Rao et al. 

2012). Furthermore, axonal outgrowth studies in zebrafish, and Spastin knock down in rodent 

hippocampal cultures have suggested that Spastin is required for normal neuronal outgrowth 

and arborization during development (Wood, Landers et al. 2006, Yu, Qiang et al. 2008, 

Riano, Martignoni et al. 2009). In conjunction with these models, our human SPG4 model 

highlights for the first time that Spastin is one of the key regulators of neurite outgrowth, and 

neurite regeneration in humans. Since patient samples overexpressing Spastin could generate 

more than twice the number of axonal branches compared to the neurons under disease 

conditions, our study highlights for the first time that Spastin is correlated with the de novo 

initiation of primary neurite branches. 

It is important to note, that the quantitative decrease of Spastin protein is comparably less in 

neuronal cells than in the fibroblast samples. Yet, this decrease is detrimental for the specific 

disease phenotype related to the long projecting neurons in patients. This further emphasizes 

that human CSMN are highly vulnerable to reduced levels of Spastin. Interestingly, the level 

of Spastin expression also correlated with neurite lengths in the SPG4 lines. For example, the 

“high expresser” SPG4-111 line – about 75% of wild-type Spastin expression – also had the 

longest neurite length among the SPG4 lines. In contrast, the line with the least detectable 

Spastin levels (SPG4-212) also had the shortest neurites on average. This finding indicates 

that the maintenance of human neurites is critically associated with fine-tuned expression 

levels of Spastin. It will be interesting to investigate, why the individual SPG4 lines show 

differences in Spastin expression levels. Are these differences due to differential up regulation 

of Spastin in specific lines? Or are these findings inherent to the natural biological variance 

and therefore rather resemble “stochastic noise”? A first approach to analyze this will be to 

determine the mRNA expression level in all lines by qRT-PCR analysis. 

We were able to reveal severe alterations in neuronal morphology in patient-derived neurons. 

Which implications could these findings have for our understanding of disease manifestation 

in patients? First of all, the findings of decreased neurite complexity might point towards a 

developmental defect in SPG4 neurons. This would be in contrast to what we see in patients, 

since SPG4-related HSP is usually an adult onset disease and not thought to be a 

neurodevelopmental disorder. The decreased neurite complexity phenotype might be 

attributed to the properties inherent to any in vitro cell culture model. We cannot model the 

complexity of trophic factors, guiding queues, cellular interactions, and the important 

temporal regulation of all these interactions in our in vitro condition. Therefore, one might 
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speculate that the magnitude of signals and interactions a SPG4 neuron receives in vivo during 

development might be sufficient to generate a niche in which those cells can develop 

normally. In line with this hypothesis, Spastin expression levels in mouse brain and spinal 

cord have been shown to be approximately 4-fold higher during development than during 

adulthood (Solowska, Morfini et al. 2008). Furthermore, p60 Katanin, another severing 

enzyme, seems to be expressed even higher than Spastin during the same developmental 

window (Solowska, Morfini et al. 2008). In conclusion, this could mean that the overall 

higher embryonic levels of Spastin and the high expression of p60 Katanin could abrogate the 

partial loss of Spastin due to SPG4 mutations during development. This hypothesis would be 

consistent with a loss-of-function hypothesis for SPG4-related HSP, in which only adult 

Spastin levels drop below a certain threshold in patients and thereby causing an adult onset 

disease. Furthermore, p60 Katanin could be strongly down regulated in humans during 

adulthood, similarly to the expression pattern in mice (Solowska, Morfini et al. 2008). 

Therefore, at adult stages, p60 Katanin might be unable to fully compensate for Spastin loss. 

As a consequence, neuron maintenance might be disturbed during adulthood, resulting in 

axonal degeneration and manifestation of disease symptoms. 

7.3.2 SPG4 neurons develop neurite swellings 

Ultrastructural analysis by electron microscopy revealed axonal swellings in SPG4 patient-

derived neurons. Importantly, the reduction of human Spastin by only 30–50 % (as 

determined by Western blotting) led to a pronounced phenotype with abundant neurite 

swellings in most neurons analyzed. Axonal swellings have been described in spinal cord 

post-mortem tissue of two SPG4 patients (Kasher, De Vos et al. 2009), and therefore the 

established hiPSC-derived neuronal model recapitulates hallmarks of the disease. Axonal 

swellings in cortical cultures from two homozygous knockout mice, completely lacking 

Spastin (Spast∆E7 and Spast∆E5-7) have also been reported (Tarrade, Fassier et al. 2006, 

Kasher, De Vos et al. 2009). In contrast to our findings in humans, the number of swellings 

was very low in these mice: 4 swellings per 100 cells analyzed (Tarrade, Fassier et al. 2006). 

Furthermore, the knockout mice showed very subtle behavioral phenotypes with largely 

unaffected locomotion (Tarrade, Fassier et al. 2006, Kasher, De Vos et al. 2009). Both, 

structurally and behaviorally, humans are much more severely affected by altered Spastin 

levels. This indicates that human neuronal cells are more sensitive to Spastin dosage changes 

than murine neurons. 
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We show that some of the neurite swellings are enriched for markers of stabilized 

microtubules and that these swellings also stain for increased total Tubulin levels. These 

subtle differences do not reflect on differences of total acetylated and detyrosinated Tubulin 

levels in Western blots of whole cell lysates, when normalized to total Tubulin. This suggests 

that SPG4 neurons may not have altered microtubule dynamics on a global, whole cell level. 

In contrast, previous reports in mouse models and one human stem cell based model had 

suggested that increased stabilization of microtubules were associated with neurite swellings 

(Tarrade, Fassier et al. 2006, Kasher, De Vos et al. 2009, Denton, Lei et al. 2014). However, 

these studies did not take total tubulin levels into account in those samples, and without 

normalization conclusions drawn from these studies are to be considered with caution. In 

contrast, our results indicate that microtubule dynamics may be maintained in SPG4 neurons 

by endogenous up regulation of the microtubule severing enzyme p60 Katanin. P60 Katanin 

has been shown to have a critical role in regulating microtubule dynamics and it is crucial for 

normal neuronal outgrowth (Ahmad, Yu et al. 1999, Stewart, Tsubouchi et al. 2012). In light 

of these functions, it is conceivable that up regulation of p60 Katanin could be a cell’s 

mechanism to counteract loss of Spastin. Nevertheless, since the increase of p60 Katanin was 

not able to rescue the neurite phenotypes observed in the SPG4 samples, there may be specific 

functions of Spastin and/or specific locations of Spastin that cannot be substituted for by other 

severing enzymes. Future work will have to address the minute functional differences 

between these two severing enzymes in human neurons. A recent report by the group of 

Makay-Sim and colleagues investigated cells derived from the olfactory mucosa of a cohort of 

9 SPG4 patients. Although the nature of their cells resemble more mesenchymal stem cells 

rather than neural progenitors (e.g. 63% of cells are CD105+ vs only 3% are Sox2+

Abrahamsen, Fan et al. 2013

), their 

study revealed interesting insights into different aspects of gene dysregulation within patient 

cells ( ). Supporting our findings in human neurons, they were 

able to show, that SPG4 samples did not have increased levels of stabilized Tubulin 

modifications. Additionally, their microarray data indicated up regulation of several 

microtubule severing regulators such as the regulatory subunit of the Katanin complex, p80 

Katanin (Abrahamsen, Fan et al. 2013). This further strengthens the concept, that SPG4 cells 

endogenously upregulate microtubule severing regulators as a consequence of Spastin loss. 

In conclusion, the neurite swellings and the structural alterations of cytoskeletal components 

described in this human SPG4 model are indicative of degenerative processes in patient 

neurons. These phenotypes might represent early stages of the dying back axonopathy seen in 

patients in vivo and therefore the hiPSC-derived HSP model will be useful to study the basic 
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biology of axonal maintenance in health and disease. Although it is still under debate, it seems 

that uncomplicated forms of SPG4-related HSP are not associated with cell loss (reviewed in 

Blackstone, O'Kane et al. 2011, Blackstone 2012, Fink 2013). However, reports from post-

mortem analysis of SPG4 patients suffering from additional neurological symptoms like 

dementia were associated with cell loss in the hippocampus and entorhinal cortex (White, 

Ince et al. 2000, Fink 2013). We did not observe increased cell death in the hiPSC-derived 

model despite the presence of neurite swellings. This would be in line with the clinical pure 

HSP phenotype the patients have (see Table 4). Alternatively, cell death analyses might have 

been performed at very early stages of “cellular disease onset”, before cell death might have 

been initiated. To address this possibility, one will have to analyze cell survival over a longer 

time course in future. Nevertheless, being able to model early aspects of disease onset would 

be very significant by itself. This could open avenues to develop therapeutic strategies 

targeting very early or even before disease manifestation. Medications derived from these 

approaches could possibly be most beneficial for patients. 

7.4 Axonal transport alterations in SPG4 neurons 

Alterations in axonal transport are thought to be a common pathological mechanism not only 

in several HSPs, but also other neurodegenerative diseases like Alzheimer’s disease, 

Parkinson’s disease and Amyotrophic lateral sclerosis (Millecamps and Julien 2013, Prots, 

Veber et al. 2013, Neefjes and van der Kant 2014). We extensively analyzed mitochondrial 

transport in neuronal cultures of the patient and control lines and revealed a relative decrease 

of retrograde axonal transport in SPG4 neurons compared to controls. This implicates an 

imbalance in cargo distribution caused by reduced levels of Spastin as a potential contributor 

to the pathogenesis in HSP. Interestingly, motility and mean velocity, as well as the frequency 

distribution of the cargo speeds were unaltered in SPG4 neurons. This suggests that there are 

no defects in the initiation of transport processes or the molecular function of the motor 

proteins. Currently, we do not know what the mechanistic basis for the altered distribution 

ratio is. Various molecules and signaling pathways have been discovered which could 

influence the axonal transport of mitochondria (reviewed in Saxton and Hollenbeck 2012). 

Among them are members of the cytoskeletal components like the Myosin family. For 

example, reduction of Myosin VI favors retrograde transport over anterograde transport 

(Pathak, Sepp et al. 2010). In contrast, the microtubule associated protein Tau can influence 

anterograde transport events (Stamer, Vogel et al. 2002, Mandelkow, Thies et al. 2004). It will 
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be interesting to analyze the expression of such mitochondrial transport regulators in SPG4 

cells. Recently, another group reported axonal transport alterations in one neuronal culture 

from a single SPG4 patient when compared to one control culture (Denton, Lei et al. 2014). 

Although the authors claim an overall reduced motility of mitochondria, contrasting our 

findings, they specifically find retrograde transport events to be affected, which is in line with 

our observation. The differences of mitochondria motility might be due to numbers of 

replicates, assay setup, or time point of analysis (6 weeks old neurons by Denton et al. vs 2 

weeks in our study). Alternatively, these differences might be inherent to the type of SPG4 

mutation. 

How could altered transport events of mitochondria be associated to disease pathology? 

Mitochondria produce ATP, which is needed for an abundance of cellular functions and 

pathways (reviewed in Raimundo 2014). For example, mitochondria are involved in tasks 

such as signaling, cellular differentiation, cell death, as well as cell growth (reviewed in 

McBride, Neuspiel et al. 2006). Axonal transport itself requires large amounts of ATP, as 

motor proteins like Kinesin and Dynein hydrolyze ATP for every movement along the 

microtubules (reviewed in Hirokawa, Niwa et al. 2010, Neefjes and van der Kant 2014). An 

altered distribution of mitochondria might lead to local changes in ATP supply. Consequently, 

ATP dependent processes like neurite outgrowth or the intracellular transport of other 

organelles like endosomes might be disturbed (reviewed in McBride, Neuspiel et al. 2006, 

Hirokawa, Niwa et al. 2010, Neefjes and van der Kant 2014). Therefore, the decreased neurite 

complexity phenotype in the SPG4 neurons might be directly linked to the altered 

mitochondria transport. 

Recently, mitochondria were appreciated to undergo dynamic fusion and fission, and it is 

thought that this process is important for mitochondrial homeostasis and function (Liesa, 

Palacin et al. 2009, Seo, Joseph et al. 2010). Disturbing this process by altering mitochondrial 

transportation could negatively influence mitochondrial function and contribute to increased 

cellular stress and dysfunction (reviewed in Liesa, Palacin et al. 2009, Seo, Joseph et al. 

2010), potentially contributing to HSP pathogenesis. Interestingly, mutations in genes of some 

mitochondrial proteins can cause neurodegenerative diseases like Charcot-Marie Tooth 

disease, a peripheral neuropathy (Baxter, Ben Othmane et al. 2002, Cuesta, Pedrola et al. 

2002, Pich, Bach et al. 2005). Moreover, mutations in the mitochondrial proteins Paraplegin 

(SPG7) and Heat shock protein 60 (HSP60/SPG13) cause other forms of HSP, further 

emphasizing mitochondrial dysfunction in HSP pathogenesis (Casari, De Fusco et al. 1998, 
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Hansen, Durr et al. 2002). 

So far, we have only investigated axonal transport of a single cargo, namely mitochondria. 

However, multiple other components necessary for normal neuronal function and survival are 

also targets of axonal transport. Among them are synaptic vesicles, mRNAs and proteins 

(reviewed in Goldstein, Wang et al. 2008, Hirokawa, Niwa et al. 2010, Millecamps and Julien 

2013). It will be crucial for our understanding of HSP pathogenesis to elucidate if there is a 

general transport defect of all cargos, or if this is a phenotype specific to certain subsets of 

cargos/organelles. Towards this end, we have recently established a reporter construct with a 

fluorescence protein coupled to a synaptic vesicle marker (Dr. Francesc Perez-Branguli), 

which could be used to analyze synaptic vesicle transport dynamics in SPG4 neurons in 

future. 

7.5 Rescue of morphological alterations in SPG4 neurons 

As discussed in previous sections, we and others were able to show that M1 isoforms of 

Spastin are specifically enriched in neuronal cells and nervous tissues (Claudiani, Riano et al. 

2005, Havlicek, Kohl et al. 2014). Taking into account that the main cell type affected in 

SPG4-related HSP are neurons, one might speculate that specifically the M1 isoforms have a 

crucial role in neuron integrity and/or survival. In particular the reduction of these M1 

isoforms might be relevant for disease manifestation. However, our rescue experiments 

overexpressing M1 or M87 Spastin show that the overexpression of either isoform was 

sufficient to restore the neurite complexity phenotypes and reduce the number of swellings 

observed in SPG4 neurons. These findings suggest that the morphological and structural 

phenotypes observed are related to the microtubule severing activities of Spastin, since this is 

a common function to both isoforms. Nevertheless, M1 isoforms are thought to have 

specialized localizations and functions, such as regulating endosomal trafficking (Reid, 

Connell et al. 2005, Connell, Lindon et al. 2009). It is reasonable to speculate, that additional 

pathomechanisms other than those described in this study might be involved in SPG4 related 

HSP, and some of them might be specific to the reduction of M1 isoforms only. We did not 

address the endosomal trafficking network in our analysis so far. Performing such 

experiments in neurons will be a daunting challenge due to the very small soma size and 

narrow neurite width characteristic of neurons. These features make it difficult to visualize 

endosome morphology in neurons, and especially to follow endosomal trafficking by live-cell 
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imaging using standard fluorescence or confocal microscopy. Some of these limitations might 

be overcome by electron microscopy or the application of some of the newer super resolution 

techniques like PALM (photoactivated localization microscopy), STORM (stochastic optical 

reconstruction microscopy), or STED (stimulated emission depletion) microscopy, allowing 

greater resolution of details (reviewed in Maglione and Sigrist 2013). 

Similarly, we did not investigate if the known binding partners of M1 Spastin are altered in 

their expression and/or function in SPG4 neurons. Analyzing this will be particularly 

interesting, since Atlastin1 (SPG3A) and REEP1 (SPG31) are both, known interaction 

partners of Spastin and inducers of other forms of HSP (Zhao, Alvarado et al. 2001, Zuchner, 

Wang et al. 2006, Park, Zhu et al. 2010). In light of this, one might speculate that Atlastin 1 

and/or REEP1 function are affected by Spastin loss, and thereby contributing to SPG4-related 

HSP pathogenesis. To address this hypothesis, one would need to explore the expression level 

and subcellular localization of the two Spastin binding partners. 

7.6 Prospects for HSP treatment strategies 

Our remarkable finding, that SPG4 phenotypes can be reverted in living neurons shows for 

the first time, that elevation of Spastin levels might halt disease progression in patients, giving 

cause for hope to many people suffering from this yet incurable disease. Furthermore, our 

overexpression experiments showed that high expression levels of Spastin can cause cell 

death, which has tremendous implications for the development of therapeutic strategies. Drug 

treatment strategies aiming at elevating endogenous transcription levels of SPAST might have 

a strong dose-dependent effect. Likely, a moderate increase in transcription will be beneficial 

for patients, however higher doses of the same medication could have deleterious effects. 

Taking it one step back, our findings even have great implications for pre-clinical drug 

screening assays. The beauty of hiPSC derived disease models is that those cells can be used 

to perform high throughput small molecule screens to find new drug candidates for disease 

treatment. One such proof of concept study was performed by the Studer laboratory. The 

authors reported about a qRT-PCR based small molecule high throughput screen on neural 

crest cells derived from familial dysautonomia (FD) patients (Lee, Ramirez et al. 2012). They 

tested 6,912 small molecule compounds and characterized eight that rescued expression of 

IKBKAP, the gene responsible for FD. The way such assays are usually performed is that all 

compounds are tested at one constant concentration, and those that generate obvious toxicity 



Discussion 

77 

 

are excluded for further evaluation (Lee, Ramirez et al. 2012). However, transferring this 

screening approach to identify compounds that increase SPAST transcription in SPG4 samples 

could mean that some of the toxicity causing compounds might need to be retested at lower 

concentrations. Only this would allow to exclude the possibility that the compound caused 

cellular toxicity by too strong SPAST  induction. Excluding compounds just by the observation 

of toxicity at one particular concentration could otherwise lead to false-negative results, and 

the disregard of a potential drug for SPG4 related HSP. 
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8 Conclusion 

We established a human stem cell based in vitro model for the motor neuron disease HSP by 

reprogramming dermal fibroblasts obtained from SPG4 patients into hiPSCs. Using a multi-

step differentiation paradigm we were able to differentiate viable, electrophysiologically 

active neuronal cells. SPG4 neurons revealed several morphological, structural and functional 

abnormalities compared to controls. 

SPG4 neurons had less primary neurites, reduced numbers of branching points and had a 

shorter total neurite length. These morphological alterations were accompanied by the 

presence of neurite swellings. Functional differences between SPG4 and control neurons were 

determined by an altered axonal transport of mitochondria, an organelle essential for neuronal 

maintenance and survival. The observed neurite swellings and the structural alterations of 

cytoskeletal components therein are indicative of degenerative processes in patient neurons. 

These phenotypes might represent early stages of the dying back axonopathy possibly seen in 

patients, proving the usefulness of our hiPSC-derived SPG4 model for investigating SPG4-

related HSP pathological mechanisms. Strikingly, we were able to restore neurite length and 

branching, as well as the number of primary neurites by overexpression of either M1 or M87 

Spastin, indicating that restoring Spastin to more physiological levels is crucial for neurite 

development and maintenance. Furthermore, the number of neurite swellings were reduced 

upon M1/or M87 Spastin overexpression. The abrogation of the morphological and structural 

defects by elevating M1 or M87 Spastin levels in the SPG4 neuronal cultures further indicates 

that the mutation is unlikely to have a dominant negative effect. 

In conclusion, our data are consistent with a gene-dosage dependent neurodegenerative effect 

of Spastin in human SPG4 neurons and suggest that bringing wild-type Spastin expression 

back to physiological levels might halt neuronal degeneration in patients. Moreover, the 

finding that high levels of Spastin expression can be toxic to human neurons has great 

implications for the development of therapeutic strategies. We highlight that the beneficial 

effects of increasing Spastin levels lie within a narrow window of Spastin dosage. Our human 

in vitro model provides the foundation for compound screenings with the goal to restore 

physiological Spastin levels in patient samples and thereby paves the road to discover new 

treatment strategies for SPG4 related HSPs. 
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11 Abbreviations 

AAA ATPase = ATPase associated with various cellular activities 

AMP = adenosine monophosphate 

ATP = adenosine triphosphate 

BCA = bicinchoninic acid 

BDNF = brain derived neurotrophic factor 

BMBF = Bayerisches Ministerium für Bildung und Forschung 

CaCl2 = calcium chloride 

cm2

CNS = central nervous system 

 = square centimeter 

CO2

Ctip2 = COUP TF-interacting protein 2 

 = carbon dioxide 

Ctrl = control 

DAPI = 49,6-diamidino-2-phenylindole 

DFG = Deutsche Forschungsgemeinschaft (German Research Fundation) 

DNA = deoxyribonucleic acid 

dNTP = deoxynucleotidetriphosphate 

EB = embryoid body 

EDTA = ethylenediaminetetraacetic acid 

EGTA = ethyleneglycoltetraacetic acid 
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FBS = fetal bovine serum 

FGF2 = fibroblast growth factor 2 

g = gravitational force (9.80665 newtons of force per kilogram of mass) 

GABA = gamma-aminobutyric acid 

GAPDH = Gene or protein name Glyceraldehyde-3-phosphate dehydrogenase 

Gata4 = GATA-binding protein 4 

GDNF = glial derived neurotrophic factor 

GFAP = glial fibrillary acidic protein 

GFP = green fluorescent protein 

hiPSC = human induced pluripotent stem cells 

HPRT = gene name hypoxanthine guanine phosphoribosyl transferase 

HSP = hereditary spastic paraplegia 

IRES = internal ribosome entry site 

KATNA1 = Gene name for p60 Katanin 

KCl = potassium chloride 

Klf4 = Gene name Krueppel-like factor 4 

mg = milligram 

MgCl2

min = minute 

 = magnesium chloride 

ml = milliliter 

mM = millimolar 
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MOI = multiplicity of infection 

M1 = full length Spastin protein 

M87 = Spastin protein generated by alternative start codon 

NaCl = sodium chloride 

NaHCO3

NaH

 = sodium hydrogen carbonate 

2PO4

NEAA = non-essential amino acids 

 = sodium dihydrogen phosphate 

nM = nanomolar 

NPC = neural precursor cell 

Oct3/4 = Gene name Octamer binding transcription factor 3/4 

O2

PBS = phosphate buffered solution 

 = oxygen 

PFA =paraformaldehyde 

PORN = polyornithine 

PSD-95 = Postsynaptic Density 95 

PVDF = Polyvinylidene fluoride 

RNA = ribonucleic acid 

RT = room temperature 

RT-PCR = reverse transcription polymerase chain reaction 

s = second 

SMA = Smooth Muscle Actin 
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Sox2 = Gene name SRY (sex determining region Y)-box 2 

SPAST = alternative Gene name Spastic Gait 4 

SPG4 = Gene name Spastic Gait 4 

TAE = buffer containing Tris base, acetic acid and EDTA 

U = unit 

UV = ultraviolet light 

V = Vol t 

wt = wild type 

β2M = Gene name 2-Microglobulin 

∆Ex4 = determines spliced exon 4 variants 

µl = microliter 

µm = micrometer 

µM = micro molar 

% = per cent 

°C = degree Celsius 
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13 Supplementary information 

Table 7: List of chemicals, media, and reagents 

Name Producer 

Acetic acid Carl Roth, Karlsruhe 

Acrylamide/ bisacrylamide solution (29:1, 30%) Carl Roth, Karlsruhe 

Adenosine 3′,5′-cyclic monophosphate (cAMP) Sigma Aldrich, Steinheim 

Agar Life Technologies, Karlsruhe 

Agarose Bioline, Luckenwalde 

Ammoniumchlorid Carl Roth, Karlsruhe 

Ammonium peroxodisulfate (APS) Carl Roth, Karlsruhe 

Ampicillin Bioline, Luckenwalde 

Aquapolymount Polysciences, Eppelheim 

Ascorbic acid Sigma Aldrich, Steinheim 

Beta mercaptoethanol Sigma Aldrich, Steinheim 

Blotting Grade Blocker BioRad, München 

Brain-derived neurotrophic factor, human (BDNF) Preprotech, Rocky Hill, USA 

Bromophenol blue Carl Roth, Karlsruhe 

Complete mini EDTA- free protease inhibitor tablets Roche Diagnostics, Mannheim 

DAPI (4’,6-diamidino-2-phenylindol) Merck, Darmstadt 

Deoxynucleotide triphosphates (dNTPs) NEB, Frankfurt 

 

 

Dimethyl sulfoxide (DMSO) Carl Roth, Karlsruhe 

DMEM/F12/Glutamax Life Technologies, Karlsruhe 

Ethanol Carl Roth, Karlsruhe 

Ethidium bromide Carl Roth, Karlsruhe 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth, Karlsruhe 

Fetal bovine serum (FBS) Life Technologies, Karlsruhe 

Fibroblast growth factor, basic, human (FGF2) Preprotech, Rocky Hill, USA 

Glial-derived neurotrophic factor (GDNF) Preprotech, Rocky Hill, USA 

Glycerol Life Technologies, Karlsruhe 

Glycin Carl Roth, Karlsruhe 
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Name Producer 

Goat serum Carl Roth, Karlsruhe 

Hank’s buffered salt solution (HBSS) Sigma Aldrich, Steinheim 

HEPES Carl Roth, Karlsruhe 

Horse serum Carl Roth, Karlsruhe 

Hydrochloric acid (1N, 2N, 5N)  Carl Roth, Karlsruhe 

IMDM/Glutamax Life Technologies, Karlsruhe 

Isopropanol (2-propanol) Carl Roth, Karlsruhe 

Knock out serum replacement (KOSR) Life Technologies, Karlsruhe 

Laminin, mouse natural protein Life Technologies, Karlsruhe 

Loading dye (6x) NEB, Frankfurt 

Lipofectamin 2000 Reagent Life Technologies, Karlsruhe 

Magnesium chloride NEB, Frankfurt 

Methanol Carl Roth, Karlsruhe 

mTeSR1 medium Stemcell Technologies, Grenoble, F 

Nonident P40 Sigma Aldrich, Steinheim 

Paraformaldehyde Carl Roth, Karlsruhe 

Penicillin/ Streptomycin Life Technologies, Karlsruhe 

Phosphate buffered saline (PBS) Life Technologies, Karlsruhe 

Poly-D,L-ornithin (PORN) Sigma Aldrich, Steinheim 

SB431542 Sigma Aldrich, Steinheim 

SOC medium Bioline, Luckenwalde 

Sodium chloride Carl Roth, Karlsruhe 

Sodium dodecyl Sulphat (SDS) Sodium dodecyl Sulphat (SDS) 

Sodium fluoride Sigma Aldrich, Steinheim 

Sodium orthovanadate Sigma Aldrich, Steinheim 

Sodium pyrophosphate Sigma Aldrich, Steinheim 

Tetraethylmethylendiamine (TEMED) Carl Roth, Karlsruhe 

Trishydroxychloride (Tris HCl) Carl Roth, Karlsruhe 

Trishydroxymethylaminomethane (Tris Base) Carl Roth, Karlsruhe 

Triton X100 Sigma Aldrich, Steinheim 
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Name Producer 

TrypLE Life Technologies, Karlsruhe 

Tween 20 Sigma Aldrich, Steinheim 

  

Table 8: List of kits and master mixes 

Name Producer 

BCA Assay Thermo Scientific, Waltham, USA 

ECL Western blotting detection reagent GE Healthcare, Freiburg 

ECL Select Western blotting detection reagent GE Healthcare, Freiburg 

EndoFree Plasmid Maxi Kit (10) Qiagen, Hilden 

Image-iT DEAD Green viability stain Life Technologies, Karlsruhe 

QIAprep Spin Miniprep Kit Qiagen, Hilden 

QIAquick Gel Extraction Kit Qiagen, Hilden 

QIAquick PCR Purification Kit Qiagen, Hilden 

QIAshredder Qiagen, Hilden 

Quantitect Reverse Transcription Kit Qiagen, Hilden 

RNeasy Mini Kit Qiagen, Hilden 

SYBR Green PCR Master Mix Life Technologies, Karlsruhe 

TaqMan Universal Master Mix 2 Life Technologies, Karlsruhe 

 

Table 9: List of enzymes 

Name Producer 

AsiSI NEB, Frankfurt 

DNAse, RNAse-free Qiagen, Hilden 

EcoRI NEB, Frankfurt 

NheI NEB, Frankfurt 

NotI NEB, Frankfurt 

PmeI NEB, Frankfurt 

Polynucleotide kinase T4 NEB, Frankfurt 

SacII NEB, Frankfurt 
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Name Producer 

T4 DNA Ligase NEB, Frankfurt 

T4 DNA Polymerase NEB, Frankfurt 

XbaI NEB, Frankfurt 

XhoI NEB, Frankfurt 

  

Table 10: List of DNA and protein standards 

Name Producer  Band sizes 

100 bp DNA Ladder NEB, Frankfurt 100, 200, 300, 400, 500, 600, 700, 

800, 900, 1000 

1 kb DNA Ladder NEB, Frankfurt 500, 1000, 1500, 2000, 3000, 4000, 

5000, 6000, 8000, 10000 

Precision Plus Protein 

Dual Color Standards 

BioRad, München 10, 15, 20, 25, 35, 50, 75, 100, 150, 

250 

Novex Sharp Pre-stained 

Protein Standard 

Life Technologies, 

Kalsruhe 

3.5, 10, 15, 20, 30, 40, 50, 60, 80, 

110, 160, 260 

 

Table 11: List of antibodies 

Target Species Producer Application Dilution 

Alexa 488 Dk Jackson IR IF 1:800 

Alexa DyeLight 488 Dk Jackson IR IF 1:800 

Alexa 555 Dk Jackson IR IF 1:800 

Alexa DyeLight 549 Dk Jackson IR IF 1:800 

Alexa 647 Dk Jackson IR IF 1:800 

Alexa DyeLight 649 Dk Jackson IR IF 1:800 

Cleaved Caspase3 Rb Cell Signaling IF 1:1600 

Ctip2 Rat Abcam IF 1:300 

GAPDH Ms Calbiochem WB 1:15000 

Gata4 Rb Santa Cruz IF 1:200 
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Target Species Producer Application Dilution 

GFAP Gt Abcam IF 1:1000 

GFP Chk Invitrogen IF 1:1000 

Map2a/b Ms Sigma IF 1:400 

Nanog Gt R&D Systems IF 1:200 

Nestin Ms Millipore IF 1:300 

PSD-95 Gt Abcam IF 1:400 

SMA Ms Sigma IF 1:400 

Sox2 Rb Cell Signaling IF 1:300 

Spastin Ms Abcam WB 1:2500 

Spastin Rb Sigma IF 1:200 

   WB 1:2000 

Synaptophysin Ms Sigma IF 1:500 

Tau Gt Santa Cruz IF 1:50 

Tubulin, acetylated Ms Sigma IF 

WB 

1:1000 

1:20000 

Tubulin, alpha isoform Rb Cell Signaling WB 1:15000 

Tubulin, β3 isoform Ms Covance IF 1:350 

Tubulin, β3 isoform Rb Covance IF 1:350 

Tubulin, detyrosinated Rb Millipore IF 

WB 

1:1000 

1:20000 

Tra1-60 Ms Millipore IF 1:200 

V-Glut2 Ms Synaptic System IF 1:500 

Abreviations: Chk, chicken; Dk, donkey; Gt, goat; IF, immunofluorescence; Ms, mouse; Rb, rabbit; WB, 
Western blotting 
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Table 12: List of buffers and solutions 

Name Components 

APS solution Ammonium peroxydisulfate, 10% (w/v) 

 in H2

 

O 

 

Borate buffer Boric acid, 150 mM 

 in H2

 

O, pH 8.35 

 

Blocking solution (Western blotting) Blotting Grade Blocker, 5% (w/v) 

 in TBS-T 

  

Laemmli buffer, (5x) 2-mercaptoethanol, 25% (v/v) 

 Bromopehnol blue, 0.05% (w/v) 

 Glycerol, 50% (v/v) 

 SDS, 10% (w/v) 

 Tris-HCl, 300 mM 

 in H2

 

O, pH 6.8 

 

Laminin solution Laminin, 5 µg/ml 

Laminin solution (continued) in HBSS 

  

Lysis buffer Glycerol, 10% (v/v) 

 HEPES, 50 mM 

 NaCl2

 

, 150 mM 

NaF2

 

, 1 mM 

Na-orthovanadate, 2 mM 

 NP40, 2% (v/v) 
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Name Components 

 Na-pyrophosphate, 10 mM 

 Complete mini protease inhibitor cocktail, 1 
tablet/ 10 ml lysis buffer 

  

Matrigel solution DMEM/F12/Glutamax 

 Matrigel, 0.5 mg/ml 

  

PBS ++ (antibody permeabilisation/ blocking 
buffer) 

Goat serum, 3% (v/v) 

PBS, (1x) 

TritonX-100, 0.3% (v/v) 

  

PFA solution Paraform aldehyde, 4% (w/v) 

in H2

 

O 

 

PORN solution Polyornithine, 10-50 µg/ml 

 in borate buffer 

  

Running buffer (10x), (for SDS-PAGE) Glycin, 2M 

 SDS, 10% (w/v) 

 Tris-base, 250 mM 

 in H2

 

O 

 

SB431542 (1000x) SB431542, 10 mM 

 in DMSO 

  

Stripping buffer (1x) NaOH, 0.3 M 
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Name Components 

 in H2O 

  

TAE buffer (10x) Tri-acetate, 400 mM 

 EDTA, 10 mM 

 in H2

 

O, pH 8.3 

 

TBS-T buffer (wash buffer, Western blotting) Tris-base, 20 mM 

 Tween-20, 0.05% (v/v) 

 NaCl2

 

, 150 mM 

in H2

 

O, pH 7.6 

 

Transfer buffer (wet blotting) Methanol, 20% (v/v) 

 in running buffer 

  

Y-27632 (ROCK inhibitor) Y-27632, 10 mM 

 in DMSO 

 

Table 13: List of cell lines 

Cell line Cell type Source 

Astrocytes, primary Astrocytes ScienCell, Carlsbad, USA 

Ctrl-111 NPC Derived from iPSC 20-E3 (ERF 20) 

Ctrl-121 NPC Derived from iPSC 20-E16 (ERF 20) 

Ctrl-211 NPC Derived from iPSC 21-E6 (ERF 21) 

Ctrl-212 NPC Derived from iPSC 21-E6 (ERF 21) 

ERF 11, SPG4 patient Fibroblast Mol. Neurology, University Hospital Erlangen 
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Cell line Cell type Source 

ERF 12, SPG4 patient Fibroblast Mol. Neurology, University Hospital Erlangen 

ERF 20, control Fibroblast Mol. Neurology, University Hospital Erlangen 

ERF 21, control Fibroblast Mol. Neurology, University Hospital Erlangen 

HEK 293T Kidney cell DSMZ, Braunschweig 

SPG4-111 NPC Derived from iPSC 11-14 (ERF 11) 

SPG4-121 NPC Derived from iPSC 12-3 (ERF 11) 

SPG4-211 NPC Derived from iPSC 12-E8 (ERF 12) 

SPG4-212 NPC Derived from iPSC 12-E8 (ERF 12) 

 

Table 14: List of cell culture media 

Name Components 

Differentiation medium Ascorbic acid, 200 nM 

 BDNF, 20 ng/ml 

 cAMP, 1 mM 

 GDNF, 20 ng/ml 

 N2B27 medium 

  

Fibroblast medium IMDM/Glutamax 

 FBS, 15% (v/v) 

  

HEK medium IMDM/Glutamax 

 FBS, 10% (v/v) 

  

Human ES medium 2-mercaptoethanol, 55 µM 
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Name Components 

 DMEM/F12/Glutamax 

 FGF2, 10 ng/ml 

 Knock out serum replacement, 20% (v/v) 

 NEAA (1x) 

 SB431542, 10 µM 

  

iPSC freezing medium DMSO, 10% (v/v) 

 in knock out serum replacement 

  

Live-cell imaging buffer CaCl2

 

, 2.5 mM 

Glucose, 10 mM 

 HEPES, 10 mM 

 KCl, 2.5 mM 

 MgCl2

 

, 2.5 mM 

NaCl, 144 mM

 

  

in H2

 

O, sterile filtered 

 

Luria Broth Base (LB medium) Luria Broth Base, 20% (w/v) 

 in H2

 

O, autoclaved 

 

N2B27 medium B27 supplement (1x), without VitA 

 DMEM/F12/Glutamax 

 N2 supplement (1x) 

 PenStrep (1x) 

  

NPC freezing medium DMSO, 10% (v/v) 
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Name Components 

 N2B27 medium 

  

NPC medium FGF2, 20 ng/ml 

 N2B27 medium 

 

Table 15: List of disposables 

Name Producer 

Cell lifter Corning, New York, USA 

Cell scraper TPP, Trasadingen, Switzerland 

Coverslips, glass Thermo Scientific, Waltham, USA 

Coverslips, plastic Thermo Scientific, Waltham, USA 

Falcon tubes (15/ 50 ml) Sarstedt, Nümbrecht 

Pipets (2/ 5/ 10/ 20 ml) GreinervBio-One, Frickenhausen 

Pipet tips (10/ 200/ 1000 µl) Sarstedt, Nümbrecht 

Pipet filter tips (20/ 200/ 1000 µl) Nerbe-Plus, Winsen 

 PeqLab, Erlangen 

Plates (24-/12-/6-Well culture plates) Corning, New York, USA 

Polyvinylidene fluoride membrane (PVDF) BioRad, München 

Reaction tubes (0.2/ 0.5/ 1.5/ 2.0 ml) Eppendorf, Hamburg 

T-25, T-75, or T-150 cell culture flasks TPP, Trasadingen, Switzerland 

Ultra low attachment plates (6 Well) Corning, New York, USA 

Whatman filter paper Hartenstein, Würzburg 
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Name Producer 

Whatman filter paper, extra thick BioRad, München 

 

Table 16: List of devices 

Name Producer 

Apotome.2, for fluorescence microscopy Zeiss, Jena 

Camera, color, AxioCam ERc 5s Zeiss, Jena 

Camera, monochrome, AxioCam MRm Zeiss, Jena 

Camera, EMCCD, DU-885 Andor, Belfast, UK 

Centrifuge, table top, 5417 R Eppendorf, Hamburg 

Centrifuge, Heraeus Megafuge 1.0R Thermo Scientific, Waltham, USA 

Centrifuge, Heraeus Megafuge 16R Thermo Scientific, Waltham, USA 

Coffee machine, Café Plus Severin, Röhre 

Cytometer, FACSCalibur Becton Dickinson, Heidelberg 

Developing machine, Curix60 AGFA, Mortsel, Belgium 

Flow cabinet Nuaire, Fernbrook, USA 

Flow cabinet, HeraSafe KS Thermo Scientific, Waltham, USA 

Fluorescence lamp, HXP 120C Pulch & Lorenz, March 

Freezer, -80°C, HeraFreeze Thermo Scientific, Waltham, USA 

Gel electrophoresis chamber, Mini-Protean Tetra Cell BioRad, München 

Gel electrophoresis chamber (DNA/ RNA) PeqLab, Erlangen 

Incubator, 37°C, Heraeus BBD 6220 Thermo Scientific, Waltham, USA 
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Name Producer 

Incubator, 37°C, HeraCell 240i Thermo Scientific, Waltham, USA 

Microfluidic chambers, SND450 Xona Microfluidics, Temecula, USA 

Microscope, confocal, LSM 780 Zeiss, Jena 

Microscope, fluorescence, Axio Observer.Z1 Zeiss, Jena 

Microscope, live cell imaging, Nikon Eclipse Ti Nikon, Düsseldorf 

Nanodrop ND-1000 PeqLab, Erlangen 

Pipet Boy, automatic  

Pipet Pipetus, automatic Hirschmann, Eberstadt 

Pipet, manual (2/ 20/ 200/ 1000) Gilson, Middleton, USA 

Power supply, PowerPac HC BioRad, München 

Power supply, PowerPac P25 Biometra, Göttingen 

Roller, RM 5 CAT, Staufen 

Rotor, ultracentrifuge, SW41 Beckman Coulter, Krefeld 

Shaker, orbital, Unimax 1010 Heidolph, Schwabach 

Shaker, wave, Polymax 1040 Heidolph, Schwabach 

SteriCup (125/ 250/ 500 ml) Millipore, Schwalbach 

Thermal Cycler, C1000 BioRad, München 

Thermomixer comfort Eppendorf, Hamburg 

Ultracentrifuge, Optima LE-80KK Beckman Coulter, Krefeld 

Vortexer, Reax Top Heidolph, Schwabach 
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Name Producer 

Water bath, 37°C, TW20 Julabo, Seelbach 

Wet blotting module, XCell II Life Technologies, Karlsruhe 

7300 Real Time PCR System Applied Biosystems, Karlsruhe 

 


	1 List of figures
	2 List of tables
	3 Summary/Zusammenfassung
	3.1 Summary
	3.2 Zusammenfassung

	4 Introduction
	4.1 Motor neuron diseases
	4.2 Hereditary spastic paraplegias (HSP)
	4.2.1 Clinical features and epidemiology of HSP
	4.2.2 Genetic diversity and disease etiology of HSP
	4.2.3 Treatment of HSP

	4.3  SPG4/Spastin
	4.3.1  Mutation spectrum in SPG4
	4.3.2  Cellular functions of Spastin

	4.4 Human induced pluripotent stem cell (hiPSC) technology
	4.4.1 Historical achievements paved the road to induced pluripotency
	4.4.2 Generation and characterization of hiPSCs
	4.4.3 Addressing the nature of induced pluripotent stem cells
	4.4.4 Disease modeling using human pluripotent stem cells

	4.5 Hypothesis of the thesis

	5 Materials and Methods
	5.1 Materials
	5.1.1 Human post mortem tissue
	5.1.2 Plasmids

	5.2 Methods
	5.2.1 Cell culture
	5.2.1.1 Patient information and fibroblast derivation
	5.2.1.2 HiPSC derivation
	5.2.1.3 Neuronal and spontaneous differentiation
	5.2.1.4 Neurite length, branching points, and primary neurite measurements
	5.2.1.5 Virus production
	5.2.1.6 Karyotyping
	5.2.1.7 Spastin and GFP overexpression
	5.2.1.8 Cell death analyses
	5.2.1.9 Axonal transport measurements
	5.2.1.10 Soma size measurements
	5.2.1.11 Electrophysiology

	5.2.2 Molecular biology
	5.2.2.1 Plasmid cloning
	5.2.2.2 Transformation of competent bacteria
	5.2.2.3 Plasmid isolation
	5.2.2.4 Restriction digestion of plasmids
	5.2.2.5 Polymerase chain reactions
	5.2.2.6 Reverse Transcription PCR (RT-PCR)
	5.2.2.7 Quantitative real time PCR
	5.2.2.8 RNA isolation
	5.2.2.9 Agarose gel electrophoresis
	5.2.2.10 Protein extraction and quantification
	5.2.2.11 SDS-PAGE and Western blotting
	5.2.2.12 Immunofluorescence staining

	5.2.3 Microscopy
	5.2.3.1 Spastin density measurements
	5.2.3.2 Transmission electron microscopy

	5.2.4 Statistics


	6 Results
	6.1 Generation of hiPSCs from SPG4 patients and controls
	6.2 Generation and characterization of neurons from hiPSCs
	6.3 Differential expression of Spastin isoforms in SPG4 patients
	6.4 Morphological alterations in SPG4 neurons
	6.5 Retrograde axonal transport alteration in SPG4 neurons
	6.6 Rescue of neurite defects by M1 or M87 overexpression

	7 Discussion
	7.1 Rational for the generation of a human SPG4 disease model
	7.2 Spastin expression studies
	7.2.1 M1 Spastin is specifically expressed in neuronal cells
	7.2.2 SPG4 neurons have reduced levels of Spastin
	7.2.3 Identification of Spastin isoforms lacking exon 15

	7.3 Morphological alterations in SPG4 neurons
	7.3.1 SPG4 neurons have decreased neurite complexity
	7.3.2 SPG4 neurons develop neurite swellings

	7.4 Axonal transport alterations in SPG4 neurons
	7.5 Rescue of morphological alterations in SPG4 neurons
	7.6 Prospects for HSP treatment strategies

	8 Conclusion
	9 References
	10 Declaration
	11 Abbreviations
	12 Acknowledgements
	13 Supplementary information

