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ABSTRACT 

Synucleinopathies affect a considerable part of the aging population, and lead to severe symptoms 

mainly related to progressive neurodegeneration. Due to their highly complex etiology, disease-

modifying therapies remain so far unavailable. Alpha-synuclein (αSyn) accumulation is 

considered a common pathophysiological event of all synucleinopathies. αSyn itself is, however, 

one of main challenges standing in the way of developping efficient therapies. First, its functions 

in health and disease continue to be largely unknown despite several decades of research. 

Secondly, the ability of αSyn to form various intra and extracellular species during aggreation and 

spreading makes identifiying and targeting neurotoxic species difficult.  

The present work aimed to gain a deeeper understanding of relevant αSyn species that are involved 

in disease spreading. I particularly focused on αSyn fragments, and used a systematic approach to 

determine their implication in pathological events. Through a comparative and proof-of-principle 

methodology, I showed that two different αSyn fragments, αSyn 1-95 and 61-140, fulfill all the 

criteria of a spreading species. Furthermore, they efficiently instigated the aggregation of full-

length αSyn, both in a human dopaminergic neurons cell model, and in a cell-free assay. 

Interestingly, these fragments seem to have the ability to determine specific aggregation pathways. 

Indeed, fragment-seeded aggregates had distinct aggregation kinetics and patterns, as well as an 

enhanced proteinase K resistance in comparison to full-length αSyn. Furthermore, they induced a 

slow-onset toxicity that could be reduced with domain specific antibodies. Additionally, these 

aggregates were only detectable by specific antibodies. The results presented in this this work 

suggest that αSyn fragments might be relevant not only for spreading, but also for aggregation-

fate determination and differential strain formation. The present thesis describes new insights on 

the nature of such aggregates and on the possible pivotal role of proteases in the pathogenesis of 

synucleinopathies.  
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Zusammenfassung 

Synucleinopathien betreffen einen beträchtlichenTeil der alternden Bevölkerung und führen zu 

schweren Symptomen, die sich hauptsächlich auf eine fortschreitende Neurodegeneration 

zurückzuführen lassen. Aufgrund ihrer hochkomplexen Ätiologie sind krankheitsmodifizierende 

Therapien bislang nicht verfügbar. Die Anreicherung des Proteins Alpha-Synuclein (αSyn) wird 

als häufiges pathophysiologisches Ereignis aller Synucleinopathien angesehen. αSyn selbst ist 

jedoch eine der Hauptherausforderungen, die der Entwicklung effizienter Therapien im Wege 

stehen. Erstens sind seine Funktionen in Bezug auf Gesundheit und Krankheit trotz 

jahrzehntelanger Forschung weitgehend unbekannt. Zweitens erschwert die Fähigkeit von αSyn, 

während der Aggreation und Ausbreitung verschiedene intra- und extrazelluläre Spezies zu bilden, 

die Identifizierung und gezielte Bekämpfung neurotoxischer Spezies.  

Die vorliegende Arbeit zielte darauf ab ein besseres Verständnis der relevanten αSyn-Arten, die 

an der Ausbreitung von Synucleinopathien beteiligt sind, zu erlangen. Ich habe mich besonders 

auf αSyn-Fragmente konzentriert und einen systematischen Ansatz verwendet, um ihre Bedeutung 

für pathologische Ereignisse zu bestimmen. Durch eine Vergleichs- und ‘Proof-of-Principle’-

Methode habe ich gezeigt, dass zwei verschiedene αSyn-Fragmente, αSyn 1-95 und 61-140, alle 

Kriterien einer sich ausbreitenden Spezies erfüllen. Darüber hinaus initiierten sie effizient die 

Aggregation von αSyn, sowohl in einem Zellmodell mit humanen dopaminergen Neuronen als 

auch in einem zellfreien Versuchsansatz. Interessanterweise scheinen diese Fragmente die 

Fähigkeit zu haben spezifische Aggregationswege zu bestimmen. In der Tat zeigten Fragment-

Seed-Aggregate unterschiedliche Aggregationskinetiken und -muster sowie eine erhöhte 

Proteinase-K-Resistenz im Vergleich zu αSyn. Darüber hinaus induzierten sie eine langsam 

einsetzende Toxizität, die mit domänenspezifischen Antikörpern verringert werden konnte. 

Außerdem waren die gebildeten Aggregate nur durch spezifische Antikörper nachweisbar. Die in 

dieser Arbeit vorgestellten Ergebnisse legen nahe, dass αSyn-Fragmente nicht nur für die 

Ausbreitung, sondern auch für die Bestimmung des Aggregationsschicksals und die Bildung 

differenzieller Stämme relevant sein könnten. Die vorliegende Arbeit beschreibt neue 

Erkenntnisse über die Natur solcher Aggregate und über die möglicherweise zentrale Rolle von 

Proteasen bei der Pathogenese von Synucleinopathien. 
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1. INTRODUCTION 

1.1. Synucleinopathies 

Synucleinopathies are a group of neurodegenerative diseases that include Parkinson’s disease 

(PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). They have several 

characteristics in common such as the affection of the motor and cognitive neurological spheres, 

as well as progression from one brain region to another in a stereotyped fashion (Alegre-

Abarrategui et al., 2019). Such progression is pathologically marked by neuronal cell death, 

coinciding with abnormal accumulation and deposition of insoluble, alpha-synuclein-(αSyn)-rich, 

intracellular inclusions (Papp et al., 1989, Spillantini et al., 1998b). Synucleinopathies affect 

primarily the aging population, and with the increased life expectancy world-wide, the prevalence 

of such neurodegenerative disorders is expected to increase in the next decades (Bach et al., 2011, 

Savica et al., 2013). Notably, there are currently no disease-modifying therapies available for these 

devastating disorders.  

1.1.1. Parkinson’s disease 

A complete description of the shaking palsy was first provided in 1817 by James Parkinson 

(Parkinson, 1817). The disease was later renamed after him by the French neurologist Jean-Martin 

Charcot (Charcot et al., 1878). PD is the most common synucleinopathy, and is characterized by 

the selective and progressive loss of dopaminergic neurons in the midbrain. The resulting depletion 

of dopamine levels leads to characteristic motor symptoms that include muscle rigidity, resting 

tremors, bradykinesia and impaired posture and balance (Lim et al., 2002). Non motor symptoms 

such as autonomic dysfunction, cognitive decline, sensory abnormalities, and sleep disorders can 

either precede the motor symptoms or develop as the disease progresses (Jankovic, 2008). 

Symptomatic therapies like dopamine replacement and deep brain stimulation have proven to be 

relatively successful in ameliorating the motor symptoms. However, their benefits are limited in 

time and dissipate at advanced stages of the disease (Hauser, 2010). The PD pathology is 

characterized on the cellular level by the presence of neuronal cytoplasmic inclusions called Lewy 

bodies (LBs) and neuritic threads called Lewy neurites (LNs), which consist mainly of filamentous 

αSyn aggregates (Figure1.1) (Spillantini et al., 1997, Spillantini et al., 1998b, Braak et al., 2003).  

The majority of PD cases are considered sporadic, and are strongly linked to environmental factors 

including exposure to pesticides (Franco et al., 2010). Genetic causes on the other hand account 

for 5 to 10% of total diagnosed PD cases (Lesage and Brice, 2009). They can have, either 

dominantly or recessively inherited disease forms deriving from mutations on several specific 
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genes. The number of risk-genes associated with PD is consistantly increasing and includes so far 

15 well-established candidates (Chang et al., 2017, Billingsley et al., 2018). 

1.1.2. Dementia with Lewy bodies 

DLB is the second most common synucleinopathy (Peng et al., 2018b). And after Alzheimer’s 

disease (AD), the most common cause of neurodegenerative dementia (McKeith et al., 1996). 

Histologically, DLB is mainly characterized by the presence of LBs. In most DLB cases however, 

LBs can coexist with other lesions such as LNs, and AD pathology, predominantly β-amyloid 

deposition and diffuse plaques (Halliday et al., 2011). Cortical and midbrain regions are affected 

in DLB, which cause a progressive decline in mental faculties. Most common clinical symptoms 

include visual hallucinations, parkisonian movement disorder, sensory alteration and autonomic 

failure (McKeith et al., 1996). Most DLB cases are sporadic, nevertheless, some familial cases 

were reported in the past. Recently, the first genome wide association study in DLB revealed 

common genetic risk factors with both AD and PD (Orme et al., 2018). 

1.1.3. Multiple system atrophy 

MSA is classified as an orphan disease (Bower et al., 1997). It is by far more aggressive in disease 

progression than PD, with an average survival of 6 to 9 years (Ben-Shlomo et al., 1997, Fanciulli 

and Wenning, 2015). MSA presents as two distinct clinical and pathological subtypes with 

different clinical symptoms. The parkinsonian type (MSA-P; 80% of total MSA cases), and the 

cerebellar type (MSA-C; 20% of total MSA cases). The parkinsonian type is usually associated 

with motor symptoms similar to PD but respond poorly to dopamine replacement therapy, whereas 

the cerebellar type presents with problems in movement and coordination, impaired speech, visual 

disturbances and difficulties in swallowing or chewing. Most likely, the different symptoms are 

related to the distinct affected brain regions: striatonigral degeneration in MSA-P and 

olivopontocerebellar atrophy in MSA-C (Fanciulli and Wenning, 2015).     

MSA is histologically distinct from PD and DLB and is characterised by the abundance of αSyn 

pathology in oligodendrocytes as glial cytoplasmic inclusions (GCIs) (Tu et al., 1998), and to a 

much lesser extent, neuronal inclusions (Figure 1.1). MSA is mainly considered a sporadic disease, 

but genetic risk factors were recently associated with an increased susceptibility to develop MSA 

(Soma et al., 2006, Multiple-System Atrophy Research, 2013).   
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Figure 1.1. Immunohistochemistry stainings of αSyn inclusions in different 

synucleinopathies. PD: Parkinson's disease; SN: substantia nigra; DLB: dementia with Lewy 

bodies; Ctx: cortex; MSA: multiple system atrophy; CB: cerebellum; GCI: glial cytoplasmic 

inclusion; NI: neuronal inclusion. Scale bar: 25 μm. [Taken from from (Peng et al., 2018b)] 

 

1.2. The alpha-synuclein protein 

The discovery that αSyn is the main component of LBs, LNs, and GCIs (Spillantini et al., 1997, 

Spillantini et al., 1998a, Tu et al., 1998), effectively linked it to a multitude of poorly understood 

disorders. This marked the beginning of great efforts to understand the properties and functions of 

αSyn in health and disease. Over two decades later, many aspects of the physiological and 

pathophysiological functions of αSyn remain still largely unknown. 

1.2.1. The synuclein family 

αSyn was first isolated from the fish Torpedo californica in 1988. The distribution of its 

localization between the nuclear envelope and the presynaptic terminals prompted the name 

synuclein which refers to its abundance in both synapses and nuclei. (Maroteaux et al., 1988). 

Later on, two other proteins were discovered and determined to be a second and a third member 

of the synuclein family, and thereafter named β-synuclein (βSyn) and γ-synuclein (γSyn), 

respectively (Tobe et al., 1992, Shibayama-Imazu et al., 1993, Jakes et al., 1994, Ji et al., 1997, 

Lavedan et al., 1998). 

Synucleins have only been identified in vertebrates so far (Clayton and George, 1999). They have 

a highly conserved primary sequence (Figure 1.2), and are natively unfolded proteins (George, 

2002). All synucleins were found to be abundant in the brain, but with different distributions. αSyn 

and βSyn are mostly localised to nerve terminals, with a very sparse presence in the cytoplasm and 

dendrites, whereas γSyn is more evenly distributed throughout neurons. Moreover, while αSyn is 

most abundant in the telencephalon and the diencephalon regions, βSyn is more evenly distributed 

throughout the whole brain, and γSyn is predominantly present in peripheral and sensory neurons 

(Nakajo et al., 1994, Iwai et al., 1995, Ji et al., 1997).  
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The physiological functions of the synuclein proteins are not fully understood. αSyn and βSyn 

were proposed to have similar physiological functions due to their similar ultrastructural 

distributions. On the other hand, γSyn has been tightly linked with tumorigenesis-related cell 

migration and mictrotubule regulation (George, 2002). 

 

 

Figure 1.2. Phylogenetic tree and sequence alignment of the synuclein family members. 
(a) Phylogenetic tree and branch length of the human, rat, and mouse synuclein family 

members (Produced with the phylogeny tool [www.phylogeny.fr]). (b) Sequence alignment of 

the three synucleins. Highly conserved residues (green) and similar residues (yellow) are 

represented (produced with the alignment tool [www.uniprot.org])  

 

 

1.2.2. The SNCA gene  

1.2.2.1. Properties of SNCA 

αSyn is encoded by the SNCA gene, located on chromosome 4q22.1. It contains 114 kb and 

consists of six exons, only five of which are coding since the transcription start codon ATG is 

located on exon 2 and the stop codon TAA is located on exon 6 (Xu et al., 2015). Transcription of 

the SNCA gene in dopaminergic neurons is regulated by multiple factors such as the GATA-1 and 

GATA-2 motifs located on intron 1 and intron 2 respectively (Scherzer et al., 2008). Likewise, 

methylation levels of a CpG island (DNA regions enriched in CG nucleotides), also located on 

intron 1 were linked with expression levels of SNCA (Matsumoto et al., 2010). Moreover, REP1, 

a complex polymorphic microsatellite repeat located on the 5’UTR of the SNCA gene seems to be 

strongly regulating the expression levels of SNCA (Chiba-Falek and Nussbaum, 2001). 

Interestingly, the SNCA gene undergoes various and complex splicing events (Gamez-Valero and 
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Beyer, 2018). At least five different alternative splicing isoforms of SNCA were so far confirmed, 

namley isoforms SNCA140, SNCA126, SNCA112, SNCA98, and SNCA41. The numbers represent 

the amino acid content of each resulting protein (Figure 1.3). The messenger RNA (mRNA) of 

SNCA140 includes all coding exons (2 to 6), whereas isoforms SNCA126 and SNCA112 are lacking 

exons 3 and 5 respectively, and isoform SNCA98 is lacking both exons 3 and 5 (Bungeroth et al., 

2014). Isoform SNCA41 is the only alternative splicing isoform of SNCA that lacks exon 4 in 

addition to exon 3 (Vinnakota et al., 2018).  

 

Figure 1.3. The SNCA gene and the αSyn splicing isoforms. Schematic depiction of the 

SNCA gene and its various alternative splicing isoforms. (Chromosome 4 illustration was taken 

from from [genecards.org]) 

 

 

1.2.2.2. Genetics and epigenetics of SNCA in synucleinopathies 

The discovery of αSyn as a major component in LBs led to a particular focus on the SNCA gene. 

It was soon thereafter identified as an important risk factor. Three missense point mutations were 

first identified, A30P and A53T in familial PD (Polymeropoulos et al., 1997, Krüger et al., 1998), 

and E46K in familial DLB (Zarranz et al., 2004). Later, duplication and triplication on the SNCA 

locus were linked to increased αSyn levels and a higher risk for developing LB diseases (Chartier-

Harlin et al., 2004, Ibanez et al., 2004, Hofer et al., 2005). More recently, additional point 
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mutations of the SNCA gene were identified, namely H50Q and G51D in familial PD cases (Appel-

Cresswell et al., 2013, Kiely et al., 2013), as well as A53E as the first mutation related to MSA 

(Pasanen et al., 2014) (Figure 1.4b). Apart from point mutations and gene dose-related genetic 

factors, various single nucleotide polymorphisms (SNPs) were linked to a higher risk of 

developing synucleinopathies (McCarthy et al., 2011). Moreover, the expression pattern of 

different SNCA splicing isoforms was directly associated with several synucleinopathies. For 

instance, alternative splicing activation can be triggered by several parkinsonism-inducing factors, 

including toxins like MPTP (Kalivendi et al., 2010). The highly aggregation prone SNCA112 

isoform was found to be highly overexpressed in cortical regions of DLB patients, and slightly 

upregulated in patients with PD (Beyer et al., 2004, Beyer et al., 2008).      

More importantly, accumulating evidence indicates that αSyn forms the center of a very complex 

network, where it is not only tightly regulated, but also plays an important role as a gene expression 

regulator (van Heesbeen and Smidt, 2019). This role is achieved through interactions with 

transcription and translation factors, histones, and even direct interaction with DNA and RNA 

molecules. Furthermore, the ability to regulate gene expression by direct binding to nucleic acid 

is emerging as a common feature of several amyloidogenic proteins, such as amyloid beta and 

prion proteins (Hedge et al. 2010). Evidently, the genetic and epigenetic regulation of SNCA are 

complex and closely intertwined in the etiology of synucleinopathies. 

1.2.3. Structure and biophysical properties 

αSyn is a very abundant protein, and is estimated to account for approximatively up to 1% of total 

protein in the brain (Iwai et al. 2005). It is a highly soluble, acidic, and thermally stable small 

protein of 140 amino acids (Drescher, 2012). Its primary structure can be divided into three 

functional domains (Figure 1.4): 

1) The N-terminal domain spanning between residues 1 to 60 is the most conserved region of 

the protein. It contains four imperfect KTKEGV motif repeats (George, 2002), which 

contribute to the formation of stable amphipathic α-helix structures and confer to its ability 

of binding to lipids (Eliezer et al., 2001). Interestingly, all known point mutations implicated 

in familial synucleinopathies are located in the N-terminal region of αSyn, which indicates 

the importance of this domain in the regulation of αSyn function (Gamez-Valero and Beyer, 

2018).  

2) The central region comprises residues 61 to 95, and is highly hydrophobic and 

amyloidogenic. Two imperfect KTKEGV motif repeats are found within this region of αSyn, 
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commonly called the non-amyloid-component or NAC domain, which is considered the 

main contributor to αSyn’s aggregation prone characteristics (Giasson et al., 2001). 

3) The C-terminal domain contains residues 96 to 140. It is rich in negatively charged amino 

acids and remains therefore unstructured under physiological conditions. This region 

contains most of the interaction sites with other proteins as well as the majority of known 

post translational modifications (PTMs) sites. It also confers a chaperone-like activity to 

αSyn and plays a role as an aggregation inhibitor (Eliezer et al., 2001, Oueslati et al., 2010).      

 

 

Figure 1.4. Structural features of monomeric αSyn. (a) Schematic diagram of αSyn primary 

structure and domains. Red boxes represent the KTKEGV motif repeats. (b) structure of the 

membrane-bound form of αSyn. The positions of point mutations associated with Parkinson's 

disease are indicated with arrows and in pink. [upper panel taken from (Gallegos et al., 2015), 

lower panel taken from (Whittaker et al., 2017)] 

 

1.2.4. Physiological functions 

The exact physiological functions of αSyn are still poorly understood but it is widely accepted to 

play very versatile roles in various cellular processes. This versatility is due to the unique 

biophysical properties of its different domains. Under physiological conditions, αSyn exists either 

as soluble natively unfolded protein, or as membrane-bound protein with α-helical conformation. 

αSyn was proposed to dynamically convert between these two states in order to fulfil its putative 

functions (Uversky, 2003).  
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Because of its abundant presence at presynaptic termini, αSyn involvement in the organization and 

recycling of neurotrasmitters was suggested (Lotharius and Brundin, 2002). Indeed, it was shown 

to regulate several aspects of neurotransmitter release, as well as the metabolism of dopamine via 

reduction of enzymatic activity of tyrosine hydroxylase and dopa decarboxylase (Masliah et al., 

2000, Kirik et al., 2002, Tehranian et al., 2006). A direct interaction with dopamine transporter 

was also described, however the resulting effects of this interaction are conflicting (Lee et al., 

2001, Wersinger and Sidhu, 2003). More recently, a role in regulation of synaptic vesicles pools 

and presynaptic architecture was proposed (Scott and Roy, 2012, Vargas et al., 2017). Also, an 

involvement in vesicle docking was proposed since αSyn seems to play a role as molecular 

chaperone in soluble N-ethylmaleimide-sensitive factor attachement protein receptor (SNARE)-

complex assembly via direct binding to synaptobrevin-2 (Burre et al., 2010), or via direct binding 

to membranes (DeWitt and Rhoades, 2013, Lai et al., 2014) . 

A molecular chaperone role for αSyn was first speculated based on the biophysical properties of 

its C-terminal domain (Weinreb et al., 1996, Uversky, 2003). Later on, αSyn was shown to form 

a chaperone machine complex with other molecular chaperones to control and maintain the 

integrity of neurotransmission processes (Emamzadeh, 2016). 

αSyn was implicated in neuroprotection as well, since it was shown to modulate apoptotic 

responses to oxidative stress and exposure to neurotoxins via a concomitant increase of anti-

apoptotic factors and decrease of pro-apoptotic factors (Jin et al., 2011, Alves da Costa et al., 

2017). 

Furthermore, αSyn has been reported to interact with several mitochondrial components and 

regulate mitochondrial morphology and fusion, electron transport chain, and cytosolic protein 

import (Martin et al., 2006, Kamp et al., 2010, Nakamura et al., 2011, Di Maio et al., 2016). At 

the nucleus, αSyn fosters several interactions with epigenetic and genetic regulation components 

(Goncalves and Outeiro, 2013, Ma et al., 2014). αSyn was also discovered in vesicular transport 

organelles such as the endoplasmic reticulum, golgi apparatus, and the endolysosomal system. 

Specific roles of αSyn in these compartments are unknown so far (Bernal-Conde et al., 2019).  

Overall, αSyn seems to be strongly implicated in multiple cellular processes. However, assessing 

its normal functions is particularly challenging because of its conformational plasticity as well as 

the staggering number of its interaction partners (Longhena et al., 2019). This presents a 

considerable obstacle since understanding the physiological roles of αSyn is very important to 

discern its pathophysiological functions in relation to synucleinopathies. 
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1.2.5. Post-translational modifications  

The physiological and pathophysiological functions of αSyn are greatly influenced by several 

PTMs. αSyn is known to undergo various types of PTMs (Figure 1.5), including phosphorylation, 

ubiquitination, nitration and oxidation, sumoylation, O-GlcNAcylation, and truncations. (Zhang et 

al., 2019). 

Phosphorylation, especially at S129, has emerged as a hallmark for pathological αSyn since it was 

found to be highly abundant in LBs (Fujiwara et al., 2002, Anderson et al., 2006). This phosphosite 

is by far the most studied PTM of αSyn, and was shown to implicate various kinases, which might 

lead to distinct outcomes. For instance, phosphorylation at S129 by polo-like kinase 2 (PLK2) 

seems to promote αSyn degradation, while phosphorylation at the same site by casein kinase II 

(CKII) promotes αSyn fibrillation (Oueslati, 2016). αSyn can also be phosphorylated at several 

other serine and tyrosine sites, including: S87, Y125, Y133, and Y136. The impact of 

phosphorylation at most of these site, as well the responsible kinases remain unknown (Zhang et 

al., 2019). 

Another common PTM of αSyn that is also abundant in LBs, is ubiquitination (Gomez-Tortosa et 

al., 2000). E3 ubiquitin-protein ligases have been particulary implicated in ubiquitination of αSyn: 

the C-terminal U-box domain of co-chaperone Hsp70-interaction protein (CHIP), seven in absentia 

homolog (SIAH), and neuronal precursor cell-expressed, developmentally downregulated gene 4 

(Nedd4) (Liani et al., 2004, Shin et al., 2005, Tofaris et al., 2011). While ubiquitination via SIAH 

seems to induce intracellular aggregation of αSyn (Rott et al., 2008), CHIP and Nedd4 were 

associated with inhibition of aggregation as well as increased degradation of αSyn through the 

proteasomal and lysosomal pathways (Shin et al., 2005, Tofaris et al., 2011). αSyn can also be 

conjugated to small ubiquitin-like modifier (SUMO) at lysine residues. Some studies showed that 

sumoylation can result in different outcomes regarding aggregation and pathology, depending on 

the modified residue (Rott et al., 2017). 

Oxidative stress, and more specifically oxygen and nitric oxide species and their respective 

products, lead to the nitration of tyrosine residues of αSyn. Nitrated forms of αSyn were found in 

LBs and all four tyrosine residues of αSyn (Y39, Y125, Y133, and Y136) are very susceptible to 

nitration (Sevcsik et al., 2011, Burai et al., 2015). Nitration was shown to have a great impact on 

the aggregation properties of monomeric and dimeric αSyn. Moreover, the aggregation properties 

seem to highly depend on the residue that undergoes nitration (Burai et al., 2015).  
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Besides the full-length protein, truncated forms αSyn were found in LBs and appear to make up 

15% of total αSyn in pathological inclusions (Breydo et al., 2012, Beyer and Ariza, 2013). Several 

studies have shown that at least five different truncated forms, or fragments, of αSyn are present 

in LBs, including both N- and C-terminally truncated species (Anderson et al., 2006, Baba et al., 

1998, Campbell et al., 2001, Crowther et al., 1998, Spillantini et al., 1998b, Okochi et al., 2000, 

Li et al., 2005, Liu et al., 2005). Moreover, the truncation of αSyn seems to correlate with its 

aggregation propensity and toxicity in cell models, and has also been shown to induce a severe 

motor phenotype in mice models (Tofaris et al., 2006, Periquet et al., 2007, Daher et al., 2009). 

Furthermore, several proteases such as neurosin (Iwata et al., 2003), plasmin (Kim et al., 2012), 

calpain (Mishizen-Eberz et al., 2005, Games et al., 2014), cathepsin D (Sevlever et al., 2008), 

metalloproteases (Levin et al., 2009)  and caspase 1 (Wang et al., 2016) have been implicated in 

the cleavage of αSyn. Also, autoproteolysis of αSyn has been suggested (Vlad et al., 2011). 

Interestingly, fragmentation is currently emerging as a potential common feature observed also for 

other neurodegeneration-related proteins, such as amyloid precursor protein and tau (Mazzitelli et 

al., 2016).  

PTMs are evidently key regulators of αSyn function. However, most of the available insights on 

this topic were obtained in an in vitro setting, whereas the in vivo effects of PTMs are still poorly 

understood. The complexity of the interplay between αSyn PTMs and pathophysiology is 

amplified by the fact that the same modifications can have opposite effects when carried out by 

different effectors. Likewise, the picture gets even more complicated when interactions between 

different PTMs are taken into consideration. An interplay between phosphorylation and 

ubiquitination (Hasegawa et al., 2002), as well as between phosphorylation and truncation were 

previously studied (Kasai et al., 2008) . It is not yet known whether interactions between more 

than two PTMs can occur and whether it might act as multi-layered regulation network for αSyn.   

 

 

Figure 1.5. Overview of most known αSyn PTMs. [Modified from (Zhang et al., 2019)] 
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1.2.6. Role in neurodegenerative diseases  

1.2.6.1. General mechanisms of αSyn aggregation  

Since LBs, LNs and CGIs are mainly composed of aggregated αSyn (Spillantini et al., 1998b, Tu 

et al., 1998, Braak et al., 2003), aggregation is considered as a key event in the pathogenesis of 

synucleinopathies. Therefore, it is crucial to understand the specific mechanisms that lead to an 

accelerated aggregation of αSyn (Figure 1.6).  

The exact molecular events that result in initial intracellular aggregation of αSyn are still unknown. 

There is however a consensus on the fact that natively unfolded αSyn undergoes a conformational 

shift and subsequently acquires nucleation and aggregation properties (Narhi et al., 1999, Uversky 

et al., 2001a). Fibrillar forms of αSyn result from a multistep aggregation process where a 

misfolding event leads to the exposure of hydrophobic stretches of the protein, and subsequently 

to initial aggregation events. Many intermediate forms of αSyn are formed during this aggregation 

process, including small oligomers, large oligomers, protofibrils, and fibrils (Hoyer et al., 2002, 

Caughey and Lansbury, 2003). Oligomers especially were found to greatly accelerate the 

aggregation kinetics, they are therefore called on-pathway oligomers. Intermediate species that do 

not lead to further aggregation, namely off-pathway oligomers, were also described but whether 

they play a protective or a toxic role is under debate (Cappai et al., 2005, Ehrnhoefer et al., 2008).  

Figure 1.6. Aggregation pathways of αSyn. 

 

Aggregation properties and kinetics can be modulated by several factors. Among those factors, an 

increased concentration of αSyn, increased temperature, decreased pH, or an increased ionic 

strength in the cellular environment were described as aggregation-inducing or enhancing events 

(Narkiewicz et al., 2014). Exposure to environmental factors such as pesticides, metal ions, and 

organic solvents proved very efficient to accelerate αSyn aggregation as well (Uversky et al., 
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2001b, Uversky et al., 2001c, Manning-Bog et al., 2002, Janeczek and Lewohl, 2013). In addition, 

binding partners of αSyn such as histones were able to mediate aggregation in a dose-dependent 

manner (Goers et al., 2003). Likewise, most of the known synucleinopathy related point mutations 

of αSyn are also implicated in an increased aggregation rate in comparison to WT αSyn. Moreover, 

PTMs such as phosphorylation, nitration and truncation of αSyn seem to lead to a faster 

aggregation of αSyn (Oueslati et al., 2010). On the other hand, heat shock proteins, βSyn, and γSyn 

have the ability to inhibit αSyn aggragation (Uversky et al., 2002, Bruinsma et al., 2011), along 

with several classes of small chemical compounds such as polyphenols, benzothiazoles, and 

flavonoids (Masuda et al., 2006, Meng et al., 2010). 

1.2.6.2. Cell-to-cell spreading of αSyn 

The spreading of αSyn pathology was first consolidated by the observation of ‘host-to-graft’ 

transmission of LBs (Kordower et al., 2008a, Kordower et al., 2008b, Li et al., 2008, Li et al., 

2010). Currently, there is a growing body of evidence supporting the hypothesis that cell-to-cell 

transmission of pathological αSyn species underlies spreading of the pathology from one brain 

area to another and thus, disease progression (Braak et al., 2003, Muller et al., 2005). The spreading 

process depends first on the release of αSyn species from a diseased cell into the extracellular 

space, followed by their uptake into healthy neighbouring cells (Figure 1.7).  

The sequence of αSyn does not contain a secretion signal, which implicates that this protein is not 

destined to be secreted. It is nonetheless found in measurable amounts in biological fluids such as 

CSF and plasma, as well as in cell culture supernatants (El-Agnaf et al., 2006, Mollenhauer et al., 

2008). Interestingly, the amount of extracellular αSyn seems to correlate with intracellular levels 

(Reyes et al., 2015), which might be related to the impairment of intracellular clearance 

mechanisms when αSyn concentration increases.  

The exact release mechanisms of pathological species of αSyn are not yet fully understood. 

Numerous studies showed that αSyn can be released from donor cells either via active or passive 

mechanisms. Passive release mechanisms such as diffusion seem to involve monomeric αSyn but 

not its aggregated forms. The ability of αSyn monomers to pass the cell membrane boundaries 

through diffusion is well established (Ahn et al., 2006, Lee et al., 2008a). However, exact diffusion 

mechanisms are still unknown because αSyn can not simply pass through the lipid bilayer (Lee et 

al., 2005). Monomers and aggregated forms can be passively released in the extracellular space 

when the cell membrane integrity is compromised. Active release on the other hand comprises 

several distinct mechanisms, including non classical exocytosis, ER-Golgi-dependent exocytosis, 
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and exosomal secretion. Both monomeric and aggregated forms of αSyn can be released from cells 

via non classical exocytosis and via exosomes (Grozdanov and Danzer, 2018).  

Uptake mechanisms of αSyn, especially pathological forms thereof, have been intensively studied 

over the last years. Uptake can also take place through passive or active mechanisms. Similar to 

passive release, passive uptake mainly involves monomeric forms. Contrarily, aggregated αSyn 

species are mainly taken up via active mechanisms. The endocytosis pathways of αSyn aggregates 

and/or fibrils vary considerably depending on the cell type. Indeed, microglia were demonstrated 

to internalize extracellular αSyn more efficiently than neurons and astrocytes (Lee et al., 2008b). 

Moreover, uptake via receptor-mediated endocytosis was proposed. The lymphocyte-activation 

gene 3 (LAG-3) surface receptor was shown to have a high binding affinity to αSyn aggregates 

and to facilitate their uptake into cells leading to subsequent toxicity (Deng et al., 2016). Besides, 

several forms of αSyn can traffic between cells in association with exosomes, and effectively 

initiate seeding and toxicity in recipient cells (Danzer et al., 2009, Danzer et al., 2012).   

 

 

Figure 1.7. Release and uptake mechanisms of αSyn. PM: plasma membrane [modified from 

(Ottolini et al., 2017)]  

 

1.2.6.3. Seeding properties and strains 

At the molecular level, aggregated forms of αSyn were shown to have the capacity to act as a 

template, commonly called seed, and recruit endogenous αSyn for misfolding and aggregation. 

This process leads to an amplification of pathological aggregates, which can subsequently further 

spread to other cells (Hardy, 2005). Templated- or seeded aggregation is able to produce 

aggregates that faithfully replicate the conformational and structural properties of the seed itself. 
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αSyn strains are currently emerging as a potential explanation to the differences between brain 

areas and cell types affected by αSyn pathology in various synucleinopathies like PD, DLB and 

MSA. The discovery that recombinant αSyn monomers can form aggregates with variable 

conformations and biological activities (Guo et al., 2013) led the way to more findings showing 

that different αSyn strains can have very distinct physical and structural properties. More 

importantly, different strains have the ability to impose their structural and conformational 

properties on a new cycle of aggregation. They are also able to induce different levels of toxicity 

in cells (Bousset et al., 2013) and revealed different spreading and toxicity potentials in a mouse 

model (Peelaerts et al., 2015). Even more strikingly, different strains resulted in the formation of 

αSyn deposits in different cell types (Peelaerts et al., 2015). More recently, the examination of 

αSyn aggregates extracted from PD and MSA brains revealed distinct seeding characteristics that 

were conserved even after several cycles of aggregation (Yamasaki et al., 2019), further showing 

that αSyn strains underlie the vast pathophysiological and clinical disparities between 

synucleinopathies.  

 

1.2.6.4. Interference with intracellular processes and underlying toxicity 

While monomeric αSyn is mainly located in presynaptic terminals, aggregated forms are localized 

throughout the cell body, suggesting that take part in pathological functions via disruption of 

normal cellular processes. Indeed, αSyn-mediated cytotoxicity was correlated with functional 

impairment of multiple organelles, as well as inter-organelle communication and axonal transport 

(Figure 1.8).  

Oligomeric species of αSyn were shown to disrupt membranes and interfere with synaptic 

functions and dopamine release (Abeliovich et al., 2000, Mosharov et al., 2009, Burre et al., 2012). 

Aggregated αSyn also interferes with mithochondrial homeostasis and morphology via increased 

calcium uptake and impairement of cytosolic protein import (Kamp et al., 2010, Rostovtseva et 

al., 2015, Di Maio et al., 2016). 
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Figure 1.8. Intracellular processes disrupted by pathological αSyn. [taken from (Wong and 

Krainc, 2017)]  

 

The endoplasmic reticulum and golgi functions are affected by αSyn pathology as well. Recent 

evidence points towards a disruption of traffic between the two organelles, resulting in ER stress 

and secretory pathways dysfunction (Hampton, 2000, Colla et al., 2012, Wong and Krainc, 2017). 

Interestingly, pathological forms of αSyn were shown to disrupt cellular pathways responsible for 

clearance of abnormal protein aggregates and damaged organelles, such as the unfolded protein 

response (UPR), the proteasome, and the autophagy-lysosomal pathway, thus effectively leading 

to pathology accumulation and exacerbation (Cuervo et al., 2004, Winslow et al., 2010, Volpicelli-

Daley et al., 2014, Wong and Krainc, 2016).  

 

1.3. The LUHMES cell model 

Lund human mesencephalic (LUHMES) were used throughout this study to model 

synucleinopathy. LUHMES cells originated from Lund University. First trimester human 

embryonic mesencephalic cells were conditionally immortalized using a myc oncogene. They 

proliferate continuously in culture, and conditionally differentiate into morphologically and 

biochemically postmitotic human dopaminergic neurons upon addition of low concentrations of 

tetracycline (Figure 1.9) (Lotharius et al., 2002).  
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Figure 1.9: Characterization of LUHMES cells as dopaminergic neurons. a) Human 

embryonic mesencephalic cells were conditionally immortalized with Tet-off v-myc 

overexpression under the CMV promotor. Once tetracycline is added to the medium, v-myc is 

no longer espressed and the cells differenciate into dopaminergic-like neurons. b) LUHMES 

cells display a progressive decline in proliferation markers and increase of neuronal and 

dopaminergic markers throughout differentiation. c) Once fully differentiated, LUHMES cells 

present a neuronal phenotype with a dense neuronal network.  [a) taken from (Lotharius et al., 

2002); b) taken from (Höllerhage et al., 2014); c) taken from (Scholz et al., 2011)]  

 

 

LUHMES cells present an advantage on other immortalized cell lines and primary cell cultures in 

terms of phenotype adaptability and rapid differentiation. It is a robust human dopaminergic cell 

model that offers high population homogeneity, which gives this model a high value for disease 

modelling, toxicology, and neuropharmacology studies. In addition, LUHMES cells express stable 

levels of αSyn protein, which makes them highly relevant in studying αSyn-related pathology 

(Lotharius et al., 2005, Schildknecht et al., 2013, Höllerhage et al., 2014). 
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2. SPECIFIC AIMS 

The aim of my doctoral thesis was to investigate specific αSyn species that are mediating the 

spreading, seeding and toxicity in synucleionpathies. By a systematic approach, I focused on the 

four main events of the spreading process, and addressed the following questions: 

 Which αSyn species are released into the extracellular space under pathological conditions? 

 What are the mechanisms underlying the formation of these species? 

 Can the αSyn species detected in the extracellular space be taken up by naïve cells? 

 Upon uptake, do they seed aggregation into healthy cell endogenous αSyn? 

 Do these species result in a measurable toxicity in the recipient cells? 

 Is a toxicity in recipient cells the direct consequence of the uptake and the subsequent seeding 

activity of these αSyn species?  
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3. EXPERIMENTAL PROCEDURES 

3.1. Cell culture 

Proliferating Lund human mesencephalic (LUHMES) cells (Lotharius et al., 2002) were expanded 

on T75 flasks  (EasYFlasks, Nunclon DELTA, VWR, Darmstadt, Germany) coated with 50 µg/mL 

poly-L-ornithine (Sigma-Aldrich, St. Louis, MO) . Proliferation medium consisted of DMEM/F12 

(Sigma-Aldrich) supplemented with 1% N2 supplement (Life Technologies, Carlsbad, CA) and 

0.04 µg/mL basic fibroblast growth factor (bFGF; PeproTech, Rocky Hill, CT).  

Cells were plated on either T25 flasks or multi-well-plates (Nunc MicroWell plates, Thermo Fisher 

Scientific, Waltham, MA) sequentially coated with 50 µg/mL poly-L-ornithine (Sigma-Aldrich) 

and 5 µg/mL bovine fibronectin (Sigma-Aldrich) for experiments. Differentiation into 

dopaminergic neurons was triggered with a differentiation medium consisting of DMEM/F12 with 

1% N2 supplement, 1 µg/mL tetracycline, 0.49 µg/mL dibutyryl cyclic-AMP (Sigma-Aldrich) and 

2 ng/mL glial cell-derived neurotrophic factor (GDNF; R&D Systems, Minneapolis, MN). Cell 

density was 100,000 cells/cm2 across all flasks and well plate formats, and the cells were kept at 

all times in standard cell culture conditions at 37 °C, 5% CO2, and water-saturated air. Mycoplasma 

contamination tests were routinely performed. 

 

3.2. Transduction with adenoviral vectors 

For overexpression experiments, adenoviral vectors expressing human wild-type alpha synuclein 

(αSyn) or green fluorescent protein (GFP) under a cytomegalovirus promoter (BioFocus DPI, 

Leiden, Netherlands) were added to 2 dans differentiated LUHMES cells with a multiplicity of 

infection (MOI) of 2, as previously described (Fussi et al., 2018, Höllerhage et al., 2019). 

Untreated controls were supplemented with differentiation medium without adenoviral vectors. 

After 24 h, the adenoviral overexpression vectors were removed and cells were thouroughly 

washed with PBS (Life Technologies, Carlsbad, CA, USA) to remove virus particles, then 

supplemented with fresh differentiation medium and kept in culture until indicated readout times.  

 

3.3. Treatments with recombinant αSyn 

Cells were treated with 3 µM recombinant full-length and fragmented wild-type human αSyn 

(rPeptide, Watkinsville, GA; see table below) after 4 days of differentiation. Unless otherwise 

indicated, cells were treated for 48 h. Cells were then washed 3 times with PBS and treated with 

trypsin-EDTA (Life Technologies) for 45 s at 37 °C followed by a wash with DMEM/F12 medium 
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supplemented with 10% fetal calf serum (FCS; Gibco Life Sciences, Carlsbad, CA), then a final 

wash in PBS to ensure appropriate removal of extracellular αSyn and avoid artefact in the analysis 

of intracellular αSyn. Cells were either harvested immediately after washing or kept in culture with 

fresh differentiation medium  until indicated readout times. 

 

Table 1. Overview of used recombinant αSyn. 

Recombinant αSyn Source Treatment 

concentration 

Alpha-Synuclein (1mg) rPeptide 3 µM 

Alpha-Synuclein, 1-60 (0.5mg) rPeptide 3 µM 

Alpha-Synuclein, 1-95 (0.5 mg) rPeptide 3 µM 

Alpha-Synuclein, 61-140 (0.5 mg) rPeptide 3 µM 

Alpha-Synuclein, 96-140 (0.5 mg) rPeptide 3 µM 

Alpha-Synuclein, NAC peptide (2 mg) JPT peptide 3 µM 

 

 

3.4. Generation of αSyn knockout LUHMES cell line by CRISPR-Cas9 genome editing 

The exon 4 of SNCA gene was targeted to ensure silencing of all known spilincg isoforms and to 

exclude the possibility of alternative translation initiation. The 3’ portion of SNCA exon 4 and part 

of its adjacent intron were replaced with an autonomous puromycin resistance cassette on one 

allele and a frame shift-inducing indel was introduced in the same exon on the second allele. Small 

guide RNAs (sgRNAs) were designed using Benchling Biology Software 2016 (Benchling, San 

Francisco, CA, https://benchling.com) against SNCA exon 4 (5’-AGTAGCCCAGAAGACA 

GTGG-3’) and the adjacent 3’ intron (5’-GGAGCAAGATACTTACTGTG-3’). They were then 

cloned into the pbs-U6-chimaric_RNA sgRNA expression plasmid. A fragment harboring the was 

amplified with PCR from LUHMES and inserted into a pCR-Blunt-II vector (Invitrogen, Carlsbad, 

CA). The portion between guide RNA-binding positions was consecutively substituted by the 

puromycin selection cassetteto produce the final homologous donor vector. The pCAG-Cas9v2-

bpA vector was used to express the SpCas9 nuclease. All plasmids were amplified in E. coli DH5-

α and isolated using PureLink HiPure plasmid purification kits (Invitrogen, Carlsbad, CA, USA). 

LUHMES cells were cultured in proliferation medium at 37 °C / 5% CO2. Flasks and multi-well 

plates we coated with 1% Geltrex (Gibco Life Sciences) in DMEM/F12 (Sigma-Aldrich, St. Louis, 

MO, USA) at 37 °C overnight prior to seeding. At 70% confluency, undifferentiated cells were 

washed once with PBS and then detached using Accutase (Sigma-Aldrich) for 15 min at 37 °C. 

Detached cells were washed in pre-warmed (37 °C) proliferation medium supplemented with 10% 

https://benchling.com/
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FCS. Two million cells were resuspended in 100 µL nucleofection solution (Amaxa Basic 

Nucleofector Kit Primary Neurons; Lonza, Basel, Switzerland) supplemented with the appropriate 

plasmids (10 µg for 106 cells at a mass ratio of 2:1:1:1 [Cas9 : homologous donor : exonic sgRNA 

: intronic sgRNA]). Cells were then immediately transferred into cuvettes and transfected using 

program C-013 on a Nucleofector 2b device (Lonza, Basel, Switzerland) according to the 

manufacturer’s protocol (Schildknecht et al., 2013). Finally, the cells were allowed to recover in 

900 µL of pre-warmed RPMI medium with 20% B27 (Gibco Life Sciences) at 37 °C for 10 min 

and added to 5 mL of pre-warmed proliferation medium in a T25 flask. On the following day, cells 

were washed once with PBS, supplemented with fresh medium and allowed to expand further for 

2 to 3 days. They were then supplemented with an intial dose of 0.2 µg/mL puromycin for 3 days. 

Cells were allowed to recover for 3 more days and then treated with an icreased dose of 0.8 µg/mL 

puromycin, and allowed to recover again after 3 days. They were then seeded at 300 cells per 1.5 

mL growth medium supplemented with 8% B27 and 10 µg/mL ciprofloxacin in 6-well plates and 

grown for a week at 37 °C, 5% CO2 and 3% O2. After clonal expansion, the clones were incubated 

in 0.02% EDTA/PBS (Sigma-Aldrich) for 4 min at 37 °C, PBS was added and individual cell 

patches were transferred by pipette into 300 µL pre-warmed growth medium supplemented with 

6% B27 in 48-well plates. Individual clones were expanded and passaged, using a portion of the 

cell mass for genotyping. Selection criteria were integration of the resistance cassette into one 

allele and frame shift-inducing indels in the second allele of the SNCA gene. Absence of α-

synuclein protein was confirmed by Western blot. 

 

3.5. Western blotting 

Cell harvesting and sample preparation: 

Cells were harvested in M-PER lysis buffer (Thermo Scientific Pierce Protein Biology, Waltham, 

MA) supplemented with protease and phosphatase inhibitors cocktail (Roche, Basel, Switzerland). 

Lysis was carried out by incubation on ice for 15 min, followed by one freeze-thaw cycle. Cell 

debris was then cleared by centrifugation at 13,000 x g for 10 min at 4 °C. Concentration of the 

supernatant was determined by BCA protein assay kit (Thermo Scientific Pierce Protein Biology) 

according to the manufacturer’s instructions.  

 

Conditioned medium samples harvesting and preparation: 

Conditioned medium was collected and centrifuged at 2,000 x g for 10 min to remove cell debris. 

Medium was then concentrated for Western blot analysis with a 3 kDa molecular weight cut-off 
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filter vivaspin columns (Vivaspin; Sartorius, Göttingen, Germany). The protein content in the 

medium was quantified using the 660 nm Protein Assay Reagent (Thermo Scientific Pierce Protein 

Biology). 

Gel elecrophoresis and Western blotting: 

Proteins from cell homogenates were loaded on 4-12% Bis-Tris precast protein gels (Bio-Rad 

Laboratories, Hercules, CA) and electrophoresis was carried out with MES running buffer. For 

CM samples, proteins were loaded on 16.5% Tris-Tricine precast protein gels (Bio-Rad 

Laboratories) and electrophoresis carried out with Tris-Tricine running buffer. Proteins were 

transferred on 0.2 µm PVDF membranes (Bio-Rad Laboratories) and immediately fixed with 0.4% 

formaldehyde as previously described (Lee and Kamitani, 2011). Membranes were blocked with 

a 30% RotiBlock solution (Carl Roth, Karlsruhe, Germany) or 5% skimmed milk in Tris-buffered 

saline (TBS) supplemented with 0.05% Tween-20 (Sigma-Aldrich) (TBST) and incubated 

overnight with primary antibodies at 4 °C. Correspondent HRP-coupled secondary antibodies were 

incubated for 1 h at room temperature, followed by incubation in Clarity Western ECL Substrate 

(Bio-Rad Laboratories) for visualization. Images were taken with Odyssey Fc (LI-COR 

Biotechnology, Lincoln, NE) imaging system.  

 

Table 2. Overview of antibodies used for Western blotting 

Antigen Clone Species Dilution Source 

Alpha-synuclein, 

C-terminal 

Polyclonal Rabbit 1:500 Cell signaling technology 

(Danvers, MA) 

Alpha-synuclein, 

N-terminal 

EP1646Y Rabbit 1:500 Abcam (cambridge, UK) 

Plasminogen Polyclonal Rabbit 1:1000 Cell signaling technology 

GAPDH Plyclonal Rabbit 1:3000 Merck Millipore, 

Billerica, MA 

Β-actin, HRP 

conjugate 

13E5 Rabbit 1:2000 Cell signaling technology 

Rabbit IgG, HRP 

conjugate 

secondary antibody 

Polyclonal Goat 1:5000 Vector Laboratories, 

Burlingame, CA 
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3.6. LC-MS analysis 

Gel slices (2 mm) were excised from a Colloidal Coomassie stained SDS-polyacrylamide gel at 

the regions between 5 and 18 kDa (fragments and monomer). Gel slices were further cut into small 

cubes and transferred into individual vials for subsequent protein cleavage by trypsin and 

chymotrypsin. First, gel pieces were destained with 50 mM ammonium bicarbonate (Ambic) 

(Sigma-Aldrich) in water containing 50% acetonitrile (ACN) (Sigma-Aldrich). Next, 200 ng of 

trypsin was added for the first digestion step and the samples were incubated for 12 h at 37 °C. 

The supernatant was transferred into a fresh vial and the gel cubes were washed once with 50 µL 

of a 100 mM Ambic solution and the wash was combined with the supernatant from the tryptic 

cleavage. Subsequently, 300 ng of chymotrypsin were added to the gel cubes and samples were 

incubated for 4 h at 30 °C. All samples were then acidified using 10% formic acid (FA) and 

corresponding supernatants of trypsin and chymotrypsin digestion were combined. Peptides were 

finally eluted twice with 50 µL of 50% ACN containing 0.1% FA (Sigma-Aldrich). All samples 

were vacuum-dried before desalting on a C18 stage tip column (Thermo Fisher Scientific). 

Desalted samples were then reconstituted in 0.05% trifluoroacetic acid (Sigma-Aldrich) and 

chromatographically separated on an U3000 nano-chromatography system (Thermo Fisher 

Scientific) which was directly coupled to an LTQ orbitrap mass spectrometer (Thermo Fisher 

Scientific) for online detection of peptides. Peptides were directly loaded on the RP-C18 nano-

column packed into an ESI emitter (120 x 0.075 mm, filled with ReproSil-Pur C18-AQ 2.4 µm, 

Dr. Maisch AG, Ammerbuch-Entringen, Germany) and subsequently separated via a linear 

gradient from 3% ACN to 35% ACN in 50 min. Peptides eluting from the chromatography column 

were transferred into the mass spectrometer via nano-electrospray ionization. The mass 

spectrometer was run in data-dependent acquisition mode, acquiring one survey scan to detect 

ionized peptide ions and performing 6 fragment ion scans of selected precursor peptide for 

sequence determination. 

3.7. Proteomic data analysis 

All raw data files for excised αSyn gel slices were searched in parallel against a human protein 

database (uniprot, vs 11/2017) using the MaxQuant/Andromeda search algorithm (vs. 1.6.0.6, 

www.maxquant.org (Tyanova et al., 2016).  

For comparison with calculated peptide masses, a mass deviation of 20 ppm was allowed for the 

first search step, for the main search it was adjusted to 6 ppm. For MS/MS data a mass accuracy 

for 0.6 Da was selected. Protein N-terminal acetylation, methionine oxidation and cysteine 

carbamidomethylation were enabled as post-translational modifications. All obtained results were 

http://www.maxquant.org/
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filtered for 1% FDR on the peptide level and 5% on the protein level. Furthermore, at least two 

peptide sequences had to be associated with reported protein sequences. 

For αSyn, N-terminal and C-terminal regions were not covered by the proteomics data. In order to 

guarantee correct annotation of the covered areas, identified peptides were loaded into Skyline (vs. 

18, University of Seattle, www.skyline.ms (MacLean et al., 2018) and the peptide peak areas were 

annotated manually. Peptide abundance was compared between all samples. 

3.8. Human protease array  

To identify proteases present in LUHMES cells conditioned medium, the Proteome Profiler human 

protease array kit (R&D systems, Minneapolis, MN) was used according to the manufacturer’s 

instructions. Briefly, membranes dotted with different protease antibodies were activated in assay 

buffer, then incubated overnight with either conditioned medium supplemented with the provided 

protease detection antibody cocktail. On the next day, the membranes were incubated with an 

HRP-coupled secondary antibody and developed with ECL. The transparency overly provided 

with the kit was used to identify the proteases corresponding to each dot.    

3.9. In vitro cleavage assay 

To monitor protolytic events in conditioned medium, recombinant FL-αSyn (1 µg) was added to 

100 µL of various unconcentrated media conditions, then the mixture was incubated at 37 °C for 

24 h. Next, 30 µL were taken out of the reaction, mixed with reducing XT sample loading buffer 

(Bio-Rad Laboratories) and heated at 95 °C for 5 min. Samples were loaded on in-house casted 

16% Bis-tris gels prior to Western blotting as described before. 

 

3.10. In vitro Protease inhibition 

Protease inhibitors (see table below) were added to 100 µL of unconcentrated medium conditioned 

with untreated LUHMES cells followed by an incubation of 1h at 37 °C. 1 µg of recombinant FL-

αSyn was then added and a further incubation at 37 °C for 24 h was performed. Next, 30 µL were 

taken out of the reaction, mixed with reducing XT sample loading buffer (Bio-Rad Laboratories) 

and heated at 95 °C for 5 min. Samples were loaded on in-house casted 16% Bis-tris gels prior to 

Western blotting as described before.  

 

 

 

 

 

http://www.skyline.ms/
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Table 3. Overview of used protease inhibitors. 

Protease inhibitor Target Source Treatment 

concentration 

EDTA Metalloproteases Thermo Fisher 5 mM 

Protease inhibitor cocktail 1 General Roche 1X 

Protease inhibitor cocktail 2 General Thermo Fisher 1X 

NNGH Metalloproteases 3 and 9 Selleckchem 100 µM 

Calpastatin Calpain inhibitor Selleckchem 1 µM 

Pepstatin A Cathepsin inhibitor Selleckchem 50 µM 

Z-VAD-FMK Caspases Selleckchem 100 µM 

AEBSF Serine proteases Roth 2 mM 

Aprotinin Serine proteases Roth 2 µM 

Bestatin Amino-peptidases Selleckchem 100 µM 

E64 Cystein proteases Selleckchem 30 µM 

Leupeptin Serine and Cystein proteases Roth 40 µM 

PKSI-527 Kallikreins Enzo life sciences 10 µM 

 

3.11. Conditioned medium uptake assay 

Wild-type LUHMES were transduced with αSyn overexpressing AV and the resulting conditioned 

medium (CM) was harvested at DIV8 as described before. Briefly, the medium was first spun at 

2,000 x g for 10 min to remove cell debris, then concentrated using 3 kDa molecular weight cut-

off Vivaspin clumns (Vivaspin; Sartorius, Göttingen, Germany) to achieve the desired 

concentration factors (2X, 5X and 10X) accordingly. DIV8 αSyn knockout LUHMES cells were 

treated with different concentrations of the conditioned medium at 37 °C for 6 h. Cells were 

afterwards thoroughly washed, harvested and cell lysates were used for Western blotting. 

 

3.12. Recombinant protein labeling and uptake assays 

Protein Fluorescent labeling: 

For protein uptake, recombinant proteins were labeled with ATTO-488-NHS ester fluorescent dye 

(ATTO-TEC, Siegen, Germany) according to the manufacturer’s instructions. Briefly, protein 

concentrations were adjusted to 2 mg/mL and reconstitution buffer was exchanged from Tris to 

PBS with dialysis. The pH of the coupling reactions was adjusted to 8.3 with a 0.2 M sodium 

bicarbonate solution (Sigma-Aldrich). The fluorescent dye was reconstituted with dimethyl 

sulfoxide (Sigma-Aldrich) to a final concentration of 5 mg/mL and added to the proteins with a 

three to ten folds molar excess, and the mixture was incubated at room temperature for 1 h in the 

dark. Tris buffer contained in Bio-Spin 6 size exclusion spin columns (Bio-Rad Laboratories) was 

exchanged with PBS before their use to remove excess unbound dye. Labeling was verified with 

gel electrophoresis followed by fluorescence imaging. An approximate degree of labeleing was 

determined with photospectrometry.  



34 
 

Confocal imaging: 

Cells were seeded on 8-well ibidi µ-slides (ibidi, Gräfelfing, Germany) and allowed to differentiate 

for 4 daysThey were then treated with 3 µM of FL-αSyn or fragments for 48 h. The treatment was 

removed and cells were washed as described above. CellTrace Calcein red-orange (Thermo Fisher 

Scientific) was used as a cell filling dye prior to fixing with 4% paraformaldehyde (Sigma-

Aldrich). 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen) was used as a nuclear counterstain. 

Z-stack images were taken using an inverted laser scanning confocal microscope (Zeiss LSM 880, 

Carl Zeiss, Oberkochen, Germany) using a 40x oil immersion objective with a digital zoom of 2.5. 

Orthogonal projections were made using the Fiji software (https://imagej.net/fiji).  

Automated uptake assay: 

For automated uptake kinetics assays, cells were seeded on 48 well-plates and treated with labeled 

αSyn for the indicated amounts of time , then washed twice with PBS and treated with a 0.5 M 

trypan blue solution diluted in extracellular buffer to quench extracellular green fluorescence as 

previously described (Karpowicz et al., 2017). Intracellular fluorescence in live cells at each time 

point was assessed with a CLARIOstar plate reader (BMG Labtech, Offenburg, Germany) using 

a well-scanning protocol with a 10 x 10 matrix. 

 

3.13. LDH assay 

Cytotoxicity was was mesured via lactate dehydrogenase (LDH) activity in the culture medium at 

the indicated readout times using the fluorescence based CytotoxONE Membrane Integrity Assay 

(Promega, Fitchburg, WI) according to the manufacturer’s instructions. Fluorescence levels were 

determined with a fluorescence microplate reader CLARIOstar plate reader (BMG Labtech). Cells 

lyzed with 1% triton X (Sigma-Aldrich) were used as a positive control and were considered as 

the 100% cell death reference. 

 

3.14. Cell-free aggregation assays 

Aggregation reactions preparation 

The different fragments used as seeds were mixed with monomeric FL-αSyn with a molar ratio of 

1:10, respectively, with a final concentration of 20 µM in 50 mM tris-HCl buffer at pH 7.0 and 25 

µM thioflavine T (ThT; Sigma-Aldrich). Each sample was prepared in three technical repeats in 

black-walled clear bottom 384 well plates (Thermo Fisher Scientific) with a final volume of 45 

µL. The plates were sealed and allowed to shake at 700 rpm at 37 °C for 230 h. Aggregation 
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kinetics were monitored by measuring ThT fluorescent signal every hour in relative fluorescence 

units (RFU). The experiment was repeated at least 3 times. 

 

Apparent lag time and growth rate detemination 

To determine the apparent lag time, each data set was normalized by subtraction of its lowest value 

and division by its highest value. Apparent lag times were determined as the time at which the 

curves reached 10% of the elongation phase (T10%). Growth rate was calculated as follows: 

 

𝐺𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 (𝑅𝐹𝑈/ℎ𝑜𝑢𝑟) =
𝐹50 − 𝐹10

𝑇50 − 𝑇10
  

 

Where F50 and F10 are the fluorescence values in RFU when the curves reached 50% and 10% of 

the elongation phase, respectively. T50 and T10 are the time points at which the curves reached 50% 

and 10% of the elongation phase, respectively. 

 

3.15. Dynamic light scattering measurements 

Particle size distributions and zeta potential measurements were perfomed with dynamic light 

scattering (DLS) using a Malvern Zetasizer Nano ZSP (Malver Instruments, Malvern, UK). An 

estimation of the hydrodynamic radius (rh) was obtained with the Stokes-Einstein relation:  

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟ℎ
 

Where D is the measured particle diffusion constant, kB is the Bolzmann constant, T is the absolute 

temperature and the viscosity of the measurment medium. The particle diameter (2xrh) was 

calculated from the Z-average size from the cumulants fit, using the software provided by Malvern 

Instruments. 

 

3.16. Proteinase K digestion 

Cell-free produced aggregates: 

3 µg of previously described aggregateswere digested at 37 °C with 0.1 µg/mL of proteinase K 

(Thermo Fisher Scientific, Waltham, MA, USA) for the indicated amounts of time. The enzymatic 

reaction was stopped by mixing with preheated 1X sample loading buffer followed by immediate 

incubation at 95 °C for 5 min. The samples were loaded on 12% Bis-Tris criterion gels (Bio-Rad 

Laboratories) for electrophoresis, then stained with Pierce silver staining kit (Thermo Fisher 
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Scientific) according to the manufacturer’s instructions. Pictures of the stained gels were acquired 

with the Gel DocTM XR imaging system (Bio-Rad Laboratories) and the optical density of bands 

was quantified with the Image LabTM software (Bio-Rad Laboratories). 

Cell lysates: 

20 µg of total cell lysates were digested at 37 °C with increasing concentrations of proteinase K 

for 30 min. The digestion reaction was stopped by mixing with preheated sample loading buffer 

followed by immediate incubation at 95 °C for 5 min. The samples were then loaded on 12% Bis-

Tris criterion gels (Bio-Rad Laboratories) and Western blots were carried out as described above. 

 

3.17. Toxicity blocking with antibodies 

At DIV 4, LUHMES cells were pretreated with anti αSyn N-terminal (Syn303; 25µg/mL; 

Biolegend, San Diego, CA) or C-terminal (Syn211; 25µg/mL; Thermo Fisher Scientific)  

antibodies for for 1h at 37 °C, 5% CO2, and water-saturated air.. 3 µM of recombinant αSyn 

fragments 61-140 and 1-95 were then added and the treatment was carried on for 48h. Cells were 

washed at DIV 6, and medium was changed at DIV9. Toxicity measurement was performed at 

DIV 12 with an LDH assay as described above. 

 

3.18. Statistical Analysis  

Statistical analysis was performed using GraphPad Prism 7.01 (GraphPad Software, La Jolla, CA). 

The GraphPad Prism ‘identify outliers’ tool with the ROUT method (Q=1%) was used and data 

determined as outliers were excluded from statistical analysis Data are shown as means with error 

bars representing the standard error of the mean (SEM). Two-way ANOVA and one-way ANOVA 

were used followed by Tukey’s post hoc test, p-values < 0.05 were considered as statistically 

significant. 
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4. RESULTS 

 

4.1. Analysis of αSyn species released from αSyn-overexpressing neurons 

Adenoviral (AV) overexpression of αSyn in differentiated LUHMES cells provides a robust and 

reproducible model for αSyn-mediated pathology (Höllerhage et al., 2014). Here, I used this model 

to study the release of αSyn into the extracellular space under pathological conditions. 

Transduction with AVs was performed at day in vitro (DIV) 2 and readouts for toxicity, 

intracellular and extracellular αSyn were performed at DIV4, DIV6 and DIV8 (Figure 4.1a). αSyn-

mediated toxicity was measured as  lactate dehydrogenase (LDH) activity in cell culture medium, 

and related  a 100% cell lysis positive control (Figure 4.1b). While GFP overexpression yielded a 

very mild toxicity in comparison to untreated controls, αSyn overexpression induced consistently 

increasing toxicity over time and reached approximately 50% at DIV8.  

Next, I monitored intracellular αSyn species in whole cell homogenates (Figure 4.1c). As expected, 

αSyn overexpression led to a stable increase in αSyn levels, as well as a marked intracellular 

aggregation.  

To explore the release of αSyn into the extracellular space, I analyzed cell conditioned medium 

(CM) for different αSyn species (Figure 4.1d). Several forms of αSyn appeared in the CM at DIV6; 

an oligomeric species at approximatively 37 kDa, monomeric FL-αSyn at 15 kDa and several αSyn 

fragments ranging between 13 and 6 kDa in molecular size. At this time point, cytoplasmic content 

leakage, as shown by GAPDH level, was very minimal. At DIV8, however, the level of all αSyn 

species increased considerably with concomitant increase of cytoplasmic leakage as indicated by 

the increase of GAPDH in the CM, pointing towards an accumulation of αSyn in the medium as a 

result of cell death. Interestingly, no intracellular αSyn fragments lower in molecular weight than 

FL-αSyn (15 kDa) were detectable in cell homogenates at any time after transduction. 

 

4.2. Extracellular αSyn fragments result from multiple truncation events  

To better characterize the αSyn fragments detected in the medium (Figure 4.1d), I aimed first to 

confirm that the αSyn-immunoreactive bands smaller than 15 kDa in the extracellular space are 

indeed αSyn fragments, and secondly to uncover their cleavage sites. Hence, the CM of αSyn-

overexpressing cells at DIV8 was analyzed by liquid chromatography mass spectrometry (LC-MS) 

(Figure 4.2). This analysis revealed the presence of peptides corresponding to αSyn sequence in 

all investigated gel sections, except gel section #7. 
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Figure 4.1. αSyn fragments in the conditioned medium of αSyn-overexpressing LUHMES 

neurons. (a) Experimental design. LUHMES cells were transduced with green fluorescent 

protein (GFP) or aSyn adenoviral vectors (AV) two days after plating. Viruses were removed 

24 hours after transduction. Cells and conditioned medium (CM) were harvested at the indicated 

readout times. DIV: days in vitro. DPT: days post-transduction. (b) αSyn-mediated toxicity. 

Cellular toxicity was monitored by lactate dehydrogenase (LDH) activity in the CM at the 

indicated readout times. Cells were either left untreated (Ctrl), challenged with a control AV, 

expressing GFP or an AV expressing wild type αSyn.  Data is presented as mean + standard 

error of the mean (SEM) from at least 3 biological repeats. ns: not significant, * p < 0.05, ** p 

< 0.005, *** p < 0.001; two-way ANOVA with Tukey’s post hoc test. (c)  Intracellular αSyn. 

Cell lysates analyzed at the indicated readout times by Western blot (WB) against αSyn. f: 

fragments; m: monomer; o: oligomer; *: unspecific band. Actin was used as loading control.  

(d) Extracellular αSyn. CM analyzed at the indicated time points by WB against αSyn. Medium 

incubated without cells (Med.) was used as control for unspecific bands. GAPDH was used as 

control for cytoplasmic content in the CM. f: fragments; m: monomer; o: oligomer; *: 

unspecific band. [modified from (Chakroun et al., 2020)] 

 

 



39 
 

The first 10 amino acids of the N-terminus were missing in all detected peptides suggesting that a 

truncation event took place at this site, whereas multiple truncation events appeared on the C-

terminal side of αSyn (Figure 4.2). Importantly, the MS analysis allowed to confirm the bands 

below 15 kDa observed in the extracellular space (Figure 4.1d) as several αSyn fragments, and 

suggest that these fragments result from a proteolytic activity at multiple sites of αSyn. However, 

due to the margin of error inherent to peptide sequencing, it was not possible to identify precise 

cleavage sites which would have allowed to unambiguously delineate the protease(s) responsible 

for such a cleavage pattern in this model.   

 

 

Figure 4.2. Identification of extracellular αSyn fragments. Schematic depiction of αSyn 

fragments detected in the CM of αSyn-overexpressing cells. CM of αSyn-overexpressing cells 

was separated by gel electrophoresis. Eight sections, containing proteins between 3 and 15 kDa, 

were excised (red boxes) and analyzed by mass spectrometry. Recovered peptide sequences 

(dark blue boxes), not recovered sequences within recovered sequences (light blue boxes), and 

not recovered edge sequences (white boxes) are shown. Recovered and expected molecular 

sizes (corresponding to molecular size on the gel) of αSyn are displayed. In section 7, no 

sequence could technically be recovered. [taken from (Chakroun et al., 2020)] 

 

4.3. Fragments result from extracellularly processed full-length αSyn 

Since WB analysis showed a complete intracellular absence and a clear extracellular presence of 

αSyn fragments (Figures 4.1c and 4.1d), I wanted to find out whether they are generated 

extracellularly. 
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To do so, I incubated recombinant FL-αSyn with unconcentrated conditioned cell culture medium. 

In this experimental design, CM-derived FL-αSyn and fragments were below detection limit. 

Therefore, only the added recombinant FL-αSyn and its cleavage products could be visualized. 

Unconditioned unsupplemented medium, as well as unconditioned medium containing either N2- 

or B27-supplements were used as controls to exclude that cleavage of αSyn in the medium was 

caused by the culture medium or by specific supplements (Figure 4.3a).  

  

 

Figure 4.3. Extracellular generation of αSyn fragments and screening of proteases present 

in LUHMES cells CM. (a) Generation of αSyn fragments in CM. Recombinant FL-αSyn was 

added to CM from αSyn-overexpressing cells (CM αSyn) or from control cells (CM Ctrl). 

Unsupplemented medium (USM) and unconditioned medium supplemented with N2- (UM N2) 

or B27-supplement (UM B27) were used as controls. WB with N-terminal (N-term.) and C-

terminal (C-term.) antibodies are shown. f: fragments, m: monomer. (b) Screening of proteases 

present in LUHMES cells CM. Dots in green rectangles are internal controls to insure the proper 

functioning of the array. Each protease is represented by dot duplicates and the array is able to 

screen up to 35 different proteases. Only proteases that showed a detectable positive signal in 

duplicates were considered present in CM of control and αSyn-overexpressing cells. (c) Levels 

of all the proteases detected by the protease array in CM of control and αSyn-overexpressing 

cells measured by optical density. [(a) taken from (Chakroun et al., 2020)] 
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WB analysis with N- and C-terminal αSyn antibodies revealed that cleavage of recombinant αSyn 

occurred in CM of both, αSyn-overexpressing cells and untransduced control cells. However, the 

medium alone and the tested supplements did not lead to the cleavage of αSyn. Although the 

cleavage observed in the αSyn-overexpression condition was significantly more pronounced than 

in the untransduced control condition, the presence of cleaved αSyn in untransduced controls 

indicates that αSyn is very likely cleaved in the extracellular space by a protease that is secreted 

by cells also under physiological conditions. Furthermore, the marked reduction of monomeric 

αSyn after incubation with CM from αSyn-overexpressing cells points to elevated levels of the 

implicated protease(s) by upregulating its/their secretion upon αSyn overexpression. 

 

4.4. Several proteases are present in the conditioned medium of LUHMES cells 

In order to identify proteases in the CM of LUHMES cells, I used a protease screening kit that 

targets a large variety of proteases. Antibodies against specific proteases are dotted on a 

nitrocellulose membrane.  Upon incubation of the membranes with CM of control and αSyn-

overexpressing cells, followed by development with an enhanced chemiluminescencereagent, a 

signal corresponding to the different proteases present in this system is revealed (Figure 4.3b). 

Positive signals were linked to the corresponding proteases using an identification overlay 

provided by the manufacturer, and signal levels were measured as optical densities (Figure 4.3c). 

The identity and the catalytic type of proteases that were present in both control and αSyn-

overexpressing CM conditions are reported in table 4. Since previous results show an increased 

cleavage in the CM of αSyn-overexpressing cells, proteases that appear to be be increased under 

this condition are marked with an asterisk (Table 4). 

 

4.5. The serine protease plasmin is involved in the cleavage of αSyn in the extracellular 

space  

To further investigate which protease(s) are responsible for extracellular cleavage of αSyn, several 

protease inhibitors were selected based on the data obtained from the protease screening (Figure 

4.3) and the literature. In addition to inhibitors of metalloproteases (EDTA and NNGH) and 

cathepsins (pepstatin), calpains (calpastatin) and caspases (Z-VAD-FMK) were included as well. 

A protease inhibitor cocktail (PIC) was used as a broad spectrum inhibitor. Surprisingly, none of 

the protease-specific inhibitors showed an effect on αSyn cleavage. The PIC however, seemed to 

reduce the proteolytic processing of αSyn in the extracellular space (Figure 4.4a). Next, the 

different components of the PIC were tested individually to determine which one is most effective 
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in blocking cleavage of αSyn. A second PIC (PIC2) from a different supplier was used to confirm 

the results obtained with the first one (PIC1). From the different individual components, only 

AEBSF and aprotinin most efficiently reduced the appearance of αSyn fragments in CM. Both 

have a serine protease inhibitor activity. This suggests a serine protease to be responsible for αSyn 

cleavage in the CM of LUHMES cells (Figure 4.4b). 

 

Table 4. List of Proteases detected in CM of untreated control and αSyn-overexpressing 

cells 

Ctrl CM αSyn CM Activity 

ADAM8 ADAM8 Metalloprotease 

ADAM9 ADAM9 Metalloprotease 

ADAMTS1 ADAMTS1* Metalloprotease 

Cathepsin A Cathepsin A* Serine protease 

Cathepsin B Cathepsin B* Cysteine protease 

Cathepsin C Cathepsin C* Cysteine protease 

Cathepsin D Cathepsin D* Aspartic protease 

Cathepsin S Cathepsin S Cysteine protease 

Cathepsin V Cathepsin V Cysteine protease 

Kallikrein 7 Kallikrein 7* Serine protease 

MMP1 MMP1* Metalloprotease 

MMP2  MMP2 * Metalloprotease 

MMP3 MMP3* Metalloprotease 

MMP7 MMP7 Metalloprotease 

MMP8 MMP8 Metalloprotease 

MMP10 MMP10* Metalloprotease 

MMP12 MMP12 Metalloprotease 

MMP13 MMP13  Metalloprotease 

Presenilin Presenilin aspartic protease 

Proprotein convertase 9 Proprotein convertase 9* serine protease 

Urokinase Urokinase* serine protease 

* : Proteases with increased signal in the CM of αSyn-overexpressing cells. 
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Figure 4.4. Identification of the responsible protease for extracellular αSyn cleavage. (a, 

b, e) Different protease inhibitors were added to CM from control LUHMES cells prior to 

addition of recombinant FL-αSyn. WB with N-terminal (N-term.) and/or C-terminal (C-term.) 

antibodies are shown. (a) shows a broad spectrum of inhibitors. (b) shows individual inhibitor 

components of the PIC, and (e) shows specific inhibition of plasmin. PIC: Protease inhibitor 

cocktail, Med.: Unconditioned medium, f: fragments, m: monomer. (c) Quantification of the 

optical density signal from the protease array corresponding to serine proteases in the CM of 

control and αSyn-overexpressing cells. (d) WB detection of plasmin in CM of LUHMES (upper 

panel). Quantification of plasmin bands detected by WB reveals an increase of plasmin in CM 

of both control and αSyn-overexpressing cells.  
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The protease array previously used (Figure 4.3b, c) allowed me to identify several serine proteases 

present in control CM with a tendency to increase in αSyn CM (Figure 4.4c, Table 4). A search on 

the MEROPS peptidase database tool (Rawlings et al., 2018) [https://www.ebi.ac.uk/merops/] 

showed however, that none of these proteases have a cleavage pattern that corresponds with αSyn 

sequence, which means that αSyn is not a direct substrate of any of them. Therefore, an 

intermediate protease is most likely involved. Therefore, I performed a literature search which 

revealed that only urokinase is a well established activator of plasminogen, the precursor form of 

plasmin. Plasmin has been shown to cleave αSyn on several sites (Kim et al., 2012). These 

correspond exactly to the ones identified by MS analysis (Figure 4.2, Table 5). Therefore, I 

performed a WB analysis of the CM to confirm the presence of plasmin, which showed that it only 

appeared when the medium was conditioned with control cells, and that it increases significantly 

under αSyn-overexpression condition (Figure 4.4d). Moreover, a very specific plasmin inhibitor 

(α2-antiplasmin) was able to effectively inbhibit αSyn cleavage in the CM (Figure 4.4e), 

confirming plasmin as the active protease in this experimental system that is involved in the 

appearance of different αSyn fragments in the extracellular space.  

 

Table 5. Plasmin cleavage sites on αSyn (Kim et al., 2012). 

 Cleaved bonds Cleavage 

position  

Resulting fragments 

#1 GLSK ǂ AKEG 10  
ǂ
 11 1-10, 11-140 

#2 AAGK 
ǂ
 TKEG 32  

ǂ
 33 1-32, 33-140 

#3 VGSK  
ǂ
 TKEG 43  

ǂ
 44 1-43, 44-140 

#4 VAEK 
ǂ 
TKEQ 58  

ǂ
 59 1-58, 59-140 

#5 VAQK 
ǂ 
TVEG 80  

ǂ
 81 1-80, 81-140 

#6 GFVK  
ǂ
 KDQL 96 

ǂ 
97 1-96, 97-140 

ǂ
 : Cleavage site. 

 

4.6. Extracellularly generated αSyn fragments can be taken up by naïve αSyn knockout 

cells 

A major goal of my study was to investigate whether αSyn fragments can be involved in cell-to-

cell spreading of αSyn pathology. Thus, I questioned whether the fragments generated in the 

extracellular space of αSyn-overexpressing cells are taken up by naïve cells.  

https://www.ebi.ac.uk/merops/
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Figure 4.5. The αSyn knockout (KO) LUHMES cell line and uptake of CM-generated 

αSyn fragments. (a) Validation of CRISPR/Cas9 αSyn knockout (KO) LUHMES cells. Wild 

type (WT) and αSyn KO LUHMES cells were differentiated for the indicated amount of time 

and αSyn protein levels were assessed by Western blot. Top panel shows a Western blot of 

αSyn in WT and KO LUHMES cells at the indicated times. GAPDH was used as loading 

control. Lower panel shows a quantification of αSyn monomer levels normalized with GAPDH. 

Data is presented as mean + SEM from 3 biological repeats. *** p < 0.001; one-way ANOVA 

with Tukey’s post hoc test. (b) αSyn KO cells were treated with different concentrations of CM 

of αSyn-overexpressing cells for 6 h. Medium was either used unconcentrated (CM 1X) or 2 

(CM 2X), 5 (CM 5X), and 10 times (CM 10X) concentrated. Unconditioned medium (UM 1X) 

was used as negative control. Red arrowheads show αSyn fragments (bottom panel). f: 

fragments, m: monomer, o: oligomer, *: unspecific bands. [modified from (Chakroun et al., 

2020)] 

 

 

In order to exclusively observe the uptake of extracellular αSyn, I used αSyn knockout (KO) 

LUHMES neurons as recipient cells. An αSyn KO LUHMES cell line was generated by 

CRISPR/Cas9 genome editing. This cell line showed absence of αSyn even at an advanced 

differentiation stage (Figure 4.5a).  

For the uptake experiment, naïve αSyn KO cells were incubated for 6 hours at DIV8 either with 

unconcentrated or 2, 5, and 10 times concentrated CM of wild-type (WT) αSyn-overexpressing 

cells and the uptake of extracellular αSyn was analyzed by WB. A dose-dependent uptake of 

monomeric FL-αSyn as well as an oligomeric species at 37 kDa was observed, but no presence of 

fragments could be detected upon short exposure time of the WB (Figure 4.5b, top panel). With a 

longer exposure time, however, a faint signal corresponding to an uptake of αSyn fragments was 

visible with the highest concentrations (5X and 10X) of CM (Figure 4.5b, lower panel). This 



46 
 

finding provides evidence that αSyn fragments can be taken-up by naïve cells. In these 

experimental conditions, the uptake of FL and oligomeric αSyn species seems predominate over 

fragmented αSyn. I therefore conducted further experiments with recombinant human αSyn 

fragments.  

 

4.7. Recombinant αSyn fragments differentially influence the aggregation of FL-αSyn  

To systematically characterize and compare the effects of αSyn fragments on FL-αSyn 

aggregation, distinct recombinant fragments containing one or two adjacent full domains of αSyn 

were selected for this study. Noteworthy, the fragments identified in sections #3 and #6 in the CM 

of αSyn-overexpressing cells (Figure 4.2) were similar to recombinant fragments 1-95 and 1-60 

chosen for this study (Figure 4.6a). 

In a cell-free aggregation assay, I used non-aggregated recombinant fragments as seeds and 

monomeric FL-αSyn as a substrate. αSyn preformed fibrils (PFFs) were used as a positive control 

for seeded aggregation due to their well-established capacity as highly efficient seeds (Volpicelli-

Daley et al., 2011, Luk et al., 2012). To compare the seeding effiency of fragments, FL-αSyn (1-

140) was set as the reference baseline of aggregation kinetics. The molar ratio of seed to substrate 

was 1 to 10, respectively, in all the reactions. Aggregation was monitored over time with thioflavin 

T (ThT).  

To control for the seeds’ own contribution to the overall ThT signal, reactions containing seeds 

without substrate were included (Figure 4.6b). In this regard, none of the tested seeds displayed a 

discernible increase in fluorescent signal within the monitored time window suggesting that they 

do not have a considerable influence on the aggregation curves when incubated without a substrate. 

However, when the substrate was added to the reactions, the ThT signal increased substantially, 

indicating that it corresponds primarily to the aggregation of FL-αSyn (Figure 4.6c). 

Generally, the obtained ThT fluorescence curves had a characteristic sigmoidal amyloid-like 

aggregation shape (Figure 4.6c). The apparent lag time was reported as the time at which ThT 

signal reached 10% of its total increase, and growth rates were calculated as the difference in RFU 

per hour between 10% and 50% of the total ThT signal increase (Figure 4.3d).  

Expectedly, PFFs prominently accelerated the aggregation with a reduced apparent lag time.  
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Figure 4.6: Recombinant αSyn fragments show distinct effects on aggregation of full-

length αSyn in a cell-free aggregation assay. (a) Schematic overview of recombinant FL-

αSyn and fragments used in this study. The same nomenclature and color codes are used in all 

the panels. (b-d) Seeding effect of recombinant αSyn fragments on recombinant FL-αSyn in a 

cell-free aggregation assay. Fragments described in (a) were used as seeds and FL-αSyn was 

used as a substrate at a molar ratio of 1:10, respectively. Aggregation kinetics were monitored 

with thioflavin T (ThT). Pre-formed fibrils (PFFs) were used as positive control for seeding. 

RFU: relative fluorescence unit. (b) Aggregation curves of αSyn fragments without addition of 

FL-αSyn substrate. (c) Aggregation curves with addition of FL-αSyn substrate as raw 

fluorescence data. (d) Normalized fluorescence ratio data from (c). The lower (0.1) and the 

upper (0.5) fluorescence thresholds of the total signal are shown with dotted lines. Aggregation 

curves are presented as mean from at least 3 independent repeats with 3 technical replicates 

each.  
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Figure 4.6 (continued legend) : 

(e) Apparent lag time of aggregation. Lag times are presented as the time at which each curve 

reached 10% of the total fluorescence signal. Each dot of the scatter plot represents one 

aggregation curve. Data is presented as mean ± SEM from at least 3 repeats with 3 technical 

replicates each (black lines). ** p < 0.005, *** p < 0.001; one-way ANOVA with Tukey’s post 

hoc test. (f) Growth rate of aggregation. Aggregation growth rate is presented as a measure of 

increased ThT fluorescence per hour. Data is presented as mean + SEM from at least 3 repeats 

with 3 technical replicates each. ** p < 0.005, *** p < 0.001; one-way ANOVA with Tukey’s 

post hoc test. (g) Particle size of aggregates seeded with different αSyn fragments. Particle size 

of aggregates was measured with dynamic light scattering (DLS) after the aggregation reactions 

were finished. Data is presented as mean + SEM of particle diameter (d.µm) from at least 3 

repeats. * p < 0.05; one-way ANOVA with Tukey’s post hoc test. (h,i) Proteinase K (PK) 

resistance. Aggregation was carried out with the same molar ratio of seed to substrate (1:10). 

PK digestion was performed at 37 °C for the indicated amounts of time. (i) A normalized optical 

density quantification of αSyn digestion at 30 min. Data is presented as mean + SEM from at 

least 3 repeats. * p < 0.05, *** p < 0.001; one-way ANOVA with Tukey’s post hoc test. [taken 

from (Chakroun et al., 2020)] 

 

 

Strikingly, fragment 1-95 behaved similarly and reduced the apparent lag time to the same extent 

as PFFs. Fragments 61-140 and 61-95 also reduced the aggregation lag time significantly but more 

moderately. 

The growth rate of seeded aggregation with PFFs was higher than the one seeded with fragment 

1-95 implying that even though PFFs and fragment 1-95 initiated the aggregation elongation phase 

with a very similar efficiency, the aggregation seeded with fragment 1-95 required a longer time 

to reach a plateau as compared to PFFs. Similarly, fragments 61-140 and 61-95 reduced the lag 

time without detectable effect on the growth rate in comparison with monomeric FL-αSyn (1-140). 

Fragments 1-60 and 96-140, however, had no effect on aggregation kinetics (Figures 4.6e and f).  

Next, I investigated whether aggregates seeded with different αSyn fragments would have distinct 

utrastructural properties. Dynamic light scattering was used to measure the particle diameter size 

of these aggregates (Figure 4.6g). No significant differences in particle size was observed across 

the tested aggregates, except for the ones seeded with fragment 1-60 which resulted in a 

significantly smaller average particule size. Subsequently, the PK resistant of the different 

aggregates was analyzed. Interestingly, aggregation seeded with both fragments 61-140 and 1-95 

resulted in a higher PK resistant than all the other aggregates (Figure 4.6h and i). PFFs were not 

used as positive control in these latter experiments, since the aggregates formed by αSyn 1-140 

are identical to PFFs. 

Taken together, these data showed that the NAC domain is essential but not sufficient for 

aggregation. Indeed, non-aggregated αSyn fragments that contain the NAC domain flanked by 
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either the N- or the C-terminal domain are able to effectively seed the aggregation of FL-αSyn but 

with very different kinetics. 

 

4.8. Aggregates generated with αSyn recombinant fragments have distinct seeding 

properties in a second aggregation cycle 

As a further characterization step, aggregates resulting from seeding with the different αSyn 

recombinant fragments were used as seeds in a new cycle of aggregation. The 1-140 condition 

represents the aggregation kinetics reference to which the other conditions are compared, and the 

PFF positive control was omitted since it corresponds to the aggregates generated in the 1-140 

condition in this experimental setup. As before, monomeric FL-αSyn was used as a substrate and 

the seed to substrate ratio used was 1:10. Expectingly, the no-substrate control conditions did not 

show a significant increase in ThT signal over time, meaning they are not aggregation competent 

by themselves and depend on monomeric substrate to further aggregate (Figure 4.7a). Once the 

substrate is added however, the aggregation kinetics seem to be very different than previously 

observed.  In comparison with the first aggregation cycle, the 1-140 reference condition shows a 

strong decrease in apparent lag time in the second aggregation cycle (54h vs. 10h, respectively). 

This decrease was observed in all other conditions in the second aggregation cycle and there were 

no significant differences between their respective apparent lag times, indicating that all the 

aggregates tested were able to initiate the elongation phase with the same efficiency. Strikingly, 

the growth rates, especially for the 61-140 and the 1-95 conditions, showed very distinct 

aggregation kinetics. While the 61-140 fragment lead to a slow growth rate in the first cycle, the 

resulting aggregates induced a significantly higher growth rate in the second cycle. Oppositely, 

fragment 1-95 showed a significant growth rate increase in the first cycle, and a significant 

deacrease in the second cycle (Figure 4.7b). These surprising results may imply a dynamic 

progression of seeding properties of αSyn through several cycles of aggregation. 

 

4.9. Recombinant αSyn fragments are taken up by LUHMES neurons  

In order to assess the relevance of αSyn fragments in intercellular spreading, I addressed their 

uptake into human dopaminergic neurons. Recombinant FL-αSyn and the fragments were 

fluorescently labeled with ATTO-488. The labeling was verified with gel electrophoretic 

separation followed by fluorescence imaging (Figure 4.8a). Successful labeling was revealed by 

the appearance of a fluorescent signal at the expected molecular sizes for all the different αSyn 

forms tested.  
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Figure 4.7. Seeding properties of aggregates generated with recombinant αSyn fragments 

in the second aggregation cycle. (a-c) Seeding effect of aggregates produced with αSyn 

fragments. Seeds and substrate were used as a substrate at a molar ratio of 1:10, respectively. 

RFU: relative fluorescence unit. (a) Aggregation curves of aggregates without addition of FL-

αSyn substrate. (b) Aggregation curves with addition of FL-αSyn substrate as raw fluorescence 

data. (c) Normalized fluorescence ratio data from (b). Aggregation curves are presented as mean 

from at least 3 independent repeats with 3 technical replicates each. (d) Apparent lag time of 

aggregation. Each dot of the scatter plot represents one aggregation curve. Data is presented as 

mean ± SEM from at least 3 repeats with 3 technical replicates each (black lines). ns : not 

significant; one-way ANOVA with Tukey’s post hoc test. (e) Growth rate of aggregation. Data 

is presented as mean + SEM from at least 3 repeats with 3 technical replicates each. ** p < 

0.005, *** p < 0.001; one-way ANOVA with Tukey’s post hoc test. 
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Figure 4.8. Uptake of recombinant αSyn fragments by naïve WT LUHMES neurons. (a) 

Fluorescent gel imaging of recombinant ATTO-488-labeled FL-αSyn and fragments (depicted 

in Figure 4.6a). (b) Uptake kinetics of recombinant FL-αSyn and fragments. Cells were treated 

with labeled αSyn at DIV4. At the indicated time points, intracellular fluorescence was 

measured. Extracellular fluorescence was quenched using trypan blue. RFU: relative 

fluorescence unit. (c) Uptake of ATTO-488-labeled αSyn fragments at 48 hours after treatment. 

Confocal images show orthogonal projections of Z-stacks. A calcein red-orange filling (red), 

DAPI staining (blue) and labeled recombinant αSyn (green) are shown. Scale bar: 5 µm. [taken 

from (Chakroun et al., 2020)] 

  

 

 

The labeled material was used to treat cells at DIV4 for the indicated amounts of time. Uptake 

kinetics were monitored with an automated assay where extracellular fluorescence was quenched 

with trypan blue, followed by measuring of the intracellular fluorescence with plate reader (Figure 

4.8b). The uptake kinetics of all labeled species were characterized by a rapid phase in the first 12 

h, followed by slower phase and a plateau between 12 and 48 h. Overall, all the investigates species 

had a similar uptake pattern, with the exception of fragment 61-95, i.e. the NAC domain. The latter 

appears to be taken up less efficiently than all others which may be attributed to its highly 

hydrophobic nature and aggregated state.  

I thereafter used confocal imaging with z-stack acquisition to ascertain that uptake took place. The 

cells were filled with a calcein stain to provide a visual contrast and delimitate the cell boundaries. 

The fluorescent signal corresponding to the different labeled αSyn species was indeed contained 

within the cells, thus showing their intracellular localization (Figure 4.8c).  

 

 



52 
 

4.10. αSyn fragments 1-95 and 61-140 result in different intracellular aggregation 

patterns  

The next step in addressing the relevance of αSyn fragments in spreading would have to be the 

investigation of their capacity to seed intracellular aggregation after uptake. I had already 

established that fragments 61-140 and 1-95 influence aggregation kinetics and properties in a cell-

free assay. In order to determine if they have a respective seeding potential on cell-endogenous 

FL-αSyn, 4 days differentiated LUHMES cells were treated with recombinant αSyn species 

(depicted in Figure 4.6a).  

 

Figure 4.9. αSyn fragments induce different aggregation patterns in LUHMES neurons. 

(a) Experimental design. Cells were differentiated for 4 days then treated with recombinant FL-

αSyn and fragments for 48 hours. (b) Intracellular seeding potency of recombinant FL-αSyn 

and fragments at DIV6. Western blot (WB) analysis was performed with antibodies targeting 

either the N-terminus (N-term.) or the C-terminus (C-term.) of αSyn. f: fragments, m: monomer, 

o: oligomer, *: unspecific bands.  Actin was used as loading control. [modified from (Chakroun 

et al., 2020)] 

 

 

The intracellular concentration of αSyn in neurons was previously estimated to lie between 30 to 

60 µM. These values were obtained with a mathematical estimation model of the cubic volume of 

a neuronal cell, together with the observation that αSyn contitutes 0.5 to 1% of the total protein 

content in neurons (Iwai et al., 1995, Bodner et al., 2009, Kamp et al., 2010). Accordingly, I treated 

the cells with 3 µM recombinant FL-αSyn and fragments to maintain the previous 1:10 seed to 

substrate ratio. After 48 hours the treatments were removed and the cells were washed with trypsin 
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to remove extracellular αSyn. Intracellular αSyn was then examined by WB using antibodies 

targeting either the N- or C-terminus of αSyn (Figure 4.9a) 

Convincing intracellular aggregation was only observed in cells exposed to FL-αSyn and 

fragments 1-95 and 61-140 and. Interestingly, the treatments resulted in very different patterns of 

intracellular aggregation, implying different aggregation pathways. Also, fragment 1-60 seemed 

to trigger another distinct aggregation pathway, showing, however, a less prominent pattern. 

Fragment 96-140 did not induce detectable intracellular aggregation, most likely due to the lack 

of the aggregation-prone NAC domain. Fragment 61-95 showed a lack of intracellular aggregation 

as well which may be explained by its highly insoluble state and inefficient uptake into cells 

(Figure 4.9b). 

Intriguingly, while intracellular aggregation ensuing from FL-αSyn was detected by both N- and 

C-terminal antibodies, aggregates resulting from treatment with fragments 1-95 and 61-140 were 

only detectable by the N-terminal or the C-terminal antibody, respectively. This finding could 

imply that endogenous αSyn is recruited for aggregation and the resulting aggregates expose 

specific epitopes only detectable with antibodies targeting their respective seeding species. 

Alternatively, the observed intracellular aggregation may potentially be generated by self-

aggregation of the different αSyn treatments. 

 

4.11. Fragment-seeded intracellular aggregation requires endogenous αSyn  

To determine whether endogenous αSyn is indeed recruited by fragments 61-140 and 1-95 for 

aggregation, I compared the intracellular seeding activity in WT and αSyn KO LUHMES cells. 

Two readout time points were chosen in order to analyze the immediate effects (DIV6) and the 

persistent effects after removal of recombinant αSyn (DIV10) (Figure 4.10a). 

At DIV6, the characteristic aggregation patterns were present in WT cells as expected. However, 

they completely failed to appear for FL-αSyn and fragment 1-95, and were substantially reduced 

for fragment 61-140 in αSyn KO cells (Figure 4.10b). This indicates that endogenous αSyn is not 

merely recruited, but is a rather fundamental substrate for aggregation.  

Furthermore, the fragment-seeded aggregation process continued to progress for at least four days 

after the removal of treatments in WT cells (Figure 4.10b). This further suggests that endogenous 

αSyn is an essential substrate for maintaining the aggregation progression. In addition, I analyzed 

the αSyn content in the MPER insoluble fraction extracted from cell lysates.  
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Figure 4.10. αSyn fragments recruit endogenous αSyn and induce long lasting 

aggregation. (a) Experimental design. Cells were differentiated for 4 days prior to treating with 

recombinant FL-αSyn and fragments for 48 hours. Readouts were performed at DIV6 and 

DIV10. (b) Intracellular seeding potency of recombinant FL-αSyn and fragments in wild type 

(WT) and αSyn knockout (KO) LUHMES cells. f: fragments, m: monomer, o: oligomer, *: 

unspecific bands. Actin was used as loading control. (c) Overexposed WB from (b). Red 

arrowheads show fragments in treated KO cells. (d) Evaluation of insoluble material in MPER-

insoluble fractions of cell homogenates. 1% sarkosyl was used to solubilize the MPER insoluble 

material. f: fragments, m: monomer, o: oligomer, *: unspecific band. (e) Proteinase K (PK) 

resistance of intracellular aggregates produced by seeding with recombinant FL-αSyn and 

fragments. PK was added at the indicated concentrations to cell lysates from DIV10 cells and 

incubated at 37 °C for 30 min. Actin was used as control for both sample loading and PK 

digestion efficiency. [modified from (Chakroun et al., 2020)] 
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A clear shift from the soluble to the insoluble fraction between DIV6 and DIV10 provided 

supplementary evidence of the aggregation process continuing to take place after recombinant 

fragment treatments were removed (Figure 4.10d). 

Notably, endogenous αSyn seems to influence either the uptake or the intracellular processing of 

recombinant αSyn fragments. In WT cells, recombinant FL-αSyn and fragments 61-140 and 1-95 

were clearly visible in cell homogenates at the expected molecular size with short exposure times. 

In αSyn KO cells, longer exposure times were necessary to make them visable (Figure 4.10c). This 

points towards reduced intracellular amounts of recombinant fragments, most likely due to 

increased degradation of fragments, if they don’t engage in aggregation, or alternatively to reduced 

uptake in KO cells. 

Next, I examined the PK resistance of intracellularly induced aggregates. Cell homogenates were 

incubated with increasing concentrations of PK for 30 min and WB against total αSyn was 

performed. In accordance with previous findings in a cell-free context (Figure 4.6h and i), 

intracellular aggregates seeded by fragments 61-140 and 1-95 showed greater PK resistance than 

aggregates seeded with FL-αSyn (Figure 4.10e).  

 

4.12. αSyn fragments 61-140 and 1-95 induce toxicity that can be prevented with domain-

specific antibodies 

To further establish the relevance for spreading of pathology, I examined whether these specific 

fragments induced toxicity subsequent to uptake and intracellular aggregation. Therefore, I treated 

LUHMES cells for 48 hours with different αSyn fragments and monitored the cellular toxicity by 

measuring LDH activity in the CM at three time points (Figure 4.11a). None of the treatments 

showed an immediate toxic effect at DIV6 and DIV9 (Figure 4.11b and c). 

However, only fragments 61-140 and 1-95, but not FL-αSyn, induced toxicity that started to appear 

at DIV12 (Figure 4.11d). To further confirm this finding, the cells were fixed and stained with 

4’,6-diamidino-2-phenylindole (DAPI) at DIV12 to quantify the percentage of condensed nuclei 

(Figure 4.11e and f). This cell-based method reveals cells undergoing the final stage of apoptosis. 

It also showed an increased percentage of condensed nuclei in cells treated with fragments 61-140 

and 1-95 in comparison to those treated with FL-αSyn and the untreated control. 

The observations that the toxicity started with a delay and that it only appeared in conditions where 

PK-resistant intracellular aggregates were generated and accumulated overtime strongly suggest 

that the two events might be related. 
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Figure 4.11. Intracellular seeding-potent αSyn fragments also induce toxicity. (a) 

Experimental design. Cells were differentiated for 4 days prior treatments to reach a stable level 

of endogenously expressed αSyn. Treatments with recombinant FL-αSyn and fragments were 

carried out for 48 h. Toxicity was assessed at three readout times. (b-d) Toxicity measured by 

LDH released from cells treated with recombinant FL-αSyn and fragments at DIV6 (b), DIV 9 

(c), and DIV12 (d). Data is presented as mean + SEM from 4 biological repeats with at least 3 

technical replicates each. ns: not significant, *** p < 0.001; one-way ANOVA with Tukey’s 

post hoc test. (e-f) Percentage of condensed nuclei in cells treated with recombinant FL-αSyn 

and fragments at DIV12. Cells were fixed and nuclei were stained with DAPI. Data is presented 

as mean + SEM from 3 biological replicates with at least 3 technical repeats each and 3 pictures 

per technical repeat. *** p < 0.001; one-way ANOVA with Tukey’s post hoc test. (f) 

Representative pictures of DAPI stained nuclei of cells treated with recombinant FL-αSyn and 

fragments at DIV12. Red arrowheads indicate condensed nuclei. Scale bar: 30 µm. [taken from 

(Chakroun et al., 2020)] 

 

 

However, in order to conclude with certainty that toxicity observed with fragments 61-140 and 1-

95 derives directly from their uptake and subsequent intracellular aggregation, αSyn antibodies 

were used prevent uptake of the two fragments into cells. Antibodies Syn303 and Syn211, 

targeting the N- and the C-terminal regions respectively (Figure 4.12a), were previously shown to 

functionally block the uptake of PFFs and into cultured cells (Tran et al., 2014). Similarly, Syn303 

significantly reduced toxicity in cells treated with the 1-95 fragment and Syn211 reduced it in the 
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61-140 treated cells. Since both antibodies have the same isotype, and the N-terminal antibody 

failed to prevent C-terminal fragment induced toxicity and vice versa, each antibody seved as a 

negative control for the other.     

 

 

Figure 4.12. αSyn fragments-mediated toxicity can be rescued by domain specific 

antibodies. (a) Schematic depiction of full-length αSyn and the position of the epitopes 

recognized by antibodies Syn303 and Syn211. (b) Cells were differentiated for 4 days then 

treated with antibodies for 1h prior to addition of recombinant fragments. Co-incubation was 

carried out for 48 h. Toxicity was measured by LDH released from cells at DIV12. Data is 

presented as mean + SEM from 4 biological repeats with at least 3 technical replicates each. ns: 

not significant, *** p < 0.001; one-way ANOVA with Tukey’s post hoc test. 
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5. DISCUSSION 

While αSyn aggregation is well established to be a key process in various synucleinopathies, the 

specific role of different αSyn fragments in the formation of LBs and LNs remains rather elusive 

so far. The present investigation demonstrates that αSyn-mediated pathology leads to the 

generation of fragmented αSyn species in the extracellular space and proposes a proteolytic 

processing of FL-αSyn via plasmin. Although αSyn fragments 1-95 and 61-140 induced very 

distinct aggregation dynamics of FL-αSyn in a cell-free system, both resulted in aggregates that 

display increased PK-resistance. Moreover, both fragments were rapidly taken up into 

differentiated neurons, recruited endogenous FL-αSyn into a long-lasting formation of PK-

resistant intracellular aggregates, and induced neurotoxicity. Notably, the aggregates induced by 

both fragments 1-95 and 61-140 were only immunoreactive to distinct antibodies, suggesting that 

fragments might be implicated in formation of different strains of αSyn aggregates.  

5.1. Biological fragments versus recombinant fragments 

As a first approach, I attempted to isolate and enrich the extracellularly generated αSyn fragments 

and further studied their relevance in seeding and spreading. However, this approach revealed a 

big number of technical challenges. These fragments were only available in extremely low 

amounts, and enriching, separating, and purifying them to obtain amounts sufficient to perform 

the necessary experiments were not realistically achievable. In addition, generating necessary 

amounts for analysis, would have resulted in exorbitant costs. The use of a set of clearly defined 

recombinant αSyn fragments seemed to be a more realistic approach to carry out further analyses. 

Eventhough the sequences of the selected recombinat fragments differ from the ones identified in 

the CM of αSyn-overexpressing LUHMES cells, they presented paramount advantages. First of 

all, they are unambiguously defined and were available in sufficient amounts to conduct the study 

in a satisfactory manner. Secondly, these recombinant fragments which alternatively combine all 

the main domains of αSyn, allowed to evaluate the effects of the major domains of αSyn, rather 

than the partially-cleaved domains that result from proteolytic cleavage. Admittedly, the sequences 

of the recombinant fragments that I used may not be considered ‘biologically accurate’, but the 

evalution of the effects of distinct αSyn domains and various domain combinations leads to a 

broader understanding of their role in aggregation and spreading nonetheless. Furthermore, the 

systematic comparision of different αSyn domain combinations did reveal valuable insights 

regarding their potential roles in several aspects of disease pathogenesis. 
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Figure 5.1. Summary of fragment generation and spreading model in LUHMES cells.  
Neurons affected by αSyn pathology release full-length αSyn (FL-αSyn) into the extracellular 

space, where it encounters secreted proteases and is subsequently processed by them. The 

various generated αSyn fragments are taken up by neighbouring healthy cells. These cells are 

labeled as recipient neurons A to D in the lower panel. Based on the findings of this study, each 

recipient neuron depicts a different outcome depending on the domain-composition of the 

internalized species. The studied spreading processes are labeled from 1 to 4 in order of 

occurence. Nucleation refers to first stages of aggregation where a seeding species recruits 

endogenous αSyn to form an aggregation nucleus. Elongation refers to the steady addition of 

monomers to the nucleus to form fibrils. In this particular model, FL-αSyn seeds aggregation 

but does not lead to toxicity within the time frame of this study (recipient neuron A). Fragments 

containing the NAC domain (green) in combination with either the N- or the C- terminal domain 

(blue and red, respectively) seed intracellular aggregation and induce toxicity (recipient neurons 

D and B, respectively). Fragments lacking the NAC domain do not seed aggregation (recipient 

neuron C).  

 

5.2. Biological relevance of αSyn fragments  

αSyn fragments have been detected both, in tissues and in biological fluids, indicating potential 

intracellular and extracellular functions. Indeed, intracellular cleavage of αSyn has been described 

in primary neurons and resulted in the production of a potent neurotoxic, N- and C-terminally 

cleaved αSyn species (Grassi et al., 2018). Notably, mass spectrometry data from human brain 

samples revealed fragments with the sequences 1-96 and 65-140 (Li et al., 2005, Kellie et al., 
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2014), which highly correspond to fragments 1-95 and 61-140 used in this study. To my 

knowledge, the findings reported in the present thesis provide the first experimental evidence that 

these two specific truncated forms of αSyn might play a crucial role in seeding and further 

propagation of αSyn pathology. Interestingly, recombinant αSyn fragments 1-95 and 61-140 were 

found to impair the viability of primary microglia and increase the release of pro-inflammatory 

cytokines interleukin-6 and tumor necrosis factor alpha (Rabenstein et al., 2019). This further 

underlines the biological relevance of these two fragments since they might play synergetic 

pathological roles in both neurons and glial cells via distinct mechanisms. 

Furthermore, the presence of αSyn in biological fluids has been well documented in the past 

(Miller et al., 2004, El-Agnaf et al., 2006, Mollenhauer et al., 2011). A number of studies showed 

several cleaved αSyn forms to be present in cerebrospinal fluid (Borghi et al., 2000, Hong et al., 

2010), platelets, whole blood samples (Li et al., 2002, Michell et al., 2005, Hong et al., 2010), and 

saliva (Devic et al., 2011) of human subjects. However, most studies addressing the presence of 

αSyn in biological fluids focused mainly on purely quantitative methods (Malek et al., 2014), 

which do not allow to differentiate between truncated and FL-αSyn. Therefore, it is currently 

uncertain whether the presence of αSyn fragments in biological fluids plays a role in spreading of 

pathology in humans. Several truncated forms of αSyn were found in both, healthy and diseased 

human brain samples, suggesting that truncation of αSyn may occur under physiological and 

pathophysiological conditions (Oueslati et al., 2010). However, their role in pathological events is 

not clearly established thus far.  

 

5.3. Spreading of αSyn fragments versus fibrils 

When assessing the relevance of the different recombinant αSyn fragments for intercellular 

spreading in a human dopaminergic cell model, I established that all the tested fragments, except 

the highly hydrophobic NAC domain (fragment 61-95), were rapidly taken up by cells. 

Theoretically, if an extracellular αSyn species is efficiently and rapidly taken up by neighboring 

cells, it would have a higher potential to further spread the pathology. In this regard, some αSyn 

fragments appear to be strong candidates due to their small size and high solubility to facilitate 

their cellular uptake. Conversely, αSyn PFFs are substantially larger and less soluble hereby 

reducing their uptake propensity. Although the use of αSyn PFFs is a validated and well-

established method in spreading models, they often have to be either sonicated beforehand to 
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reduce their size, and/or combined with transfection agents to artificially facilitate their uptake into 

cells (Nonaka et al., 2010, Polinski et al., 2018).  

Disconcertingly, fibrils were found to be more prone to spreading and toxicity in comparison to 

soluble oligomers when injected in mice brains (Peelaerts et al., 2015). This unresolved paradox 

could however result from a simple timing matter. If fibrils are considered as final aggregation 

product, the fact that they lead to an eariler measurable spreading and toxicity does not exclude 

that smaller soluble species (i.e oligomers or fragments) are actively involved in seeding 

endogenous aggregation in the mean time, and would reach their pathological potential at a later 

stage. Furthermore, aggregates seeded with αSyn fragments seem to have dynamically evolved 

and acquired distinct aggregation characteristics between the first and the second aggregation 

cycles as suggested by the data displayed above (Figure 4.7).  

 

5.4.  Proteolytic cleavage of αSyn 

The findings of the present thesis suggest that extracellular cleavage of αSyn involves plasmin in 

this particular experimental setup. However, several extracellular proteases were reported to 

cleave αSyn in other experimental models, e.g., plasmin (Kim et al., 2012), neurosin (Kasai et al., 

2008, Tatebe et al., 2010), calpain (Games et al., 2014) and several metalloproteinases (Sung et 

al., 2005, Levin et al., 2009, Joo et al., 2010, Oh et al., 2017). Overall, two main outcomes for 

proteolytic cleavage of extracellular αSyn seem to emerge: a reduction of pathology upon the 

complete digestion of αSyn, or an exacerbation of pathology when the digestion was incomplete. 

Indeed, incomplete cleavage of extracellular αSyn resulted in the production of highly 

aggregation-prone C-terminally truncated forms that accelerated disease progression (Levin et al., 

2009, Sung et al., 2005). Furthermore, a highly neurotoxic truncated αSyn species was shown to 

result from incomplete intracellular cleavage by the proteasome (Grassi et al., 2018). Here, I 

provide evidence that the absence of either the N- or the C-terminal end of αSyn can lead to 

pathology. Therefore, when considering the modulation of proteolytic activity as a therapeutic 

approach, it is essential to carefully consider the different domains and cleavage sites involved. 

Regarding the present findings, it might be most beneficial to inhibit proteolysis that occurs in the 

N- and C-terminal domains and promote proteolysis that targets more specifically the NAC 

domain of αSyn, since it seems detrimental for aggregation.  

 

 



62 
 

5.5. Aggregation characteristics of αSyn fragments 

The aggregation-prone characteristic of C-terminally truncated αSyn has been well established 

(Murray et al., 2003, Ulusoy et al., 2010, Iyer et al., 2017, Ma et al., 2018, van der Wateren et al., 

2018). However, very little is known about the aggregation activity of N-terminally truncated 

αSyn. The present study provides an innovative approach through a systematic direct comparison 

of the influence of all different non-aggregated αSyn domains and domain combinations on the 

aggregation of FL-αSyn. In a cell-free assay, fragments were used to seed the aggregation of FL-

αSyn with a molar ratio similar to the one found in LBs (Baba et al., 1998, Lucking and Brice, 

2000, Beyer and Ariza, 2013). My results show that absence of the N- or C-terminal domains of 

αSyn leads to more PK-resistant aggregates, despite of very different aggregation dynamics. This 

provides evidence that seeding of FL-αSyn aggregation with various fragments leads to different 

aggregates with distinct properties.  

Furthermore, I found that recombinant FL-αSyn as well as fragments 1-95 and 61-140 are able to 

induce intracellular aggregation. Although all of them seem to recruit endogenous αSyn for 

aggregation, each one of them produced a different aggregation pattern further suggesting that they 

lead to different aggregates. Interestingly, endogenous αSyn was essential for aggregation 

initiation and progression, which has also recently been shown in vivo (Kim et al., 2019). 

Importantly, intracellular aggregates derived from seeding with fragments 1-95 and 61-140 were 

not only more PK-resistant, but also induced a higher cellular toxicity than the ones seeded with 

FL-αSyn. Together, these findings suggest that seeding with different fragments can potentially 

determine specific aggregation pathways, and therefore leads to different strains. 

 

5.6. αSyn fragments and implications for strains  

αSyn strains are emerging as a potential explanation for why αSyn pathology in various 

synucleinopathies affects different brain areas and cell types (Peng et al., 2018a). The discovery 

that recombinant αSyn monomers can form aggregates with variable conformations and biological 

activities (Guo et al., 2013) paved the way for more findings that propose αSyn strains as 

aggregates with very distinct physical and structural properties. More importantly, different strains 

have the ability to impose their structural and conformational properties on a new cycle of 

aggregation. Indeed, the examination of αSyn aggregates extracted from PD and MSA brains 

revealed distinct seeding characteristics that were conserved even after several cycles of 

aggregation (Yamasaki et al., 2019), further showing that αSyn strains might be responsible for 

the vast pathophysiological and clinical disparities between synucleinopathies. Currently, there is 

no clear evidence that αSyn fragments are implicated in the formation of different strains of 



63 
 

aggregates. Nonetheless, αSyn fragments were found to have variable solubilities in different 

synucleinopathies, which directly implicates their seeding activities. Indeed, in MSA brain 

samples, αSyn fragments seem to be more soluble than in PD and DLB (Campbell et al., 2001). 

Moreover, comparison across several studies reveals differences in αSyn fragment patterns 

between PD, DLB, and MSA brain samples. In PD, larger fragments (~12-13 kDa) seem to be 

enriched, whereas smaller fragments (~6-8 kDa) appear to be more abundant in DLB. Although 

αSyn fragments were also detected in MSA, their accumulation was less prominent than in PD and 

DLB (Campbell et al., 2001, Liu et al., 2005). Accordingly, the question arises whether differential 

proteolytic activities might be a driving mechanism that can determine the pathogenesis of 

different synucleinopathies. More recently, it was shown that fibrils prepared with homogenous 

N- or C-terminally truncated αSyn species exhibited distinct prion-like cross-seeding activities in 

WT mice (Terada et al., 2018). These data together with my findings strongly implicate the 

contribution of αSyn fragments in the formation of different strains of aggregates. A systematic 

comparison of human samples with different confirmed synucleinopathies needs to be performed, 

however, ideally with several antibodies. In relation to my data, further characterization, e.g., more 

detailed examination of structural and conformational changes, as well as the ability to maintain 

the same characteristics throughout several cycles of aggregation, would provide a deeper 

understanding of whether αSyn fragments effectively lead to formation of different strains. 

However, assuming that αSyn fragments indeed lead to different strains of aggregates, the already 

complex etiology of various synucleinopathies could be implemented with another aspect to 

further complicate these pathogeneses. Especially, considering that in a biological context, initial 

aggregation events might trigger proteolytic cleavage of αSyn as an attempt to attenuate or inhibit 

the pathophysiological process (Mishizen-Eberz et al., 2005, Sung et al., 2005). Should such a 

cleavage produce several aggregation-competent fragments, and if each one of them proceeds to 

induce different types of aggregates, it is conceivable that a specific combination of diverse strains 

might in fact be involved in the pathogenesis of individual synucleinopathies. 

 

5.7. Immunoreactivity of fragment-induced aggregates: implications for 

immunotherapeutical approaches 

Most intriguingly, I showed that the aggregates seeded with fragments 1-95 and 61-140 were only 

detectable with antibodies that target either the N- or the C-terminal domains of αSyn, respectively. 

Regarding the strong evidence that endogenous FL-αSyn is part of such aggregates, it would be 

expected that they should be recognized by both antibodies. However, the formed aggregates only 
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showed immunoreactivity toward antibodies that targeted their corresponding seeding species. 

Thus, the unrecognized epitopes are either hidden or missing.  Accordingly, depending on the seed 

type, different conformations of FL-αSyn could be formed so that only epitopes of the added seeds 

are exposed during the aggregation. Alternatively, it might be possible that fragments are able to 

trigger the activation of certain proteases to cleave endogenous FL-αSyn and convert it into 

fragmented forms containing only the epitope of the seed. Consistent with this explanation, it was 

shown that treating cells with recombinant fibrils produced with C-terminally truncated αSyn 

resulted in the activation of caspase 1, which in turn cleaved endogenous FL-αSyn into the same 

C-terminally truncated form (Ma et al., 2018).  

These findings might have tremendous implications for immunotherapeutic approaches. Currently, 

immunotherapy is considered as one of the most promising disease-modifying strategies for 

synucleinopathies (Brundin et al., 2017). Efficacious therapeutic antibodies would act by targetting 

extracellular αSyn species and preventing them from spreading to neighbouring cells. Thus, it is 

crucial to thoroughly characterize the spreading of αSyn species and subsequently raise antibodies 

that recognize them with high specificity and affinity. Here, I describe different aggregates for 

which certain commonly used antibodies are completely unable to bind. Thus, a comprehensive 

screening for a variety of epitopes on several forms of patient-derived αSyn would be the most 

effective approach to achieve a better estimation on specific species to target in order to scavenge 

them more efficiently. Moreover, it may be even necessary to turn towards disease-, or even 

patient-specific customized antibody mixtures as a future approach.   
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6. SUMMARY AND SIGNIFICANCE 

 

This work provides novel experimental evidence for the relevance of distinct αSyn fragments as 

probable interneuron spreading species. In a dopaminergic neuron cell model, I showed that 

fragments containing the central NAC domain flanked by either the N- or C-terminus of αSyn, 

namley fragments 61-140 and 1-95, have the capacity to enter cells. Subsequently, they recruit 

endogenous FL-αSyn for aggregation, and seem to impose specific aggregation pathways as well. 

Indeed, they result in very distict aggregation patterns with seed-dependant immunoreactivities. In 

addition, seeding with these fragments resulted in different aggregation kinetics and an enhanced 

proteinase K resistance. Importantly, fragments 61-140 and 1-95 were shown as slowly acting 

neurotoxic elements. Their toxicity could however be significanlty reduced with domain-specific 

antibodies.    

Immunotherapy has emerged as a promising avenue to block αSyn spreading (Wong and Krainc, 

2017). A key prerequisite for safe and efficacious immunotherapy is to target specific disease-

relevant αSyn species with well-defined epitopes. In the view of targeting pathological αSyn with 

immunotherapy, opinions are still conflicting, given the considerable number of different species. 

In any case, there is an urgent need to identify and characterize optimal αSyn species as therapeutic 

targets. In this regard, my findings provide important new insights on the possible involvement of 

αSyn fragments in differential strain formation, and therefore, in the pathogenesis of different 

synucleinopathies. Moreover, the seed-specific immunoreactivity of different aggregates might 

have considerable implications on future imuunotherapeutical approaches. Furthermore, my study 

revealed that αSyn fragments are species that may very likely occur as an early upstream event 

under pathological conditions, which places differential protease activity in the center of 

pathological mechanisms of synucleinopathies. The selective modulation of distinct proteases 

might therefore be strongly considered as potential disease-modifying strategy as well.  
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