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SUMMARY 

Functional and molecular properties of DYT-THAP1 dystonia and DYT-SGCE 
myoclonus-dystonia using patient-derived striatal medium spiny neurons 

Selma Staege 

Dystonia is a rare movement disorder with sustained or intermittent muscle contractions 

causing abnormal, often repetitive, movements or postures. This movement disorder is 

clinically and genetically highly heterogeneous and comprises multiple subtypes with different 

manifestations. According to body distribution, dystonia can be distinguished into focal (single 

body region affected) or generalized dystonia. It can be further divided in isolated dystonia 

(dystonia is the only disease manifestation) and combined dystonia (dystonia co-occurs with 

other movement disorders, such as myoclonus). Current treatments are solely symptomatic and 

often unsatisfactory. Previous studies showed abnormalities in cerebello-thalamo-cortical and 

cortico-striato-pallido-thalamo-cortical pathways. Many gene mutations have recently been 

associated with dystonia. However, the exact pathogenic molecular pathomechanisms of its 

underlying neuronal dysfunction remain to be elucidated. To address these issues, the current 

thesis focused on disease modeling of two different genetic forms of dystonia using stem cell 

models to understand its functional and molecular pathomechanisms. Therefore, patient-

derived induced pluripotent stem cells were differentiated into striatal medium spiny neurons 

(MSNs). Electrophysiological experiments including calcium imaging and whole-cell patch-

clamp recordings were used to evaluate the functional phenotype of disease-specific and 

healthy control MSNs. Moreover, gene expression analysis as well as morphometric analysis 

of respective MSNs were performed.  

In the first part of the thesis, the cellular phenotype from three DYT-THAP1 mutation 

carriers-derived MSNs compared to healthy control MSNs were investigated. DYT-THAP1 

dystonia (previously referred to as DYT6 dystonia) is an adolescent-onset isolated dystonia 

caused by mutations in the gene THAP1 encoding for the transcription factor Thanatos-

associated protein (THAP) domain containing, apoptosis-associated protein 1. DYT-THAP1 

dystonia is characterized by involuntary muscle contractions with site of onset in cranial or 

neck and usually remains as upper body involvement.  

The analysis conducted within this study showed significantly elevated intracellular calcium 

levels and lower calcium amplitudes upon GABA and acetylcholine applications in THAP1 
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MSNs. In addition, a reduced expression of the gene encoding the GABAA receptor α2 subunit 

in THAP1 MSNs was revealed. Whole-cell patch-clamp recordings showed a significantly 

lower frequency of miniature postsynaptic currents, whereas the frequency of spontaneous APs 

was elevated in THAP1 MSNs. Altogether, these data suggest limited GABAergic synaptic 

transmission leading to decreased synaptic activity, neuronal disinhibition and potential 

hyperexcitability in THAP1 MSNs. 

In the second part, the cellular phenotype from two DYT-SGCE myoclonus dystonia patient-

derived MSNs compared to healthy control MSNs was examined. DYT-SGCE myoclonus-

dystonia (previously referred to as DYT11 dystonia) is a combined dystonia characterized by 

a combination of rapid, brief muscle contractions (myoclonus) and repetitive movements that 

result in abnormal postures (dystonia). Psychiatric manifestations often accompany motor 

manifestations and alcohol-responsiveness to motor symptoms is known. DYT-SGCE 

myoclonus dystonia is caused by mutations in the gene SGCE encoding for the transmembrane 

protein epsilon (ε)-sarcoglycan. It is part of the dystrophin-associated glycoprotein complex 

linking the cytoskeleton to the extracellular matrix.  

This study revealed altered calcium dynamics in SGCE MSNs including elevated basal 

intracellular calcium content and reduced blocking of voltage-gated calcium channels by 

verapamil. In addition, elevated calcium amplitudes upon glycine and acetylcholine 

applications were recorded in SGCE MSNs. Furthermore, increased cholinergic signaling via 

the muscarinic acetylcholine receptor and altered cholinergic signaling via the nicotinic 

acetylcholine receptor were suggested. Reduced GABAergic synaptic density was shown 

although the total expression of GABAA receptor subunits was not altered in SGCE MSNs. 

Whole-cell patch-clamp recordings revealed increased evoked action potential amplitudes and 

significantly elevated amplitudes of miniature postsynaptic currents suggesting altered 

synaptic activity in SGCE MSNs.  

In conclusion, the molecular and functional properties of DYT-THAP1 dystonia and DYT-

SGCE myoclonus-dystonia patient-derived striatal medium spiny neurons were characterized. 

These results are valuable to gain further insight into the underlying pathological mechanisms 

of these diseases and contribute to the development of novel treatment strategies. 
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ZUSAMMENFASSUNG 

Funktionelle und molekulare Eigenschaften von DYT-THAP1 Dystonie und DYT-SGCE 
Myoklonus-Dystonie mit patientenspezifischen striatalen Projektionsneuronen 

Selma Staege 

Dystonie ist eine neurologische Bewegungsstörung mit unwillkürlichen und anhaltenden 

Muskelanspannungen oder Verkrampfungen. Sie kann zu ungewöhnlichen Körperhaltungen 

und unkontrollierbaren, sich oft wiederholenden, Bewegungen führen. Diese 

Bewegungsstörung ist klinisch und genetisch sehr heterogen. Sie umfasst mehrere Subtypen 

mit unterschiedlichen Erscheinungsformen. Abhängig von den betroffenen Körperregionen 

werden Dystonien in fokale Dystonien (einzelne Körperregionen betroffen) oder generalisierte 

Dystonien unterteilt. Weiterhin werden sie in isolierte (Dystonie als einzige 

Krankheitsmanifestation) oder kombinierte Dystonien (Dystonie tritt mit weiteren 

Bewegungsstörungen wie Myoklonus auf) eingeteilt. Gegenwärtige Behandlungen sind nur 

symptomatisch und oft wenig zufriedenstellend. Vorherige Studien zeigten Störungen in 

zerebellär-thalamo-kortikalen und kortiko-striato-pallido-thalamo-kortikalen Bahnen. In den 

letzten Jahren wurden viele neue Mutationen in Genen identifiziert, die mit Dystonien 

assoziiert sind. Aber die genauen molekularen Pathomechanismen, die zu neuronalen 

Funktionsstörungen in Dystonien führen, müssen noch aufgeklärt werden. In diesem Kontext 

behandelt diese Doktorarbeit die Krankheitsmodellierung von zwei verschiedenen genetischen 

Formen von Dystonie mittels Stammzellmodellen, um die pathogenetischen funktionellen und 

molekularen Mechanismen zu verstehen. Dazu wurden induzierte pluripotente Stammzellen 

von Patienten zu striatalen Projektionsneuronen (PNs) differenziert. Es wurden 

elektrophysiologische Experimente inklusive Kalziumbildgebung und Ganzzell-Patch-Clamp-

Aufzeichnungen genutzt, um die funktionellen Phänotypen von krankheitspezifischen und 

gesunden striatalen PNs zu bestimmen. Zudem wurden Genexpressionsanalysen und 

morphometrische Analysen der jeweiligen PNs durchgeführt.  

Im ersten Teil dieser Doktorarbeit wurde der zelluläre Phänotyp von PNs aus 

Stammzelllinien von drei DYT-THAP1-Mutationssträgern im Vergleich zu gesunden 

Kontrollen untersucht. DYT-THAP1 Dystonie (vorher als DYT6 bezeichnet) ist eine im 

Jugendalter beginnende, isolierte Dystonie. Sie wird durch Mutationen im Gen THAP1, 

welches das Protein Thanatos-associated protein (THAP) domain containing, apoptosis-
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associated protein 1 kodiert, verursacht. DYT-THAP1 Dystonie ist durch unwillkürliche 

Muskelanspannungen in der Regel im Bereich des Oberkörpers charakterisiert mit häufig 

initialem Beginn in Nacken und Hals.  

Die Experimente dieser Studie zeigten signifikant erhöhte intrazellluläre Kalziumspiegel und 

verminderte Kalziumamplituden nach GABA- und Acetylcholin-Applikation in THAP1 PNs. 

Weiterhin wurde eine reduzierte Expression des Gens, welches für die GABAA 

Rezeptoruntereinheit α2 kodiert, aufgedeckt. Ganzzell-Patch-Clamp-Aufzeichnungen in 

THAP1 PNs zeigten signifikant niedrige Frequenzen der postsynaptischen Miniaturströme 

während die Amplituden evozierter Aktionspotentiale und die Frequenz spontaner 

Aktionspotentiale erhöht war. Insgesamt weisen diese Daten auf eine eingeschränkte 

GABAerge synaptische Übertragung hin, die zu reduzierter synaptischer Aktivität, neuronaler 

Disinhibition und möglicher Hyperexzitabilität in THAP1 PNs führt.  

Im zweiten Teil wurde der zelluläre Phänotyp von PNs zweier DYT-SGCE Myoklonus-

Dystonie-Stammzelllinien im Vergleich zu PNs von gesunden Kontrollen betrachtet. DYT-

SGCE Myoklonus-Dystonie (vorher als DYT11 Dystonie bezeichnet) ist eine kombinierte 

Dystonie. Sie ist charakterisiert durch schnelle, kurze Muskelkontraktionen (Myoklonus) und 

wiederholende Bewegungen, die zu abnormalen Haltungen führen (Dystonie). Psychiatrische 

Diagnosen begleiten oft motorische Manifestationen und eine Verbesserung der 

Bewegungsstörungen nach Alkoholkonsum ist bekannt. DYT-SGCE Myoklonus-Dystonie 

wird durch Mutationen im Gen SGCE, welches das Transmembranprotein Epsilon (ε)-

Sarcoglykan kodiert, verursacht. Es ist Teil des Dystrophin-Glykoprotein Komplexes, welches 

das Zytosklelett und die extrazelluläre Matrix verbindet.  

Diese Studie hat veränderte Kalziumdynamiken inklusive erhöhtem intrazellulären 

Kalziumspiegel und reduzierter Blockierung von spannungsgesteuerten Kalziumkanälen in 

SGCE PNs erkennen lassen. Zudem wurden erhöhte Kalziumamplituden nach Glycin- und 

Acetylcholin-Applikation in SGCE PNs aufgezeichnet. Ferner wurden gesteigerte cholinerge 

Signalübertragung durch muskarinerge Acetylcholinrezeptoren und gestörte cholinerge 

Signalübertragung durch nikotinerge Acetylcholinrezeptoren angedeutet. Eine reduzierte 

GABAerge synaptische Dichte wurde gezeigt, jedoch keine geänderte Expression von 

GABAA-Rezeptoren in SGCE PNs nachgewiesen. Ganzzell-Patch-Clamp-Aufzeichnungen 

ergaben erhöhte Amplituden evozierter Aktionspotentiale und signifikant erhöhte Amplituden 

der postsynaptischen Miniaturströme, welche auf veränderte synaptische Aktivität in SGCE 

PNs hinweisen. 
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Zusammenfassend konnten molekulare und funktionelle Eigenschaften von striatalen 

Projektionsneuronen charakterisiert werden, die aus induzierten pluripotenten Stammzelllinien 

von Patienten mit DYT-THAP1 Dystonie und DYT-SGCE Myoklonus-Dystonie differenziert 

wurden. Diese Ergebnisse sind wertvoll um weitere Einblicke in die ursächlichen 

Pathomechanismen dieser Erkrankung zu erhalten und neue Therapiestrategien entwickeln zu 

können. 
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1. INTRODUCTION

1.1 Dystonia 

1.1.1 Definition and classification of dystonia 
Dystonia is a movement disorder characterized by “sustained or intermittent muscle 

contractions causing abnormal, often repetitive, movements, postures, or both. Dystonic 

movements are typically patterned, twisting, and may be tremulous. Dystonia is often initiated 

or worsened by voluntary action and associated with overflow muscle activation.” (Albanese et 

al., 2013, p. 1). Dystonia was first mentioned by the German neurologist Hermann Oppenheim 

in 1911 in his article “About a peculiar cramping sickness in children and adolescents” 

(Oppenheim, 1911; translated by Klein and Fahn, 2013). He described four children with 

features such as muscle spasms affecting limbs and the trunk, twisted postures, worsening when 

walking, and progressive symptoms. According to the article, he suggested the names dysbasia 

lordotica progressive and dystonia musculorum deformans for the disease.  

Because dystonia is clinically and genetically highly heterogeneous, an international committee 

(supported by the Dystonia Medical Research Foundation, Dystonia Europe and the 

International Parkinson and Movement Disorders Society) has agreed on a new classification 

(Albanese et al., 2013; Jinnah and Albanese, 2014). The current classification of dystonia is 

divided into two axes: Axis I describes clinical features and Axis II indicates etiology and 

pathology.  

Clinically, types of dystonia are distinguished based on age of onset, body distribution, temporal 

patterns, associated features (other movement disorders) and other neurological or systemic 

manifestations. Depending on the age of onset, it can be infancy, childhood, adolescence, early 

adulthood and late adulthood. According to body distribution, dystonia can be distinguished 

into focal (single body region), segmental (two or more contiguous regions), multifocal (two 

non-contiguous or more regions), generalized (trunk and two or more other regions) or 

hemidystonia (unilateral arm and leg with or without face). According to associated features, 

dystonia can be divided into 1) isolated dystonia (previously known as “primary” dystonia 

(Fahn et al., 1998), which is the only disease manifestation with the exception of tremor) and 

2) combined dystonia, which occurs with other movement disorders, such as myoclonus or

parkinsonism.  

In Axis II, dystonia is classified according to neuropathology and inheritance. Most dystonia 

forms are idiopathic and a cause has not been found after diagnostic approaches (Albanese et 

al., 2013). Dystonia presents with five recognizable physical signs: two main signs (dystonic 
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postures and movements) and three additional signs (gestes antagonistes or tricks, mirror 

dystonia and overflow dystonia) (Albanese et al., 2018).  

In general, prevalence of dystonia increases with age, with adult-onset focal dystonia being 

much more frequent than early-onset variants. A meta-analysis estimated a prevalence of 16.4 

per 100,000 individuals for isolated dystonia (Steeves et al., 2012). The most commonly 

recognized forms of focal dystonia include cervical dystonia (involving neck muscles, about 

40% of cases), laryngeal dystonia (spasmodic dysphonia, involving the larynx, about 25% of 

causes), blepharospasms (eye closing spasms, occurring in about 14% of cases), torticollis 

(involving the neck), writer’s cramp or musician’s cramp or occupational cramp (involving the 

hand or arm) (Williams, et al. 2017; Jinnah et al., 2013).  

However, the clinical syndromes and etiologies of dystonia can overlap, making a clinical and 

pathophysiological conceptualization difficult (Balint et al., 2018). For example, one gene can 

underlie different dystonia phenotypes, and one dystonia phenotype can be caused by several 

genetic alterations. Still, clinical diagnosis and management in dystonia has evolved recently, 

although many patients with mild phenomenology still remain undiagnosed (Albanese et al., 

2018). 

1.1.2 Genetics of dystonia 
According to a study using next generation sequencing, 94 different dystonia-associated genes 

are currently known (van Egmond et al., 2017). So far, only a few genes have been found to be 

associated with isolated dystonia, but many genes that are associated with combined dystonia 

were described (Charlesworth et al., 2013, Lohmann and Klein, 2017). In 2016, a new genetic 

nomenclature scheme based on the confirmed genetic cause of dystonia has been proposed by 

a Task Force for Nomenclature of the Genetic Movement Disorders by the International 

Parkinson and Movement Disorder Society (Marras et al., 2016). The former genetic 

nomenclature “DYT” for dystonia was designed to consecutively number findings from linkage 

studies in dystonia families without knowing the underlying gene mutation and the genetic 

locus symbols (e.g., DYT6) were also used as synonyms for the respective phenotype (e.g., 

DYT6 dystonia). According to the new classification, the phenotype prefix “DYT” for dystonia 

is followed by the name of the (confirmed) gene. For example, in the case of DYT6 dystonia, 

it was replaced by DYT-THAP1 dystonia (Marras et al., 2016).  

To date, more than 20 inherited forms of dystonia have been reported. Genes causing isolated 

dystonia include dominant mutations in the genes TOR1A (Torsin family 1 member A; DYT1, 

Ozelius et al., 1997), TUBB4A (Tubulin beta-4A, DYT4, Lohmann et al., 2013), THAP1 

(Thanatos-associated protein (THAP) domain containing, apoptosis-associated protein 1; 
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DYT6, Fuchs et al., 2009), GNAL (Guanine nucleotide-binding protein G(olf), subunit alpha, 

DYT25, Fuchs et al., 2013) and KMT2B (Lysine methyltransferase 2B, Meyer et al., 2017). 

Genes causing combined dystonia include SGCE (epsilon (ε)-sarcoglycan, DYT11, Zimprich et 

al., 2001, causing myoclonus dystonia) and ATP1A3 (Na+/K+-ATPase alpha 3, DYT12, de 

Carvalho Aguiar et al., 2004, causing rapid-onset dystonia-parkinsonism).  

The genes associated with dystonia encode proteins with diverse biological processes including 

metabolic processes, DNA transcription, cell cycling, mitochondrial function, protein folding, 

dopamine signaling, calcium homeostasis and may share biological pathways (reviewed in 

Jinnah et al., 2019). Not all types of dystonia follow the same pathways of pathogenesis, but 

specific types of dystonia may share certain biological defects at the molecular, cellular, 

physiological, or anatomical level (Downs et al., 2019). With rapid technology advances, 

further description of new dystonia genes is ongoing (Domingo et al., 2016). 

1.1.3 Pathophysiology of dystonia 
Dystonia is considered a network disorder with involvement of basal-ganglia-thalamo-cortical 

and cerebello-thalamo-cortical circuits (Jinnah et al., 2017b; Prudente et al., 2014; Neychev et 

al., 2011; Breakefield et al., 2008; Levy and Hallett, 2002; Downs et al., 2019).  

Traditionally, the basal ganglia received the most attention for their role in movement disorders 

and dystonia was initially considered as basal ganglia disorder. A basic model of basal ganglia 

circuitry involves the “direct” and “indirect” pathway (Albin et al., 1989; Smith et al., 1998). 

Briefly, activation in the “direct pathway” facilitates movement by reducing inhibitory output 

from the internal globus pallidus (GPi), whereas activation of the “indirect pathway” increases 

inhibitory outputs via the external globulus pallidus (GPe) and subthalamic nucleus (STN) and 

reduces movement (Smith et al., 1998). Finally, primary motor cortex neurons project through 

the brain stem to the spinal motor neurons, which themselves synapse on muscles to produce 

muscle contractions and movement. It has been proposed that overactivity of the direct pathway 

cause hyperkinetic movement disorders such as Huntington’s disease and dystonia whereas 

overactivity of the indirect pathway is thought to underlie hypokinetic motor symptoms in 

disorders such as Parkinson’s disease.  

Within the basal ganglia, the striatum is the most prominent nucleus and serves as a major site 

of input and integration for cortical, thalamic, and midbrain afferents. The striatum contains 

two different types of neurons: projection neurons and interneurons. The projection neurons of 

the striatum are also called GABAergic medium-sized spiny neurons (MSNs) with multipolar 

cell shape and small postsynaptic dendritic spines (Lanciego et al., 2012) and account for the 

vast majority (~90–95%) of all human striatal neurons (Kemp and Powell, 1971).  
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The striatal MSNs are inhibitory neurons using GABA (Gamma (γ)-aminobutyric acid) as 

neurotransmitter. MSNs can be classified into different subtypes based on gene expression and 

axonal projection. Striatonigral MSNs of the direct pathway primarily express the D1 dopamine 

receptor and project to GPi, whereas striatopallidal MSNs of the indirect pathway primarily 

express D2 dopamine receptor and project to GPe (Gerfen et al., 1990; Deng et al., 2006). 

Insight into the nature of neuronal dysfunction of dystonia has been provided by the 

identification of novel genes, animal models and in vivo brain imaging of patients. The animal 

models of dystonia can be classified into phenotypic (try to mimic dystonic phenotype in 

patients) and genotypic (try to mimic the genetic mutations in patients), which is suggested 

more useful to study normal function of causative mutations (Oleas et al., 2014). However, 

further abnormalities of neuronal signaling that ultimately lead to dystonia remain to be 

elucidated.  

1.1.4 Current treatment of dystonia 
Due to the limited knowledge underlying the disease, mainly symptomatic treatments are 

currently available for dystonia. These include botulinum neurotoxin injections, surgical 

procedures and oral medication.  

Intramuscular botulinum neurotoxin injections are the primary choice for most focal dystonia 

syndromes (Simpson et al., 2016). The botulinum toxins are synthetic derivatives of naturally 

occurring toxins made by the bacterium Clostridium botulinum. Up to date, various botulinum 

neurotoxin preparations from several manufacturers are approved by federal authorities 

(Spiegel et al., 2020). After injection, the light chain of the neurotoxin functions as 

endopeptidase and cleaves proteins necessary for vesicular neurotransmitter release (Schiavo 

et al., 1994). Botulinum neurotoxins inhibit acetylcholine release from alpha motor neuron 

terminals and gamma motor neurons, which results in reduced muscle tone. The doses and 

selection of muscles injected must be customized for each patient. Re-injections from three to 

four times per year to maintain clinical benefits, fluctuations in symptom severity and side 

effects are addressed as limitations (Jinnah et al., 2017).  

A surgical treatment option is deep brain stimulation, once used for severe generalized forms, 

nowadays for a variety of dystonia forms (Kupsch et al., 2006; Moro et al., 2017). Implanted 

electrodes deliver electrical stimulation to brain regions affected in dystonia patients, often to 

the globus pallidus internus as part of the basal ganglia. However, the patient selection is very 

important and the outcome differs between dystonia types.  

Further available treatment strategies include pharmacological therapy. Oral medication for 

symptomatic treatment of dystonia include groups of benzodiazepines (e.g., clonazepam), 
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muscle relaxants, antispasticity agents (e.g., baclofen) and anticholinergics (Pirio-Richardson 

et al., 2017; Jinnah, 2020). In addition, psychiatric comorbidities with a high risk of depression 

and anxiety in many types of dystonia need to be addressed (Zurowski et al., 2013; Jinnah, 

2020). However, research is ongoing to develop novel treatment options and to improve 

patients’ quality of life (Drexel et al., 2020).  

1.1.5 DYT-THAP1 dystonia 
DYT-THAP1(formerly known as DYT6) is an isolated dystonia with adult-onset (Fuchs et.al., 

2009). It was first described in Amish-Mennonite families in 1997 (Almasy et al., 1997) and 

later in additional familial dystonia cases (Saunders-Pullman et al., 2007). It is characterized by 

the site of onset in the cranium or neck, occasionally in the leg or arm. DYT-THAP1 usually 

involves the upper limb muscles but it can even spread to generalized dystonia. A typical 

phenotype is early-onset (<30 years) that includes involvement of the larynx, face or jaw. Due 

to laryngeal dystonia speech is usually affected.  

Mutations in the gene THAP1 encoding Thanatos-associated protein (THAP) domain 

containing, apoptosis-associated protein 1, cause DYT-THAP1 dystonia (Fuchs et al., 2009). 

THAP1 has been assigned to chromosome 8p21-q22 (Almasy et al., 1997) and subsequently to 

8p11.21. THAP1 autoregulates its own expression (Erogullari et al., 2014) and is inherited in 

an autosomal dominant manner with reduced penetrance (about 50-60%) (Fuchs et al., 2009; 

Dulovic-Mahlow et al., 2019). In 2009, two distinct THAP1 mutations (p.F45fs73X and 

p.F81L) were identified in five families and linked mutations in this gene as cause for DYT-

THAP1 dystonia (Fuchs et al., 2009). One mutation caused a frameshift at amino acid position 

44 of the protein and resulted in a premature stop codon at position 73 (F45fs73X), whereas the 

other mutation with a T-to-C substitution replaced phenylalanine with a leucine (F81L) in a 

functional domain of the THAP1 protein.  

To date, more than 80 different mutations in THAP1 are known, including missense mutations 

in all three coding exons, non-coding mutations and frameshift mutations (Bressman et al., 

2009; Houlden et al., 2010; Blanchard et al., 2011; Lohmann et al., 2012). Many mutations 

affect the DNA-binding THAP domain at the N-terminal and are often missense mutations 

(Clouaire et al., 2005; Silva-Junior et al., 2014). The disease phenotype is restricted to the 

central nervous system despite widespread expression of the mutated protein.  

The protein THAP1 functions as zinc-finger transcription factor consisting of 213 amino acids 

and has a DNA-binding domain (THAP domain, amino acids 1-91) at the N-terminus as well 

as a nuclear localization signal (NLS, amino acids 147-162) and several protein-protein 

interaction motifs towards the C-terminus (Clouaire et al., 2005; Bessiere et al., 2007). Due to 
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posttranslational modification, several THAP1 species exist, including a neuronal 50-kDa 

THAP1-like species that may be a key player in controlling neuronal gene transcription (Ortiz 

et al., 2014). However, the functional relevance of many THAP1 regions remain largely 

unknown. Mutations in these protein-protein interaction domains can cause transcriptional 

dysregulation, as was shown with the THAP1-HCFC1 (4-amino-acid-spanning host cell factor 

1) complex formation (Hollstein et al., 2017). Furthermore, it has been shown that THAP1 is 

essential for timing of myelination initiation during central nervous system maturation, 

affecting myelination through a cell-autonomous role in oligodendrocytes (Yellajoshyula et al., 

2017).  

Many THAP1 downstream targets in neurons and mechanisms causing dystonia are still largely 

unknown. However, several studies of DYT-THAP1 dystonia including mouse models and 

transcriptome studies showed disruptions in many neuronal pathways (Ruiz et al., 2015; 

Yellajoshyula et al. 2017; Zakirova et al., 2018; Frederick et al. 2019). To date, dysregulations 

in mitochondrial function, neuronal plasticity and axonal guidance signaling were shown in 

DYT-THAP1 dystonia (Zakirova et al., 2018). Structural neuroimaging in DYT-THAP1 

manifesting and non-manifesting carriers demonstrated abnormalities in cerebello-thalamo-

cortical and cortico-striato-pallido-thalamo-cortical pathways (Niethammer et al., 2011). 

Genetically engineered mice with heterozygote Thap1 mutations displayed structural 

abnormalities of the deep cerebellar nuclei and deficits in motor tasks without overt dystonia 

(Ruiz et al., 2015).  

1.1.6 DYT-SGCE myoclonus-dystonia 
Myoclonus-dystonia (DYT-SGCE, formerly DYT11) is a combined dystonia characterized by 

a combination of rapid, brief muscle contractions (myoclonus) and repetitive movements that 

result in abnormal postures (dystonia). The predominant motor sign is myoclonus with 

“lightning-like” myoclonic jerks that most often predominates in the upper body (neck, trunk, 

limbs) with no or mild to moderate dystonia (Roze et al., 2018). In contrast to torsion dystonia, 

dystonia in lower limbs is rare and myoclonus-dystonia patients often have focal or segmental 

dystonia manifesting in cervical dystonia or writer`s cramp (Asmus et al., 2002). Many patients 

reported myoclonic response to alcohol ingestion (Weißbach et al., 2017). Psychiatric 

manifestations often accompany motor manifestations in myoclonus-dystonia (Hess et al., 

2007; Peall et al., 2016; Weissbach et al., 2013).  

In 1983, myoclonus-dystonia was first described in 14 patients with a combination of idiopathic 

torsion dystonia and brief (50-200ms), irregular myoclonic jerks (Obeso et al., 1983). Data on 

the prevalence of myoclonus-dystonia are scarce, but a prevalence of less than 10 cases per 
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100,000 has been suggested (Caviness et al., 1999). Typically, this disorder is characterized by 

childhood-onset or early adulthood. It is distinguished from the alternative term “myoclonic 

dystonia”, a primarily dystonic phenotype with longer duration jerks co-occurring in dystonic 

body regions. In addition, “myoclonus-dystonia syndromes” are referred to as a similar 

phenotypic spectrum with other causes.  

Myoclonus-dystonia is mainly caused by mutations in the gene SGCE encoding the 

transmembrane protein epsilon (ε)-sarcoglycan (Zimprich et al., 2001). In 2001, five different 

loss-of-function mutations in SGCE were identified in myoclonus-dystonia patients from six 

German families. The gene SGCE is located on chromosome 7q21 and nowadays more than 40 

different mutations in SGCE including exon rearrangements, base pair substitutions, deletions 

or insertions are known (Asmus et al., 2005; Grünewald et al., 2007). It is inherited in an 

autosomal dominant manner with reduced penetrance due to maternal imprinting (epigenetic 

silencing of the maternal allele by methylation of CpG dinucleotides within the promoter region 

of the gene) (Zimprich et al., 2001; Grabowski et al., 2003). Thus, paternal inheritance of the 

altered SGCE causes the disease. However, maternal inheritance occurs in 5% of the cases due 

to loss of the maternal imprint (Müller et al., 2002).  

The SGCE gene has 12 exons and its product consists of three different isoforms depending on 

alternative splicing (Kinugawa et al., 2009). The protein epsilon (ε)-sarcoglycan is a member 

of the sarcoglycan family of transmembran glycoproteins with six different isoforms (α-, β-, γ-, 

δ-, ε-, and ζ-sarcoglycan). Epsilon-sarcoglycan is a widely expressed protein in multiple tissues 

including striated and smooth muscle. A brain-specific isoform, due to alternative splicing, is 

highly expressed in the cerebellum (Ritz et al., 2011) and may have additional functions (Xiao 

et al., 2017).  

In skeletal muscles, α-, β-, γ- and δ-sarcoglycans form the tetrameric sarcoglycan complex 

(Ozawa et al., 2005). Together with dystroglycans, the dystrophin complex and other proteins, 

they form the dystrophin-glycoprotein complex (reviewed in Ervasti and Sonnemann, 2008). It 

links the cytoskeleton to the extracellular matrix and facilitate different functions within the 

cells including maintaining physiological calcium homeostasis (Waite et al., 2009). While 

mutations in the genes encoding α-, β-, y- and δ-sarcoglycans cause different forms of muscular 

dystrophies, no signs or symptoms of muscle disease have been detected in myoclonus-dystonia 

patients with mutations in SGCE (Hjermind et al., 2008). In the brain, ε-sarcoglycan (with β-, 

δ- and ζ-sarcoglycan) is part of a neuronal dystrophin-like glycoprotein complex (Waite et al., 

2016). It is suggested, that this complex is found at GABAergic synapses (Waite et al., 2009). 

A recent review speculated that loss of ε-sarcoglycan induces neuronal membrane damage 
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leading to calcium accumulation (Menozzi et al., 2019). However, the unique molecular 

function of SGCE in the brain and the role of other sarcoglycan members is still largely 

unknown.  

First studies in Sgce KO mice demonstrated myoclonus, motor impairment and alterations in 

dopaminergic and serotonergic systems (Yokoi et al., 2006). Later, abnormal nuclear envelopes 

in striatal medium spiny neurons were found in Sgce KO mice. Specifically, studies of striatum-

specific Sgce conditional KO mice suggested a loss of ε-sarcoglycan in the striatum 

contributing to motor deficits, but not myoclonus (Yokoi et al., 2012). Furthermore, impaired 

dopaminergic function was also found in mice (Zhang et al., 2012). In a genetic mouse model 

of SGCE deficiency, impaired striatal plasticity was found (Maltese et al., 2017) despite 

absence of an obvious motor phenotype. The knockdown of Sgce in the cerebellum produced 

motor symptoms in a mouse model showing cerebellar involvement in myoclonus-dystonia 

(Washburn et al., 2019). Still, the loss of SGCE alone did not contribute to myoclonus 

suggesting a more complex cause among brain regions.  

In clinic studies, patients reported improvement in motor symptoms following alcohol 

administration (Gasser, 1998). Furthermore, a recent study showed myoclonus improved after 

alcohol intake suggesting a crucial role of the cerebellar networks underlying the disease 

(Weissbach et al., 2017). Neuroimaging in myoclonus-dystonia patients demonstrated altered 

white matter in the brain stem hinting at an abnormal function in this network including 

cerebellum, brain stem and basal ganglia (van der Meer et al., 2012).  

In general, current studies propose dysfunction of the cerebello-thalamo-cortical or striato-

pallido-thalmo-cortical pathways supporting the view of myoclonus-dystonia as a 

neurodevelopment circuit disorder (Menozzi et al., 2019). Among new treatment options with 

variable results, zonisamide has been demonstrated improvement in both myoclonus and 

dystonia (Hainque et al., 2016). 

 

1.2 Disease modeling using stem cell models 

1.2.1 Induced pluripotent stem cells (iPSCs) 
More than a decade ago, the landmark studies of Takahashi and Yamanaka demonstrated the 

induction of pluripotent stem cells from mouse and adult human fibroblasts by retroviral-

mediated introduction of just four transcription factors: Oct4, Sox2, Klf4 and c-Myc (Takahashi 

and Yamanaka, 2006; Takahashi et al., 2007). Similarly, lentiviral reprograming of human 

somatic cells to pluripotent stem cells using modified factors Oct4, Sox2, Nanog and Lin28 was 

described (Yu et al., 2007). The induced pluripotent stem cell (iPSC) colonies exhibited high 
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similarity in morphology, gene expression profile and in vitro differentiation potential to 

pluripotent embryonic stem cells.  

In general, pluripotent stem cells feature self-renewal and differentiation potential, they can 

generate any cell within the body. Pluripotent cells have the capacity to form representative 

tissues of all three germ layers of the developing embryo: ectoderm, mesoderm and endoderm, 

as well as the germ lineage (Murry and Keller, 2008). Advantages of human iPSCs in disease 

modeling include their human origin, easy accessibility, expandability and the ability to give 

rise to almost any desired cell types. In addition, ethical concerns associated with formerly used 

pluripotent human embryonic stem cells in research (Thomson et al., 1998) were circumvented 

(Wert et al., 2003). Cells of diverse origins have been expanded and reprogramed to iPSCs, 

including fibroblasts obtained through skin biopsy. Since over a decade, reprograming 

technologies for the generation of iPSCs have progressed, including non-integrating viral 

transfections (as reviewed in Liu et al., 2019).  

The discovery of cellular reprogramming has been widely used for disease modeling, drug 

discovery and stem cell-based therapy development (Shi et al., 2016; Avior et al., 2016), 

including iPSC-based models of neurological disorders (as reviewed in Khurana et al., 2015; 

Mertens et al., 2016; Goldman, 2016). The iPSCs can be derived from patients with specific 

disorders and differentiated into a disease-relevant cell type, such as neurons, to recapitulate 

disease phenotypes in a culture dish (Ebert et al., 2009). Examples of modeling of neurological 

diseases where a single region or phenotype is affected are Huntington’s disease (due to striatal 

atrophy and loss of medium spiny neurons) and Parkinson’s disease (loss of midbrain 

dopaminergic neurons) (Nguyen et al., 2011; Mehta et al., 2018).  

For dystonia, iPSC lines from patients with several subtypes including DYT-THAP1 (Baumann 

et al., 2018), DYT-SGCE (Grütz et al., 2017), DYT-TOR1A (Cascalho et al., 2020), X-linked 

dystonia-parkinsonim (Capetian et al., 2018) and DYT-TUBB4A dystonia (Vulinovic et al., 

2018) were previously published. However, the identification of disease-relevant cellular 

phenotypes from patient-derived iPSCs differentiated neurons can be technically demanding. 

Despite the challenges, new genome editing technologies including the CRISPR-Cas9 

technology make disease modeling using human iPSC-based approaches even more powerful 

(Doudna and Charpentier, 2014).  

1.2.2 Differentiation of iPSCs into neurons 
Differentiation is facilitated by patterning cells from a pluripotent state to a precursor state and 

finally into a mature differentiated state through exposure to multiple patterning factors known 

from studies of neurodevelopment (Khurana et al., 2015). When iPSCs differentiate into 
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neurons in vitro, they resemble distinct neural progenitor cell populations present during in vivo 

neurogenesis (Denham and Dottori, 2011). Several identified factors or signaling molecules 

diluted in conditioned media are required for the differentiation of iPSCs into mature neurons. 

In general, initial patterning for neurons requires sonic hedgehog (SHH), which is secreted from 

ventral regions of the neural tube in vivo, whereas wingless-type MMTV integration site family 

(Wnt) proteins and bone morphogenetic protein (BMP) are secreted from dorsal regions in vivo 

(Chiang et al., 1996; Wodarz and Nusse, 1998; Bond et al., 2012; Clevers and Nusse, 2012). 

This results in morphogen gradients that specify the different subtypes of neural progenitor cell 

populations along the dorsal–ventral axis. Along the anterior–posterior axis, a sequence of 

timed developmental events and other signaling occur.  

The BMPs are a group of signaling molecules and belong to the transforming growth factor-β 

(TGF-β) superfamily of proteins (Wozney et al., 1988). Depending on the final desired neuronal 

type, neural progenitor cells are treated with specific small molecules in a controlled manner. 

In contrast, Wnt proteins act to maintain the undifferentiated state of stem cells (Nusse, 2008; 

Sokol, 2011).  

For the neural induction, a crucial first step during neural development, many neuronal 

differentiation protocols for iPSCs use the generation of embryoid bodies (EBs) (Kurosawa, 

2007). The inhibition of BMP signaling and WNT signaling is required to establish primitive 

neuroepithelial cells (neuroectoderm) derived from the ectoderm under prevention of 

mesoderm differentiation (Li et al., 2011).  

1.2.3 Differentiation of iPSCs into medium spiny neurons 
Human medium spiny neurons (MSNs) differentiated from pluripotent stem cells are a powerful 

tool for studying in vitro striatal development and modeling of neurological diseases. To date, 

many protocols and reviews have been published for stem cell-derived MSN differentiation 

(Aubry et al., 2008; Ma et al., 2012; Carri et al., 2013; Fjodorova et al., 2015). Several protocols 

using embryoid body (EB) formation for MSN differentiation were published recently 

(Stanslowsky et al., 2016; Capetian et al., 2018). During iPSC differentiation, SB431542, a 

small molecule and TGF-β receptor inhibitor, enhancing neural induction by suppressing cell 

renewal through inhibiting SMAD signaling (Smith et al., 2008; Chambers et al., 2009; Li et 

al., 2011) was identified. Further, dorsomorphin, a selective inhibitor of the BMP pathway, 

promotes neural conversion in stem cells by suppressing mesoderm, endoderm, and 

trophoectoderm differentiation (Zhou et al., 2010). In addition, IWP-2 (inhibitor of Wnt 

production 2), is used as small molecule inhibiting Wnt signaling (Chen et al., 2009) in the early 

phase of MSN differentiation. Purmorphamine (PMA) is a SHH signaling antagonist and 
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reported to influence the ventral patterning and differentiation of several neuronal types 

(Reinhardt et al., 2013). Dibutyryl cyclic-AMP (dbcAMP), a membrane-permeable synthetic 

derivative of cyclic adenosine monophosphate (cAMP), activating the cAMP-dependent 

protein kinase pathway is used to enhance neuronal differentiation.  

For in vitro growth and maintenance of neurons, both glial cell line-derived neurotrophic factor 

(GDNF, highly expressed in striatum) and brain-derived neurotrophic factor (BDNF) are used 

as shown in several neuronal differentiation protocols (Reinhardt et al., 2013; Stanslowsky et 

al., 2016).  

Several factors are known to be associated with MSN differentiation and can be used to 

characterize this neuronal cell type by relative gene expression level using quantitative real time 

PCR or protein expression identified by immunocytochemistry. First, dopamine and cAMP-

regulated phosphoprotein 32 kDa (DARPP32), also known as phosphoprotein phosphatase-1 

regulatory subunit 1B, encoded by the PP1R1B gene, has been widely used as MSN marker. 

The region-specific neuronal phosphoprotein DARPP32 is expressed in MSNs as 

dopaminoceptive neurons, but not in other cell types of the striatum (Ouimet et al., 1984; 

Hemmings et al., 1984). Depending on its state of phosphorylation, DARPP32 can influence 

the cAMP-dependent pathway and act as an inhibitor of protein phosphatase 1 or protein kinase 

A (Bibb et al., 1999; Hemmings et al., 1984).  

Furthermore, the transcription factor, COUP TF1-interacting protein 2 (CTIP2, also known as 

BAF Chromatin Remodeling Complex Subunit, BCL11B) was identified to play a critical role 

in striatal development (Arlotta et al., 2008). A study from Arlotta et al. in 2008 showed, that 

all DARPP-32 positive cells expressed CTIP2 in the adult striatum of mice. Forkhead box 

protein P1 (FoxP1) is another transcription factor expressed by MSNs and considered crucial 

for their differentiation (Tamura et al., 2004; Precious et al., 2016). As MSNs are inhibitory 

GABAergic projection neurons, they express the enzyme that synthesizes GABA from 

glutamate, glutamate acid decarboxylase (GAD) (Storm-Mathisen, 1974). One isoform of GAD 

with 67kDa molecular weight, known as GAD67, is often used as MSN marker. In summary, 

these striatal markers are widely used in combination with markers for neuronal cell types 

including microtubule-associated protein 2 (MAP2) or β-tubulin III (TUJ1).  
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2. AIMS

Dystonia is a rare movement disorder with sustained or intermittent muscle contractions causing 

abnormal postures. Although new gene mutations causing various types of dystonia are 

continuously identified, functional cellular data are lacking to elucidate underlying 

pathophysiological molecular mechanisms. Previous in vitro and in vivo studies suggested 

abnormalities in cerebello-thalamo-cortical and cortico-striato-pallido-thalamo-cortical 

pathways.  

Therefore, the main objective of this research thesis was to model two different forms of 

dystonia: (DYT-THAP1 dystonia and DYT-SGCE myoclonus-dystonia) using patient-derived 

induced pluripotent stem cells (iPSCs), which were differentiated into striatal medium spiny 

neurons (MSNs) in order to investigate their functional and molecular properties. For striatal 

differentiation of iPSCs into MSNs, two previously published protocols (Stanslowsky et al., 

2016; Capetian et al., 2018) were adapted. Electrophysiological experiments including calcium 

imaging and whole-cell patch-clamp recordings were used to evaluate the neuronal function as 

well as synaptic activity of patient-specific MSNs compared to MSNs derived from healthy 

controls. In addition, gene expression analysis of voltage-gated calcium channel subunits and 

GABAA receptor subunits as well as morphometric analysis of MSNs were performed.  

The first part of the thesis (included in manuscript I) investigated the cellular phenotype from 

DYT-THAP1 dystonia patient-derived MSNs compared to healthy control MSNs. For 

differentiating iPSC-derived MSNs, we used iPSC lines derived from two DYT-THAP1 

patients carrying a mutation in the gene THAP1 (c.474delA and c.38G>A) and one 

asymptomatic family member with reduced penetrance (THAP1, c.474delA), which were 

previously characterized (Baumann et al., 2018). All DYT-THAP1 patients were clinically 

described in a study by Zittel et al. (2010). 

The second part of the thesis (included in manuscript II) investigated the cellular phenotype 

from DYT-SGCE myoclonus-dystonia patient-derived MSNs compared to healthy control 

MSNs. In this study, we used iPSC lines derived from two DYT-SGCE patients carrying a 

mutation in the gene SGCE (c.298T>G and c.304C>T), which were previously characterized 

(Grütz et. al, 2017). The two healthy control-derived iPSC lines were also previously 

characterized (Japtok et al., 2015; Glaß et al., 2018) and as age-and sex-matched control lines 

differentiated into MSNs to compare their functional phenotype with DYT-THAP1 and DYT-

SGCE MSNs for each study.  
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3.1 Abstract 

DYT-THAP1 dystonia (formerly DYT6) is an adolescent-onset dystonia characterized by 

involuntary muscle contractions usually involving the upper body. It is caused by mutations in 

the gene THAP1 encoding for the transcription factor Thanatos-associated protein (THAP) 

domain containing apoptosis-associated protein 1 and inherited in an autosomal-dominant 

manner with reduced penetrance. Alterations in the development of striatal neuronal projections 

and synaptic function are known from transgenic mice models. 

To investigate pathogenetic mechanisms, human induced pluripotent stem cell (iPSC)-derived 

medium spiny neurons (MSNs) from two patients and one family member with reduced 

penetrance carrying a mutation in the gene THAP1 (c.474delA and c.38G>A) were functionally 

characterized in comparison to healthy controls. Calcium imaging and quantitative PCR 

analyses revealed significantly lower Ca2+ amplitudes upon GABA applications and a marked 

downregulation of the gene encoding the GABAA receptor alpha2 subunit in THAP1 MSNs 

indicating a decreased GABAergic transmission. Whole-cell patch-clamp recordings showed a 

significantly lower frequency of miniature postsynaptic currents, whereas the frequency of 

spontaneous action potentials (APs) was elevated in THAP1 MSNs suggesting that decreased 

synaptic activity might have resulted in enhanced generation of APs.  

Our molecular and functional data indicate that a reduced expression of GABAA receptor alpha2 

subunit could eventually lead to limited GABAergic synaptic transmission, neuronal 

disinhibition and hyperexcitability of THAP1 MSNs. These data give pathophysiological 

insight and may contribute to the development of novel treatment strategies for DYT-THAP1 

dystonia.  

Keywords: DYT-THAP1, genetic dystonia, induced pluripotent stem cells, striatal medium 

spiny neurons, GABAA receptor, calcium dynamics, patch-clamp electrophysiology 
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4.1 Abstract 

Myoclonus-dystonia (DYT-SGCE, formerly DYT11) is characterized by alcohol-sensitive, 

myoclonic-like appearance of fast dystonic movements. It is caused by mutations in 

the SGCE gene encoding ε-sarcoglycan leading to a dysfunction of this transmembrane protein, 

alterations in the cerebello-thalamic pathway and impaired striatal plasticity. To elucidate 

underlying pathogenic mechanisms, we investigated induced pluripotent stem cell (iPSC)-

derived striatal medium spiny neurons (MSNs) from two myoclonus-dystonia patients carrying 

a heterozygous mutation in the SGCE gene (c.298T>G and c.304C>T with protein changes 

W100G and R102X) in comparison to two matched healthy control lines. Calcium imaging 

showed significantly elevated basal intracellular Ca2+ content and lower frequency of 

spontaneous Ca2+ signals in SGCE MSNs. Blocking of voltage-gated Ca2+ channels by 

verapamil was less efficient in suppressing KCl-induced Ca2+ peaks of SGCE MSNs. 

Ca2+ amplitudes upon glycine and acetylcholine applications were increased in SGCE MSNs, 

but not after GABA or glutamate applications. Expression of voltage-gated Ca2+ channels and 

most ionotropic receptor subunits was not altered. SGCE MSNs showed significantly reduced 

GABAergic synaptic density. Whole-cell patch-clamp recordings displayed elevated 

amplitudes of miniature postsynaptic currents and action potentials in SGCE MSNs. Our data 

contribute to a better understanding of the pathophysiology and the development of novel 

therapeutic strategies for myoclonus-dystonia. 

Keywords: DYT-SGCE; myoclonus-dystonia; induced pluripotent stem cells; striatal medium 

spiny neurons; calcium dynamics; patch-clamp electrophysiology; GABAergic synaptic 

density  
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5. DISCUSSION

5.1 Differentiation into MSNs 

For modeling dystonia in vitro, several neuronal subtypes have been suggested and 

dysregulation in the GABAergic neuronal network has been associated with dystonia 

pathogenesis in the recent years (Balint et al., 2018). However, the exact molecular and 

functional mechanisms underlying the disease remain elusive. Striatal medium spiny neurons 

(MSNs) might be a promising neuronal cell type to study dystonia, especially differentiated 

from induced pluripotent stem cells (iPSCs). So far, iPSC-derived neuronal cells have also been 

used to study other subtypes of dystonia including X-linked dystonia-parkinsonism (formerly 

DYT 3; Capetian et al., 2018) or DYT-TOR1A (formerly DYT 1; Cascalho et al., 2020). 

In this study, iPSC lines from DYT-THAP1 and DYT-SGCE patients and mutation carriers, 

generated in previous studies (Grütz et al., 2017; Baumann et al., 2018) were used for the 

differentiation into MSNs. Various protocols for efficient differentiation of iPSCs into striatal 

MSNs have been available (Stanslowsky et al., 2016; Capetian et al., 2018) and were adapted 

in this study. All iPSCs used in this study were cultured feeder-free supporting the 

undifferentiated state of pluripotent stem cells while reducing complexity and inherent 

variability in contrast to cultivation methods on feeder cells like inactivated mouse embryonic 

fibroblasts (Villa-Diaz et al., 2013). 

In the current studies, a sufficient amount of MSNs from control and dystonia patient-derived 

iPSCs were generated after 70 days of differentiation. The quantitative analysis of neuronal 

markers using immunocytochemical staining showed GABAergic character of MSNs with 

about 80% β-tubulin III (TUJ1)-positive neurons of which about 60-70% were positive for the 

neurotransmitter γ-aminobutyric acid (GABA). About 30% of GABAergic MSNs co-expressed 

the striatal markers cAMP-regulated neuronal phosphoprotein 32kDa (DARPP32) and COUP 

TF1-interacting protein 2 (CTIP2).  

According to the mRNA expression of neuronal and striatal markers in MSNs using quantitative 

real-time polymerase chain reaction, a significant upregulation of these markers compared to 

the iPSC origin was revealed. In addition, the mature neuronal marker microtubule-associated 

protein 2 (MAP2) and striatal markers glutamic acid decarboxylase (GAD67) and transcription 

factor forkhead box protein P1 (FOXP1) were included in the analysis to confirm the neuronal 

phenotype of MSNs. These results were similar for the differentiation of all control and DYT-

THAP1 and DYT-SGCE patient-derived iPSC lines in both studies (details are included in 

manuscript I and manuscript II). 
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In addition, the differentiated MSNs displayed a functional mature neuronal phenotype after 70 

days of differentiation as tested by the ability to form action potentials using whole-cell patch-

clamp recordings. During the adaptation of the differentiation protocol, the ability of MSNs to 

form action potentials was tested after 40 days, 55 days and 70 days of differentiation. Finally, 

day 70 (+/- 7 days) of differentiation was defined for conducting molecular and functional 

experiments for both studies to investigate molecular and functional properties of DYT-THAP1 

and DYT-SGCE MSNs. In contrast, Stanslowsky et al. (2016) investigated mature MSNs after 

40 days of differentiation and Capetian et al. (2018) reported a fully mature phenotype after 90 

days of differentiation. The use of different derivatives of small molecules during 

differentiation might explain the time differences in MSN maturation.  

In general, the directed differentiation of MSNs in vitro remains challenging, although these 

neurons represent the vast majority of neurons in the striatum (Kemp and Powell, 1971). 

According to current literature, other studies report similar results of maximum 40% 

DARPP32-positive neurons using inhibition of SHH and WNT signaling protocols or refined 

approaches for the generation of MSNs in disease modeling (Arber et al., 2015; Stanslowsky et 

al., 2016; Capetian et al., 2018; Victor et al., 2018). It has been suggested in published literature, 

that precursor neurons as origin to interneurons of the cortex and striatum might contribute to 

a lesser amount of medium spiny neurons in in vitro models (Kelsom and Lu, 2013) or the 

maturation supported by small molecules was not sufficient enough.  

For functional analyses including whole-cell patch-clamp recording and calcium imaging, 

MSNs were identified by their medium-size and multipolar phenotype (Lanciego et al., 2012).  

Previous studies additionally identified DARPP32-positive neurons directly after the recordings 

by intracellular injection of biocytin and labeling with an antibody against DARPP32 (Capetian 

et al., 2018). Moreover, we observed a small amount of MSNs showing GABA-induced 

calcium signals in both studies. These signals might derive from depolarization of immature 

neurons after GABA application, which may lead to indirect activation of voltage-gated 

calcium channels and calcium flux in vitro (reviewed by Ben-Ari et al., 2007). 

Several studies reported approaches of co-cultivation of MSNs with other neuronal cell types, 

however, the complexity in cell culture and less adapted protocols ruled out the use of a similar 

approach for the experiments conducted within this thesis (Fasano et al., 2013; Penrod et al., 

2015). 
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5.2 DYT-THAP1 dystonia 

To investigate pathogenetic mechanisms underlying DYT-THAP1 dystonia, iPSC-derived 

MSNs from two patients and one family member with reduced penetrance carrying a mutation 

in the gene THAP1 (c.474delA and c.38G>A) were functionally characterized and compared to 

healthy controls. According to present knowledge, this is the first study to investigate the 

molecular and functional phenotype of iPSC-derived THAP1 MSNs. So far, only one 

previously published study was conducted on iPSC-derived neurons from THAP1 mutation 

carriers demonstrating autoregulation of THAP1 expression (Erogullari et al., 2014).  

After generation of MSNs within this study, the neuronal morphology including neurite length, 

ramification and the number of GABAergic synapses on specific neurite traces (synaptic 

density) was assessed. However, the analysis revealed no differences between THAP1 and 

control MSNs.  

Interestingly, significant downregulation of the expression of the gene encoding for the GABAA 

α2 subunit as well as a reduction in the expression of genes for the GABAA receptor α4 and δ 

subunits were found in THAP1 MSNs compared to control MSNs. Previous studies showed, 

that striatonigral (express dopamine D1 receptors) and striatopallidal (express dopamine D2 

receptors) projecting MSNs receive GABAergic input via expression of synaptic, perisynaptic 

and extrasynaptic GABAA receptors with distinct roles in neuronal microcircuitry (Luo et al., 

2013). Extrasynaptic receptors in MSNs contain GABAA receptor α4 and δ subunit. The 

GABAergic regulation of MSNs is important for their striatal function as the GABAergic 

system is the main inhibitory neurotransmitter system in the central nervous system. In addition, 

a published study showed that deletion of the α1 or α2 subunit in mice led to structural changes 

at inhibitory synapses (reviewed Fritschy et al., 2012). Due to the altered expression of the 

GABAA receptor α2 subunit, a GABAergic dysregulation and disinhibition in THAP1 MSNs 

may contribute to the pathogenesis of DYT-THAP1. Moreover, a recent study showed 

alterations in the expression level of a GABAA receptor α2 subunit in interneurons in vivo and 

suggested this as cause underlying abnormal striatal plasticity leading to dystonic symptoms 

(Bode et al., 2017). In general, the role and interplay of several types of interneurons has to be 

elucidated further. However, they seem to modulate MSN function as well and may be 

promising to model dystonia in additional experiments (reviewed in Capetian et al., 2014). 

In the current study, elevated basal intracellular calcium levels and higher amplitudes of 

spontaneous calcium signals in THAP1 MSNs were revealed. The quantification of the 

expression levels of voltage-gated calcium channels revealed no differences between THAP1 

and control MSNs. Thus, altered function in voltage-gated calcium channels may not be a main 
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cause responsible for dysregulation in basal calcium levels as often suggested for other 

neurological and movement disorders (reviewed in Simms and Zamponi, 2014).  

In addition, a lower calcium response of THAP1 MSNs upon application of neurotransmitter 

GABA and elevated peaks upon acetylcholine application using calcium imaging were 

recorded. These data fit to known cholinergic dysregulations in the pathophysiology of several 

dystonia subtypes (Jaunarajs et al., 2015). It has been suggested, that alterations in acetylcholine 

transmission between the main cholinergic inputs by cholinergic interneurons to the MSNs in 

the striatum occur (reviewed in Termsarasab et al., 2016). In addition, several anticholinergics 

have been used for a long time to symptomatically treat dystonia (Fahn, 1983; Jankovic, 2013). 

Interesting is the finding of the lower calcium response to GABA in THAP1 MSNs, which 

might be connected to the altered expression of the GABAA receptor subunits reported within 

the current study. In this context, substances that can specifically target the GABAA α2 subunit 

might be beneficial to test the response of the cellular phenotype using calcium imaging. So far, 

many antagonists for the inhibitory neurotransmitter GABA are known, but often not targeting 

specific subunits of GABA receptors (Johnston, 1991). Bicuculline is known as competitive 

antagonist at GABAA receptors (Johnston, 2013), ionotropic receptors that gate chloride 

channels (Hill et al., 1981).  

To further investigate the functional phenotype, whole-cell patch-clamp recordings of THAP1 

and control MSNs were performed. These data revealed a significantly lower frequency of 

miniature postsynaptic currents (mPSCs), whereas the frequency of spontaneous action 

potentials was elevated in THAP1 MSNs. This may point towards a reduction in synaptic 

activity and might contribute to the enhanced generation of action potentials resulting from 

altered GABAergic transmission.  

Previously published studies also reported alterations in synaptic transmission due to THAP1 

mutations (Zakirova et al., 2018; Frederick et al., 2019; Cheng et al., 2020). The first study 

modeling DYT-THAP1 in vivo by characterizing mice with a pathogenetic knock-in mutation 

and a null mutation of Thap1 showed alterations in motor behavior, transcription and several 

brain structures, especially in projection neurons of the deep cerebellar nuclei (Ruiz et al., 

2015). Further, a study investigating the effect of a Thap1 mutations (either C54Y or ΔExon2) 

in mouse striatum and cerebellum showed impaired synaptic plasticity, dysregulations in 

pathways of mitochondrial function, neuronal projection development and axonal guidance 

(Zakirova et al., 2018). The reported alterations in mitochondrial function and axonal guidance 

in in vivo models may be also interesting to investigate in future studies using MSNs derived 

from THAP1 mutation carriers. Furthermore, transcriptional analysis in Thap1 conditional 
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knockout mice (with depletion of Thap1 in neuronal and glial cells) revealed altered expression 

in genes regulating nervous system development, synaptic transmission, cytoskeleton and 

gliogenesis in the striatum and cerebellum. In addition, decreased cell size, dendritic 

arborization and spine density in striatal MSNs in these Thap1 conditional knockout mice were 

shown (Frederick et al., 2019). The reported morphological changes were not seen in our 

THAP1 MSNs, however, they may potentially explain further alterations in synaptic function 

and might need further research.  

Moreover, a recently published study using human neuronal cell lines expressing mutated 

THAP1 proteins (known from DYT-THAP1 dystonia patients) showed dysregulation of several 

target genes related to synaptic function and mitochondrial function (Cheng et al., 2020). To 

give an outlook, the THAP1-linked phenotype is reported to be variable, ranging from 

unaffected mutation carriers to severe generalized dystonia, even among members of the same 

family and this might to be considered in future studies (Baumann et al., 2021). 

Phenotypic similarities between DYT-THAP1 and other inherited dystonias may suggest a 

shared underlying pathogenic mechanism of dystonia subtypes (Mazars et al., 2010; Kaiser et 

al., 2010). Especially, molecular interactions between DYT-THAP1 and early-onset 

generalized dystonia DYT-TOR1A were reported repeatedly (Gavarini et al., 2010; Kaiser et 

al., 2010). An interaction between the transcription factor THAP1 and the TOR1A promoter has 

been shown, which is influenced by pathogenetic THAP1 mutations (Kaiser et al., 2010). Based 

on these findings, pathophysiological changes underlying DYT-TOR1A dystonia may also 

similarly occur in DYT-THAP1 dystonia. In accordance with our in vitro data, altered synaptic 

transmission was reported in heterozygous torsinA knock-in mouse models (Martella et al., 

2014) and inhibition of the GABAergic synaptic activity in MSNs (Sciamanna et al., 2009). 

Furthermore, minimal changes in the calcium dynamics showing larger amplitudes of calcium 

transients in heterozygous neurons than in wild-type neurons resulting in increase in cumulative 

calcium transients in striatal GABAergic neurons in a DYT-TOR1A mouse model were 

reported (Iwabuchi et al., 2013). The study reflecting calcium dysregulation plays a role in 

neuronal excitability and is slightly altered, similarly shown with the calcium imaging data of 

THAP1 MSNs in our study. However, abnormal morphology of striatal neurons with thinner 

and complex dendrites (Song et al., 2013) in a DYT-TOR1A in vivo model was not detected in 

our in vitro iPSC-derived MSNs from DYT-THAP1 mutation carriers. However, the molecular 

interactions between DYT-THAP1 and DYT-TOR1A need further elucidation to confirm or 

exclude pathophysiological similarities (Kamm et al., 2011).  
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In summary, the generated data give insight into the functional phenotype with altered 

intracellular calcium dynamics, reduced GABA-evoked calcium signals, inhibited synaptic 

activity and enhanced postsynaptic generation of action potentials. A relation to the molecular 

alteration of GABAA receptor α2 subunit in THAP1 MSNs might contribute to it. In closing, 

the generated data in this study may contribute to a better understanding of functional and 

molecular causes leading to DYT-THAP1 dystonia. 

5.3 DYT-SGCE myoclonus-dystonia 

To investigate pathogenetic mechanisms underlying DYT-SGCE myoclonus-dystonia, human 

induced pluripotent stem cell (iPSC)-derived medium spiny neurons (MSNs) from two patients 

were functionally characterized in comparison to healthy controls. After 70 days of 

differentiation, the expression of neuronal and MSN-specific markers was comparable for 

SGCE and control MSNs. According to literature, this is the first study to investigate the 

functional phenotype of iPSC-derived SGCE MSNs. A previous study was conducted on iPSC-

derived cortical neurons from myoclonus-dystonia patients with mutations in SGCE showing 

maternal imprinting, allele-specific methylation of the SGCE promoter region and reduced 

protein level expression, however, without analysis of the functional phenotype (Grütz et al., 

2017).  

Within our study, we described altered calcium dynamics in SGCE MSNs compared to control 

MSNs including elevated basal intracellular calcium levels, lower frequency and lower 

amplitudes of spontaneous calcium signals. Calcium ions play a crucial part in intracellular 

signaling in all types of neurons and calcium imaging is a powerful method to investigate 

calcium dynamics (Grienberger and Konnerth, 2012). Dysregulation of intracellular calcium 

homeostasis as evidence for pathogenesis in movement disorders is increasing. A recent review 

pointed out that the loss of ε-sarcoglycan or a related protein might induce neuronal membrane 

damage leading to calcium accumulation (Menozzi et al., 2019). This suggestion was based on 

the knowledge, that the protein SGCE is part of the neuronal dystrophin-like glycoprotein 

complex linking the cytoskeleton to the extracellular matrix and maintaining physiological 

homeostasis (Waite et al., 2009; Waite et al., 2016).  

Furthermore, calcium signals were less suppressed in SGCE MSNs after application of 

verapamil, a phenylalkylamine that blocks voltage-gated calcium channels (Bergson et al., 

2011), although the expression of voltage-gated Ca2+ channel subunits was not altered. In 

addition, elevated calcium amplitudes upon glycine and acetylcholine applications in SGCE 

MSNs were recorded.  



5. DISCUSSION

25 

Similarly, to other dystonia subtypes, a dysregulation in the cholinergic system may contribute 

to pathophysiology. In the first study (manuscript I) within this thesis, alterations regarding 

acetylcholine were also revealed for DYT-THAP1. An increased cholinergic signaling via the 

muscarinic acetylcholine receptor (mAChR) and altered cholinergic signaling via the nicotinic 

acetylcholine receptor (nAChR) was indicated using calcium imaging data, however, altered 

expression of genes encoding several nAChR and mAChR subunits in SGCE MSNs was not 

detected. However, investigating the expression of the muscarinic acetylcholine receptor 

subunit M1 might reveal further interesting molecular mechanisms. A previous study in a 

dystonic hamster model linked alterations in the expression of the acetylcholine receptor 

subunit M1 in the striatum to the involvement of the cholinergic system resulting in abnormal 

striatal plasticity (Hamann et al., 2017).  

Whereas the neuronal morphology of MSNs was not altered in SGCE MSNs, the GABAergic 

density was significantly reduced. This points to a reduced number of GABAergic synapses in 

SGCE MSNs compared to control lines. However, the expression of GABAA receptor subunits 

was not altered significantly in SGCE MSNs. Whole-cell patch-clamp recordings displayed 

elevated action potential amplitudes accompanied by a shorter duration of APs in SGCE MSNs. 

Furthermore, the percentage of SGCE MSNs with miniature postsynaptic currents (mPSCs) and 

their frequency seemed reduced, whereas the amplitudes were significantly increased.  

Altogether, these data suggest dysregulations in the synaptic activity in SGCE MSNs. A study 

conducted by Waite et al. (2009) argued that the protein SGCE as part of the dystrophin-like 

glycoprotein complex is found at GABAergic synapses. Hypothetical models suggested, that 

dystrophin-glycoprotein-complex-like structures function in the postsynaptic clustering and 

play a role in the stabilization and accumulation of GABAA receptors in inhibitory synapses in 

neurons (Waite et al., 2012). As the number of GABAA receptors is crucial for controlling 

GABAergic synaptic transmission (Luscher et al., 2011), a decrease may contribute to 

pathophysiological changes resulting in altered synaptic activity. However, it has been 

suggested that the protein SGCE has a distinct role in the brain independently from the 

dystrophin-glycoprotein-complex and a brain-specific isoform may be central for pathogenesis 

of myoclonus-dystonia (Ritz et al., 2011). In general, this is interesting to consider as SGCE 

mutation carriers do not have symptoms of muscular dystrophy, which is caused by dysfunction 

of the dystrophin-glycoprotein-complex (Hjermind et al., 2008).  

Furthermore, studies in mice with SGCE deficiency displayed impaired striatal plasticity 

(Maltese et al., 2017). In general, the striatum has a very complex pathophysiology and new 

concepts causing alterations in synaptic plasticity in movement disorders including dystonia are 
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widely discussed (Plotkin and Goldberg, 2019). For myoclonus, a dysfunction of the cerebellum 

or thalamus is suggested as well (reviewed in Menozzi et al., 2019) and might be interesting to 

consider in further experiments investigating myoclonus-dystonia. 

In conclusion, the differentiated MSNs from DYT-SGCE patients displayed a functional 

phenotype with altered intracellular calcium dynamics and synaptic activity. It can be 

speculated that these pathological changes are caused by mutations in SGCE leading to 

dysconformation of the sarcoglycan complex and thus the dystrophin-glycoprotein-complex, 

which was reported to be crucial for maintenance of cellular homeostasis in neurons (Waite et 

al., 2009; Waite et al., 2016). Overall, the generated data within this study give insights to 

potential functional and molecular causes leading to DYT-SGCE myoclonus-dystonia and may 

help to develop benefical therapeutic strategies in the future.  

5.4 Limitations and future perspectives 

Overall, disease modeling of dystonia using iPSC-derived MSNs is feasible and increasingly 

used. The differentiation into MSNs requires complex cell culture protocols and individual 

iPSC lines may show variations in the desired neuronal subtype. Although our analyses have 

not revealed significant differences between individual iPSC lines from control and patient-

derived MSNs, line-to-line variability or variability between independent differentiations 

cannot be completely ruled out. Currently, the use of isogenic cell lines is evolving in human 

in vitro stem cell models to reduce genetic heterogeneity (Kim et al. 2014; Soldner et al., 2018). 

Indicating limitations of this study, the differentiation of two control iPSC lines and two to three 

dystonia subtype patient-derived iPSC lines may limit the results to elucidate significant 

pathological mechanisms. In order to validate the results in this study, more investigations are 

needed to replicate the findings using additional control and dystonia patient-derived MSNs, 

which might enhance the data set und provide even more insights into the individual mutations 

causing DYT-THAP1 dystonia or DYT-SGCE myoclonus-dystonia. Additionally, the 

matching of age and gender of iPSC lines is still useful in comparing control and dystonia-

patient MSNs. It is worth pointing out, that viral transgene insertions into genome of iPSCs 

(using retroviral or lentiviral vectors) increase risk of mutations and other non-integrating 

alternatives for the delivery of pluripotency-inducing factors such as Sendai virus vectors, 

mRNA or episomal plasmids are suggested in the literature (Ban et al., 2011; Silva et al., 2015). 

However, many protocols for MSN differentiation including the protocol used in this study, 

generated efficiently between 30-50% MSNs and improvements for future studies are needed. 

Currently, direct reprogramming or induced neuron technologies for disease modeling emerged 
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including microRNA-based direct neuronal conversion of patient fibroblasts into striatal 

neurons (Victor et al., 2018) and might be beneficial to model dystonia in vitro in future studies. 

In addition, genome editing in iPSCs from dystonia patients might be useful to explore if a 

rescue of a molecular phenotype is possible for various dystonia subtypes similar to a recently 

published study which showed this approach for X-linked dystonia-parkinsonism (Rakovic et 

al., 2018). To elucidate further molecular mechanisms and signaling pathways underlying these 

specific dystonia forms, analysis of the protein expression levels of THAP1 and SGCE in the 

respective MSNs using Western Blot analysis might contribute to a better understanding of the 

disease phenotype and might support further interpretation of our findings. Moreover, future 

studies may address the pharmacological intervention of specific substances (e.g. 

anticholinergic or GABAergic antagonists) in DYT-THAP1 MSNs and DYT-SGCE MSNs 

using functional electrophysiological studies including patch-clamp recordings and calcium 

imaging. Regarding to DYT-SGCE myoclonus-dystonia, specific anti-cholinergic substances 

might help to explore further associated pathological mechanisms. Targeting of specific 

muscarinic receptor subtypes might be relevant as well, although this study could not identify 

altered mRNA expression of genes encoding muscarinic receptor subtypes. Looking to the 

future, similarities of dystonia phenotypes, potential overlapping of molecular mechanisms and 

ongoing identification of new genes may further contribute to the understanding of pathological 

causes underlying dystonia. 

5.5 Conclusion 

In conclusion, the differentiation of patient-derived iPSCs into MSNs provided a feasible in 

vitro model to investigate DYT-THAP1 dystonia and DYT-SGCE myoclonus-dystonia. The 

experiments within the scope of this thesis provided new insight into pathophysiological 

mechanisms and revealed altered calcium dynamics and synaptic activity in both dystonia 

subtypes. Importantly, the new functional data from electrophysiological experiments provided 

further insight into the cellular phenotypes of iPSC-derived MSNs from DYT-THAP1 dystonia 

and DYT-SGCE myoclonus-dystonia patients. Despite the limitations of this study, the data 

potentially contribute to the development of novel treatment strategies for these forms of 

genetic dystonia. 
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