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Abstract 

Although it has been nearly two and half decades since the discovery of alpha-synuclein (aSyn) as the 

major component of Lewy bodies (LBs), our understanding of the involvement of different aSyn species, 

their seeding, spreading and toxicity in Parkinson’s disease (PD) is limited. One of the major causes 

underlying this knowledge gap is the unavailability of adequate tools, techniques, and model systems to 

capture, monitor, and evaluate the role of different aSyn species in the disease process. In addition, our 

understanding of cell-type specific contributions to disease pathogenesis is limited. In this thesis, we 

systematically address the current knowledge gaps and elucidate the structural and cellular determinants 

of aSyn seeding and toxicity using cellular and animal model systems of PD.  

In the first chapter of this thesis, we describe an antibody characterization and validation pipeline that 

allows a systematic investigation of the specificity of aSyn antibodies using well-defined and well-

characterized preparations of various aSyn species, including monomers, fibrils, and different oligomer 

preparations that are characterized by distinct morphological, chemical and secondary structure 

properties. This pipeline was used to characterize 18 aSyn antibodies, 16 of which have been reported as 

conformation- or oligomer-specific antibodies, using an array of techniques, including immunoblot 

analysis (slot blot and Western blot), a digital ELISA assay using single molecule array technology and 

surface plasmon resonance. Our results show that i) none of the antibodies tested are specific for one 

particular type of aSyn species, including monomers, oligomers or fibrils; ii) all antibodies that were 

reported to be oligomer-specific also recognized fibrillar aSyn; and iii) a few antibodies (e.g., the antibody 

clone 26F1, 5G4) showed high specificity for oligomers and fibrils but did not bind to monomers. These 

findings suggest that most aSyn aggregate-specific antibodies cannot be used to differentiate between 

oligomers and fibrils, thus highlighting the importance of exercising caution when interpreting results 

obtained using these antibodies. Our results underscore the critical importance of the characterization 

and validation of antibodies before their use in mechanistic studies and as diagnostic and therapeutic 

agents. 

In the second chapter of this thesis, we systematically addressed the current knowledge gaps on the role 

of aSyn oligomers in the initiation, seeding and pathology spreading and toxicity. Towards this goal, we 

used different biophysical approaches to investigate aSyn seeding in vitro and in neurons and animal 

models of aSyn seeding and pathology spreading. First, we determined whether oligomers are formed in 

the pre-formed fibril (PFF)-based neuronal seeding model. Using size exclusion chromatography (SEC) 

fractionation of the soluble fraction isolated from PFF-treated neurons and Western blot analysis of 
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extracellular media, we observed that oligomeric forms do not form in the PFF-based neuronal seeding 

model. Next, we investigated whether different types of oligomers exhibit seeding and toxicity properties 

in the primary neuronal model of PD. We report that different types of oligomers do not seed pathology 

in vitro, primary hippocampal neurons and in vivo, and their presence slows rather than accelerates aSyn 

fibrillization. Our studies reveal that fibrils and oligomer growth occurs through monomer addition, and 

fibrils compete more efficiently for monomer addition. Also, monomer depletion might favor oligomer 

dissociation or monomers, which could be cleared or re-enter the aggregation pathway through addition 

to fibrils. Altogether, our work points to fibrils as the most seeding competent species and suggests that 

they are the critical mediators of pathology spreading in PD and other synucleinopathies. Our study also 

points that different types of oligomers induce toxicity irrespective of their morphological, structural and 

chemical properties – suggesting that oligomers if present potentially cause deleterious effects on the 

survival of cells.  

In the third chapter of this thesis, we used transcriptomics to investigate transcriptional changes in 

different cell types in the amygdala brain region, which is highly susceptible to developing pS129 positive 

aggregates in the brains of patients with PD. We performed snRNA sequencing on the amygdala isolated 

from PBS and PFF injected mouse brains and report findings from 6980 single-nuclei transcriptomics 

profiles of different cell types from the Amygdala and explored transcriptional changes and associated 

pathways. We identified that most of the top 100 differentially expressed genes (DEGs) are of neuronal 

rather than non-neuronal cell types. Furthermore, we observed that inhibitory and excitatory neurons 

upregulate, and non-neuronal cells downregulate several genes in these DEGs. Significantly upregulated 

genes in neurons are mainly involved in neuronal electrical activity. On the other hand, downregulated 

genes in non-neuronal cell types are involved in multiple functions from the receptor, ion and protein 

binding to GTPase regulatory activities and protein degradation processes. In addition, we report that the 

gene expression profile of a handful of PD risk genes such as Sncaip, Park7, Maob, Hspa8, Scl2a3 and Hsf3 

and some pathways that have been associated with PD are differentially altered in specific cell types. Our 

study highlights the involvement of unique gene expression changes and their associated pathways in 

different cell types in driving the disease process at an early stage in a PFF-based mouse model of PD. 

Understanding these cell-type dependent unique gene expression changes might pave the way for 

disease-modifying therapies for PD and related synucleinopathies. 

Keywords: Parkinson’s disease, alpha-synuclein, oligomer, antibody, conformation-specific, seeding, 

spreading, oligomer toxicity, Amygdala, cell-type specificity, PD risk genes 
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Zusammenfassung 

Bereits vor nun beinahe zweieinhalb Dekaden wurde das Protein alpha-synuclein (aSyn) als 

Hauptkomponente der Lewy-Pathologie identifiziert. Dennoch ist unser Verständnis der Rolle 

verschiedener aSyn-Formen in der Entstehung, Ausbreitung und Toxizität der Pathologie in der Parkinson-

Krankheit (PD) begrenzt. Grund dafür ist hauptsächlich ein Mangel an Instrumenten, Methoden und 

Modellen, die geeignet sind, verschiedene Formen der aSyn-Pathologie im Krankheitsprozess zu erfassen, 

beobachten und evaluieren. Zusätzlich verstehen wir bis heute Zelltyp-spezifische Auswirkungen auf die 

Pathogenese nur schlecht. In dieser Dissertation beleuchten wir systematisch die derzeitigen 

Wissenslücken bezüglich struktureller und zellulärer Einflussfaktoren auf die Entstehung und 

Auswirkungen von aSyn Pathologien in PD Zell- und Tiermodellen.  

Das erste Kapitel dieser Dissertation widmet sich der Entwicklung einer systematischen 

Charakterisierungs- und Validierungs-Pipeline von aSyn Antikörper-Spezifitäten, basierend auf 

wohldefinierten Präparaten verschiedener aSyn-Formen; Monomere, Fibrille und unterschiedliche 

Oligomer-Typen. Alle diese Präparate wurden gründlich auf ihre morphologisch-strukturellen und 

chemischen Eigenschaften geprüft. Mittels unserer Pipeline wurden 18 aSyn Antikörper untersucht, 

darunter 16, von denen angenommen wurde, sie wären Konformations- oder Oligomer-spezifisch. Wir 

verwendeten eine Reihe von Techniken, darunter Immunoblots (Slot und Western Blots), digitale ELISAs 

(enzyme-linked immunosorbent assay, mit single molecule array Technologie) und 

Oberflächenplasmonenresonanz und zeigen, dass (i) keine der getesteten Antikörper spezifisch für 

bestimmte aSyn-Formen (Monomere, Fibrille, Oligomere) sind; (ii) alle angeblich Oligomer-spezifischen 

Antikörper auch Fibrille erkennen; und (iii) nur wenige Antikörper (z.B. Klon 26F1, 5G4) spezifisch für 

Oligomere und Fibrillen sind, also Monomere weniger gut binden. Diese Resultate zeigen, dass viele 

Aggregat-spezifische Antikörper nicht zur Differenzierung von Oligomeren und Fibrillen verwendet 

werden können. Vorsicht bei der Interpretation von mit diesen Antikörpern gewonnenen Daten ist daher 

geboten. Die entsprechende Charakterisierung und Validierung von aSyn Antikörpern, die für 

mechanistische Studien, oder gar zum diagnostischen oder therapeutischen Gebrauch eingesetzt werden 

sollen, ist daher unbedingt erforderlich.  

Das zweite Kapitel befasst sich mit der Aufklärung der bisher unzureichend verstandenen Rolle von aSyn 

Oligomeren in der Auslösung, Entstehung, Ausbreitung und Toxizität von aSyn Pathologie. Dazu nutzten 

wir verschiedene bio-physische Methoden, um exogene aSyn Pathologie-Induzierung in vitro, in primären 

Neuronen und im Tiermodell zu beleuchten. Zuerst erkundeten wir, ob exogene aSyn Fibrille in Neuronen 
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zur Entstehung von Oligomeren führen. Fraktionierung durch Grössenausschluss Chromatographie und 

anschliessende Western Blot Analyse der löslichen Fraktion Fibrill-behandelter Neurone und des 

extrazellulären Mediums zeigte, dass sich keine Oligomere geformt hatten. In einem weiteren Schritt 

untersuchten wir, ob direkte Verabreichung von aSyn Oligomeren die Entstehung von aSyn Pathologie 

oder Toxizität zur Folge hat. Sowohl in vitro als auch in hippocampalen primären Neuronen induzierten 

aSyn Oligomere keine aSyn Pathologie. Sie schienen die Fibrillisierung von aSyn sogar eher zu bremsen 

statt zu beschleunigen. Wir zeigen des Weiteren, dass das Wachstum von aSyn Oligomeren und Fibrillen 

auf Hinzufügung von Monomeren beruht, und dass dieser Prozess für Fibrille effizienter ist. Ausserdem 

scheint die Verringerung der Monomer-Verfügbarkeit eine Monomer-Dissoziation von Oligomeren zu 

bewirken. Diese dissoziierten Monomere können dann abgebaut werden oder sie werden bereits 

existierenden Fibrillen zugefügt. Unsere Ergebnisse bestätigen aSyn Fibrille als Hauptmotoren der aSyn 

Pathologie-Entstehung. Sie sind daher wahrscheinlich auch die wesentlichen aSyn Formen in der 

Ausbreitung der aSyn Pathologie in PD und anderen Synucleinopathien.  

Im dritten Kapitel wenden wir uns der Genexpressions-Regulation in Folge von aSyn Pathologie zu. Wir 

verwendeten Transcriptomics, um eine der am stärksten von aSyn Pathologie betroffenen Gehirnregionen 

in unserem Mausmodell (in dem mit exogenen aSyn Fibrillen aSyn-Pathologie ausgelöst wird) zu 

charakterisieren; die Amygdala. snRNA Sequenzierung von 6980 Transkriptom-Profilen einzelner 

Zellkerne der Amygdala gestattete uns die Identifizierung der 100 Gene, die am stärksten von der aSyn 

Pathologie betroffen sind («differentially expressed genes», DEGs). Die meisten der DEGs waren von 

neuronalem Ursprung, weniger DEGs wurden in anderen Zelltypen festgestellt. Während die meisten 

neuronalen DEGs auf-reguliert und in neuronale elektrische Aktivität involviert waren, wurde der Grossteil 

nicht-neuronaler DEGs weniger exprimiert und deren Funktionen waren breiter gestreut; sie reichten von 

Rezeptoren, Ionen und Protein-Bindung zu GTPase Regulierung und Protein-Abbau. Des Weiteren war 

eine Handvoll PD-assoziierter Risiko-Gene differenziell in spezifischen Zelltypen von der aSyn Pathologie 

betroffen: z.B. Sncaip, Park7, Maob, Hspa8, Scl2a3 and Hsf3. Unsere Ergebnisse legen nahe, dass in 

unserem Mausmodell Zelltyp-spezifische und individuelle Muster in der Genregulation in den frühen 

pathologischen Prozess involviert sind. Ein besseres Verständnis für die komplexe, Zelltyp-spezifische 

Transkriptions-Regulierung in PD könnte die Entwicklung von dringend benötigten Behandlungsformen 

ermöglichen, die den Krankheitsverlauf von PD oder verwandten Synucleinopathien bremsen. 

Schlüsselwörter: Parkinson-Krankheit, alpha-Synuclein, Oligomer, Anti-Körper, Konformations-Spezifität, 

Pathologie-Entstehung, Pathologie-Ausbreitung, Oligomer Toxizität, Amygdala, Zelltyp Spezifität 
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Chapter 1. INTRODUCTION 

 

1.1 A brief history of a-synuclein  

In 1988, Maroteaux and colleagues first described the presence of 143 amino-acid neuron-specific protein 

while characterizing cholinergic synaptic proteins isolated from Pacific electric ray (Torpedo californica)1. 

They called this neuron-specific protein “synuclein” based on its localization to presynaptic nerve 

terminals (syn) and nuclear envelope (nuclein). In 1994, the Goedert lab identified and demonstrated the 

abundant presence of 140- and 134-amino acid (a.a.) proteins in the human brain which they called “a-

synuclein” (aSyn) and “b-synuclein” respectively2 and highly homologous to the protein identified by 

Maroteaux and colleagues1. Subsequently, another member “g-synuclein” was identified3.  In 1997, two 

major breakthroughs were made – 1) identification of the A53T mutation in the SNCA gene (that encodes 

aSyn) in Italian pedigree and independent Greek families as the first genetic basis of the Parkinson’s 

disease (PD)4; 2) the detection of the aSyn protein (using antibodies raised against synthetic peptide 

containing 116-131 residues of human aSyn) in Lewy bodies (LB) and Lewy neurites (LN) in the 

postmortem brains of patients with idiopathic PD and dementia with Lewy bodies (DLB)5. These two 

studies set the basis for aSyn research as a spotlight to study PD and related neurodegenerative diseases.  

In 1998, Spillantini and colleagues isolated aSyn-immunolabeled filamentous structures from sarkosyl 

insoluble fractions of post-mortem mortem PD and DLB brains6,7. In parallel, in vitro studies demonstrated 

that under specific conditions aSyn monomer aggregates to form filamentous structures and identified 

the formation of transient soluble oligomeric that populate on the pathway to aSyn fibril formation8,9 

Subsequent in vitro, cellular and animal model systems of PD showed that aggregated aSyn species are 

toxic when added to different cell types and form upon overexpression of aSyn in cells a different animal 

models10-12. These studies suggested that aSyn aggregation into oligomeric and fibrillar species could be a 

major event in PD pathogenesis. Over last decade, increasing evidence show that aSyn is secreted by 

neurons and other cells and that secreted aSyn13,14 or extracellular addition of aSyn fibrils can recruit 

endogenous aSyn to trigger the formation of aSyn inclusions, cause toxicity and lead to synaptic 

dysfunction15-17. However, the exact nature of the pathogenic species or processes that regulate aSyn 

secretion, seeding, and pathology spreading in the brain a subject of active investigation and debates. 

On the other hand, several studies have attempted to elucidated the physiological role of aSyn in the brain 

and aSyn has been associated with several functions, including synaptic transmission, several organellar 
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functions, and gene expression regulation18,19. These findings suggest that several functions could be 

disrupted upon aSyn loss-of-function, which could in turn debilitate the disease process. However, 

whether the loss of soluble aSyn protein, due to its aggregation, and/or dysregulation of its physiological 

functions contribute to the pathogenesis of PD remains unclear. This is in large part due to the lack of 

functional assays and animal models where loss of aSyn function gives rise to PD-like functional deficits 

and clinical phenotypes. Therefore, understanding the physiological and pathophysiological roles of 

different forms of aSyn could have therapeutic potential to halt or slow PD progression.   

1.2 aSyn structure and function in health 

Although aSyn does not seem to have an essential function that is lost by its absence in rodents, several 

functions of aSyn have been proposed,  including its roles in membrane biogenesis, lipid transport, 

molecular chaperone activity, SNARE-complex assembly20, exocytosis21, endocytosis and vesicle 

recycling21-23, dopamine release24, dopamine synthesis and transport25, ER-Golgi vesicle trafficking 

(functions reviewed in26,19), ferrireductase activity27,28, gastrointestinal immunity29, activation of microglia 

and T-cell proliferation30,31, and gene expression regulation (reviewed in32) (Figure 1.1). This functional 

diversity is consistent with the presence of aSyn in the synaptic terminals and several neuronal 

compartments, including the nucleus1,33, the Golgi apparatus34,35, the endolysosomal system36, the 

mitochondria37-39, and in the endoplasmic reticulum38,40,41. Furthermore, the fact that aSyn is an 

intrinsically disordered protein means that it has a large conformational landscape that gives it the 

flexibility to transition between different folded states and/or interact with diverse sets of proteins of 

protein complexes. However, the nature of the molecular and environmental switches that regulate aSyn 

transition from one conformational state to another or from one cellular compartment to another 

remains unknown.  In this section, we will review our current understanding of some of the well-studied 

aSyn functions with an emphasis on the potential role of PTMs as sequence and structural regulatory 

elements involved in modulating its physiological functions.  
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Figure 1.1: Major physiological functions of aSyn. aSyn is known to regulate a number of physiological 

functions, including neurotransmission, lipid interaction and membrane biogenesis, ER-mitochondrial 

communication, ER-Golgi trafficking, molecular chaperon activity, gastrointestinal immunity, and 

ferrireductase activity. 

 

1.2.1 aSyn structure, domains and their role  

To understand the potential impact of PTMs on the normal functions of aSyn, it is essential to first review 

what we know about the native state of aSyn, its sequence properties, including the role of the various 

domains in regulating its functions (Figure 1.2). Since its discovery, aSyn has been described as an 

intrinsically disordered protein, i.e., it exists as an ensemble of conformations and does not adopt a stable 

secondary structure on its own42,43. Although this notion was recently challenged by a handful of groups 

arguing that the physiological state of aSyn is a helically folded tetramer44-50, we51,52 and others53-58 have 

failed to reproduce these findings and could only detect native aSyn in an unfolded monomeric state as it 

has been established for the past two and half decades42. The evidence for tetramer in most studies relies 

on size exclusion chromatography which shows that aSyn elutes as a 58-67 KDa protein based on globular 

protein standards, despite previous studies establishing that the unfolded monomeric aSyn preparations 
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also exhibit an apparent MW of 55-60 KDa by SEC52. Although in vitro or in-cell cross-linking experiments 

have also been used to provide evidence for the presence of aSyn tetramers, it is important to emphasize 

that the results from these experiments always show the appearance of multiple bands corresponding to 

dimer, tetramer, octamer as well as high molecular weight species. Under no conditions aSyn was found 

to cross-link as a single tetrameric species, and no other group has successfully isolated this tetrameric 

form of the protein from mammalian cells or other cell types. Finally, several groups have also performed 

in-cell NMR studies and demonstrated that aSyn in its native cellular environment exists predominantly 

as a monomer53,54,56. These findings are consistent with recent reports by the Selkoe group showing that 

aSyn isolated from human brains exists mainly as a monomer, consistent with our previous findings52, 

although the authors argue that aSyn oligomers in the brain are less stable59.  Taken together, the existing 

data are in support of the monomer hypothesis but do not rule out the possibility that aSyn could exist in 

dynamic equilibrium between monomers and oligomers upon interaction with ligands, membranes, or 

other proteins. Further studies are needed to elucidate the molecular factors that regulate this 

equilibrium and to isolate and characterize such oligomers and assess their biophysical and biological 

properties.  

At the sequence level, the N-terminal amphipathic region (a.a. 1-60) of aSyn is positively charged and has 

been implicated in regulating many aspects of its binding to membranes and synaptic vesicles (Figure 

1.2A). This region is characterized by the presence of several imperfect ‘KTKEGV’ hexameric motif, which 

influences the propensity of the first ~80-90 amino acid residues to undergo structural changes to a-helical 

conformations upon binding to membranes and lipids60-65. The size and curvature of the membranes 

determine whether aSyn forms a single or a broken helix on membranes (Figure 1.2C). For example, highly 

curved small micelles favor the formation of a broken helix conformation64-67, larger and less-curved 

membrane surfaces induce a single extended helix that comprises the 90 residues of the protein68,69. 

Recently, it has been demonstrated that this N-terminal region contains two sequence motifs called P1 

(residues 36-42), P2 (residues 45-57) that are critical not only for controlling NAC-region mediated aSyn 

aggregation but also aSyn mediated membrane fusion70.  
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Figure 1.2: A schematic illustration of aSyn domains, their functions and different conformations of aSyn in 

solutions and bound to lipid vesicles. (A) Different aSyn domains and their functional involvement. Small boxes in 

the N-terminus and NAC region indicate conserved KTKEGV hexameric motifs. (B) Monomeric aSyn with an ensemble 

of conformations in solution. Arrows indicate intramolecular interactions between different domains (reproduced 

from71). (C) aSyn in solution is unstructured, but its interaction with membranes leads to extended-helix, partially 

helical intermediates and broken-helix state structures. These different functions are modulated by PTMs, such as 

phosphorylation at Y39. aSyn is also involved in SNARE-complex assembly and synaptic vesicle docking (this figure 

was modified from72).  

Within the first 100 amino acids also lies the hydrophobic non-amyloid component (NAC) region (a.a. 61-

95), which is essential for aSyn aggregation and plays a key role in the initiation of aSyn aggregation.  

Under conditions that favor aSyn oligomerization and fibrils formation, the aggregation-prone NAC region 

undergoes conformation changes from random coil to the β-sheet structure73,74 and constitutes the core 

of the fibrils. The NAC region is also involved in regulating aSyn binding to membranes. Recent studies by 

Fusco et al. show that N-terminus (a.a. residues 1-25) and NAC region (a.a. residues 65-97) act as dual 

membrane anchors to facilitate simultaneous binding aSyn to two different vesicles and thus could play a 

role in vesicle clustering75. Conditions that promote the release of the NAC region from membranes also 

promote aSyn association and aggregation on membranes.  

The acidic C-terminal region (a.a. 96-140, (enriched in glutamate, aspartate, and proline residues) adopts 

predominantly dynamic and disordered conformation in the monomeric, membrane-bound as well as in 

aggregated states (oligomers, fibrils) of aSyn76-80. This region has been shown to regulate aSyn interactions 
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with multiple proteins including Tau81, histones82-86, chaperones 87,88, cytoskeleton proteins (analyzed and 

compared in89). Several studies have proposed that these interactions regulate different aspects of aSyn 

normal functions. For example, aSyn was shown to interact with Tau via its C-terminal domain and 

regulate the stability of axonal microtubules through stimulating protein kinase-A mediated 

phosphorylation of serine 262 and 356 residues90-93. In addition, despite its disordered conformation and 

distal location from the N-terminus, the C-terminus has been proposed to play a role in regulating aSyn  

membrane binding9,61-65,94-96 and to sterically stabilize and functionalize membrane surfaces97; as well as 

thermo solubility and stability under stress conditions such as heat, pH, metal-induced aggregation98. A 

recent study by Lautenschlaeger et al. suggested that calcium binding to the C-terminus enhances lipid- 

and synaptic vesicle binding capacity and modulates synaptic vesicle clustering99. Interestingly, the C-

terminal domain is also responsible for regulating aSyn interactions with polyamines100,101, dopamine 

102,103, and metal ions including Calcium (II) 104,105, Copper (II)106-111, Zinc (II)112, and Iron (III)113,114,115. These 

interactions can modulate intramolecular interactions and alter aSyn misfolding and aggregation. The 

diversity of aSyn protein-protein, protein-ligand and protein-metal interactions highlight the importance 

of unstructured acidic domain in regulating the structural and functional properties of aSyn. 

NMR, hydrogen-deuterium exchange MS (HDX-MS) studies have shown that aSyn fluctuates between 

extended and collapsed conformations that are stabilized by intramolecular interactions between 

different segments of the protein116-120. For example, i) NMR studies have consistently revealed transient 

intramolecular interactions between N-terminus (positively charged) and C-terminus (negatively charged) 

as well as, the C-terminus and NAC region of the protein71 (Figure 1.2B). It has been proposed that these 

intramolecular interactions contribute to i) maintaining the native and soluble state of aSyn by shielding 

the hydrophobic and aggregation-prone NAC region and preventing its self-association77,117,121; ii) 

stabilizing local conformations in specific domains122 and iii) stabilizing the native conformations of the 

proteins. Therefore, mutations123, molecular interactions (e.g., calcium-binding or membrane binding), or 

post-translational modifications (e.g., phosphorylation71, methionine oxidation122 or C-/N-terminal 

truncation124,125) that occur in these regions could either stabilize or destabilize the native conformation 

of the protein and thus influence both its functions and propensity to aggregate71.  

 

1.2.2 Influence of PTMs on aSyn structure and function  

Given the role of the N- and C-terminal domains in regulating many aspects of the native conformation of 

aSyn and its molecular interactions; subcellular localization, and binding to membranes, it is not surprising 
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that the great majority of aSyn PTMs not only occur, but also cluster in these regions (Figure 1.3). 

Interestingly, most of the residues shown to undergo post-translational modification or represent putative 

PTM sites, including the majority of lysine, serine, threonine, tyrosine residues are highly conserved across 

species (Figure 1.4), suggesting that PTMs may play crucial roles in the regulation of aSyn function in 

health and disease.  

 

Figure 1.3: A Schematic illustration of aSyn PTMs identified in LBs. aSyn PTMs include phosphorylation, 
nitration, ubiquitination, truncation, and N-terminal acetylation.  

One of the most-studied functions of aSyn is its propensity to bind to membranes and lipid vesicles. 

Several PTMs have been shown to regulate the structure and the dynamics of aSyn interactions with lipids 

and membranes and regulate its membrane-binding dependent functions. N-terminal acetylation, one of 

the most common aSyn PTMs, was shown to increase the transient helical propensity of the N-terminal 

domain of the protein126,127  and its affinity of aSyn towards lipid vesicles128,129.   

Tyrosine 39 is one of the residues that is subjected to both phosphorylation and nitration and occupies an 

important position in the broken helix conformation of aSyn as it sits in the turn between the two helices. 

Although phosphorylation at Y39 does not seem to alter the ensemble of conformations of monomeric 

aSyn in aqueous solutions, it significantly influences the structure of the membrane-bound aSyn and 

potentially its interaction with other proteins and vesicles. In contrast, site-specific nitration at Y39 

reduces aSyn binding to synthetic vesicles130. In the presence of lipid vesicles, phosphorylation at Y39 

facilitates the interconversion of aSyn from the vesicle-bound extended helix to the broken helix state 

(Figure 1.2C). The broken helix state is comprised of two anti-parallel helices connected by a nonhelical 

linker. Phosphorylation at Y39 reduces the affinity of one of the helices, which, upon release from the 

membrane, makes this domain available for binding to other proteins or synaptic vesicles131. It has been 

proposed that phosphorylation at Y39 may serve as a molecular switch that regulates aSyn role in vesicle 

fusion. The recent development of antibodies that specifically recognize phosphorylated and nitrated 
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aSyn at Y39132 (Biolegend (clone A15119B); nitro Y39 (clone nSyn14)) and sensitive assays for quantifying 

pY39 in biological fluids should facilitate future studies aimed at understanding the role of p/nY39 in 

regulating aSyn properties health and disease133,134.  

 

Figure 1.4: The majority of PTM sites identified in human LBs are conserved in aSyn sequences from different 

species. Multiple sequence alignment of aSyn from different animals generated by MUSCLE (version 3.8) (A) 

depicting the homology in aSyn sequence and conserved PTM sites such as phosphorylation, nitration, ubiquitination 

(A), and conserved a.a. residues near the cleavage sites (B) across different species. Residues marked with the same 

color (and in bold) indicate identical amino acid residues, and black and bold indicate non-identical amino acids. 

Color code for amino acid residues: Methionine: Pink; Lysine: Red; Serine: Blue; Tyrosine: Green; Threonine: Purple. 

An * (Asterisk) indicates fully conserved residues, a: (colon) indicates conservation between groups of strongly 

similar properties, a . (dot) indicates conservation between groups of weakly similar properties.  

 

Within the NAC region, only phosphorylation at S87 (pS87) has been detected in LBs. This may reflect the 

fact that many of the PTMs identified in LBs and aggregated forms of aSyn may occur post aSyn 

aggregation89. The NAC region is usually found within the core of aSyn oligomers and fibrils and would 
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thus be largely inaccessible for modification by enzymes135. Most of the NAC region residues are involved 

in forming the core of the different strains of recombinant aSyn fibrils and aSyn fibrils isolated from MSA 

brains136. Phosphorylation at S87 increases the conformational flexibility of aSyn and also reduces the ⍺-

helical propensity of vesicle-bound aSyn135,137. It is noteworthy that phosphorylation within the N-terminal 

(Y39 and S87) domains stabilizes the monomeric protein and inhibit its aggregation, which suggest that 

they could be involved in regulating its normal functions. 

Several PTMs that occur outside the membrane-binding region have also been shown to influence aSyn 

membrane interactions. For instance, we previously showed that site-specific nitration at Y125 results in 

reduced aSyn affinity towards synthetic vesicles130. On the other hand, phosphorylation at S129 increases 

the conformational flexibility of aSyn, alters the intramolecular interactions N- to C-terminal interactions, 

and reduces solvent exposure of the N-terminus71. Studies on the effect of phosphorylation at S129 on 

membrane binding have yielded conflicting results ranging from no effects to significant reduction on aSyn 

membrane interactions51,94,137. For example, a few reports have suggested little or no effect of S129 

phosphorylation on aSyn-membrane-interactions using synthetic micelles/vesicles under in vitro 

conditions51,137. In contrast, studies using GRK-mediated phosphorylation of aSyn S129 suggest decreased 

affinity of aSyn to phospholipids138,139. In addition, yeast140, and worm141 studies suggest an inhibitory 

effect of phosphorylation at S129 using phosphomimetic proteins, on aSyn membrane binding.  This is 

largely due to the different approaches used to investigate phosphorylation at S129, which range from 

using phosphomimetics, non-specific in vitro phosphorylation with kinases, to semisynthetic or enzymatic 

site-specific phosphorylation of aSyn. 

Interestingly, both the N- and C-terminus regions of aSyn are involved in the assembly of soluble N-

ethylmaleimide–sensitive factor attachment protein receptor (SNARE)–complex20 and SNARE-mediated 

vesicle docking142,143. The involvement of aSyn in the assembly of this complex highlights an important 

role of aSyn in regulating neurotransmitter release of synaptic vesicles during increased synaptic activity. 

Recent reports142,144 suggest that, the N-terminal amphipathic and hydrophobic regions (a.a. 1-100) bind 

to the plasma membrane. Meanwhile, the hydrophilic C-terminal region (a.a. 101-140) interacts with the 

N-terminal domain of VMAP2 (a vesicle protein involved in mediating fusion of vesicles with the plasma 

membrane). The ability of aSyn to crossbridge vesicles and plasma membranes facilitates SNARE-

dependant vesicle docking and subsequent SNARE complex assembly (Figure 1.2C)20,142,144. In addition, 

Somayaji and colleagues recently demonstrated the intriguing presynaptic plasticity role of aSyn, wherein 

aSyn facilitates dopamine (neurotransmitter) release during short bursts of neuronal activity (that lasts a 
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few seconds) and impedes its release during the interval (that lasts a few minutes) between bursts in 

monoaminergic neurons24. Therefore, neurotransmitter release and SNARE complex assembly are 

processes that are dependent on aSyn. The critical role of the C-terminus in SNARE complex assembly is 

further highlighted by the fact that C-terminal truncated (1-95) aSyn failed to promote SNARE-complex 

assembly 20. Since C-terminus harbors several PTM sites, these could likely act as molecular switches 

during the rapid SNARE-complex assembly and disassembly during increased synaptic activity or 

neurotransmission. Future studies are required to decipher the role of PTMs on SNARE-complex assembly 

and how they can regulate the sequence of events associated with this non-classical aSyn function during 

neurotransmission.  

Although several truncated fragments have been detected in the brains of control or healthy 

individuals145-148 (Figure 1.3), it is unclear whether these irreversible modifications regulate aSyn normal 

functions or are generated to create new functional forms of the protein. It is most likely that truncations 

in the N-terminus or NAC domains involving the first ~100 residues of aSyn could affect the helical 

structure formation and its binding to membranes, thereby influencing synaptic vesicle homeostasis and 

exocytosis. The observation that, C-terminal truncations enhance aSyn aggregations6,89,124,149,150 argues 

against a potential functional role for these species unless they are stabilized by interaction or complex 

formation with other proteins or are formed in the context of a stable native form of aSyn, for example, 

membrane-bound aSyn species. Interestingly, Sulzer and colleagues reported that T-cells recognize 

specific aSyn peptides (that include a.a. 31-46 and a.a. 116-140, which harbor pY39 and pS129, 

respectively) generated by abnormal processing could result in helper and cytotoxic T-cell immune 

responses31. These peptides occur within the region that harbor PTMs and are part of protein fragments 

that are produced by cleavages that are known to occur under both physiological and pathogenic 

conditions.   

1.2.3 The interplay between aSyn subcellular localization and PTMs 

In 1988, Maroteux et al. reported the presence of a neuron-specific protein localized to the nucleus and 

presynaptic terminals, that they named Synuclein1. Since then, several studies have sought to decipher 

the potential role of aSyn in the nucleus. Inside the nucleus, aSyn has been reported to i) interact with 

histone deacetylases and cause neurotoxicity when transfected with aSyn (tagged with nuclear 

localization signal) in SH-SY5Y neuroblastoma cells84; ii) enhance binding to Rab8a (a Rab GTPase), which 

modulates post-Golgi vesicle trafficking and reduces cellular toxicity151 in a fruit fly model of PD 
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overexpressing human aSyn; and iii) bind to DNA double-strand break (DSB) and is involved in DNA repair 

mechanisms by facilitating catalysis of DNA end-joining by T4152.  

Several observations in cell-based153 154-156 and animal model systems82,157-160 have suggested preferential 

accumulation of pS129 aSyn in the nucleus. Using a photoactivation-based approach, Goncalves and 

Outerio investigated aSyn intracellular dynamics in cell cultures and reported that, phosphorylation at 

S129 plays a role in shuttling aSyn between the cytosol and nuclear compartment161.  The PD-linked 

familial mutations G51D162 and E46K163 exhibit a more pronounced increase in pS129 aSyn level in the 

nucleus than the wild-type protein or other PD-linked variants. Despite the detection of pS129 by 

immunohistochemical and fluorescence microscopy approaches by a different group33, biochemical 

evidence for nuclear pS129 aSyn remains limited, i.e. only aSyn but not pS129 was detectable in nuclear 

fraction by Western blotting or other biochemical methods. Previously, our lab provided evidence that 

pS129 can be detected in nuclear fractions by dot blots, but not by WB and suggested that this could be 

explained because the pS129 nuclear signal arises from the presence of a C-terminal phosphorylated 

peptide rather than the full-length protein163. This could explain why the detection of pS129 by the 

standard SDS electrophoresis techniques is difficult. Another important consideration is the non-specific 

cross-reactivity of certain pS129 antibodies to some nuclear proteins that might share a partial homology 

epitope of pS129 antibodies163,164.  

Recently, new reports are emerging that focus on the role of PTM modifications on the localization and 

cellular functions of aSyn. For example, a study by Burman et al88 demonstrated that phosphorylation at 

Y39 impairs the interaction of aSyn with chaperones HSC70 and HSP90β, disrupts aSyn transient 

membrane binding, and results in re-localization of aSyn to mitochondria. In addition, phosphorylation at 

S129 has been reported to modulate gene expression and overall cellular homeostasis165. In addition, few 

groups have reported the involvement of different aSyn domains where PTMs are known to occur in 

regulating the subcellular localization of aSyn. For instance, the first 32 a.a. residues of the N-terminus of 

aSyn are necessary for mitochondrial localization166. Ma et al. demonstrated that N-terminus (a.a. residues 

1-60) and C-terminus (a.a. residues 103-140) are required for the nuclear transport of aSyn167. These, 

along with other reports (reviewed in 168), establish the localization and interaction of aSyn with various 

organelles. These studies suggest that PTMs occurring in the N- and C-termini could have a broader impact 

on the aSyn localization and its associated functions. However, the majority of these findings were 

obtained from aSyn overexpression model systems (transfected mammalian cells, neurons, transgenic 
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animals or AAV mediated overexpression). Therefore, further studies are essential to establish whether 

these potential interactions and functional roles are also relevant under physiological conditions. 

 

1.2.4 The role of PTMs in regulating aSyn clearance  

Several lines of evidence suggest PTMs play an important role in regulating aSyn degradation mediated 

by both the proteasomal and the lysosomal systems169. Chau and colleagues provided the first line of 

evidence on cross-talk between phosphorylation at S129 and aSyn degradation. They demonstrate that 

inhibition of the ubiquitin-proteasome system causes increased pS129 levels in human neuroblastoma 

cells170. In a follow-up study, it was demonstrated that inhibition of autophagy-lysosomal degradation 

pathways causes the accumulation of pS129 levels in human neuroblastoma cells and rat cortical primary 

neurons171.  The discovery of several enzymes that regulate aSyn phosphorylation at Y39 by c-Abl133,  at 

S129 by: PLK2155,172,173, CK1 and CK2138,174-177, GRKs138,177,178, and  LRRK2179  paved the way for cellular and 

in vivo studies to investigate further the role of phosphorylation in regulating aSyn cellular properties and 

clearance. The polo-like kinase PLK2, which phosphorylates aSyn specifically at S129, forms a complex 

with aSyn and facilitates its degradation by autophagy-lysosomal pathways173. This finding has been 

replicated in a yeast model of PD wherein substitution of Serine 129 by Alanine compromised clearance 

of aSyn via autophagy-mediated degradation pathways180. Recently, Jensen and colleagues proposed an 

alternative mechanism for the regulation of aSyn levels by PLK2 by wherein PLK2 regulates aSyn levels 

through modulation of aSyn mRNA production 181. In addition, LRRK2 is also known to phosphorylate aSyn 

at S129179 and mutations such as G2019S in LRRK2 have been shown to increase aSyn clearance by 

enhancing autolysosome formation182.  

Though phosphorylation at S129 was shown to enhance aSyn clearance, c-Abl mediated phosphorylation 

at Y39 (and also to a lesser extent at Y125) prevents its degradation via the autophagic and proteasomal 

pathways133,183. Conversely, the pharmacological inhibition of c-Abl kinase activity induces aSyn protein 

degradation via both autophagy and proteasome pathways133.   These studies suggest that kinases that 

phosphorylate at Y39 and S129 play important roles in regulating aSyn levels and life cycle in response to 

different stressors or neuronal activity.    

The UPS systems have been implicated in the degradation of aSyn157,169,184-186. For example, 

pharmacological inhibition of UPS systems results in the accumulation of aSyn positive aggregates in the 

cellular and animal model systems of PD, which could be due to the failure of the proteasomal degradation 

pathways. Several ubiquitin ligases that ubiquitinate aSyn at multiple site have been identified, e.g., 
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Nedd4 ligases 186,187, reticulocyte-derived ubiquitin ligase188, a cullin-RING ubiquitin ligase189. 

Ubiquitination of aSyn by these ligases has been shown to modulate aSyn degradation. For instance, 

Nedd4 overexpression results in the degradation of endogenous aSyn by the endosomal-lysosomal 

pathways186 while the cullin-RING ubiquitin ligase ubiquitinates the internalized aSyn fibrils and promotes 

their degradation by the proteasomal and lysosomal pathways189. Recently, Lashuel, Brik and Pratt labs 

developed methods that enable the generation of site-specifically ubiquitinated aSyn proteins in vitro190-

192. These advances have enabled systematic studies to determine ubiquitination could serve as a signal 

for degradation of aSyn. Towards this goal, Haj et al used semisynthetic protein strategies to generate 

mono-, di- and tetra-ubiquitinated aSyn and demonstrated that polyubiquitination is a signal for the 

degradation by the proteasome system. However, to the best of our knowledge there are no reports that 

investigated the influence of site-specific ubiquitination at K12, 21, 23 (lysine residues that are shown to 

be ubiquitinated in LBs) on physiological aSyn function. Future studies are required to address these.  

1.2.5 aSyn PTM-dependent Interactome- a Window to understanding aSyn functions 

One way to gain insights into proteins' normal function is by elucidating their native interactions with 

other proteins, membranes, and various organelles. Consequently, interactome studies allow mapping 

the biological processes and pathways wherein aSyn could act in the different cellular environments and 

cell types. Given that PTMs cluster in the regions implicated in regulating aSyn interactome and membrane 

binding, it is likely that they play important roles in regulating its interactome.  

Previous studies have attempted to map the interactome of aSyn using a combination of techniques and 

identified several proteins that interact with aSyn, including synaptic proteins, mitochondrial proteins, 

endoplasmic reticulum proteins, cytoplasmic proteins, nuclear proteins, proteins associated with 

chaperones, cytoskeletons, protein synthesis and ribosomal proteins193,194. Interestingly, Chung et al., 

recently combined an ascorbate peroxidase (APEX) tag-based strategy with mass spectrometry to identify 

proteins that interact with aSyn. This method allowed them to perform labeling in live neurons and 

facilitated the preservation of all membranes and aSyn-protein interactions (including transient 

interactions). They reported a total of 225 aSyn protein interactors, including synaptic proteins, proteins 

involved in endocytosis, vesicle trafficking and protein transport, the retromer complex, cytoskeleton 

proteins, serine/threonine-specific phosphatases, and mRNA binding proteins195. Only one study has 

attempted to assess the effect of PTMs on modulating aSyn interactome using co-immunoprecipitation in 

conjunction with the mass spectrometry-based approach. McFarland and colleagues investigated the role 

of phosphorylation at either Y125 or S129 separately, using peptides comprising residues 101-140 on the 
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aSyn interactome196. They showed that phosphorylated peptides (comprising either Y125 or S129) interact 

preferentially with some of the cytoskeleton proteins, vesicular trafficking proteins, and enzymes involved 

in serine phosphorylation. In contrast, the non-phosphorylated peptide preferentially interacts with 

mitochondrial electron transport chain complexes196. This study highlights the strong impact of PTMs such 

as phosphorylation at S129 and Y125 or C-terminal truncations on modifying the aSyn interactome and its 

cellular properties.  However, future studies are needed to validate these findings and reassess the effect 

of each PTM or multiple PTMs in the context of the full-length protein. As it is evident from these 

interactome studies, aSyn seems to be involved in a diverse set of functions ranging from inducing 

membrane curvature to the regulation of organellar function to the maintenance of synaptic vesicles at 

the presynaptic terminals. These different functions are modulated by different domains of aSyn. 

Therefore, PTMs occurring in different domains could act as molecular switches for regulating its 

interactome with other proteins, membranes of organelles and, therefore its functions in different 

subcellular compartments or cell types. Additional studies are required to delineate the sequence- and 

PTM-dependent interactome of endogenous aSyn and its role in regulating aSyn function in health and 

disease.  

 

1.3 aSyn in disease  

1.3.1 Parkinson’s disease: clinical symptoms and pathological hallmarks 

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disease affecting 2-3% of the 

population over 65 years of age  ̶  PD is mainly sporadic, with only about 5-10% familial cases197. PD is 

clinically diagnosed based on primary motor symptoms such as rigidity, resting tremor and bradykinesia 

and secondary motor symptoms such as gait and handwriting impairment, speech and precision grip 

difficulties198. In addition, PD patients suffer from non-motor symptoms such as depression, apathy, 

anxiety, anhedonia, sleep disorders, restless legs, REM behavior disorder, insomnia, dribbling of saliva, 

nausea, constipation, pain and olfactory deficits199, much of which usually precedes the motor symptoms.   

The major pathological hallmarks of PD include loss of neuromelanin containing SNc dopaminergic (DA) 

neurons, accumulation of LBs and aSyn aggregates in the cytoplasm of neurons and glial cells (e.g., 

astrocytes)200,201, astrogliosis and microgliosis202. In PD brains, LBs are not only observed in early affected 

SN DA neurons but also in various other neurons in brain regions such as amygdala (AM), 

pedunculopontine nucleus (PPN), claustrum (Cl), locus coeruleus (LC), dorsal motor nucleus of the vagus 
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(DMV), median raphe nucleus (MRN), lateral hypothalamus (LH), ventral tegmental area (VTA)203,204 as 

well as in astrocytes201 and oligodendrocytes205.  

 

1.3.2 Lewy bodies 

Initial analysis of LBs relied on conventional histological staining techniques such as Hematoxylin and Eosin 

(H&E), which showed brainstem LBs as dense spherical structures with the eosinophilic core, and a small 

pale halo. Cortical LBs lacked halo-like structure206. Ultrastructural studies showed that LBs are comprised 

of filamentous fibrillar proteins5. The discovery of mutations in the gene that code for the presynaptic 

protein aSyn in families with early-onset PD led to the identification of aSyn as the primary constituents 

of the fibrillary aggregates in LBs and glial inclusions4,5. Subsequently, in vitro studies confirmed that 

recombinant aSyn could abnormally aggregate and form β-sheet rich fibrils that similar to those isolated 

post-mortems from PD brains. Although the complete inventory of the proteins within LBs remains 

lacking, several studies have shown that LBs contain a considerable fraction of post-translationally 

modified forms of aSyn. Further studies revealed that LBs contain a considerable fraction of post-

translationally modified (e.g., phosphorylated at serine 129 (S129)207,208, S87209, Y125210, ubiquitinated211, 

truncated145, and p62-positive aSyn212 (Figure 1.5). 

 

Figure 1.5. Histological properties of LBs and LNs. Morphology of brainstem Lewy bodies (LBs), cortical 
LBs and Lewy neurites (LNs) from histological sections of brains from individuals with Parkinson disease 
stained with hematoxylin and eosin (H&E)206, antibodies for aSyn206,149, phosphorylated aSyn at S129 
(pS129)207,213, ubiquitin7,149 and neurofilament214-218, thioflavin S219-221 and Nile red (for lipid staining)222,223. 
LB and LN structures are denoted by arrows (adapted from 224). 
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Morphologically distinct aSyn positive inclusions ranging from punctate aSyn with or without aggregation 

center, pale body-type (PB) with small and moderately granular aggregates, PBs with spherical bodies at 

their peripheries (PB/LB-type), and classical LB types with a central core and surrounding halo-like 

structures in the cell bodies have been described149,225. Also, globular, fusiform morphology with granular 

texture outside the cell bodies and filamentous types in neurites were identified in nigral neurons of 

patients with PD226 .  

The morphological features of LBs is distinct in different brain regions as well as in different 

synucleinopathies. Several studies have attempted to explain this using chronological staging of disease 

development. This has been achieved primarily through immunohistochemical analysis of postmortem 

tissues of PD patients who died at different stages of the disease. Five stages have been proposed for 

brainstem LBs227 and six stages for the formation and maturation of cortical LBs228. Whether the 

morphological polymorphisms of LBs reflect different stages of pathology formation, different types of 

aggregates or aSyn pathology of varying composition remain unknown. Moreover, our knowledge 

regarding the contribution of molecular, cellular, and functional properties of particular cell types to 

develop distinct LBs remains incomplete. Based on elaborated immunohistological analyses of PD brains 

exhibiting LB pathology, Braak and colleagues proposed a staging hypothesis to describe PD progression 

which suggests that LB pathology begins either in olfactory and/or enteric neurons and subsequently 

spreads to other vulnerable brain regions in a retrograde or anterograde manner in sporadic PD203,229,230. 

The Braak staging hypothesis on spreading of aSyn pathology from enteric nervous system (ENS) to central 

nervous system (CNS) involves spread via the vagal nerve and the DMV in the medulla oblongata, and 

thereafter from lower brainstem regions to the SN, eventually spreading to cortical regions203,231  

1.3.3 Composition of LBs 

To date, more than 100 additional proteins have been detected within LBs by immunohistochemical 

analysis. Initial studies identified proteins that were found in other pathological inclusions associated with 

other diseases, as well as cytoskeletal proteins (e.g., neurofilaments, tubulin, paired helical 

filaments225,232-239). Later studies revealed proteins involved in various cellular processes, including 

proteasomal and lysosomal degradation, phosphorylation, mitochondrial function, cell cycle regulation 

and others (summarized in Table 1.1). As this approach has limited throughput for investigating biological 

pathways involved in or impacted by LB formation and maturation during disease pathogenesis, a few 

studies opted to perform mass spectrometry analyses to obtain the complete, unbiased proteomic 

profiles of LB inclusions in the brains of PD patients.  
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Table 1.1: Components of LBs based on immunohistochemical studies (modified from240). Abbreviations: B-LB: 
brainstem LBs; C-LB: cortical LBs; +: present; +/-: partially or weakly present; -: not-present; ND: not described; IHC: 
Immunohistochemistry (adapted from 224) 
 

Components 
By IHC 

References Components 
By IHC 

References 
B- LB C-LB B- LB C-LB 

α-synuclein  + + 5, 149,207 heme oxygenase-1 + + 241 242  

Neurofilament + + 218,243 αB-crystallin - +/ - 244 245  

Agrin  + ND 246 Superoxide dismutase 1 + ND 247  

14-3-3 protein  + + 248 249 Superoxide dismutase 2 +/ - ND 247 

Microtubule-associated protein (MAP) 
1B 

+ + 250,251 Calcium2+/ calmodulin-dependent 
protein kinase II 

+ + 252  

Synphilin-1 + + 253 254,255 Casein kinase II + ND 256  

Tau +/ - +/ - 257 258 Cyclin-dependent kinase 5 + + 259 260  

FKBP12 + ND 261 Extracellular signal-regulated kinases + - 262  

Dorfin + + 263 263 G-protein coupled 
receptor kinase 5 

+ - 178 

Glycogen synthase kinase-3β + - 264 Glycogen synthase kinase-3β + - 264 

NUB1 + + 265 266 Leucine-rich repeat kinase 2 (LRRK2) + + 267-269 

Prolyl-isomerase Pin 1 + ND 270 PINK-1 +/ - - 271 

Parkin + + 272, 273 C-Abl + ND 274 

SIAH-1 + ND 275 Iκbα + + 276 

Ubiquitin + + 277 278 Nfκb + + 279 280 

Ubiquitin activating enzyme (E1) + + 281 P35 + + 282 

Ubiquitin-conjugating enzyme (E2) 
(UbcH7) 

+ ND 272 Phospholipase C-δ - +/ - 283 

Dorfin + + 263, 263 Phospholipase A2, Group VI (PLA2G6) + - 284 

Parkin + + 272, 273 Tissue transglutaminase + ND 285  

SIAH-1 + ND 275 Map 1 + - 286,287 

TRAF 6 + ND 288 MAP 1B + + 250 251 

TRIM 9 + + 289 MAP2 + +/ - 286 290 287,291 

ATPase of the 26 S proteasome ND +/ - 292 Tau +/ - +/ - 257 258 

Proteasome + + 293 294 Neurofilament + + 218 243 

Proteasome activators (PA700, PA28) + + 281 Sept4/H5 + + 295 

β-TrCP + + 280 Tubulin + ND 286 

Cullin-1 + + 280 Tubulin polymerization promoting 
protein/p25 

+ + 296 297 

HDAC4 + + 298 MARK 1 and 2 + +  

Multicatalytic proteinase +/ - + 276 299 Cox IV +/ - + 300 

NEDD8 + + 301 302 Cytochrome C + - 303 

NUB1 + + 265,266 Omi/htra2 + ND 304 305 

p38 + ND 306 Pink-1 +/ - - 271 

p62/sequestosome 1 + ND 226   Pdha1 + - 284 

ROC1 + + 280  Cyclin B + ND 307 

Ubiquitin C-terminal hydrolase ND + 244 Retinoblastoma protein + - 308 

LC3 + + 309 310 311 Amyloid precursor protein + +/ - 312 

GABARAP/GABARAPL1 + + 311 Calbindin + ND 313 

GATE-16 + + 311 Choline acetyltransferase +/ - - 314 

Glucocerebrosidase + + 315 Chromogranin A + + 279,316 

NBR1 + + 317 Synaptophysin +/ - +/ - 290,316 

γ-tubulin + ND 286 Synaptotagmin + ND 318 

HDAC6 + + 319 320 Tyrosine hydroxylase (TH) + ND 321 314 322 

Pericentrin + + 281 Vesicular monoamine transporter 2 + - 323 

C terminus of Hsp70- 
Interacting protein 

+ ND 324 Complement proteins (c3d, c4d, C7, and 
C9)) 

+/ - +/ - 279,325,326 

Clusterin/apolipoprotein J +/ - + 327 Immunoglobulin (igg) + ND 328 

Dnajb6 + + 329 Lipids + + 330 331 

Heat-shock proteins (Hsp 27, 40, 60, 70, 
90, 110) 

+ + 332,333 Ykl-40 ND + 334 

Torsin A + + 333,335,336 Charged Multivesicular Body Protein 2B 
(CHMP2B)  

+ +/ - 337 338 

Interferon-induced protein (MxA) +/ - ND 339 Vps4 + + 340 

Proteins involved in glycoxidation 
(advanced glycation endproducts) 

+ + 241 341 Synapsin III  + ND 342 

Caspase-cleaved TDP-43 + + 343 Tmem230 + + 344 

DJ-1 +/ - - 345,346 Non-selenium glutathione peroxidase + + 347 

FOXO3a + + 348     
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Proteomic analysis of LB inclusions isolated using laser capture microdissection (LCM) from cortical 

neurons of patients with cortical LB disease with dementia identified a total of 296 proteins that were 

suggested as components of cortical LBs349. Interestingly, these proteins are involved in a wide array of 

cellular processes, such as the ubiquitin-proteasome system (UPS) (UCH-L1, ubiquitin-activating enzyme 

E1), folding and intracellular trafficking (heat shock cognate 71 kDa or HSC 70, 14-3-3 protein), oxidative 

stress (carbonyl reductase, glutathione S-transferase M3), synaptic transmission and vesicular transport 

(synaptotagamin-1, clathrin coat assembly protein, connexin-43), and signal transduction and apoptosis 

(calcium/calmodulin protein kinase, excitatory amino acid transporter and ras-GTPase-activating protein 

binding protein)349. However, this study did not report the relative abundance of these proteins in 

patients due to the lack of a control group. It is noteworthy that in contrast to mass spectrometry analyses 

of isolated LBs, several studies have performed proteomic analysis of LB-containing brain tissues such as 

the substantia nigra350-353, locus coeruleus354, and frontal cortex355 from PD patients. Although these 

studies are useful in identifying proteins that are potentially enriched in PD patients’ brains, it is not 

possible to determine the composition of LBs from such studies, as the number of LBs is usually small in 

brain sections, as evidenced by the number of LBs used to grade PD. The results of these studies are 

summarized in detail in these excellent reviews356,357. 

 
Figure 1.6: Schematic depiction of cellular and animal systems and strategies used to induce aSyn aggregation and 

mimic PD pathology. 
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1.3.4 Model systems to study PD 

In order to understand cellular and molecular mechanisms governing the development of LBs, their 

spreading and their effect on cells, many groups have employed model systems ranging from yeast, 

worms, fruit fly, rodents to monkeys (Figure 6). They employed strategies such as aSyn overexpression, 

exposure to toxins that lead to proteasomal impairment (for e.g., lactacystin, epoxomicin), mitochondrial 

dysfunction (for e.g., rotenone, paraquat, MPTP toxins), oxidative stress (for e.g., NO), and exposure to 

pre-formed fibrils (PFFs) alone or in combination with aSyn overexpression.  

Initial studies employing proteasomal impairment in PC12 cells and primary neurons led to the formation 

of ubiquitinated inclusions, some of these showed aSyn and ThS positive185,358. Similarly, 

oxidative/nitrative stress in neuroblastoma cell lines caused accumulation of over-expressed aSyn into 

insoluble aggregates359-363 that were positive for ThS and ubiquitin. Similar to the studies on proteasomal 

inhibition and oxidative stress, several groups have employed pharmacological agents to induce 

mitochondrial dysfunction. Acute and chronic MPTP administration lead to neuronal cell death364, only a 

few of these models with the chronic treatment developed neuronal inclusions365,366. However, these 

results are not reproduced in other studies367,368, and the inclusions formed in these studies were made 

of concentric membranes with disorganized aSyn fibrils365, or granular and filamentous accumulations of 

proteins and lipofuscin granules369,370.  Unfortunately, none of these models were successful in 

reproducing the formation of authentic LBs.  

These models express higher aSyn levels compared to its physiological level and this increased levels could 

create a new pool of nonphysiological forms of aSyn and unintended functions of aSyn. In order to 

overcome these limitations, Virginia Lee and colleagues developed the neuronal seeding-based cellular 

and rodent models of aSyn aggregation and fibril15, which does not require overexpression of aSyn. These 

models are based on exposure of primary neurons to aSyn PFFs or their intracerebral injections where in 

the PFFs act as seeds to recruit endogenous aSyn, that later develop into LB-like inclusions. PFFs based 

model consistently induced the formation of aSyn aggregates that exhibit many features of authentic LBs 

such as hyperphosphorylation at pS129, ubiquitination, ThS reactivity and fibrillar ultrastructure in 

untransfected primary neurons15,371. Similarly, injection of PFFs into mice brain induced formation of 

pS129 positive aggregates in several brain regions and resulted in 35% reduction in SN dopamine neurons 

at 180 days post-injection and behavioral deficits reflecting pathology and symptoms in PD patients372. 

Different cellular and animal model systems and to what extent they reproduce key features of LBs are 

summarized in heatmaps (Table 1.2 and Table 1.3, adapted from 224) 
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Study Strategies 

1 Overexpression of WT or Mutant α-syn  

2 Overexpression of α-syn in Combination with Synphilin-1  

3 Overexpression of α-syn Fused to Fluorescent Proteins  

4 Overexpression of α-syn with Other Proteins 

5 Overexpression of α-syn Tagged with Short Peptides 

6 iPSC based models 

7 Toxin Based Cellular Models 

8 Cellular Models of LB Propagation 

Level of characterization 

A Appearance of Inclusion-like Structures 
B pS129 
C Ubiquitin 
D p62 
E ThS/ ThT/ Amytracker/ other amyloid dyes 
F Proteinase K Resistant 
G Insoluble by Sedimentation/Fractionation 

H Presence of HMW bands 

I Aggregates by Ultrastructural Characterization  
J Seeding Activity  
K Presence of Lipids or Membranous organelles 

 

Positive 

Negative 

Not described 

Mixed Results/ Not Clear  

Table 1.2. Summary of studies modeling aSyn aggregation in cellular model systems of PD224 

 

 

 

 

 

 Cellular Models of PD   Cellular Models of PD 

 Study by 
Level of Characterization   

Study by 
Level of Characterization 

A B C D E F G H I J  K  A B C D E F G H I J  K 

1 

Tabrizi et al., 2000373             

7 

Ostrerova-Golts et al., 2000360                Δ     

Stefanis et al., 2001374             McLean et al., 2001375                      

Tofaris et al., 2001376             Paxinou et al., 2001363                Δ 
    

Matsuzaki et al., 2004377             Rideout et al., 2001185                
 

    

Pandey et al., 2006378             Tofaris et al., 2001376                      

Vekrellis et al., 2009379             McNaught et al., 2002281                      

Welander et al., 2011380             Sherer et al., 2002359                      

Burre et al., 2015381              Rideout et al., 2004358                      

Fares et al., 2016382         Δ    Trimmer et al., 2004383                Δ     

Melnikova et al., 2020384             Lee et al., 2002362               
 

      

2 

Engelender et al., 1999385             

8 

Danzer et al., 2007386        
 

   

O’Farrell et al., 2001387             Luk et al., 2009371                Δ 
    

Tanaka et al., 2003             Desplats et al., 2009388               
 

      

Lee et al., 2004389             Nonaka et al., 2010390        
 Δ   

Smith et al., 2005391         Δ    Waxman and Giasson, 2011392        
 Δ   

Buttner et al., 2010393             Volpicelli-Daley et al., 201115                Δ 
    

Xie et al., 2010394             Dryanovski et al., 2013395                      

Klucken et al., 2012396             Volpicelli-Daley et al., 2014397                Δ 
    

3 

McLean et al., 2001375             Tran et al., 2015398        
 

   

Outeiro and Lindquist, 2003399             Domert et al., 2016400               
 

      

Gitler et al., 2008401             Mao et al., 2016402        
 

   

Opazo et al., 2008403             Tapias et al., 2017404               
 

      

Soper et al., 2011405             Henderson et al., 2017406               
 

      

Pranke et al., 2011407             Froula et al., 2018408               
 

      

Hansen et al., 2011409             Mahul-Mellier et al., 201889                Δ 
    

Lazaro et al., 2016410             Grassi et al., 2018411        
 

   

Raiss et al., 2016412             Wang et al., 2019413                      

Dettmer et al., 2017414             Wu et al., 201917                Δ 
    

Xiao et al., 2018415             Wu et al., 2019416               
 

      

Imberdis et al., 2019417             Grassi et al., 2019418        
 

   

Frey et al., 2020419             Shrivastava et al., 2020420               
 

      

4 
Lopes da Fonseca et al., 2016421             Lautenschläger et al., 2020422        

 
   

Wang et al., 2019423             Morgan et al., 2020424        
 

   

5 
Roberti et al., 2007425             Courte et al., 2020426        

 
   

Roberts et al., 2015427             Mahul-Mellier et al., 202016                Δ 
    

6 

Devine et al., 2010428                                    

Byers et al., 2011429                                
 

   

Soldner et al., 2011430                                
 

   

Chung et al, 2013431                                    

Ryan et al., 2013432                                    

Flierl et al., 2014433                                    

Oliveira et al., 2015434                                    

Dettmer et al., 2015435                                    

Lin et al., 2016436                                    

Kouroupi et al., 2017437                                    

Zambon et al., 2019438                                    

Note:  

 

“Δ” symbol indicates presence of fibrillar α-syn in 

inclusions identified by ultrastructural 

characterization (electron microscopy).  

 

HMW bands are defined as size of a-syn protein 

band > 30 kDa by Western blots 
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Study Strategies 

1 α-syn Overexpression in Flies 

2 α-syn Overexpression in Worms 

3 α-syn Overexpression in Rodents/Primates 

4 Toxin Based Animal Models  
5 Animal Models of LB Propagation 

6 Animal Models - Gut to Brain Axis 

Level of characterization 

A Appearance of inclusion-like structures 

B pS129 

C Ubiquitin 

D p62 

E ThS/ ThT/ Amytracker/ other amyloid dyes 
F Proteinase K resistant 
G Insoluble by Sedimentation/Fractionation 
H Presence of HMW α-syn bands by WB 

I Aggregates by Ultrastructural characterization  
J Seeding activity  
K Presence of Lipids or Membranous organelles 

Positive 

Negative 

Not described 

Mixed Results/ Not Clear  

 

Table 1.3. Summary of studies modelling aSyn aggregation in animal model systems of PD224 

 Animal Models of PD   Animal Models of PD 

 
Study by 

Level of Characterization   
Study by 

Level of Characterization 

A B C D E F G H I J K  A B C D E F G H I J  K 

1 

Feany and Bender et al., 2000439                Δ      

5 

Bethlem and Jager, 1960440                      

Auluck et al., 2002332                       Hansen et al., 2011409                      

Takahashi et al, 2003441                       Mougenot et al., 2012442                      

Chen and Feany, 2005443                ω      Luk et al., 2012372                      

Ordonez et al., 2018444                       Luk et al., 2012372                      

2 
Lakso et al., 2003445                       Guo et al., 2013446               

 Δ     

Kuwahara et al., 2006141                      Watts et al., 2013447                      

Van Ham et al., 2008448                       Sacino et al., 2013449                      

3 

Masliah et al., 2000157                       Masuda-Suzukake et al., 2013450                      

Van der Putten et al., 2000451                       Sacino et al., 2014452                      

Matsuoka et al., 2001453                       Masuda-Suzukake et al., 2014454                      

Kahle et al., 2001455                       Recasens et al., 2014456                      

Rieker et al., 2011457                Δ      Sacino et al., 2014458                      

Giasson et al., 2002459                Δ      Paumier et al., 2015460                      

Klein et al., 2002461                       Osterberg et al., 2015462                      

Kirik et al., 2002463                       Peelaerts et al., 2015464                      

Lee et al., 2002465                       Schweighauser et al., 2015466                      

Lo Bianco et al., 2002467                       Luk et al., 2016468                      

Richfield et al., 2002469                       Rey et al., 2016470                      

Rockenstein et al., 2002471                       Breid et al., 2016472            

Neumann et al., 2002473                Δ      Kim et al., 2016474                      

Gomez-Isla et al., 2003475                       
Tarutani et al., 2016476        

 Δ   

Kirik et al., 2003477                       Karampetsou et al., 2017478            

Lauwers et al., 2003479                       Abdelmotilib et al., 2017480                      

Thiruchelvam et al., 2004481                       Blumenstock et al., 2017482                      

Yamada et al., 2004483                       Rutherford et al., 2017484                      

Chandra et al., 2005485                       Sorrentino et al., 2017486            

Eslamboli et al., 2007487                       Harms et al., 2017488                      

Wakamatsu et al., 2007158                       Shimozawa et al., 2017489                      

St Martin et al., 2007490                       Nouraei et al., 2018491                      

Nuber et al., 2008492                       Luna et al., 2018493                      

Wakamatsu et al., 2008494                       Okuzumi et al., 2018495                      

Azeredo de Silveira et al., 2009496                Δ      Rey et al., 2018497                      

Daher et al., 2009498                       Duffy et al., 2018499                      

Cao et al., 2010500                       Sorrentino et al., 2018501                      

Emmer et al., 2011502                Δ      Milanese et al., 2018503                      

Decressac et al., 2012504                       Terada et al., 2018505            

Lundblad et al., 2012504                       Ayers et al., 2018501            

Cannon et al., 2013506                       Durante et al., 2019507                      

Nuber et al., 2013508                       Chu et al., 2019509                      

Oliveras-Salva et al., 2013510                       Espa et al., 2019511                      

Rothman et al., 2013512                       Earls et al., 2019509                      

Sastry et al., 2015513                       Hayakawa et al., 2019514                     

Thakur et al., 2017515                       Zhang et al., 2019516                      

Wegrzynowicz et al., 2019517                       Burtscher et al., 2019518                      

4 

Meredith et al., 2002369                       Stoyka et al., 2020519                      

Fornai et al., 2005365                Δ      

6 

Kuo et al., 2010520                      

Shimoji et al., 2005367                       Pan-Montojo et al., 2010521                      

Alvarez-Fischer et al., 2008368                       Holmqvist et al., 2014522                      

McCormack et al., 2008523                       Uemura et al., 2018524                      

Meredith et al., 2008370                       Manfredsson et al., 2018525                      

Gibrat et al., 2009366                       Kim et al., 2019526                      

Halliday et al., 2009527                       Berge et al.., 2019528                      

Betarbet et al., 2000529                Δ      Ahn et al., 2019530                      

Sherer et al., 2003531                       Challis et al., 2020532                      

McNaught et al., 2004533                                    

Bedford et al., 2008300                Δ                   

Musgrove et al., 2019534                          

Note:  
 

“Δ” symbol indicates presence of fibrillar α-syn in 

inclusions identified by ultrastructural 

characterization (electron microscopy).  

 

“ω” symbol indicates fibrillar α-syn identified in 

brain sample extractions.  

 

HMW bands are defined as size of a-syn protein 

band > 30 kDa by Western blots 
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1.4 aSyn misfolding and aggregation  

Much of what we know about the mechanisms of aSyn aggregation (Figure 1.7) was obtained from in vitro 

studies due to lack of methods and specific probe live-monitoring of aSyn misfolding and aggregation in 

cells and living organisms. Accumulating evidence from many studies of aSyn aggregation and fibril 

formation in vitro has shown that the process of aSyn aggregation and the nature of its aggregates are 

highly dependent on changes in solution conditions (such as protein concentrations, pH, salt) and 

interactions with metals, small molecules, mutations, and PTMs (Table 1.4). These observations suggest 

that subtle changes in the cellular environments or the biochemical properties of organelles (such as 

lysosomes) could cause a significant alteration in the kinetics and course of aSyn aggregation and 

pathology formation and cellular responses to these processes. In vitro, The process of aSyn aggregation 

is a nucleation dependent polymerization reaction that has a sigmoidal growth profile with three phases: 

lag phase, exponential and stationary phase535. In the lag phase, monomers accumulate to form 

aggregation nuclei, which is a rate limiting step in the aggregation process. These nuclei are the smallest 

aggregates in the fibrillation process and are stable enough to energetically more favorable to induce 

nucleus growth by monomer addition535. The initial slow nucleation phase is characterized by the 

formation of ordered oligomers composed of many aSyn monomers including ring-like structures536. 

During this slow phase, long-range interactions between N- and C-terminals are disrupted allowing 

exposure of the non-amyloid component (NAC) region that initiates aggregation537. In this phase, 

oligomers of varying sizes, morphologies, and structural features, which are either on-pathway oligomers 

(which continue to form fibrils) or off pathway oligomers (that do not continue to form fibrils), are formed. 

During the elongation phase, growth continues via primary nucleation followed by the fragmentation and 

secondary nucleation steps, which contribute to exponential growth phase and result in increased growth 

in the number of fibrils. These processes prompt oligomers to recruit aSyn monomers to grow into β-sheet 

rich proto-filaments, which then intertwine to form proto-fibrils and ultimately mature fibrils. In the last 

step, the stationary phase (plateau) is reached due to depletion of monomers.  
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Figure 1.7: In vitro alpha-synuclein (aSyn) aggregation process. Different stages and intermediates underlying 
the formation of mature fibrils from aSyn monomers11  

 
Table 1.4. Factors affecting aSyn aggregation. 

The different elements shown to influence the rate of alpha synuclein aSyn fibrillization (as elaborated in the text) 

are listed, with “↑” and “↓” denoting aggregation promoting and inhibiting effects, respectively. “↑/↓” refers to 

an inconsistent effect. 

Factor Effect on 

Aggregation 

Cellular 

microenvironment 

pH ↑ 

Pesticides ↑ 

Metals   ↑ 

Lipids ↑/↓ 

aSyn genetic 

mutations 

Gene duplication/triplication ↑ 

Expression-increasing SNPs  ↑ 

Mutants: E46K, H50Q, A53T, E83Q ↑ 

Mutants: A30P, G51D, A53E ↓ 

aSyn “LB” post 

translational 

modifications 

N-terminal acetylation No effect 

Acetylation at K6, K10, K12 ↓ 

Phosphorylation at Y125 No effect 

Phosphorylation at: Y39, S87  ↓ 

Phosphorylation at: S129 ↑/↓ 

O-GlcNacylation at T72, T75, T81, 
S87 

↓ 

Ubiquitination: Mono at K6, tetra at 
K12  

↓ 

Nitration at Y39, Y125, Y133, Y136 ↓ 

Truncations at c-terminal ↑ 

Glycation at K6, K10, K12, K21, K23, 
K32, K34 and K43 and K45 

↑ 
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1.4.1 Evidences for and against the presence of oligomers in the brain 

Several studies have been carried out to probe for the presence of oligomers in the brain and their 

involvement in the pathogenesis of PD. Some of the most commonly used methods to study oligomers 

are Immunohistochemistry, Western blotting, enzyme-linked immunosorbent assay (ELISA), immunogold 

labeling, proximity-ligation assay, and proteinase K-paraffin-embedded tissue (PK-PET) blot (Figure 1.8). 

To identify the presence of oligomers, Sharon and colleagues probed the cytosols of normal and 

transgenic mouse brains expressing human aSyn and the postmortem brains of patients with PD and DLB 

using an LB509 antibody in Western blots. They demonstrated the presence of soluble lipid-dependent 

aSyn oligomers and promotion of aSyn oligomerization by polyunsaturated fatty acids538. In support of 

this process, oligomers were also detected in another study using Syn33 conformational specific 

antibody539. In addition, several studies have suggested the presence of higher levels of oligomers in 

biological fluids, such as blood plasma and cerebrospinal fluid (CSF) in patients compared to controls 

540,541,542-544. Interestingly, using an ELISA assay for total oligomers aSyn (Syn211) or S129-phosphorylated 

oligomeric-aSyn, Foulds and colleagues reported no differences in the total CSF oligomer-aSyn, CSF aSyn, 

or CSF pS129-aSyn in multiple system atrophy (MSA) patients compared to controls545. Many of these 

studies are antibody-based; thus, much of the knowledge and many of the hypotheses in the field today 

are based on conclusions drawn from studies relying on antibodies. However, many disadvantages 

associated with the antibody approach to detecting oligomers are present: (1) the use of sequence-

specific antibodies that do not distinguish between oligomers and fibrils or different structural types of 

oligomers; (2) those that claim to be oligomer-specific are generated with the in vitro-prepared oligomers 

as immunogens. Therefore, various aSyn species detected by these so-called oligomer-specific antibodies 

might not capture oligomers in the actual brain pathology; and 3) some antibodies, such as A11 

antibodies, are not specific for one form of amyloid and recognize a broad spectrum, for example, A11 

antibody detects oligomers of a-beta, prion protein and lysozyme546,547. 

To overcome some of the limitations of antibody detection of monomers in the tissue samples, a PK-PET 

blot was developed wherein prior PK digestion allows detection of aggregates that are PK-resistant548. 

This method was used to detect small aSyn aggregates in synapses in the frontal and cingulate cortex of 

DLB patients and in the SNc of PD patients549,550. However, this method fails to detect oligomers that are 

PK-sensitive and also this method does not distinguish between monomers and oligomers and thereby 

detecting mostly fibrils which show significant PK resistance.  
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Subsequently, the proximity ligation assay (PLA) method was developed by Alegre-Abarrategui’s group427. 

In this assay, the antibody, Syn211, was conjugated to short oligonucleotides. When two antibodies are 

in close proximity, the oligos become ligated and act as primers for DNA polymerase to generate amplified 

fluorescent signals. Using this method Robert and colleagues described the presence of lightly compacted 

aSyn aggregates in medullary intermediary reticular zone, pyramidal cortical neurons, and reticular 

formation as compared to age-matched control subjects427. In a separate study by Sekiya and colleagues 

demonstrated widespread distribution and abundant accumulation of oligomer aSyn using PLA assay551. 

This method presents an up to two-fold higher signal for oligomers compared to fibrils, and the pathology 

detected by this method does not rule out presence of fibrillar aSyn aggregates in the detected sample. 

To address this issue, new methods and techniques that allow to differentiate between many 

conformations of aSyn oligomers are necessary, which would allow studying their properties and relative 

contribution to the disease processes. This process could be performed by generating antibodies using 

patient-derived oligomers and using these antibodies to identify pathological aSyn oligomer diversity and 

their relation to disease onset and progress. Also, PET tracers that specifically detect oligomers in the 

brain are also required for the identification of oligomers and their role in the pathogenesis of PD. 

Therefore, with the development of new methods and techniques it would be possible to gain insight into 

early stages of aSyn aggregation, which could then be targeted for halting or slowing the disease process. 

Furthermore, a better and more systematic characterization of existing conformational antibodies is 

essential to ensure the accuracy of conclusions drawn using assays based on such antibodies. 
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Figure 1.8: Different methods to detect oligomers in the human brain tissues. (A) Western blotting. (B) 
Immunohistochemistry. (C) enzyme-linked immunosorbent assay (ELISA). (D) Immunogold electron microscopy 
(EM). (E) proximity ligation assay. (A–E) antibody-based approaches. (F) proteinase K-paraffin-embedded tissue (PK-
PET) blot-based method (from 550). (G) size-exclusion chromatography (SEC)-based method to separate them 
according to aSyn species size.  
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1.4.2 aSyn oligomer toxicity 

Most of our understanding of oligomer toxicity (Table 1.5) is based on in vitro-generated oligomers and 

transgenic rodent models that express disease-causing mutations, which have been shown to induce 

oligomer formation. 

1.4.2.1 Membrane disruptions 

Several studies over the past two decades support the idea that oligomers can cause membrane 

disruption thus making membranes more permeable to non-specific cations and disrupting ionic 

homeostasis9,386,552. This phenomenon is supported by the pore-forming hypothesis wherein oligomers 

form a membrane-spanning pore, similar to effects induced by a-hemolysin and anthrax toxin553. This 

hypothesis is further supported by several studies: (1) single-channel electrophysiology in the presence of 

oligomers causing step wise current flows with pore opening and closing554, (2) structural studies using 

cryo-electron microscopy of annular oligomers in membranes555 and solution and solid-state nuclear 

magnetic resonance techniques demonstrating oligomers strong membrane interactions and their 

structured region (with β-sheet content) inserted in lipid bilayers disrupting membrane integrity556, and 

(3) oligomer induced permeability is reversed by oligomer-specific A11 antibody557 and anti-aggregation 

compounds554. 

1.4.2.2 Synaptotoxicity 

aSyn is abundantly localized to synaptic terminals, and misfolding and subsequent formation of oligomers 

might induce synaptic dysfunction, which is believed to be an early event in PD pathogenesis. A study by 

Choi et al. demonstrated that dopamine-induced oligomers bind to the N-terminal domain of 

synaptobrevin-2 and inhibit soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

(SNARE)-mediated lipid mixing and exocytosis. This process has important implications for the inhibition 

of dopamine release558. In addition, aSyn oligomers induced by oligomer-forming mutants (E46K and 

E57K) in iPSC cells was found to result in axonal transport disruptions and cause a reduction in 

polymerization (induced by oligomers) of kinesins, tubulin, and microtubule-associated proteins559. 

Interestingly, unmodified and 4-hydroxynonenal (HNE)-induced aSyn oligomers were also shown to impair 

synaptic transmission through increased activation of N-methyl-D-aspartate (NMDA) receptors, thereby 

leading to an increase in basal synaptic transmission and long-term potentiation (LTP)560. Impairment of 

LTPs was reported for oligomers prepared in the presence of the polyunsaturated fatty acid, 

docosahexanoic acid (DHA)561. In addition, aSyn oligomers were also shown to induce synaptic dysfunction 
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and spatial memory impairments by targeting GluN2A-NMDA receptors507 and causing an increase in 

NMDA receptor activity in neurons562. These studies suggest that aSyn oligomers promote the onset of PD 

via synapse impairment. 

 
1.4.2.3 ER-stress 

Endoplasmic reticulum (ER) stress markers, such as phosphorylated protein kinase RNA-like endoplasmic 

reticulum kinase (PERK) were shown to be upregulated in the PD brain tissues, and their increased levels 

were fund to be correlated with aSyn aggregates40. Using an A53T transgenic mouse model, Colla et al. 

report that FILA-1 reactive, A11 positive oligomers accumulate in ER/microsomes during disease 

progression and then promote cell death. Conversely, salubrinol, an anti-ER stress compound that. has 

been shown to reduce the accumulation of FILA-1 reactive oligomers and delay disease onset 563,564. 

Interestingly, in another study it was shown that aSyn oligomers (but not monomers or fibrils) activate ER 

stress by inducing the X-box binding protein 1 (XBP-1), a transcription factor regulating transcription of 

chaperones and autophagy components with a profound role in adaptive responses565. Therefore, these 

steps point to ER stress induced by aSyn oligomers. 

1.4.2.4 Mitochondrial dysfunction 

aSyn oligomers have been shown to cause mitochondrial dysfunction by negatively affecting 

mitochondrial complex I via several actions: (1) promotion of the opening of mitochondrial permeability 

transition pore (mPTP) leading to swelling and cell death566 and (2) complex I-associated disruptions were 

also shown to cause change in mitochondrial potential, perturbations in calcium homeostasis, and 

promotion in the release of cytochrome C567. In addition, aSyn oligomers were shown to induce 

mitochondrial dysfunction through other mechanisms: (1) increased reactive oxygen species (ROS) 

production by binding to the mitochondrial binding element, TOM 20568, (2) mitochondrial 

fragmentation569, and hydrogen peroxide production in astrocytes after mitochondrial dysfunction 

induction570. 

1.4.2.5 Proteasomal dysfunction 

aSyn aggregation and ubiquitin-proteasomal dysfunction have been implicated in PD571. In support of this 

line of thinking, aSyn oligomers were shown to block or impede 20S and 26S proteasome activity by 

preventing entry of proteasome substrates294,572. In addition, aSyn oligomers could cause nitrosation of 
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parkin that resulted in parkin level reduction and eventually caused protein accumulation and cell 

death573.   

Table 1.5: Proposed properties of oligomers and their effect on molecular events and cellular systems 
(modified from 574) 

aSyn toxic oligomers 

Properties of oligomers Molecular effects Cellular systems disrupted 

‘Pore’-like structure 
higher membrane 
permeability 

Disturbed ionic homeostasis 

β-sheet rich structures Glial TLR4 activation Enhanced neuro-inflammation 

Redox active Free radical generation Increased oxidative stress 

Exposure of hydrophobic 
patches 

Promiscuous binding to 
multifunctional proteins 
& membranes 

Sequestration of chaperones 

ER Stress and UPR activation 

Impaired proteasome function 

Impaired chaperone mediated autophagy 

Altered function 

Complex I inhibition 
Mitochondrial fragmentation & altered 
bioenergetics 

Changes to 
mitochondrial dynamics 

Less kinesin motility 
Disruption of microtubule transport Lower tubulin 

polymerization 

Reduced SNARE-
complex chaperoning 

Disturbed vesicle membrane fusion 

 

 

1.5 Oligomer seeding and spreading: data from in vitro, cellular and animal model 

systems 

Neuropathological observations from postmortem brains of PD patients suggest that the aSyn pathology 

can spread from one brain region to another, and this phenomenon can be observed in PD model systems. 

Studies on investigating the mechanism of aSyn seeding and pathology spreading have primarily relied on 

the use of aSyn fibrils. Only sparse evidence exists that supports the action of aSyn oligomeric 

intermediates as key mediators of aSyn spreading or seeding. This evidence was obtained from in vitro, 

cellular, and animal model systems of PD. A study by Lorenzen and colleagues reported that unmodified 

oligomers could cause an increase in the lag phase and delay the elongation phase78. Interestingly, 

acetylated oligomers (prepared under similar conditions as unmodified oligomers) were found to delay 

fibril elongation by acting as auto-inhibitors of acetylated-aSyn fibril formation575. In contrast, in another 

study using single-molecule amplification assay, oligomers were shown to have low seeding potential 

compared to fibrils576. In support of oligomer seeding, Bae and colleagues reported that HNE-induced 

oligomers act as seeds to induce aggregation of monomeric aSyn, which could be explained by the fact 
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that HNE-induced oligomers prepared in this study were kept for seven days of incubation at 37 oC without 

agitation and the resulting HNE-induced oligomers had minimal secondary structure and more of 

disordered structure that resembled monomers577.  

Different mechanisms, such as endocytosis388, trans-synaptic transfer 578, endocytosis, and clathrin 

mediated pathway579 in the cellular model systems of PD, have been proposed for the spreading of 

extracellular aSyn oligomers. In 2005, Lee et al. reported that aggregated forms of aSyn could be secreted 

outside (via non-classical endoplasmic reticulum/Golgi-independent exocytosis) in cases in which higher 

levels of aSyn were expressed in SH-SY5Y cells, and this levels could increase under stress conditions that 

induce proteasomal dysfunction (such as via the action of MG132, a proteasomal inhibitor)13. Although 

this study demonstrated the presence of higher molecular weight aSyn bands on Western blots, it was 

not determined whether these bands represent oligomeric or SDS-resistant species that are SDS-induced 

breakdown products from aSyn fibrils. In a subsequent study, Danzer et al. reported that in vitro-

generated oligomers (prepared in the presence of iron and ethanol) could induce seeding of aSyn 

aggregation in neuronal cell lines and in primary neuronal cultures580. In a follow-up study, the same group 

demonstrated that these oligomers could be secreted into exosomes, and their presence in exosomes 

could facilitate their seeding and pathological transcellular spreading of 581. Seeding induced by iron- and 

ethanol-induced oligomers could be explained by the presence of proto-fibrillar structures in their AFM 

analysis580,582.  

Although sparse evidence for seeding effect of aSyn oligomers exists, several groups have shown that aSyn 

oligomers can spread from one brain region to another (Table 1.6). In one study, injection of oligomers 

into the olfactory bulb resulted in their spreading to other brain regions583. No seeding was observed when 

rodents were injected with 4-oxo-2-nonenal (ONE)-induced oligomers584. In subsequent studies by 

Peelaerts et al. and Froula et al., it was demonstrated that oligomers are taken up and spread to different 

brain regions, but no seeding effect was observed in rodents408,464. These findings suggest that cell-to-cell 

transfer or oligomers occurs, but whether this is the key process driving pathology spreading remains 

unclear. 
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Table 1.6: aSyn oligomer spreading in vivo model systems 

 

Study by  aSyn 

protein 
Oligomer 

preparation 

method 

Oligomer 

character. 
Injection site and 

duration 
Amount 

injected 
aSyn 

species 
Uptake Spreading Seeding Brain regions 

Fagerqvist 
et al., 
2013584 

WT 
human 
aSyn 

Molar ratio 
30:1 
(ONE:aSyn) 
quiescent 
incubation 
for 18hr at 
37°C 

AFM, ThT Intracerebral for 4 
months 

40 ng, 
400 ng 

O NI NI +/- Cortex 

Rey et al. 
2013583 

S-
tagged 
WT 
human 
aSyn 

50mM Tris-
HCl (pH 7.5, 
150 mM 
KCl) at 4oC 
for 7 days 
(Superose 6 
HR 10/30) 

TEM  Olfactory bulb and 
few hours to days 

800 ng M, O, F + + NI Olfactory bulb, 
piriform cortex, 
amygdala, 
striatum 

Peelaerts 
et al. 
2015464 

aSyn aSyn 4oC for 
7 days 

TEM Substantia nigra, 
Striatum 
And 7day, 4 month 

10 µg M, O, F + + - Substantia 
nigra, striatum 

Froula et 
al. 
2019408 

Mouse 
WT 
aSyn 

12mg/ml in 
PBS at 37°C 
for 24 hr 
(filtration 
by 100kD 
filters) 

AUC, FT-
IR, CD, 
ThT, TEM, 
AFM 

Striatum 
for 3 months 

10 µg M, O, F + + - Substantia 
nigra, amygdala 
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1.6 Cell-type dependent contributions to PD 

1.6.1 Pathology spreading and neurodegeneration in PD: The staging of cell loss in PD 

Based on extensive immunohistological analyses of PD brains exhibiting LB pathology, Braak and 

colleagues proposed a staging hypothesis to describe PD progression, which suggests that LB pathology 

begins either in olfactory and/or enteric neurons and subsequently spreads to other vulnerable brain 

regions in a retrograde or anterograde manner203,229,230. The Braak staging hypothesis states that 

spreading of aSyn pathology from the enteric nervous system (ENS) to the central nervous system (CNS) 

involves spreading via the vagal nerve and the dorsal motor nucleus (DMV) in the medulla oblongata, and 

thereafter, from lower brainstem regions to the Substantia nigra (SN), eventually spreading to cortical 

regions203,231 (Figure 1.11A). 

 

Figure 1.9: Schematics illustrating various stages of neurodegeneration in PD patient brains. The upper panel 

illustrates the regions affected and cell loss during the progression of the disease and lower panel highlights 

depigmentation and greater vulnerability of SNc dopaminergic (DA) neurons. Blue dots represent less pigmented 

ventral tegmental area (VTA) neurons, and green dots represents heavily pigmented Substantia nigra (SN) DA 

neurons (this figure was adapted from 585).  

 

Not all neurons that develop Lewy bodies (LBs) are vulnerable to cell death in PD585. Recent studies 

assessing cell loss in the brains of asymptomatic or pre-symptomatic PD patients (Braak stage 1-2) 

identified 10%–20% loss of Substantia nigra pars compacta (SNc) DA neurons in the ventral tier of the SNc 
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but not in any other brain regions with Lewy pathology586. In the early symptomatic stages of PD (Braak 

stage 3-4), a study identified > 90% DA neuron loss (calbindin negative, “nigrosomes”) in the ventral tier 

of SN587; in another study , a ~90% cell loss in the ventral tier was reported588. These studies indicate the 

higher susceptible nature of ventral tier SN DA neurons to the disease process. 

Nevertheless, cell loss is not just restricted to the SN since at early symptomatic stages, but it is also 

observed in other regions: (1) significant loss of cholinergic neurons in the peduculopontine nucleus (PPN), 

whereas glutamatergic and gamma aminobutyric acid (GABA)ergic neurons are not affected589 and (2) 

mild loss of glutamatergic neurons in intralaminar nuclei of (IL) and Amygdala (AM) regions in the brains 

of PD patients590. Apart from cell loss in this small number of cell nuclei in other regions, cell loss is not 

apparent or significant585 at an early stage. In the late symptomatic stage (Braak stage 5-6), cell loss is 

evident and correlates with the presence of LBs589 as depicted in Figure 1.11. In contrast, neurons in the 

supraoptic nucleus that do not develop LB undergo cell death, whereas neighboring region 

tuberomammillary nucleus of the hypothalamus that develops LBs abundantly do not undergo cell 

death591. Similarly, pyramidal neurons in the pre-supplementary motor cortex die in the absence of LBs in 

the PD patients who do not show dementia symptoms592. Therefore, cell loss does not necessarily 

correlate with the appearance of LBs. 

1.6.2 Cell-autonomous factors contributing to cell-type specificity 

Not all neurons that develop LBs are susceptible to cell death in PD. Several groups have tried to uncover 

cell-autonomous factors that may render a specific population of neurons more susceptible to LB 

pathology and cell death compared to others populations. Some of the common traits among early 

affected neurons will be discussed in this section (summarized in 585,593). One of the shared features is the 

presence of long, poorly myelinated, and highly branched axons with several hundred thousand vesicular 

release sites, namely, SNc DA neurons in the rodents exhibit characteristic profuse axonal ramifications in 

the striatum594,595 thus facilitating coordinated activity in these large networks. One of the hypotheses put 

forth to explain why this process could be deleterious is that mitochondrial oxidative stress is found to be 

higher in axons of SNc DA neurons compared to VTA DA neurons596.  

Many of the early affected regions, such as SN and LC, including other neuromodulatory neurons, have 

slow tonic pacemaker activity, and the action potentials of these neurons are slow and broad allowing 

higher calcium ion entry into neurons. This step is followed by slow oscillations in intracellular calcium 
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concentrations originating from internal ER calcium stores and plasma membrane L-type (Cav1) and T-

type (Cav3) voltage-gated calcium channels597-602.  

Slow pacemaker activity and calcium oscillations help maintain basal DA levels in the striatum for motor 

activity, which allows calcium entry into mitochondria and facilitates oxidative phosphorylation and ATP 

production603-605. However, this process suggests that adverse effects, such as increased production of 

reactive oxygen species that are capable of damaging DNA, proteins, and lipids, occur, can cause an 

increase in the propensity of aSyn aggregation over the course of the disease progression598,599,605,606. 

In addition, higher intracellular calcium levels can promote proteasomal dysfunction607, lysosomal 

dependent degradative activity608, and aSyn aggregation105 both directly and indirectly via activation of 

calcium-dependent activation of cysteine proteases, such as calpain and calcineurin609,610. Moreover, the 

presence of toxic actors, such as higher calcium levels, aSyn, and DA611 renders SNc dopamine neurons 

susceptible to earlier cell death compared to other neuronal populations. 

The neuronal seeding model has been applied in primary hippocampal612 and midbrain neuronal 

cultures404. In hippocampal neurons, accumulation of aggregates was found to lead to a decrease in 

synaptic protein levels and impairment of axonal transport of signaling and degradative machinery and 

neural network activity15,397,612. A recent study by Luna and colleagues showed that pyramidal neurons are 

most susceptible to cell death compared to dentate gyrus granule cells thus, correlating cell death with 

higher expression of aSyn level in pyramidal neurons compared to granule cells613. In midbrain 

dopaminergic cultures, pre-formed aSyn amyloid fibril (PFF) treatment led to accumulation of aSyn in 

soma and nucleus at nince days post-exposure and caused a decrease in expression of synaptic proteins 

and axonal transport-related proteins and caused an impairment in mitochondrial functions404. However, 

this study, which used midbrain neurons failed to address the differential susceptibility of dopamine 

neurons to development of LB-like inclusions and cell loss. Interestingly, in a PFF-based seeding model, it 

was demonstrated that the special AT-rich sequence-binding protein [SATB] homeobox 2 (SATB2) and 

CamKII positive excitatory neurons are more susceptible to developing aggregates compared to 

parvalbumin (PV), calbindin, and calretinin positive inhibitory neurons 519. It is possible that higher 

expression levels of calcium buffering proteins in inhibitory neurons could have prevented calcium-

induced secondary effects, such as mitochondrial dysfunction, calpain-induced cleavage of aSyn, and 

exacerbation of aSyn aggregation. In addition, buildup of pS129 positive aggregates in excitatory neurons 

could have occurred because of expression of lower levels of proteins associated with degradative 

pathways. To explain these phenomena, a mixed model of pathology progression was described in which 
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cell-autonomous factors and trans-synaptic spread as mediators of pathology progression were 

considered614. However, molecular and cellular factors that govern cell susceptibility to developing LB-like 

inclusions and their responses to aggregate burden in different brain regions are not yet well understood.  

1.6.3 Single-cell RNA seq studies in PD model systems 

Although the understanding of some phenotypes in highly vulnerable neurons is apparent, this 

understanding is limited to DA neurons and brain regions involved in neuromodulatory circuits. Especially, 

the vulnerabilty of particular cell-types that develop LBs or cell loss that are associated with non-motor 

symptoms remain poorly understood. To understand these properties, researchers have performed gene 

expression studies using mainly bulk mesurements (either proteomics or RNA sequencing), wherein 

results were interpreted from average composition of brain tissues. With bulk measurement approaches, 

it remains difficult to assess which specific cell types are affected. In recent years, with the arrival of single-

cell (sc) or single-nucleus (sn) RNA sequencing (RNAseq) and associated techniques, it is becoming possible 

to sequence up to several hundred thousand cells or nuclei from a single experiment615,616. Recently these 

sc/snRNAseq methologies have been applied in some studies to characterize the cellular heterogeneity 

and cell-type dependent processes that govern PD in model systems. A major limitation of these studies 

is that they did not use model systems that develop LB-inclusions and that recapitulate features of PD 

brains. Therefore, these studies do not address the question of how gene expression or pathways are 

differentially affected in cell-types that develop LB-like inclusions and their surrounding cell types in 

different brain regions. 

Table 7: single-cell transcriptomics studies in vivo PD model systems 

Study by sc/sn 
RNAseq 
method 

Model system brain region no. of cells/ 
nuclei and  
cell clusters 

Characterization of 
inclusions in their 
model systems? 

Fernandez et al., 
2020617 

10x Human iPSC, WT, oxidative 
stress-induced, 
SNCA-A53T mutant 

15325, 6 No 

Tiklova et al. 
2019618 

Smart-
seq2 

Th:EGFP BAC 
transgenic 
mice 

Midbrain, 
forebrain, 
olfactory bulb 

396, 13 No 

Tiklova et al. 
2020619 

Smart-
seq2, 10x 

6-OHDA PD 
rat model 

Striatum 
Brain region 

746, 4 
7875 

No 

Lang et al. 2019620 Smart-
seq2 

Human iPSC, WT, PD GBA-N370S 
patients 

146, 6 No 

Zhong et al 2020621 Nucleus Transgenic  Midbrain, 
striatum, 
cerebellum 

Total 74493,  
11,16, 9 

No 
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1.7 Thesis Objectives 

The primary objective of this thesis is to elucidate the structural and cellular determinants of aSyn seeding 

and toxicity. More specifically, we are interested in understanding the role of aSyn oligomers in regulating 

aSyn toxicity and pathology formation and spreading. To achieve this goal, it was essential to first identify 

tools that allow selective detection and monitoring of oligomer formation and cellular properties. Over 

the past two decades several academic and industry research groups have developed and reported on the 

use of aSyn oligomer-specific antibodies. Therefore, we initially thought that these tools could be used in 

our studies. However, it became clear to us that these antibodies have not been thoroughly assessed. 

Therefore, with the support of the Michael J Fox foundation and in collaboration with ADx neurosciences, 

we systematically investigated specificity of different conformation-specific antibodies to different forms 

of aSyn species.  In the first chapter of this thesis, we describe an antibody characterization and validation 

pipeline that allows a systematic investigation of the specificity of aSyn antibodies using well-defined and 

well-characterized preparations of various aSyn species, including monomers, fibrils, and different 

oligomer preparations that are characterized by distinct morphological, chemical and secondary structure 

properties. We then utilized this pipeline to characterize 18 aSyn antibodies, 16 of which have been 

reported as conformation- or oligomer-specific antibodies, using an array of techniques, including 

immunoblot analysis (slot blot and Western blot), a digital ELISA assay using single molecule array 

technology and surface plasmon resonance. This approach enabled us to define a high degree of antibody 

specificity to different aSyn species (Chapter 2). 

Under in vitro conditions, oligomers can be detected; however, their presence in the widely used PFF-

based neuronal seeding model has not been demonstrated, and whether these obligate intermediates 

affect the aSyn aggregation process, seeding and toxicity are not well studied. Therefore, in Chapter 3 of 

this thesis, we systematically addressed two important questions: (1) Whether oligomers are formed in 

the PFF-based neuronal seeding model? This is investigated using SEC fractionation of soluble fraction 

isolated from neurons treated with PFFs and then probing for the presence of oligomeric aSyn that might 

be released in the extracellular media using Western blotting; and (2) Do oligomers exhibit seeding activity 

and toxicity? This was assessed in vitro, primary hippocampal neurons and in vivo model system of PD. To 

overcome the limitations of previous studies, we made use of morphologically, chemically and structurally 

different types of oligomers such as unmodified oligomers, dopamine-induced oligomers, and HNE-

induced oligomers, in the seeding and toxicity studies in an attempt to capture oligomer conformational 
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diversity that might be present in the brains of PD patients. We also plan to assess the seeding and 

spreading activity of oligomers in the in vivo PFF-based mouse model.  

Since we did not identify oligomer specific antibodies and oligomers did not seed, we could not evaluate 

the cellular determinants of aSyn oligomers seeding and thus focused on fibrils. In Chapter 4 of this thesis, 

we utilized PFF-based in vivo model of PD and single-nucleus RNA sequencing to decipher cellular 

determinants of aSyn seeding. In PD and DLB cases, different non-motor symptoms are associated with 

amygdala, which develops LB-like inclusions and have been replicated in PFF-based in vivo spreading 

model. In amygdala, not all neurons develop aggregates suggesting cell-type specificity to vulnerability. 

We investigated transcriptomics changes in different cell types (neuronal and non-neuronal) in the 

amygdala brain region of the PFF-injected mice and compared the results with PBS injected mice. We will 

also aim to identify how expression of PD-risk genes and pathways are affected in different cell types of 

Amygdala (Chapter 4).  

The experimental rational, methods, findings, and conclusions toward achieving these three specific aims 

are detailed separately in chapters 2-4, respectively.  
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Chapter 2: Characterization and validation of 16 α-synuclein 

conformation-specific antibodies using well-characterized 

preparations of α-synuclein monomers, fibrils and oligomers with 

distinct structures and morphology: How specific are the conformation-

specific α-synuclein antibodies? 

 

2.1 INTRODUCTION 

Several neurodegenerative disorders are characterized by the presence of cytoplasmic proteinaceous 

inclusions termed Lewy bodies (LBs), which are enriched in misfolded and aggregated forms of the 

presynaptic protein alpha-synuclein (aSyn)622. These diseases include Parkinson’s disease (PD), dementia 

with Lewy bodies (DLB), and multiple system atrophy (MSA), which are collectively referred to as 

synucleinopathies. Early studies of the ultrastructural properties and compositions of LBs revealed that 

they are highly enriched in filamentous structures225,623, which were later shown to be composed of 

aSyn5,624. These findings, combined with the discovery that mutations in the gene that encodes aSyn 

causes early-onset forms of PD4, led to the hypothesis that the process of aSyn fibrillization and LB 

formation plays a central role in the pathogenesis of PD and other synucleinopathies. However, the failure 

of this hypothesis to explain several neuropathological and experimental observations prompted the 

possibility that intermediates generated on the pathway to aSyn fibrillization and LB formation, rather 

than the fibrils or LBs themselves, are the primary toxicity-inducing and disease-causing species. These 

observations include 1) the lack of a strong correlation between Lewy pathology burden, 

neurodegeneration and disease severity625,626 ; 2) the presence of LBs in the brains of individuals who do 

not show any symptoms of PD or other synucleinopathies at the time of death627,628 ; and 3) the 

identification of patients who exhibit Parkinsonian symptoms in the absence of LBs e.g. PD patients 

harboring parkin and LRRK2 G2019S mutations629-632. These observations are similar to those 

demonstrating the lack of a correlation between amyloid-plaque burden and cognitive decline in 

Alzheimer’s disease (AD)633-635, which have supported the toxic oligomer hypothesis of AD. 
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Several lines of evidence support the aSyn oligomer hypothesis. Both on- and off-pathway soluble and 

nonfibrillar aSyn oligomers of different sizes and morphologies were consistently observed during the in 

vitro aggregation of aSyn under different conditions536,636,637. Subsequent studies over the past decade 

have also provided evidence for the presence of aSyn oligomers in biological fluids such as saliva, blood 

plasma, basal tears, and cerebrospinal fluid (CSF) from patients suffering from PD and other 

synucleinopathies540,544,638-642. Several of these studies suggested that the level of oligomers is correlated 

with the diagnosis of PD and/or disease progression538,540,643. One major caveat of these studies is that 

they were potentially carried out using tools and immunoassays that do not distinguish between 

oligomers and other higher-order aggregated forms of aSyn (fibrils or amorphous aggregates). 

Nonetheless, they paved the way for further studies demonstrating that aSyn oligomers/aggregates are 

secreted by neurons538,544,638,644,645 in the brain, and could mediate the propagation of aSyn pathology and 

cause neurodegeneration. Indeed, several studies have reported that aSyn oligomers are released by 

neurons via exocytosis645 and are then taken up by other cells via different mechanisms, including 

endocytosis388, trans-synaptic propagation581 or receptor-mediated uptake646. Furthermore, aSyn  

oligomers have been shown to directly or indirectly contribute to aSyn-induced toxicity and 

neurodegeneration via different mechanisms, including but not limited to i) the disruption of cell 

membrane integrity by the formation of pores in the membrane9,386; ii) synaptic toxicity or neuronal 

signaling dysfunction561,647-649; iii) the failure of protein degradation pathways650-652; iv) endoplasmic 

reticulum dysfunction653; v) mitochondrial dysfunction654,655; and vi) the enhancement of inflammatory 

responses656. These observations, combined with the overwhelming evidence that oligomer-induced 

toxicity is a key contributor or driving force leading to neurodegeneration in Alzheimer's disease (AD), 

fueled greater interest in the development of tools, therapies and diagnostics that specifically target aSyn 

oligomers. This includes the development of various protocols for the preparation of oligomers, the 

generation of oligomer-specific antibodies, and immunoassays for quantifying oligomers. 

Oligomers can be broadly defined as all the soluble multimeric species that exist before the formation of 

aSyn  fibrils, including a) dimers, trimers and low molecular weight assemblies, which are not easily 

discernable by electron microscopy (EM) and atomic force microscopy (AFM)), and b) higher molecular 

weight oligomers with different morphologies that are composed of >10 monomers, which are easily 

detectable by EM, AFM and other imaging techniques536,657-661. Our current knowledge of the biophysical 

properties of aSyn oligomers has been shaped primarily by results obtained by investigating aSyn 

aggregation and fibril formation in vitro. The propensity of aSyn to form oligomers is highly dependent on 

several factors, such as the protein concentration and sequence (including the presence of disease-
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associated mutations and post-translational modifications)536,662,663, interactions with metals, other 

proteins and small molecules, and chemical modification by specific molecules (e.g. dopamine, 4-oxo-2-

nonenal, 4-hydroxy-2-nonenal (HNE), and epigallocatechin gallate)386,664-666. Depending on the conditions 

used, different types of aSyn oligomers have been consistently observed in vitro, including globular, 

spherical, amorphous, curvilinear and pore-like oligomers (Figure 2.1)536,661. It remains unknown to what 

extent these oligomers resemble the oligomers that form in different cell types in the brains of patients. 

Several studies have reported the detection of oligomers in cell cultures, in the brains of animal models 

of synucleinopathies, and during the analysis of cerebrospinal fluids (CSF) and postmortem examinations 

of brains of PD, DLB and MSA patients538,544,638,644,645. However, the evidence to support the presence of 

specific oligomers in these studies has been based for the most part on the detection of SDS-resistant 

oligomeric bands by Western blotting149,538,667, the use of proximity ligation assays427, or the reliance on 

“oligomer-specific” antibodies or immunoassays. Thus, much of the knowledge and many of the 

hypotheses in the field today are based on conclusions drawn from studies relying on antibodies. 

One major untested assumption related to the use of oligomer-specific antibodies and immunoassays is 

that the antibodies used are capable of capturing the structural and morphological diversity of aSyn 

oligomers in vivo. Notably, all these antibodies were generated using specific recombinant aSyn 

aggregates, fibrils or oligomers generated under in vitro conditions. Some of the limitations of existing 

antibody validation approaches include the following: 1) the lack of detailed characterization of in vitro 

oligomer preparations with respect to their purity, homogeneity and structural properties; 2) the use of 

oligomer preparations that may not reflect the conformational, biochemical and morphological diversity 

that exists in the brain; and 3) the lack of research that establishes whether the specificity of antibodies 

is driven by their high affinity for oligomers, or by the avidity binding characteristics of the antibodies. 
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Figure 2.1: A schematic illustration of our antibody validation strategy. In brief, the pipeline included the 

preparation of well-defined preparations of aSyn monomers, oligomers, and fibrils. Oligomers were generated from 

three different protocols in an attempt to partially capture the morphological, chemical and structural heterogeneity 

of oligomers in vivo. The aSyn conformation-specific antibodies were procured from different sources. The 

immunoreactivity of these antibodies was assessed using slot blot, Western blot, a digital sandwich ELISA (SIMOA) 

assays and SPR. (This figure was adapted from668) 

 

Given the impact of the use of antibodies on shaping our knowledge of aSyn and its role in health and 

disease, and on developing diagnostics and therapies for PD and synucleinopathies, we developed a 

protocol that enables systematic assessment of the specificity of aSyn antibodies using well-defined and 

well-characterized preparations of aSyn fibrils, oligomers, and monomers. This approach was then used 

to evaluate a library of 18 aSyn antibodies, 16 of which were reported to be aggregate-specific (Table 2.1). 
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These antibodies can be broadly classified depending on the immunogens used for their generation: 

oligomers based on the use of i) a modified version of full-length aSyn  (antibody clones 24H6, 12C6, 26F1, 

and 26B10); ii) in vitro generated aSyn fibrils (antibody clones 7015, 9029, SYNO2, SYNO3, and SYNO4); iii) 

recombinant aSyn aggregates (antibody clones A17183A, A171183B, A17183E, and A17183G); iv) 

synthetic aSyn  peptides encompassing amino acids 44 to 57 (5G4) or filaments derived from recombinant 

“exact sequence is not disclosed by the vendor” (MJFR-14) or amino acids 115-125 (ASyO5) ; vi) 

recombinant full-length aSyn monomers (SYN211); and vi) a recombinant truncated aSyn variant 

consisting of residues 15-123 (SYN-1) (Table 2.1). To verify the specificity of these antibodies, we first 

screened them all against well-characterized preparations of aSyn species (monomers, oligomers, and 

fibrils) using immunoblot analysis (slot blotting and Western blotting) and a digital enzyme-linked 

immunosorbent assay (ELISA) using single molecule array (SIMOA) technology (Figure 2.1). To further 

scrutinize the conformational specificity of the antibodies, we tested them against different types of 

oligomer that exhibit distinct morphological, chemical and secondary structure properties. Finally, the 

binding affinity of selected antibodies was determined using surface plasmon resonance (SPR). This 

approach enabled us to define the specificity of the antibodies to a high degree and show that although 

some antibodies were specific for aggregated forms of aSyn and did not recognize monomers, all 

antibodies that were reported to be oligomer-specific also recognized fibrillar aSyn. Furthermore, some 

of the antibodies that were reported to be oligomer- or fibril-specific also recognized aSyn monomers. 

We also identified an antibody that showed a preference for -sheet-enriched fibrils and oligomers, but 

not for disordered oligomers or monomers. Our studies reveal that none of the antibodies tested (Table 

2.1) showed any unique preferential specificity for one particular form of aSyn species, including 

monomers, oligomers or fibrils, and that it is possible to develop antibodies that recognize diverse aSyn 

oligomers and fibrils. Our work underscores the importance of using well-characterized tools (in vitro-

produced calibrants) and multiple methods to define the specificity of antibodies. This will not only help 

us to advance PD research, but will also improve the selection of promising antibody candidates and 

reduce the number of failures in advanced clinical trials of PD therapeutics. 
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Table 2.1: List and details of antibodies used in this study  (This table was adapted from 668) 

Antibody 

(clones) 
Source Specificity Immunogen Epitope Isotype Host 

Original 

Reference 

Characterization by 

purified aSyn standards 

in the original reference 

24H6 

MJFF DOSAB* 
conformational 

 

HNE-induced 
oligomers 

not reactive towards recombinant 
FL aSyn nor synthetic peptides in the 

amino acid region 96-140 

IgG2a, κ 

Mouse 
monoclonal 

 

 
561#  

 
 
 

NA 

26B10 IgG2a, κ 

26F1 IgG2a, κ 

12C6 
DHA induced 

oligomers 
reacts with synthetic peptide in the 

amino acid region 113-140 
IgG2a, κ 

7015 
UPenn 

 
conformational 

Strain A, in vitro 

aSyn PFF 

recognizes a discontinuous epitope 
with binding elements in 

the extreme C-terminus and near 
amino acid 50 

NA 
Mouse 

monoclonal 

669 
670  

Yes, 
Sandwich ELISA using 

Strain A fibrils, Strain B fibrils 
and monomer 

9029 
Strain B, in vitro 

aSyn PFF 
amino acids 32 – 58 

SYNO2 

Biolegend conformational 
aSyn fibrils (50 

μg/mouse) 
Weak signal for amino acids 127-140 

detected by ELISA 

IgG1 
Mouse 

monoclonal 
671 

Yes,  
dot blot, inhibition ELISA, 

sandwich ELISA using fibrils 
and monomers 

SYNO3 IgG1 

SYNO4 IgG1 

A17183A 

Biolegend 
conformational 

 
Recombinant aSyn  

aggregate 
NA 

IgG2a, κ 

Rat 
monoclonal 

 

BioLegend  
Cat. No. 864901 

 
NA 

 

A17183E NA NA 

A17183G IgG1, κ 
BioLegend  

Cat. No. 865103 

A17183B IgG2a, κ 
BioLegend  

Cat. No. 865001 

MJFR-14 MJFF/Abcam conformational 

Recombinant aSyn  
filament amino 
acids 1 to the C-

term 

amino acids 133 – 138 NA 
Rabbit 

monoclonal 

Martinez et al., 2016,  
Poster 413.21, 

Abcam 
Cat. No. ab209538 

Yes,  
dot blot using filament, 
oligomer and monomer 

Luminex assay using 
monomer, oligomer and fibrils 

5G4 
Kovacs 

(Merck Millipore) 
Aggregated aSyn  

TKEGVVHGVATVA
E (44 – 57) 

amino acids 46 – 53 IgG1, κ 
Mouse 

monoclonal 
672 No 

ASyO5 Agrisera conformational 
Human aSyn  

(111-125) 
NA IgG1 

Mouse 
monoclonal 

Agrisera Cat. No. AS13 
2718 

Yes, dot blot using monomer, 
oligomer, and fibrils 

SYN211 Abcam sequence 
Recombinant full-

length Human 
aSyn  

amino acids 121 – 125 IgG1 
Mouse 

monoclonal 

673, Abcam  
Cat. No. ab80627 

Yes, 
Western blot using monomer 

SYN-1 BD-biosciences sequence 
Rat Synuclein-1 
amino acids 15-

123 
amino acids 91 – 99 IgG1 

Mouse 
monoclonal 

674 
BD-biosciences 
Cat. No. 610787  

Yes, 
Western blot using monomer 

*Antibodies were generated by ADx NeuroSciences in a MJFF sponsored project (DOSAB) in collaboration with Crossbeta. 
# Reference contains the information of the immunogen used for the generation of antibodies., DHA: docosahexaenoic acid; NA: informations not available
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2.2 RESULTS 

2.2.1 Preparation and characterization of aSyn monomers, oligomers and fibrils 

To investigate the specificity of the antibodies listed in Table 2.1, we first assessed their specificity towards 

aSyn monomers, oligomers, and fibrils. To accomplish this goal, we generated well-characterized 

preparations of human aSyn 1) fibrils, 2) oligomers and 3) monomers that were “free” of cross-species 

contamination. The purity of each preparation was verified using our recently described centrifugation-

filtration protocol661 (Figure 2.2A). Given that aSyn oligomers and fibrils are always in equilibrium with 

monomers, it is difficult to eliminate the presence of monomers completely. To eliminate or minimize the 

amount of monomers (<5%), all fibril and oligomeric samples were subjected to centrifugation-filtration 

protocol immediately prior to their use in our studies, as previously described661. Similarly, to ensure that 

the aSyn monomeric preparations were free of any preformed aggregates, the monomeric samples were 

filtered through a 100 kDa filter, and the flow-through (aggregate-free monomers) was collected and kept 

on ice and used immediately. 

Several procedures have been developed with the aim of generating homogenous preparations of 

oligomers in vitro, but all were shown to result in preparations that contain mixtures of oligomers that are 

structurally and morphologically diverse. However, it is possible to generate preparations that are 

enriched in specific oligomeric species by subfractionating these preparations using size exclusion 

chromatography or other separation methods536,657. The protocols involve the generation of oligomers 

either by incubating recombinant aSyn  monomers at high concentrations in buffers with or without 

additional components such as dopamine637,675-680, lipids647,664,666,681-686, metals386,580,687-690, 

alcohols386,580,665,691 , or by using methods that are based on the use of chemical cross-linking agents692.  

In the absence of additional components, oligomers are found to exhibit heterogeneous morphologies, 

such as globular, spherical, annular pore-shaped, rectangular and tubular-shaped, and are usually but not 

always enriched in -sheet structures536. In the presence of additional components such as dopamine, 

lipids or alcohols, oligomers are found to have spherical, globular, rod-shaped or curvilinear morphologies, 

which are structurally different from primarily disordered, -helical or β-sheeted structures, suggesting 

that the formation of oligomers is strongly influenced by the environment in which they form 

386,647,675,676,678-681,683-685,687,693,694. 
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Figure 2.2: Preparation and characterization of aSyn monomers, oligomers, and fibrils. (A) A scheme depicting the 

preparation of aSyn monomers, oligomers, and fibrils. (B) SEC purification of monomers and oligomers. (C and D) 

SDS-PAGE analysis followed by Coomassie staining of oligomers (C) and monomers (D) purified from B. (E) ESI-MS 
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spectra of monomers separated by SEC. (F) Comparison of the CD spectra of monomers and oligomers. Oligomers 

were predominantly enriched in β-sheet structures and monomers showed a predominantly disordered structure. 

(G) Negatively stained EM analysis performed on monomers. (H) Negatively stained EM analysis performed on 

oligomers. (I) Width distribution of oligomers. (J) CD spectra of fibrils. (K) SDS-PAGE analysis followed by Coomassie 

staining of the total, supernatant, and pellet fractions obtained during fibril preparation. The pellet fraction is the 

fibril fraction devoid of monomers and oligomers that was used for further binding studies. (L) Negatively stained 

EM analysis performed on fibrils. (M) Width distribution of the fibrils. (N) EM images and width distribution (O) of 

oligomers subjected to different temperature conditions, freeze-thawing cycles and incubation at 4C and 37C, 

these were quantified from three TEM images from each of the conditions (FT, 4C and 37C). Scale bar = 100 nm in 

Figure 2.2G, H, L, N. (P and Q) Assessment of the stability of the oligomeric preparation by ELISA. Two concentrations 

of oligomers (20 pg/mL (P) and 100 pg/mL (Q)) were incubated at three different temperatures ranges (2-8°C, 20-

25°C and 36-38°C) for varying times (2 h, 4 h and 24 h) or subjected to multiple freeze-thaw (F/T) cycles (1x, 3x, and 

5x) (X-axis). The signals (AEB) from the immunoassay with the antibody A17183B were plotted on the Y-axis. The 

dashed lines represent the reference condition "ref" and a 10% decrease/increase in the AEB signal as arbitrary 

thresholds. (This figure was adapted from668) 

 

Recombinant aSyn was used for the preparation of oligomers and fibrils. For the preparation of 

oligomers536,695, 12 mg/mL aSyn monomer was dissolved in PBS and incubated at 37°C and 900 rpm for 5 

h. After incubation, the sample was centrifuged, and the supernatant was applied to a size exclusion 

chromatography (SEC) column (Hiload 26/600 Superdex 200 pg) to separate the monomers from the 

oligomers (Figure 2.2B). Analysis of these fractions by SDS-PAGE under denaturing conditions showed the 

expected profile of monomeric and high molecular weight (HMW) bands, suggesting that the oligomer 

preparations contained a mixture of SDS-resistant and SDS-sensitive oligomers. An alternative explanation 

could be that the observed monomers were released from the ends/surfaces of the oligomers in the 

presence of SDS. The HMW species (with a molecular weight distribution of up to 1 MDa) could be 

visualized at the top of the resolving portion of the gel (Figure 2.2C). As expected, the monomers that 

were separated using SEC, it appeared in the gel around 15 kDa (Figure 2.2D), which was consistent with 

the expected MW of aSyn of 14461 Da (Figure 2.2E). The samples were analyzed by CD spectroscopy to 

ensure that each of the preparations exhibited the expected secondary structure signatures of oligomers 

and monomers. Oligomers exhibited a CD spectrum with a broad minimum peak centered at 219 nm, 

indicating the presence of mixed secondary structure contents dominated by β-sheet 

structures (Figure 2.2F). Monomers possessed a peak with the minimum at 198 nm consistent with their 

predominantly disordered structures (Figure 2.2F). Next, we performed EM studies on monomer and 

oligomer preparations. Because of their small size (~14 kDa), the monomers are not visible by electron 

microscopy (Figure 2.2G). In contrast, the EM of the oligomer preparations showed heterogeneous 

morphologies consisting of annular pore-like structures and spherical and rectangular tubular-like shaped 
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particles (Figure 2.2H)536 with a mean width of approximately 10 nm (Figure 2.2I). To prepare the fibrils, 

we followed the protocol described in Kumar et al., 2020. In brief, the lyophilized aSyn were dissolved in 

PBS to a final concentration of ~300 M and incubated with shaking at 37 C for five days at 1000 rpm. 

Next, we used our filtration protocol661 to remove any remaining monomers and oligomers from the fibril 

preparations. The fibrils are enriched in β-sheet structures, as evidenced by the minimum peak at 221 nm 

in the CD spectrum shown in Figure 2.2J and the characteristic streaking pattern in the SDS-PAGE analysis, 

which confirmed the presence of SDS-resistant high molecular weight species of aSyn (Figure 2.2K). 

Ultrastructural analysis by EM revealed that these fibrils were polymorphic with fibril morphologies, 

including straight, twisted, or stacked fibrillar structures (Figure 2.2L), with a mean width of approximately 

13 nm (Figure 2.2M). 

2.2.2 Stability of aSyn preparations 

Since these preparations were to be characterized in different labs, we investigated their stability to 

ensure that they would not change their properties due to the shipping and storage conditions. Therefore, 

we subjected the oligomers to several cycles of freezing and thawing by snap-freezing them 3-4 times 

followed by room temperature thawing and incubation at temperatures of 4°C and 37°C for 2 days (Figure 

2.2N). Interestingly, we found that the morphological distribution of the oligomers was not significantly 

altered when the oligomers were subjected to up to 3-4 freeze-thaw cycles or incubated at 4°C for 2 days 

(Figure 2.2O and 2.2I). However, the oligomeric mean width was slightly reduced by approximately 6% 

after incubation at 37°C (Figure 2.2O), which could be due to the release of aSyn monomers from the 

oligomeric structures. 

We also tested the stability of the oligomer preparations using the digital ELISA assay based on the 

differences in the level of detection of oligomers at known concentrations under different solution 

conditions. Oligomers at 20 and 200 pg/mL were incubated at three different temperatures (2-8°C, +20-

25°C or 36- 38°C) for different durations (2, 4 and 24 h). In parallel, the effect of freezing and thawing (F/T) 

the samples 1x, 3x, and 5x was also tested. These samples were analyzed by the SIMOA sandwich assay 

using the A17183B antibody, which was captured on beads. The oligomer preparations are stable at 4°C 

for up to 24 hours and at 22°C for up to 4 hours. At temperature (37°C) for long incubation time (24 h), 

there was a significant decrease in the signal. When subjected to freeze/thaw cycles, a decrease in the 

signal was observed at lower (20 pg/mL) but not at higher concentrations (100 pg/mL) of oligomers. This 

evaluation did not include any optimization regarding the formulation of the oligomeric aSyn to ensure 

optimal stability in the follow-up experiments shown in Figure 2.5. However, these data, as well as the 
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results of the EM analysis did not indicate any significant changes in the stability of the oligomers that 

could influence the interpretation of the results from the experiments performed in this study.  

 

 

Figure 2.3: A) A Schematic illustration of slot blot performed with different aSyn monomers (M, unstructured), β-

sheet rich oligomers (O), dopamine-induced unstructured oligomers (DO) and fibrils (F, beta-sheet rich). B) Ponceau 

S staining on nitrocellulose membranes loaded with different aSyn samples used at varying concentration to ensure 

equal loading on the membranes for slot blot experiments. C and D) SDS-PAGE analysis followed by Coomassie 

staining (C) and silver staining (D) of aSyn samples (monomers, O, DO and fibrils) Abbreviations: M: Monomers; O: 

Unmodified Oligomers; DO: Dopamine-induced oligomers; F: Fibrils. (This figure was adapted from668) 

 

2.2.3 Profiling the immunoreactivity of antibodies to different aSyn species by immunoblotting 

Prior to our immunoblot experiments, we ensured equal amount of protein loading on the nitrocellulose 

membranes using a combination of Ponceau S staining (for slot blot analysis), Coomassie staining and 

silver nitrate staining (for Western blot analysis) (Figure 2.3). To assess the specificity of the antibodies, 

we first performed slot blot analysis of all the antibodies listed in Table 2.1 using pure preparations of 

aSyn monomers, oligomers, and fibrils under non-denaturing conditions (Figure 2.4A). Among the 18 
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antibodies tested (Figure 2.4B), 16 were reported in the literature to be conformation- or aggregation-

state (oligomers or fibrils) specific; see Table 2.1 561,669,671,672. The remaining two antibodies, Syn 211 (which 

recognizes an epitope in the C-terminus region spanning residues 121-125)673 and SYN-1 (which recognizes 

an epitope in the NAC region spanning residues 91-99 of aSyn)674, are sequence-specific and recognized 

all three species. Surprisingly, we found that none of the antibodies tested (Table 2.1) had specific 

immunoreactivity towards only one particular species of aSyn (either the monomer, oligomers or fibrils). 

All 16 reported conformation-specific antibodies detected both oligomers and fibrils. Interestingly, among 

these, 1) the antibody clone 5G4 showed exceptional immunoreactivity towards oligomers and fibrils in a 

concentration-dependent manner (increased dose dependency) and almost no immunoreactivity towards 

monomers at both concentrations tested; 2) the antibodies SYNO3 and A17183E showed stronger 

immunoreactivity towards oligomers and fibrils but very weak (only at high concentrations) or no 

immunoreactivity towards monomers. Except for these three antibodies, the rest of the antibodies fell 

into one of the following three categories: i) antibodies that recognized oligomers and fibrils (even at low 

concentrations) with higher specificity than monomers (clones 26F1, SYNO2, and A17183B; ii) antibodies 

that recognized oligomers and fibrils in a concentration-dependent manner (high concentration  

stronger detection) but also showed weak immunoreactivity towards monomers at high concentrations 

(clones 24H6, A17183A, SYNO4, 7015, 26B10, and A17183G); and 3) antibodies that were non-specific and 

recognized all three forms of aSyn (clones 9029, 12C6, ASyO5, and MJFR-14) (Figure 2.4A; summarized in 

Table 2.2). 

Given that many of these antibodies are also commonly used to assess the presence or formation of aSyn 

aggregates in cellular and animal models of synucleinopathies or in postmortem brain tissues using 

Western blot analysis, we assessed their immunoreactivity toward aSyn monomers, oligomers, and fibrils 

using this technique (Figure 2.4C). Although the samples are mixed and boiled in Laemmli buffer which 

contains SDS prior to loading into the SDS-PAGE gels, it is not clear whether this treatment is sufficient to 

denature all the aSyn aggregates, i.e. the conformational state of the various aSyn species detected by 

Western blot remains undefined.  

As expected, the sequence-specific antibodies SYN211 and SYN-1 showed stronger immunoreactivity 

towards monomers, oligomers and the high molecular weight bands in the fibrillar samples673,674. This is 

consistent with the fact that the epitopes of these antibodies are outside of the domains that form the 

cores of oligomers and fibrils. Interestingly, antibodies such as 5G4, A17183E, 24H6, 26F1, A17183A, 

A17183G, SYNO2 and SYNO4 showed no or very weak immunoreactivity towards any of the three aSyn 
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species when 36 ng the samples was used, suggesting that these antibodies recognize a native 

conformation that is lost upon treatment with SDS. Specifically, 5G4 and A17183A did not detect any of 

the aSyn bands. The 24H6 antibody reacted weakly only with the oligomeric band (at the top of the 

resolving gel). A17183E and 26F1 weakly detected monomers along with the detection of HMW bands. In 

contrast, several antibodies, including SYNO3, A17183B, 26B10, 9029, 12C6, AsyO5, MJFR-14 and 7015, 

which were reported to be oligomer/aggregate-specific, showed cross-reactivity and detected SDS-

denatured monomers, SDS-resistant oligomers and HMW bands in the fibrillar samples without any 

preference for one form of aSyn.  

 

Figure 2.4: In vitro binding analysis of antibodies against aSyn monomers, oligomers and fibrils using slot blots 

and Western blots. (A) A schematic illustration of slot blot showing the blotting with different aSyn samples on the 

nitrocellulose membrane. (B) Slot blot analysis of the immunoreactivity of aSyn antibodies against aSyn monomers 

(M), β-sheet rich oligomers (O), and fibrils (F) under native conditions, spotted in duplicates at two different 

concentrations:180 ng and 36 ng. (C and D) Assessment of the immunoreactivity of antibodies against SDS and heat 

treated aSyn samples loaded at concentration of 36 ng (C) and 180 ng (D). (This figure was adapted from668) 
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Table 2.2: Immunoreactivity and binding specificity of antibodies against native structures of aSyn species by 

different techniques  (This table was adapted from 668) 

M: monomers; O: oligomers; DO: DA induced oligomers; HO: HNE induced oligomers; F: fibrils. 
-- : no detection; + : faint detection; ++ : medium detection; +++ : strong detection; ø : data not available  
*** : strong affinity; * : weak affinity 

 

Given that some antibodies (5G4, A17183E, 24H6, 26F1, A17183A, A17183G, SYNO2 and SYNO4) had weak 

or no reactivity against aSyn at 36 ng, we repeated the Western blot analysis using a high concentration 

(180 ng) of aSyn . Interestingly, we observed similar results for 5G4 and A17183E (Figure 2.4D and Table 

2.3), whereas 26F1 and 24H6 showed concentration-dependent reactivity to aSyn species (high 

concentration  stronger detection). However, the antibodies A17183A, A17183G, SYNO2 and SYNO4 

which showed minimal detection at 36 ng (Figure 2.4C) displayed strong reactivity to aSyn bands at 180 

ng (Figure 2.4D). Taken together, these results suggest that all the antibodies tested here do not 

preferentially detect one particular aSyn species (consistent with the slot blot analysis). Furthermore, 

Immunogen Antibodies 
Slot blot analysis ELISA assay SPR 

M O DO HO F M O F M O 

oligomers 

26F1 + +++ -- +++ +++ -- ++ ++ * *** 

12C6 +++ +++ +++ +++ +++ +++ +++ +++ *** *** 

24H6 + +++ +++ +++ +++ -- ++ +++ ø ø 

26B10 + ++ +++ +++ ++ -- ++ +++ ø ø 

fibrils 

7015 ++ +++ +++ +++ +++ + +++ +++ ø ø 

9029 ++ +++ +++ +++ +++ ++ +++ +++ ø ø 

SYNO2 + +++ +++ +++ +++ + +++ +++ ø ø 

SYNO3 + +++ +++ +++ +++ + +++ +++ ø ø 

SYNO4 + +++ +++ +++ +++ -- +++ +++ * *** 

recombinant aSyn  

aggregates 

A17183A + +++ +++ +++ +++ -- +++ +++ * *** 

A171183B + +++ +++ +++ +++ + +++ +++ ø ø 

A17183E + +++ +++ +++ +++ -- + +++ ø ø 

A17183G + ++ +++ +++ +++ + +++ +++ ø ø 

a.a. (44-57) 5G4 + +++ ++ +++ +++ -- -- +++ ø ø 

a.a. (1-140) SYN211 +++ +++ +++ +++ +++ ø ø ø *** ø 

a.a. (15-123) SYN-1 +++ +++ +++ +++ +++ ø ø ø ø ø 

a.a. (111-125) ASyO5 ++ +++ ++ +++ +++ ø ø ø ø ø 

aSyn  filaments MJFR-14 +++ +++ +++ +++ +++ -- ++ +++ * *** 
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Western blot analysis showed that many of the reported conformational- and aggregate-specific 

antibodies detected SDS-resistant HMW aSyn species and monomeric in SDS-PAGE gels (summarized in 

Table 2.3). These findings highlight the limitation of using selected antibodies to profile aSyn species by 

Western blot and underscore the critical importance of using multiple antibodies to capture the diversity 

of aSyn species.  

 

Table 2.3: Immunoreactivity of antibodies against SDS and heat treated aSyn  samples by Western blot analysis  (This 

table was adapted from 668) 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

M: monomers; O: oligomers; F: fibrils. 

-- : no detection; + : faint detection; ++ : medium detection; +++ : strong detection; ø : data not available 

Δ Western blot analysis against aSyn at 36 ng (for all antibodies) and 180 ng (# selected antibodies) concentrations. 

Immunogen Antibodies 

Western blot analysisΔ 

M O F 

36 ng 180 ng 36 ng 180 ng 36 ng 180 ng 

oligomers 

26F1# + ++ +++ +++ + ++ 

12C6 +++ ø +++ ø +++ ø 

24H6# -- ++ + ++ -- ++ 

26B10 ++ ø ++ ø +++ ø 

fibrils 

7015 + ø + ø ++ ø 

9029 +++ ø +++ ø +++ ø 

SYNO2# -- +++ +++ +++ + +++ 

SYNO3 +++ ø +++ ø +++ ø 

SYNO4# + +++ +++ +++ + +++ 

recombinant aSyn aggregates 

A17183A# -- +++ -- +++ -- +++ 

A171183B +++ ø +++ ø +++ ø 

A17183E# + -- +++ +++ + + 

A17183G# -- +++ -- +++ + +++ 

a.a. (44-57) 5G4# -- -- -- -- -- + 

a.a. (1-140) SYN211 +++ ø +++ ø +++ ø 

a.a. (15-123) SYN-1 +++ ø +++ ø +++ ø 

a.a. (111-125) ASyO5 +++ ø + ø +++ ø 

aSyn filaments MJFR-14 +++ ø +++ ø +++ ø 
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Next, we assessed the antibody specificity towards aSyn monomers, oligomers and fibrils using a sandwich 

ELISA assay. We employed this assay for the detection of antibody specificity against low picogram 

concentrations of aSyn species under soluble conditions. The assay format utilizes the covalent capture 

of conformation-specific antibodies by a microsphere (Figure 2.5A). The three aSyn species described 

above were used as analytes at two concentrations (100 and 1000 pg/mL). A pan-synuclein antibody was 

included as a pairing antibody with the oligomer-specific antibody. 

 

Figure 2.5: ELISA Simoa assay of antibodies against monomers, oligomers and fibrils. A) An illustration of ELISA 

Simoa assay and its experimental steps. The 15 aSyn conformation specific antibodies were coupled to the beads as 

capture monoclonal antibodies (X-axis), respectively. aSyn monomers (B), oligomers (C), and fibrils (D) were used as 

the analyte (100 and 1000 pg/mL). The detector antibody was a C-terminal monoclonal antibody (clone SYN211) 

with an epitope in the amino acid region from 121-125. The signal-to-noise values (S/N) are indicated on the Y-axis 

for the three aSyn forms. * indicates the availability of only 100 pg/mL oligomer data for antibody clone 9029 (C). 

(This figure was adapted from 668) 

 

When monomeric aSyn was used as the analyte, 12 of the 15 antibodies yielded lower than signal-to-noise 

S/N = 2, which is used as a threshold (Figure 2.5B). Three antibodies (clones 12C6, 7015 and 9029) showed 

S/N values higher than 2. In terms of immunoreactivity against oligomeric aSyn, 14 antibodies yielded S/N 

values higher than 2, although four antibodies (A17183E, 26F1, 24H6, and 26B10) possessed S/N values 

close to 2 in the presence of low concentrations of oligomers (100 pg/mL), but the immunoreactivity was 
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enhanced at high concentrations (1000 pg/mL). The antibody 5G4 yielded the lowest S/N value of 1 at 

both concentrations (Figure 2.5C). When using fibrillar aSyn as an analyte, 14 antibodies resulted in S/N 

values higher than 2, while 26F1 showed immunoreactivity in the presence of high concentrations (1000 

pg/mL) but had lower than borderline immunoreactivity toward 100 pg/mL of fibrils (Figure 2.5D). These 

experiments revealed that several antibodies reacted with monomeric aSyn, including 12C6 and 9029, 

whereas 7015 was borderline reactive. Those antibodies with strong immunoreactivity toward oligomers 

(10 antibodies: A17183A, A17183B, A17183G, SYNO2, SYNO3, SYNO4, 12C6, 7015, 9029 and MJFR14) also 

had strong immunoreactivity toward fibrils. The antibody 26F1 showed concentration-dependent 

immunoreactivity toward oligomers and fibrils (high concentration  stronger immunoreactivity), while 

the antibodies A17183E, 24H6, 26B10 and 5G4 showed greater fibril specificity. No antibodies could be 

identified that were solely oligomer-specific with no immunoreactivity toward aSyn monomers or fibrils, 

as observed by the slot blot analysis (Figure 2.5B) (summarized in Table 2.2). 

2.2.4 Characterization of the specificity of the antibodies toward morphologically and 

structurally different forms of oligomeric aSyn  

Since our knowledge of the morphological and conformational properties of native oligomers in the brain 

is unknown, we sought to further assess the specificity of the antibodies toward different preparations of 

oligomers that exhibited distinct structurally, chemical and morphologically properties. The use of these 

different oligomer preparations allowed us to test whether differences in the morphologies/structures of 

aSyn oligomers could influence the immunoreactivity or binding specificities of the antibodies. We 

employed dopamine (DA) (Figure 2.6A) and 4-hydroxy-2-nonenal (HNE) (Figure 2.6B) to prepare cross-

linked human WT aSyn oligomers. Several studies have shown that the interaction of DA with aSyn 

promotes the formation of aSyn oligomers and influences aSyn aggregation propensity and 

neurotoxicity675,696, raising the possibility of the presence of DA-modified aSyn oligomeric species in PD 

patient brains. Similarly, HNE, a physiological byproduct of lipid peroxidation, has been shown to play 

roles in oxidative stress responses and to alter the aggregation of aSyn in PD12,664. 

The DA- and HNE-induced oligomers (Figure 2.6C and 2.6D) were prepared by the incubation of DA or HNE 

with aSyn, followed by the isolation of the oligomers using SEC as described above. Mass spectrometry 

analysis of the monomeric fractions from the SEC purifications (in both DA- and HNE-induced oligomer 

preparations; Figure 2.6C and 2.6D) showed masses that are higher than the expected mass of monomeric 

aSyn (14460 Da). In the samples where aSyn was co-incubated with dopamine, we observed an increase 

in mass by 65 Da (14525 Da; Figure 2.7A), which may correspond to the oxidation of the four methionine 
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present in aSyn (4*16=64 Da). For the aSyn monomers isolated by SEC from the HNE-aSyn sample 

mixtures, we observed several peaks reflecting the addition of single or multiple modification of 156 Da 

each (14615 Da, 14771 Da, 14928 Da and 15084 Da; Figure 2.7B), corresponding to the formation of HNE-

aSyn adducts. The DA-induced oligomers exhibited CD spectra with a minimum at 198 nm, revealing the 

presence of species with predominantly disordered conformations and little structure (Figure 2.6E, Table 

2.4). However, the HNE-induced oligomers showed a broad CD spectrum centered at 219 nm that is more 

similar to the CD spectrum of the oligomers (Figure 2.6F), indicating these oligomers are rich in -sheet 

structure (Figure 2.6J, Table 2.4). Analysis of these fractions by SDS-PAGE analysis under denaturing 

conditions (Figure 2.6F: DA oligomers, Figure 2.6K: HNE-induced oligomers) showed a very similar gel 

profile for both types of oligomers, with the presence of HMW bands at the top of the resolving part of 

the gel and a light band of monomers at 15 kDa that may have been released from the oligomers in the 

presence of SDS.  

Table 2.4: Morphologies and structural properties of oligomers used in this study  (This table was adapted from 668) 

Oligomers Morphologies Width/diameter 
Secondary structure composition (%) 

α-helix β-strand irregular 

Oligomers annular pore, 

spherical, tubular 

6-14 nm 27 38 32 

DA 

oligomers 

near-spherical, 

globular 

5-20 nm 11 11 78 

HNE 

oligomers 

curvi-linear 5-11 nm 27 26 49 

 

EM ultrastructural analysis of the DA-induced oligomers showed the presence of oligomers with near-

spherical morphologies of different shapes and sizes (Figure 2.6G), as previously shown637,675,697. These 

oligomers exhibited a mean width of approximately 13 nm (Figure 2.6I). However, the HNE-induced 

oligomers appeared to be more homogenous and displayed a curvilinear (chain-like) morphologies with a 

mean width of approximately 8 nm (Figure 2.6L and 2.6N). Next, we tested the stability of these oligomers 

by monitoring changes in their sizes and oligomeric morphologies as described above for the oligomers 

shown in Figure 2.6. Neither repeated cycles of freeze-thaw conditions or longer incubations at 4 C seem 

to influence the morphologies of the DA oligomers. The number/density of the oligomeric particles on the 

EM grids was significantly reduced for the DA oligomeric sample incubated at 37 C (Figure 2.6H), and a 

decrease in the mean width to approximately 10 nm was also observed (Figure 2.6I). Under identical 
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conditions, the HNE oligomers did not show major changes in their morphologies or mean width (Figure 

2.6M and 2.6N).  

 

Figure 2.6: Preparation of dopamine- and HNE-induced oligomers and analysis of their stability. Chemical 

structures of dopamine (A) and HNE (B). SEC purification of DA-induced oligomers (C) and HNE-induced oligomers 
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(D) separated from monomers. (E) CD spectra of DA-induced oligomers. (F) Coomassie staining of dopamine and DA-

induced oligomers. (G) Negatively stained EM analysis performed on DA-induced oligomers. DA-induced oligomers 

showed mainly spherical, undefined morphologies. (H) Assessment of the stability of the DA-induced oligomers 

subjected to different temperature conditions incubation (4 C and 37 C) and freeze-thawing as determined by 

analysis of their width distribution (I). (J) CD spectra of HNE-induced oligomers. (K) Coomassie staining of HNE-

induced oligomers. (L) Negatively stained EM analysis performed on HNE-induced oligomers. (M) Assessment of the 

stability of HNE-induced oligomers incubation (4 C and 37 C) and and freeze-thawing as determined by analysis of 

their width distribution (N). (This figure was adapted from 668) 

 

Figure 2.7: Mass spectrometry analysis of aSyn monomers purified by size exclusion chromatography. aSyn 

monomers purified from preparation of Dopamine-induced oligomers(A) and HNE-induced oligomers (B). (This 

figure was adapted from 668) 

To investigate whether the antibodies in Table 2.1 show differential immunoreactivity to morphologically, 

chemically and conformationally distinct oligomer preparations under native conditions, we performed 

slot blot analysis using DA- and HNE-induced oligomers and monomers as a control (Figure 2.8A). The 

majority of the antibodies we tested detected DA- and HNE-induced oligomers and monomers 

irrespective of their morphological or structural differences (Figure 2.8B). Strikingly, among all the 

antibodies tested, 26F1 showed no immunoreactivity toward DA-induced oligomers, weak 

immunoreactivity toward monomers but very strong immunoreactivity toward HNE-induced oligomers, 

which is consistent with the data shown in Figure 2.4B. 26F1 was generated against oligomerized HNE-

modified aSyn. The 5G4 antibody, which does not recognize aSyn monomers, also showed strong 

immunoreactivity toward HNE-induced oligomers but exhibited weak immunoreactivity toward DA-

induced oligomers, which could be due to the presence of small population of structured DA oligomers 

(Table 2.4) or due to the weak affinity of 5G4 to the ensemble of DA-induced oligomers. As expected, the 
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sequence-specific antibodies SYN211 and SYN-1 detected both DA- and HNE-induced oligomers and 

monomers. 

 

Figure 2.8: Slot blot analysis of antibodies against aSyn monomers and DA- and HNE-induced oligomers. (A) A 

scheme illustrating the slot blot analysis showing the different aSyn samples blotted in the nitrocellulose membrane. 

(B) Assessment of the immunoreactivity of antibodies by slot blot against dopamine-induced unstructured oligomers 

(DO), aSyn monomers (M) and HNE-induced oligomers (HO), and fibrils (F) under native conditions and spotted in 

duplicates at two different concentrations: 180 ng and 36 ng. (This figure was adapted from 668) 
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Figure 2.9: (A) Specificity of antibodies against aSyn monomers (M), unmodified oligomers (O), Dopamine-induced 

oligomers (DO), and fibrils (F) using increasing concentrations of antibodies (2 ng/mL, 20 ng/mL, 200 ng/mL and). (B) 

WB assessment of the immunoreactivity of MJFR-14 (2 ng/mL) against aSyn samples (180 ng). (This figure was 

adapted from 668) 
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The antibodies that showed stronger immunoreactivity toward HNE-induced oligomers can be 

categorized further depending on their immunoreactivity toward DA-induced oligomers and monomers 

as follows: i) A17183E showed enhanced detection of DA- and HNE-induced oligomers compared to 

monomers; ii) 24H6, 9029, ASyO5, A17183A, 26B10, MJFR-14 and A17183G showed stronger 

immunoreactivity to HNE-induced oligomers (even at a low concentration of protein of 36 ng per spot) 

and concentration-dependent detection of DA-induced oligomers and monomers; iii) SYNO2, SYNO3, 

SYNO4, A17183B, 7015 showed enhanced detection of HNE- and DA-induced oligomers and 

concentration-dependent immunoreactivity toward monomers (weak binding at a low concentration of 

monomers, 36 ng of protein per spot). In contrast, 12C6 showed very strong nonspecific detection of DA- 

and HNE-induced oligomers as well as monomers irrespective of the concentration of proteins loaded in 

each spot in the slot blot analysis, consistent with the ELIA results. 

Next, we investigated whether the concentration of antibodies may influence their immunoreactivities 

towards different aSyn species. To do this, we selected few antibodies that were shown to be aggregate 

specific (26F1, 5G4) and others that are nonspecific and recognize different aSyn forms (Syn211, SYN-1, 

9029, SynO4, MJFR-14 and ASyO4). We reassessed their specificity over antibody concentrations ranging 

from 2 to 200 ng/mL) and observed similar results (Figure 2.9) as reported in (Figure 2.4B, Figure 2.8B) at 

all the antibody concentrations tested.  

In summary, our immunoblotting studies (Figure 2.4, Figure 2.8 and Figure 2.9) demonstrate that none of 

the antibodies showed any preferential specificity toward one particular aSyn species, including 

monomers, oligomers and fibrils. However, we observed some exceptions: i) the antibody clone 26F1 did 

not show any immunoreactivity toward the largely unstructured DA-induced oligomers but was highly 

specific for -sheet-enriched oligomers, HNE-induced oligomers and fibrils; ii) the antibody 5G4 showed 

weak immunoreactivity toward the largely unstructured DA-induced oligomers but stronger 

immunoreactivity towards -sheet-enriched oligomers, HNE-induced oligomers and fibrils (summarized 

in Table 2.2). These differences in immunoreactivity emphasize the importance of using many antibodies 

in parallel rather than a single antibody for the identification of pathological oligomers in the brain given 

the heterogeneous nature and structural properties of such oligomers. 
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2.2.5 Kinetics of the binding of aSyn monomers and oligomers to immobilized antibodies 

To further characterize and validate the specificity of the antibodies, we assessed their binding affinity 

and kinetics to monomeric and oligomeric aSyn species using SPR (Figure 2.10A). The antibodies were 

immobilized on the SPR chip surface at low densities. Figure 2.10 and Figure 2.11 show the SPR 

sensorgrams of selected antibodies (seven in total; six conformational and one sequence-specific) as a 

function of time as obtained by the successive injection of monomers or oligomers at concentrations 

ranging from 30 to 2000 nM. Sensorgram plots were fitted to extract the kinetic parameters, such as the 

binding affinity (KD) and association (ka) and dissociation (kd) rate constants of the binding between 

antibodies and monomer or oligomer complexes. The fitting of the plots was based on either a 1:1 binding 

model or by a global heterogeneous ligand binding model, which provides kinetic parameters for two 

binding sites. Collectively, all of the tested antibodies showed binding responses to both aSyn monomers 

and oligomers with varying binding affinities. Interestingly, many of the antibodies that were found to be 

highly specific for oligomers/fibrils (Figure 2.4B) also showed some binding to monomers. However, the 

binding affinities (KD) of the antibodies A17183A, SYNO4, and 26F1 reflected M affinities toward 

monomers, which was consistent with the slot blot data (Figure 2.4B). The kinetic parameters obtained 

from the sensorgrams are summarized in Table 2.5. 

The shape of the dissociation portion of the SPR sensorgrams (after 120 seconds) provides clues about 

the binding affinity of the antibodies toward monomers or oligomers; a stronger affinity is reflected by a 

flatter slope of the dissociation curve (slower off-rate), but a weaker affinity is reflected by a steeper curve 

(faster off-rate). Figure 2.10 and Figure 2.11 show the SPR sensorgrams of the antibodies upon titration 

of monomers and oligomers. Fitting with a 1:1 binding model was possible for the binding of a few 

antibodies to aSyn monomers. These antibodies showed weak binding affinities to monomers with KD 

values of 3.61 M (A17183A), 5.67 M (SYNO4) and 76 M (26F1). However, the same antibodies 

exhibited stronger binding affinities towards oligomers as evident by the fitting of the raw data which was 

possible only by heterogeneous binding model, suggesting two possible oligomer binding sites: A17183A 

(KD1: 3.67 M, KD2: 45 nM), SYNO4 (KD1: 249 nM, KD2: 2.14 pM) and 26F1 (KD1: 2.12 M, KD2: 279 pM) 

(Figure 2.10B and Figure 2.11, Table 2.5). A stronger binding affinity for oligomers by antibodies A17183A, 

SYNO4 and 26F1, is in agreement with our slot blot analyses (Figure 2.4B), confirming that these 

antibodies bind with greater specificity to oligomers than monomers. 12C6 and 9029 showed stronger 

binding toward oligomers (Figure 2.10C and Figure 2.11, Table 2.5), but also exhibited good binding to 

monomers. This is consistent with the fact that these antibodies showed binding to monomers by slot 
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blots and ELISA (Figure 2.5B) and detected aSyn under denaturing conditions. However, it was not possible 

to fit the data and calculate the kinetic rate constants and binding affinities for 9029. Both antibodies 

showed a slow dissociation of monomers as evidenced by the fact that the dissociation portion of the 

sensorgrams (after 120 seconds) returns slowly to the baseline response units (RU, y-axis) but not as 

rapidly as seen with A17183A, 26F1 and SynO4. These observations suggest that the antibodies 9029 and 

12C6 possessed a stronger affinity to monomers, in comparison to A17183A, 26F1 and SynO4, which 

exhibit weak binding affinity to monomers.  
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Figure 2.10: SPR-based kinetic analysis of different immobilized monoclonal antibodies (A17183A (B), MJFR-14 (C), 

and SYN211 (D)) binding to aSyn monomers (top) and oligomers (bottom) at 30, 60, 120, 250, 500, 1000 and 2000 

nM concentrations. The antibodies were immobilized at a ligand density of approximately 3000-4000 RUs. The aSyn 

monomers or oligomers were injected for 2 min, followed by 5 min dissociation with injection of PBS buffer at a 30 

μL/min flow rate. The sensorgrams are shown as colored lines representing varying concentrations of aSyn 

monomers or oligomers, and the fits are shown as black lines. The kinetic parameters obtained from the fitting are 

shown in Table 2.5 (This figure was adapted from 668). 

 

Table 2.5: Kinetic parameters of the antibodies binding to aSyn  monomers or oligomers  (This table was adapted 

from 668) 

 

 

 

Immobillized 

antibodies 

Injected aSyn  ka(M−1s−1) kd(s−1) KD 

     

A17183A monomers 1.18  104 4.26  10-2 3.61 µM 

oligomers ka1:2.31104  

ka2:2.99 103 

kd1:8.46  10-2 

kd2:1.35  10-4 

KD1: 3.67 µM 

KD2: 45 nM 

     

SYNO4  monomers 1.22  104 6.93  10-2 5.67 µM 

oligomers ka1:4.25105  

ka2:2.34 104 

kd1:1.06  10-1 

kd2:5.01  10-7 

KD1: 249 nM 

KD2: 2.14 pM 

     

26F1  monomers 2.58  102 1.97  10-2 76 µM 

oligomers ka1:1.01104  

ka2:7.94 103 

kd1:2.13  10-2 

kd2:2.22  10-6 

KD1: 2.12 µM 

KD2: 279 pM 

     

12C6  monomers ka1:5.87104  

ka2:4.60 104 

kd1:4.32  10-2 

kd2:3.86  10-3 

KD1: 737 µM 

KD2: 8.4 nM 

oligomers ka1:4.43107  

ka2:1.32 104 

kd1:3.29  10-1 

kd2:9.83  10-6 

KD1: 7.4 nM 

KD2: 0.74 nM 

     

MJFR-14  monomers ka1:1.04105  

ka2:2.22 104 

kd1:3.43  10-1 

kd2:5.7  10-6 

KD1: 3.29 µM 

KD2: 0.25 nM 

oligomers ka1:9.07105  

ka2:1.54 104 

kd1:6.95  10-4 

kd2:4.31  10-7 

KD1: 0.76 nM 

KD2: 2.8 pM 

     

9029  monomers No fitting No fitting No fitting 

oligomers No fitting No fitting No fitting 

     

SYN211  monomers ka1:1.52104  

ka2:8.37 102 

kd1:4.10  10-1 

kd2:1.81  10-5 

KD1: 271 µM 

KD2: 217 nM 

oligomers No fitting No fitting No fitting 
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Figure 2.11: SPR-based kinetic analysis of different immobilized monoclonal antibodies (SynO4, 26F1, 9029 and 

12C6) binding to aSyn monomers (A) and unmodified oligomers (B) (This figure was adapted from 668). 

 

The MJFR-14 antibody also showed preference for binding oligomers, but still showed binding to 

monomers. The SPR sensograms suggested two distinct kinetics events on the dissociation portion with a 
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rapid drop (after 120 seconds) indicating a major fraction of monomers dissociating fastly because of the 

weak affinity to MJFR-14 (KD1: 3.29 µM). However, the RU values did not return to baseline, suggesting 

that MJFR-14 might have a second binding to another conformation of monomers (KD2: 0.25 nM) or binds 

strongly to a small population of aSyn aggregates which might have formed from the monomers during 

the SPR experimental timeframe. MJFR-14 also showed two binding kinetics against oligomers, but, both 

exhibited very stronger affinity (KD1: 0.76 nM and KD2: 2.8 pM). As expected, SYN211, which recognizes 

all three forms of aSyn, showed a stronger affinity for monomers (Figure 2.10D). The fitting of SYN211 

binding to oligomers was not possible but indicated stronger binding to oligomers, as reflected by the 

shape of the curves.  

 

2.3 DISCUSSION 

Increasing evidence supports the hypothesis that different forms of aSyn aggregates (e.g. fibrils and 

oligomers) play an important role in the pathogenesis of PD. Testing this hypothesis requires the 

development of therapeutic drugs or antibodies that target the different species and assays that enable 

the accurate assessment of changes in their levels during disease progression and in response to 

therapies. Although there are several biochemical, structural and imaging-based approaches for the direct 

and indirect visualization and characterization of aSyn fibrils623,698, detection of nonfibrillar oligomeric 

aSyn species in cells or postmortem brain tissues remains challenging. The existing methods and 

techniques, such as Western blotting and proximity ligation assays, provide indications of the presence of 

oligomers but not information about their size, conformation and/or morphology. The instability and low 

abundances of native oligomers make the isolation and characterization of their structural properties 

using NMR and Cryo-EM very challenging. Due to these challenges, researchers in the field have resorted 

to the development of conformation- or aggregate-specific antibodies. 

One of the major untested assumptions about conformation-specific antibodies is that they are capable 

of capturing the structural and morphological diversity of aSyn aggregates in vivo or to target specific aSyn 

aggregates. However, these assumptions are rarely experimentally tested. Therefore, there is a need to 

develop protocols and pipelines that enable systematic characterization of antibodies using a well-

characterized and validated set of aSyn reagents representing, to the extent possible, the diversity of aSyn 

in vivo. Towards this goal, we developed such a validation pipeline and used it to evaluate the binding 

specificity of 18 aSyn antibodies, 16 of which were reported to be conformation- or aggregation state-
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specific (Table 2.1). First, the antibodies were screened against disordered monomers and preparations 

of β-sheet rich aSyn oligomers and fibrils. This enabled us to test the specificity of the antibodies to 

monomers, oligomers and fibrils. To further assess whether antibody binding was indeed driven by 

conformational specificity or avidity, the antibodies were screened against three preparations of aSyn 

oligomers with distinct biochemical, conformational and morphological properties (disordered oligomers 

and oligomers with different β-sheet and secondary structure contents) (Table 2.4). In parallel, we also 

tested the specificity and binding affinities of various aSyn antibodies by SIMOA assays and SPR, 

respectively.  

2.3.1 None of the antibodies specifically detect either monomers, oligomers or fibrillar aSyn species 

Surprisingly, we found that none of the antibodies tested in our study had unique specific 

immunoreactivity toward one particular aSyn species (monomers, oligomers or fibrils). All 16 reported 

conformational-specific antibodies detected both unmodified β-sheet rich oligomers and fibrils, 

demonstrating that they could not differentiate between oligomers and fibrils and are not specific for a 

particular conformation or aSyn aggregation state. 

In an attempt to assess the specificity of the antibodies against a diverse set of oligomers, we also 

produced oligomeric preparations (DA and HNE oligomers) possessing structurally, chemically and 

morphologically distinct properties (Figure 2.6). The dopamine-induced oligomers were predominantly 

disordered, whereas the HNE-induced oligomers were rich in β-sheet structure.  The immunoreactivity 

toward these oligomers was compared to that toward the unmodified oligomers, which are enriched in 

β-sheet structures (Figure 2.4 and Figure 2.8). Despite the similarity of the CD signatures of HNE-induced 

and unmodified aSyn oligomers, the two types of oligomers exhibited distinct morphological features 

(Figure 2.2 and Figure 2.6). The structural and morphological diversity of the different oligomer 

preparations provided a unique opportunity to assess the specificity of the conformational-specific 

antibodies. 

As expected, the Syn 211 and SYN-1 antibodies detected all three forms of aSyn species (monomers, 

oligomers and fibrils) as well as the DA- and HNE oligomers in both slot blots and Western blots (Figure 

2.4)673,674. This could be attributed to the fact that their epitopes are located in regions that do not 

constitute the core of aSyn oligomers or fibrils533,663,699 and are thus likely to be exposed in both 

aggregation states. Our results are consistent with previous studies in which Syn 211 was shown to detect 

monomers and HNE-induced oligomers561 and the detection of monomers and fibrils by SYN-1 671,700. 
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Interestingly, the antibody clone 5G4 showed increased immunoreactivity with high conformational 

specificity for all forms of aSyn aggregates but showed very weak immunoreactivity toward monomers. 

We can not rule out the possibility that the binding to the DA oligomers could arise from the presence of 

partial -sheet structure or small population of oligomers with -sheet structure in these preparations, as 

suggested by the analysis of the CD data (Table 2.4). Previous studies reported that 5G4 detects 

widespread and distinct aSyn-induced pathology in the cortical and brain stem brain regions in 

postmortem synucleinopathic brain tissues672 but only weakly detects monomeric bands in brain 

homogenate samples from Lewy body dementia patients. Furthermore, van Diggelen et al. found that 5G4 

antibody detected HNE-induced oligomers and showed no immunoreactivity toward monomers561. 

However, several of our observations with a number of antibodies were not consistent with previously 

published reports or data provided by the manufacturers of the antibodies. Previous reports indicated 

that the antibody MJFR-14 is a conformational-specific antibody that detects filamentous aSyn 

aggregates701-703, but not monomeric form of the protein. Martinez et al. reported that MJFR-14 is a 

conformation-specific with enhanced immunoreactivity towards filaments but not to the denatured 

filaments or monomers by dot blot analysis704,705.  Until the publication of a preprint version of this report 

in bioRxiv668, the antibody was sold by705 as “Anti-Alpha-synuclein filament antibody [MJFR-14-6-4-2] - 

Conformation-Specific”. Furthermore, data obtained using Luminex assay demonstrated an increased 

specificity of MJFR-14 antibody towards aSyn oligomers compared to monomers and filaments704 at low 

ng concentrations). Interestingly, it was previously shown that MJFR-14 exhibits weaker binding to 

monomers, which could be eliminated by preabsorbing the antibodies with recombinant aSyn704. MJFR-

14 has also been described as an oligomer-specific antibody. For example, Lassen et al. reported that 

MJFR-14 is highly specific for oligomers but not to monomers706. Direct comparison to fibrils was not 

performed in this study. In line with these evidences, our ELISA Simoa assay showed that MJFR-14 does 

not bind to monomers at low picogram concentrations (Figure 2.5B) and although it binds to both to fibrils 

and oligomers, it exhibits preferential binding to fibrils compared to oligomers (Figure 2.5C and 2.5D). In 

addition, our slot blot analysis (Figure 2.4B and Figure 2.8B) showed stronger and similar 

immunoreactivity towards oligomers and fibrils but a weaker immunoreactivity to monomers at 36 ng 

concentrations. Collectively, our studies show that MJFR-14 shows high immunoreactivity toward all 

aggregated forms of aSyn, including unmodified oligomers, DA- and HNE-induced oligomers and fibrils, 

suggesting that this antibody is neither fibril- or oligomer-specific. Furthermore, MFJR-14 binds to both β-

sheet rich and disordered aSyn oligomers. Altogether, our findings confirm previous reports suggesting 

preferential binding of MFJR-14 to aggregate forms of aSyn, but also show that it still binds to monomers 
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in a concentration-dependent manner (Figure 2.4, Figure 2.5, Figure 2.8, Figure 2.10C and Figure 2.9) and 

recognizes aSyn monomeric bands in SDS-PAGE gels (Figure 2.4C). These observations combined with 

MFJR-14 strong immunoreactivity towards disordered oligomers (DA oligomers) suggest that its 

preferential binding to oligomers and fibrils could be driven by avidity rather than by its conformational 

specificity. 

 

Similarly, Vaikath et al. reported that SYNO2, SYNO3, and SYNO4 can bind to aSyn oligomers and fibrils 

but not monomers 671. However, in our study, SYNO2 and SYNO3 recognized strongly oligomers and fibrils 

and detected aSyn monomers in a concentration-dependent manner (higher concentration of monomer 

 better immunoreactivity) (Figure 2.4 and Figure 2.8). Again, all three antibodies recognized equally β-

sheet rich (oligomers and HNE oligomers and disordered oligomers (DA oligomers), suggesting that their 

specificity to aSyn aggregates could be driven by avidity rather than conformational specificity. 

Interestingly, all three antibodies SYNO2, SYNO3, and SYNO4 recognized monomeric aSyn bands in SDS-

PAGE gels (Figure 2.4C and 2.4D). 

ASyO5 is another commercial antibody (Agrisera: AS13 2718) that has been reported to exclusively detect 

oligomers, but not monomers or fibrils (using dot blot707). However, in our hand and using the aSyn 

samples described above, we found that ASyO5 antibody binds non-specifically to aSyn monomers, 

different types of oligomers and fibrils (Figure 2.4B, Figure 2.8B and Figure 2.9).  

Among the 18 antibodies in Table 2.1, the binding affinity and kinetics of only three antibodies (SYNO2, 

SYNO3, and SYNO4) against aSyn fibrils but not monomers or oligomers have been described in the 

literature or in the material provided by the manufacturer671. Most importantly, we could not find any 

comparative SPR or binding studies using well-characterized preparations of aSyn monomers or different 

types of oligomers.  

The comparison of the kinetics data and binding affinities of various antibodies for monomers and 

oligomers showed a significant degree of variation in the values of ka, kd, and KD (Table 2.5). Antibody 

clones A17183A, 26F1, and SYNO4 showed high binding affinities for oligomers and weak binding affinities 

for monomers (Figure 2.10, Figure 2.11 and Table 2.5). This suggests that these antibodies are highly 

conformationally specific, which is in agreement with the slot blot and Western blot data (Figure 2.4B and 

2.4C). Interestingly, the A17183A antibody showed stronger immunoreactivity to unstructured DA 

oligomers (Figure 2.8), which may hint that the binding is, perhaps, driven by avidity rather than affinity. 
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However, the 26F1 antibody showed specificity for -sheet-enriched oligomers but not for unstructured 

DA oligomers, suggesting that it could be truly conformationally specific. The very weak affinity of 26F1 

with a KD of 76 M for monomers is also in line with all our analyses, including the ELISA analysis, 

suggesting that 26F1 is highly conformationally specific for -sheet-enriched aSyn aggregates. 

Other antibodies, such as 7015, 12C6, 9029 showed strong binding and immunoreactivities for monomers, 

oligomers and fibrils, although 7015 showed higher binding and immunoreactivity to oligomers and fibrils. 

By ELISA, the antibodies 12C6, 7015, and 9029 exhibited high immunoreactivity towards monomers at low 

pg concentrations (Figure 2.5B; 100 and 1000 pg/mL concentration of monomers used). This is consistent 

with both the slot blot and Western blot analyses, where these antibodies showed high immunoreactivity 

to monomers (Figure 2.4B) and detection of monomeric aSyn bands in denaturing gels (Figure 2.4C).  

2.4 MATERIALS AND METHODS 

2.4.1 Recombinant overexpression and purification of human WT aSyn   

Recombinant overexpression and purification of human WT aSyn was performed as described previously 

708 with slight modifications. pT7-7 plasmids encoding human WT aSyn were used for transformation in 

BL21 (DE3) E-Coli cells on an ampicillin agar plate. A single colony was transferred to 400 mL of Luria broth 

(LB) medium containing 100 µg/mL ampicillin (AppliChem, A0839) (small-scale culture) and incubated 

overnight at 37 C and 180 rpm. On the next day, the pre-culture was used to inoculate 3-6 liters of LB 

medium having 100 µg/mL ampicillin (large-scale culture). Upon A600 approaching 0.4 to 0.6, aSyn protein 

expression was induced by the addition of 1 mM 1-thio-β-d-galactopyranoside (AppliChem, A1008) and 

the cells were further incubated at 37 C and 180 rpm for four hours. This incubation step was followed 

by harvesting cells by centrifugation at 4000 rpm using JLA 8.1000 rotor (Beckman Coulter, Bear, CA) for 

30 minutes at 5 C. The harvested pellets were stored at -20 oC until the next step. The cell lysis was 

performed by dissolving the bacterial pellet in buffer A (20 mM Tris–HCl, pH 7.5) containing protease 

inhibitors (1 mM EDTA (Sigma-Aldrich, 11873580001) and 1 mM PMSF (Applichem, A0999) followed by 

ultrasonication (VibraCell VCX130, Sonics, Newtown, CT) time: 5 min; cycle: 30 sec ON, 30 sec OFF; 

amplitude 70%. After lysis, centrifugation at 12000rpm and 4oC for 30minutes was performed to collect 

the supernatant. This supernatant was collected in 50 mL Falcon tube and placed in boiling water (100 oC) 

for about 15 minutes. This solution was subjected to another round of centrifugation at 12000 rpm and 4 

oC for 30 minutes. The supernatant obtained at this step was filtered through 0.45 µm filters and injected 

into a sample loop connected to HiPrep Q FF 16/10 (GE healthcare, 28936543). The supernatant was 
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injected at 2 mL/min and eluted using buffer B (20mM Tris-HCl, 1M NaCl, pH 7.5) from gradient 0 to 70% 

at 3 mL/min. All fractions were analyzed by SDS-PAGE, and the fractions containing pure aSyn were pooled 

and concentrated using a 30 kDa molecular weight cut-off (MWCO) filters (MERCK, UFC903008) at 4 oC. 

The retentate was collected and dialyzed using 12-14 kDa MWCO Spectrapor dialysis membrane 

(Spectrum Labs, 9.206 67) against deionized water at 4 oC overnight to remove salts. Dialyzed solution 

was collected, snap-frozen, and lyophilized.  

 

2.4.2 Preparation of WT aSyn oligomers 

To generate monomer and fibril free aSyn oligomeric preparations, 60 mg of lyophilized recombinant aSyn 

protein was dissolved in 5 mL PBS (10 mM disodium hydrogen phosphate, 2 mM potassium dihydrogen 

phosphate, 137 mM NaCl and 2.7 mM potassium chloride, pH 7.4) (final concentration: 12mg/mL) 

containing 5 µL Benzonase (final concentration: 1 µL benzonase/mL (MERCK, 71205-3). After 

dissolving, the solution is filtered through 0.22 µm filters (MERCK, SLGP033RS) and transferred to five low-

protein binding 1.5 mL tubes, each containing 1 mL solution. These tubes were incubated in a shaking 

incubator at 37 oC and 900 rpm for five hours. The samples were centrifuged at 12000g for 10 min at 4 oC 

to remove any insoluble aSyn aggregates. 5 mL of supernatant was loaded into a sample loop of the 

chromatography setup. This sample was run through Hiload 26/600 Superdex 200pg (GE Healthcare, 28-

9893-36) column equilibrated with PBS and eluted as 2.5 mL fractions at a flow rate of 1 mL/min. The 

elution of protein was monitored by UV absorbance at 280nm. Different fractions were visualized by SDS-

PAGE analysis, and fractions of interest (oligomer) corresponding to the void volume peak were aliquoted 

(500 µL), snap-frozen, and stored at -20 oC. 

2.4.3 Preparation of DA-induced oligomers 

DA-induced oligomers were prepared as described previously697. Briefly, the recombinant aSyn protein 

was dissolved in 20mM Tris and 100mM NaCl to have a final concentration of 140 µM (pH 7.4). After 

dissolving, the protein solution was filtered through a 100 kDa filter (MERCK, MRCFOR100). The filtrate 

was transferred to a low-protein binding tube and 20 equivalents of dopamine (final concentration: 2.8 

mM) (Sigma-Aldrich, H8502) was added. This tube was covered with aluminum foil and incubated in a 

shaking incubator at 37 oC and 200 rpm for five days. The sample was centrifuged at 12000g for 10 min at 

4 oC to remove any insoluble aSyn aggregates. The supernatant was loaded into a sample loop of the 

chromatography setup. This sample was then run through Superdex 200 Increase 10/300 GL (GE 
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healthcare, 28990944) column equilibrated with PBS and eluted as 0.5 mL fractions at a flow rate of 0.4 

mL/min. The elution of protein was monitored by UV absorbance at 280 nm. The SEC fractions were 

analyzed by SDS-PAGE analysis, and fractions of interest (oligomer) were collected and stored at 4 oC. 

2.4.4 Preparation of HNE-induced oligomers 

HNE-induced oligomers were prepared as described previously684. Briefly, the recombinant aSyn protein 

was dissolved in 20 mM Tris and 100 mM NaCl to have a final concentration of 140 µM (pH 7.4). After 

dissolving, the protein solution was filtered through 100 kDa filter (MERCK, MRCFOR100). The filtrate was 

transferred to a low-protein binding tube and 30 equivalents of HNE (Cayman Chem, 32100) (final 

concentration: 4.2mM) was added. This tube was incubated in an incubator at 37oC under quiescent 

conditions for 18 hours. Following incubation, the sample was centrifuged at 12000g for 10 min at 4 oC to 

remove any insoluble aSyn aggregates. The supernatant was loaded into a sample loop of the 

chromatography setup. This sample was run through Superdex 200 Increase 10/300 GL (GE healthcare, 

28990944) column equilibrated with PBS and eluted as 0.5 mL fractions at a flow rate of 0.4 ml/min. The 

elution of protein was monitored by UV absorbance at 280nm. The SEC fractions were analyzed by SDS-

PAGE analysis, and fractions of interest (oligomer) were collected and stored at 4 oC. 

2.4.5 Protein concentration estimation  

The concentration of aSyn samples such as monomers, oligomers, and fibrils were estimated using BCA 

assay and amino acid analysis. For BCA assay, microplate measurements were carried out using BCA 

protein assay reagents (Pierce, catalog number: 23227). Briefly, triplicates of known concentrations (from 

10 µg/mL-1000 µg/mL) of bovine serum albumin (concentration standard) and an equal volume of aSyn 

samples were pipetted into microplate wells. To which, 200 µL of BCA working reagent was added and 

incubated at 37 C for 30 minutes. Absorbance at 562 nm was measured using a Tecan plate reader. Using 

BCA assay based concentration estimation as standards, known concentrations (2-3 µg) of aSyn samples 

were pipetted into a conical insert, flash-frozen, and lyophilized. The dried form of aSyn samples was 

shipped to Functional Genomic Center Zurich for subjecting for amino acid analysis (AAA) for absolute 

quantification of aSyn samples concentrations.   

2.4.6 Preparation of WT aSyn fibrils 

WT aSyn  fibrils were prepared as described in16. Briefly, 4 mg of lyophilized recombinant aSyn was 

dissolved in 50 mM Tris, and 150 mM NaCl and pH was adjusted to 7.5. The solution is filtered through 
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0.2 µm filters (MERCK, SLGP033RS), and the filtrate is transferred to black screw cap tubes. This tube was 

incubated in a shaking incubator at 37 oC and 1000 rpm for five days. After five days, the formation of 

fibrils was assessed by TEM and SDS-PAGE, followed by Coomassie staining as described in89. 

2.4.7 Characterization of oligomers by SDS-PAGE analysis 

Human WT aSyn  monomers, unmodified WT, DA-induced, and HNE-induced oligomers were run on 15% 

polyacrylamide gels, and Coomassie blue staining was performed as described previously661. Before 

carrying out Western blot analysis, equal loading on the gel was also confirmed using Coomassie staining 

or silver staining (Invitrogen, LC6100) as per manufacturers protocol.  

2.4.8 Characterization of oligomers by TEM analysis 

TEM analysis of protein samples were performed as described previously661. Briefly, 5 µL protein samples 

were placed on glow discharged Formvar and carbon-coated 200 mesh-containing copper EM grids. After 

about a minute, the samples were carefully blotted using filter paper and air-dried for 30 s. These grids 

were washed three times with water and followed by staining with 0.7% (w/v) uranyl formate solution. 

TEM images were acquired by Tecnai Spirit BioTWIN electron microscope, and image analysis was 

performed by ImageJ software as described previously661. 

2.4.9 Far-UV circular dichroism (CD) spectroscopy 

Approximately 150 µL of protein samples were loaded onto 1 mm path length quartz cuvette, and CD 

spectra were obtained on Chirascan spectropolarimeter (Applied Photophysics) with the following 

parameters as described in661. Temperature: 20 oC; wavelength range: 198 to 250 nm; data pitch: 0.2 nm; 

bandwidth: 1 nm; scanning speed: 50 nm/min; digital integration time: 2 s. The final CD spectra was a 

binomial approximation on an average of 10 repeat measurements. The secondary structural content of 

the oligomers was estimated using the online CD analysis tool known as CAPITO709. 

2.5.0 Mass spectrometry analysis  

Mass spectrometry (MS) analysis of proteins were performed by liquid chromatography-mass 

spectrometry (LC-MS) on the LTQ system (Thermo Scientific, San Jose, CA). Before analysis, proteins were 

desalted online by reversed-phase chromatography on a Poroshell 300SB C3 column (1.0x75mm, 5µM, 

Agilent Technologies, Santa Clara, CA, on the LTQ system). 10 uL protein samples were injected on the 

column at a flow rate of 300 uL/min and were eluted from 5 % to 95 % of solvent B against solvent A, 
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linear gradient. The solvent composition was, Solvent A: 0.1% formic acid in ultra-pure water; solvent B: 

0.1% formic acid in acetonitrile. MagTran software (Amgen Inc., Thousand Oaks, CA) was used for charge 

state deconvolution and MS analysis.  

2.5.1 Temperature stability analysis of oligomers  

Human WT aSyn unmodified WT, DA-induced and HNE-induced oligomers were tested for their stability 

at different temperature conditions. Morphological characteristics were assessed by TEM under 

conditions such as freeze-thaw cycles, storage at 4oC or 37oC for 5 days. 

2.5.2 Binding characterization of aSyn species to different antibodies by Slot blot analysis 

Nitrocellulose membranes (Amersham, 10600001) were spotted with 5 µL and 1 µL samples volumes 

corresponding to 180 ng and 36 ng of aSyn proteins in duplicates (monomers, oligomers, DA-induced 

oligomers, HNE-induced oligomers and fibrils) per sample spot. The membranes were blocked for 1 hour 

with Odyssey blocking buffer (LiCoR, 927-40000), and then incubated overnight with different primary 

antibodies (Table 2.1) diluted in PBST at 2 µg/mL concentration for all the antibodies except SYN-1 

antibody at 1 µg/mL concentration (Figure 2.4 and 2.8). Varying concentrations of primary antibodies 

(200, 20 and 2 ng/mL) were used in the Figure 2.9. The membranes were washed three times, with 0.1% 

PBS-Tween (3x10minutes) and incubated with IRdye conjugated secondary antibodies (1:7500) (Table 2.6) 

for 1 hour at RT. Thereafter, the membranes were washed three times, with 0.1% PBS-Tween 

(3x10minutes). The visualization was performed by fluorescence using Odyssey CLx from LiCor. Equal 

loading of protein samples on the membrane was confirmed using Ponceau S (MERCK, P3504) staining 

(2% Ponceau S (w/v) in 5% acetic acid).  

Table 2.6: Materials and Reagents  

Equipment/Material description Supplier Catalogue/Reference 

Chromatography columns   

HiPrep Q FF 16/10 GE healthcare 28936543 

Hiload 26/600 superdex 200pg GE healthcare 28-9893-36 

Superdex 200 Increase 10/300 GL GE healthcare 28990944 

   

Tubes and Filters and dialysis membrane   

Low protein binding tubes Eppendorf 022431081 

30 kDa MWCO MERCK UFC903008 

100 kDa MWCO MERCK MRCFOR100 

0.22 µm filters MERCK SLGP033RS 

0.45 µm filters MERCK SLFH05010 

12-14 kDa MWCO dialysis membrane Spectrum Labs 9.206 67 
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Chemicals and Reagents   

TRIS Biosolve 200923 

Ampicillin AppliChem A0839 

IPTG Biochemica A1008 

EDTA-free Protease Inhibitor Cocktail SIGMA 11873580001 

PMSF Applichem A0999 

Dopamine  Sigma Aldrich H8502 

4-hydroxy Nonenal (HNE) Cayman Chem 32100 

Benzonase® Nuclease HC MERCK 71205-3 

Ponceau S MERCK P3504 

SilverXpress Silver staining kit  Invitrogen LC6100 

   

Centrifuges and Sonicator   

Ultrasonicator VibraCell, Sonics VCX130 

Benchtop centrifuge Eppendorf  5417R 

Ultracentrifuge Beckmann Coulter Optima Max XD 

   

Blocking Buffer and Secondary Antibodies   

Odyssey blocking buffer LiCoR 927-40000 

Goat anti-mouse AF680 Invitrogen A21058 

Goat anti-rabbit AF800 Invitrogen 926-32211 

Goat anti-rat IRDye 680RD LiCoR P/N 926-68076 

 

2.5.3 Western blot analysis 

Approximately 36 ng (Figure 2.4C) and 180 ng (Figure 2.4D) of proteins (monomers or oligomers or fibrils) 

were loaded onto 15 % SDS-PAGE gels (prior to loading samples were boiled at 95°C for 10 minutes) and 

run at 180 V for 1 hour in running buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS, pH 8.3). Gels were 

transferred onto nitrocellulose membranes (Amersham, 10600001) at 25 V, 0.5 A, and 45 minutes using 

Trans-Blot Turbo (Bio-Rad, 170-4155). The membranes were blocked for 1 hour with Odyssey blocking 

buffer (LiCoR, 927-40000), and then incubated overnight with different primary antibodies (Table 2.1) 

diluted in PBST at 2 µg/mL concentration for all the antibodies except SYN-1 antibody at 1 µg/mL 

concentration. The specificity of MJFR-14 was also assessed at 2 ng/mL against 180 ng of aSyn monomer, 

oligomers and fibrils (Figure 2.9B). The membranes were washed three times, with 0.1% PBS-Tween 

(3x10minutes) and incubated with IR dye conjugated secondary antibodies (1:7500) (Table 2.6) for 1 hour 

at RT. After that, the membranes were washed three times, with 0.1% PBS-Tween (3x10 minutes). The 

visualization was performed by fluorescence imaging using Odyssey CLx from LiCor.  

2.5.4 Determination of antibody affinities by surface plasmon resonance (SPR, BIACORE) 
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SPR data were collected on a Biacore 8K device (GE Healthcare). Selected antibodies were immobilized on 

a CM5 biosensor chip (GE Healthcare) at 10-20 μg/mL concentration in 10 mM acetate solution (GE 

Healthcare) at pH 4.5 to reach a final surface ligand density of around 2000-4000 response units (RUs). In 

short, the whole immobilization procedure using solutions of 1-ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide (EDC) and N-hydroxy succinimide (NHS) mixture, antibody sample and ethanolamine, was 

carried out at a flow rate of 10 µl/min into the flow cells of the Biacore chip. Firstly, the carboxyl groups 

on the sensorchip surface were activated by injecting 200 µL of 1:1 (v/v) mixture of EDC/NHS (included in 

the amine coupling kit, Cytiva life sciences) into both flow cells 1 and 2 and followed by the injection of 

antibodies overflow cell 2 for 180 s. The remaining activated groups in both the flow cells were blocked 

by injecting 129 µL of 1 M ethanolamine-HCl pH 8.5. The sensor chip coated with antibodies were 

equilibrated with PBS buffer before the initiation of the binding assays. Serial dilutions of analytes such as 

aSyn monomers or oligomers (oligomers) at a concentration ranging between 2 µM to 0.030 µM in PBS 

buffer were injected into both flow cells at a flow rate of 30 uL/min at 25 C. Each sample cycle has the 

contact time (association phase) of 120 seconds and followed by a dissociation time of 600 seconds. After 

every injection cycle, surface regeneration of the Biacore chips was performed using 10 mM glycine (pH 

3.0). The obtained data were processed and analyzed using Biacore 8K evaluation software for the 

calculation of the binding kinetics (association rate constant (Ka) and dissociation rate constant (Kd)) and 

binding affinity (KD). The fitting of the data was based on either 1:1 binding model (mostly for the 

monomers) or heterogeneous ligand binding model (for oligomers) using global kinetic fitting unless 

otherwise noted.  

2.5.5 Antibody characterization and stability analysis of oligomers by digital sandwich ELISA 

using Simoa technology  

The Quanterix Simoa platform is a highly sensitive platform that allows detection at the sub pg/mL 

concentration range710. Attempts to measure for example neurofilament light into plasma matrix were 

successful by Simoa technology as described before711. Kuhle et al compared three immunoassays for 

neurofilament light chain measurements into blood. The analytical sensitivity was 78 pg/mL and 0.62 

pg/ml for the conventional ELISA and the Simoa based assay, respectively. The presence of conformational 

synuclein forms (oligomers and fibrils) into body fluids like CSF is expected to be low abundant making the 

Simoa platform the preferred technology platform for our experimental work. 

A sandwich ELISA Simoa immunoassay was used to assess the immunoreactivity of different aSyn  

antibodies towards aSyn uclein forms such as monomers, oligomers, and fibrils. To prepare the conjugated 
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beads, paramagnetic carboxylated particles/beads were activated for 15 minutes at 4 °C using 0.05 mg/mL 

of 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDAC) (ThermoScientific, Cat 

N°A35391) added to 1,40×109 beads/mL. The beads were washed using a magnetic separator, and 0.1 

mg/mL of the oligomeric aSyn uclein specific monoclonal capture antibody was added. After 2 hours of 

incubation on a mixer-shaker at 4 °C, the conjugation reaction was blocked (Quanterix blocking buffer, 

Cat N°101356) for 30 minutes at room temperature. The conjugated beads were washed and stored at 4 

°C. The biotinylated detector antibody (SYN211) was used with an antibody/biotin ratio of 64. The assay 

was performed on the fully automated Quanterix Simoa HD-1 with a 2-step protocol. The undiluted 

samples were tested, which required 300 μL volume of samples without accounting for dead volume 

(duplicate testing). The calibrator diluent consists of 1xPBS with 0.1% milk, 0.1% Tween. The first 

incubation step of the sample with the beads was 60 minutes. After washing, the second incubation step 

with streptavidin-β-galactosidase (Quanterix, Cat N° 103397) was 5 minutes. Prior to reading Resorufin-

β-D-galactopyranoside (Quanterix, Cat N° 101736) was added. The resulting fluorescence signal is 

captured and translated into an AEB value (Average Enzymes per Bead) that is proportional to the analyte 

concentration in the measured sample. 

2.5 Contributions of the authors  

Somanath Jagannath (SJ) and Senthil T. Kumar (STK) designed, performed and analyzed all experiments 

except ELISA. Cindy Francois (CF) carried out the ELISA assay. Hilal A. Lashuel (HAL), Hugo Vanderstichele 

(HV), and Erik Stoops (ES) conceived and conceptualized the study. STK, SJ, ES and HAL analyzed the data. 

STK, SJ and HAL wrote the chapter, with inputs from CF and ES. 

This chapter is published in Neurobiology of disease journal: Kumar S.T.*; Jagannath S.*; Francois C, 

Vanderstichele H.; Stoops E.; Lashuel H.A#. “How specific are the conformation-specific α-synuclein 

antibodies?” Neurobiology of Disease, 2020 (* equal contributions; # corresponding author) 
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Chapter 3: a-synuclein fibrils are the key mediators of seeding and 

pathology spreading in the PFF-based seeding model 

 

3.1 INTRODUCTION 

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by the loss of 

dopaminergic neurons in the substantia nigra and other brain regions in the advanced stages of the 

disease712. The presence of intracellular proteinaceous accumulations composed of misfolded and 

aggregated forms of the presynaptic protein, alpha-synuclein (aSyn), in surviving neurons, is one of the 

defining pathological hallmarks of PD and other neurodegenerative disorders, also known as 

synucleinopathies5,7. Several mutations in aSyn or multiplications in the gene that code of the aSyn protein 

cause early onset PD and enhance aSyn aggregation in vitro and in vivo. This led some to hypothesize that 

aSyn fibrillization and LB formation are the primary drivers for neurodegeneration in PD and related 

synucleionpathies. However, this hypothesis failed to explain several neuropathological and clinical 

observations – these include: 1) The presence of LBs in postmortem brains of individuals with no 

Parkinsonian symptoms627,628,713; 2) Appearance of Parkinsonian symptoms in patients in the absence of 

LBs629-632; 3) The lack of correlation between Lewy pathology burden or levels of LB-associated proteins in 

plasma, neurodegeneration and diseases severity in some cases of synucleinopathies625,626,714. To reconcile 

these observations, it was suggested that early events in the process of aSyn aggregation, i.e., formation 

of aSyn oligomers, rather than aSyn fibrillization and LB, could be the primary initiator and driver of aSyn 

toxicity and neurodegeneration.   

Similarly, several studies supported the aSyn oligomer hypothesis in PD. These include: 1) consistent 

detection of oligomer formation during the in vitro aggregation of aSyn under various conditions536,636,637; 

2) the observation that oligomeric forms of aSyn exhibit membrane permeabilizing properties8,9,657; 

induced toxicity in cellular models and in vivo386,715,716; 3) Presence of oligomers in the biological fluids 

such as saliva, blood plasma, cerebrospinal fluid540,541,544,639,641,642,717,718. Furthermore, several of these 

studies reported increased levels of aSyn oligomers in PD patients and suggested that they correlate with 

the diagnosis and progression of PD540,544,641,719-722.  
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aSyn aggregation is a dynamic process during which various oligomeric and fibrillar forms of aSyn can co-

exist and be in dynamic equilibrium723. Oligomers are the soluble, intermediate, multimeric species that 

form prior to the formation of aSyn fibrils but can also co-exist with fibrillar and other aggregated forms 

of aSyn within pathological aggregates in the brain. Under in vitro conditions, on- and off-pathway soluble, 

and non-fibrillar aSyn oligomers of different sizes and morphologies have been detected and 

characterized in vitro536,636,637. In the absence of monomers, converting oligomers to fibrils is very slow. 

However, in the presence of excess monomers, both on- and off-pathway oligomers convert to fibrils. In 

the case of the off-pathway oligomers, this occurs through their disassociation to monomers which are 

then integrated into growing oligomeric or fibrillar forms of aSyn. Different types of oligomers have been 

implicated in various purported mechanisms of aSyn toxicity, including in membrane damage9,386,716, 

mitochondrial defect568,654,724, ER stress653, proteasomal dysfunction, autophagy and lysosomal 

dysfunction650-652, synaptic dysfunction507,560,648,725.  

Increasing evidence suggests that aSyn pathology spreading in the brain and the progression of PD are 

mediated, at least in part, by the transfer of seeding-competent aSyn species from one cell to another. To 

investigate these mechanisms, aggregated forms of aSyn are usually injected into mice brains or muscles 

and pathology formation and spreading are monitored using antibodies against phosphorylated aSyn at 

S129, which is the dominant post-translational modification in LBs and LNs. Several studies have also 

suggested that oligomeric forms of aSyn  could be the primary species that are secreted by neurons and 

mediate aSyn  cell-to-cell propagation in neighboring cells and from one brain region to 

another464,583,584,726,727.Interestingly, despite these claims, the great majority of the published work on aSyn 

seeding and propagation in neuronal and animal models of pathology spreading has relied on using 

preformed fibrils (PFFs), wherein PFFs act as seeds and recruit endogenous aSyn to form aSyn aggregates. 

This is in part because of the limited knowledge about on the in vitro seeding activity of different types of 

oligomers and their relation to aSyn fibrils and pathology in diseased brains. Furthermore, whether 

intermediate aSyn oligomers are formed in aSyn seeding models remains unknown and our understanding 

of their role in pathology formation and spreading in the PFFs-based neuronal seeding models is 

incomplete.  

Some of the limitations of some of the previous studies include: i) the use of one type of aSyn oligomers 

and thus are may not capture the diversity of aSyn oligomers that might exist in the diseased brains; 2) 

assessing aSyn oligomer toxicity under nonphysiological concentrations; 3) use of model systems, such as 

overexpression systems, that do not recapitulate PD pathology to assess the seeding or spreading 
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properties of oligomers386,728; 4) many of the conclusions on the existance of oligomers were based on 

tools (e.g., antibodies) that do not distinguish between oligomers and fibrils538; 5) lack of validation of 

oligomer presence or accumulation using independent techniques; 6) use of fluorescently tagged proteins 

with poor solubility728,729; vii) no isolation and characterization of oligomers; viii) No information about 

the biochemical and biophysical properties of the oligomers.    

In this chapter, we sought to systematically address the current knowledge gaps on the role of aSyn 

oligomers in the initiation, seeding and pathology spreading of aSyn. Towards this goal, we used different 

biophysical approaches to investigate aSyn seeding in vitro and in neurons and animal models of aSyn 

seeding and pathology spreading. More specifically we sought to determine whether oligomers are 

formed in the PFF-based neuronal seeding model? This was achieved using SEC fractionation of soluble 

fraction isolated from neurons treated with PFFs to probe intracellular aSyn oligomers and Western 

blotting analysis of the extracellular media to probe for secreted aSyn species. Next, we investigated if 

aSyn oligomers are seeding competent. This was assessed in primary hippocampal neurons, in cell free 

systems and in vivo. To determine if different types of oligomers exhibit differential neuronal seeding 

activity, all of the experiments were carried out using three distinct preparation of aSyn oligomers with 

distinct morphological and structural properties: unmodified oligomers (UO), dopamine-induced 

oligomers (DO) and HNE-induced oligomers (HO). To gain mechanistic insight into the dynamic equilibrium 

between aSyn monomers, oligomers and fibrils during aSyn seeding and fibrillization, we also conducted 

systematic studies to compare the seeding activity of the different preparation of oligomers in the 

presence of aSyn monomers or mixtures of aSyn monomers and fibrils (Figure 3.1).  

Our results demonstrate that oligomeric forms of aSyn do not form in the PFF-based neuronal seeding 

model, where the process is dominated by fibril-mediated seeding and fibril growth. We also demonstrate 

that the different types of oligomers (UO, DO, and HO) do not have seeding activity in vitro and primary 

hippocampal neurons, and their presence slows rather than accelerates aSyn fibrillization. Our studies 

reveal that fibrils and oligomer growth occur through monomer addition, and fibrils compete more 

efficiently for monomer addition. Also, depletion of monomers might favor more oligomer dissociation to 

monomers which could be cleared or re-enter the aggregation pathway through addition to fibrils. 

Altogether, our work points to fibrils as the most seeding competent species and suggest that they are 

the key mediators of pathology spreading in PD and other synucleinopathies. The implications of our 

finding for future mechanistic studies and current aSyn targeting therapies are discussed.  
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Figure 3.1: A schematic illustration of our workflow to investigate the role of aSyn oligomers in the aggregation 

process and toxicity. In brief, the pipeline included the preparation of well-defined preparation of aSyn monomers, 

fibrils and three different types of oligomers. The presence of oligomers is investigated in the neuronal seeding 

model by biochemistry. Oligomer seeding activity is assessed in primary hippocampal neurons in vivo. In addition, 

our workflow included toxicity by different types of oligomers in primary hippocampal neurons and in vitro 

approaches to study the seeding activity of different types of oligomers in relation to fibrils.  
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3.2 RESULTS 

3.2.1 oligomeric aSyn do not accumulate in the PFF-based neuronal seeding model of aSyn 

pathology formation 

To investigate whether aSyn oligomers form and populate during PFF seeding-mediated aSyn aggregation 

and pathology formation, we sought to monitor their formation in primary hippocampal neurons treated 

with PFFs or with PBS. After 14 days post-treatment with PFFs, the lysates were separated into soluble 

and insoluble fractions. The soluble fraction (approx. 1000 ul) of treated and non-treated neurons was 

injected into the size exclusion chromatography (SEC) column (Superdex 200 10/300 GL) (Figure 3.2A, 

3.2D). The elution pattern of aSyn (distribution of aSyn species of different sizes) was then assessed by 

analyzing all the fractions by Western blotting (WB), using aSyn antibodies targeting 134-138 amino acids 

of aSyn.  

 

In the case of primary neurons treated with +PFFs, aSyn eluted with an elution volume corresponding to 

that expected for the unfolded monomer and no aSyn was detected in the void volume peak (Figure 3.2B). 

Similar findings were obtained when primary neurons were treated with PBS only (Figure 3.2E). To verify 

if our inability to detect oligomers is arising from possible dissociation of oligomers in the column, we 

carried out a similar experiment where we spiked-in (75 ug of UO) into the soluble fractions of PFF and 

PBS treated neurons before injection onto the Superdex 200 gel-filtration column (Figure 3.3A). As 

expected, for the “spiked” samples, native brain-derived aSyn monomer eluted at the same position as 

before. However, we also observed oligomeric SDS-resistant bands, which co-elutes the same position as 

the recombinant oligomer (Figure 3.3B and 3.3C), which is about one-third of the column volume 

(between 7 to 11 ml) of the Superdex 200 10/300GL.  
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Figure 3.2: Probing the presence of oligomers in the PFF-based neuronal seeding model in primary hippocampal 

neurons. (A-D) SEC of soluble fractions of primary hippocampal neurons treated with PBS and PFFs. (E, F) Detecting 

the presence of oligomers before and after spike in the media samples. 

 

Previous studies have suggested that aSyn oligomers could be secreted and contribute to the cell-to-cell 

propagation of aSyn and pathology spreading of in the brain581,730. Therefore, we considered the possibility 

that the absence of intracellular oligomers could be due to their rapid secretion. To test this hypothesis, 

we collected the media from the neurons treated with PFFs and subjected it to a filtration protocol661 to 

separate monomeric (flow-through) and oligomeric fractions (retentate) using a 100 kDa filters, which we 

have shown previously to allow for isolation of minute amounts of oligomers from aSyn samples661. The 

flow through and retentate samples were then analyzed by Western blotting and probed with SYN-1 

antibody (Figure 3.2C). 

 

Surprisingly, no oligomeric or monomeric bands were detected in the retentate samples. We also 

performed a similar experiment with oligomers spiked into the culture media to validate our filtration 

protocol. Under these conditions, we detected oligomeric bands in total and retentate fractions but not 

in the flow through fractions (Figure 3.2F), thus demonstrating the robustness of our method to isolate 

monomeric and oligomeric fractions from the media samples. Our SEC fractionation results on soluble 

fractions from neuronal lysates suggest that aSyn oligomers do not populate during PFF-mediated seeding 

in neurons, which is consistent with the absence of oligomers in the extracellular culture media. The 
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absence of oligomers in both samples suggests that oligomers either do not form or populate in seeding-

mediated fibrillization conditions and thus may not play important role in the formation of aSyn pathology 

in the PFF-based neuronal seeding models of aSyn pathology formation and cell-to-cell propagation.  

 

Figure 3.3: Oligomeric aSyn with oligomer spike-in of soluble fractions of neurons treated with PFFs. (A) SEC 

chromatograms with or without oligo spike in of neurons treated with PFFs. (B) Western blotting of insoluble fraction 

showing streaks confirming successful seeding upon PFF treatment in primary neurons. (C) SEC of soluble fractions 

without or with 75ug oligo spike in.  

 

3.2.2 Preparation and characterization of morphologically and structurally different types of 

aSyn oligomers 

The experiments in Figure 3 did not address the important question of whether aSyn oligomers have the 

capacity to seed the aggregation of endogenous aSyn in primary neurons. Therefore, to investigate 

specifically the role of oligomers in the initiation of aSyn aggregation process, we generated highly pure 

and well-characterized preparations of three morphologically and structurally distinct types of aSyn 

oligomers as previously described in668. Oligomers prepared in the absence of any chemical reagent are 



84 
 

termed as unmodified oligomers (UO), and oligomers prepared in the presence of HNE and dopamine are 

termed as HO and DO, respectively. All three oligomeric were purified using size exclusion 

chromatography (SEC) (Figure 3.4A, 3.4E, 3.4I). Transmission electron microscopy (TEM) analysis of i) UO 

showed the presence of heterogeneous structures ranging from spherical to tubular to rectangular 

structures (Figure 3.4B); ii) HO showed the presence of curvilinear morphologies (Figure 3.4F); iii) DO 

showed the presence of spherical and un-structured morphologies (Figure 3.4J). Sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) analysis of i) UO showed the presence of high molecular 

weight bands that do not enter resolving gel corresponding to oligomeric fractions (Figure 3.4C); ii) HO 

and DO showed very high molecular weight streaks in the stacking gels (Figure 3.4G, 3.4K). UO and HO 

exhibited a CD spectrum with a broad minimum peak centered at 219 nm (Figure 3.4D, 3.4H), indicating 

the presence of mixed secondary structure contents dominated by β-sheeted structures. DO exhibited CD 

spectra with a minimum at 198 nm, revealing the presence of species with predominantly disordered 

conformations (Figure 3.4L).  

 

Figure 3.4: Preparation and characterization of morphologically and structurally different human aSyn oligomers. 

(A) SEC purification of UO oligomers by HiLoad 26/600, Superdex 200pg. (B) TEM analysis of UO fraction showing 

morphologically different structures. (C) SDS-PAGE Coomassie analysis of UO showing SDS-resistant bands that do 

not enter resolving gel. (D) CD spectra of UO showng majorly β-sheeted structure. (E) SEC purification of HO 

oligomers by Superdex 200 increase 10/300 GL. (F) TEM analysis of HO fraction showing curvilinear morphologies. 

(G) SDS-PAGE Coomassie analysis of HO showing high molecular weight bands. (H) CD spectra of HO. Showing majorly 

β-sheeted secondary structures (I) SEC purification of DO oligomers by Superdex 200 increase 10/300 GL. (F) TEM 
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analysis of DO fraction showing mainly spherical and undefined morphologies. (G) SDS-PAGE Coomassie analysis of 

DO. (H) CD spectra of DO showing majorly disordered structures. Abbreviations: UO- Unmodified oligomers; HO- 

HNE-induced oligomers; DO- dopamine-induced oligomers    

 

3.2.3 Unmodified aSyn oligomers, but not DO or HO oligomers, exhibited marginal seeding 

activity only at higher concentrations.   

We next investigated whether the different types of oligomers act as seeds capable of recruiting 

or inducing endogenous aSyn to fibrillize and form LB-like inclusions, as consistently observed for 

aSyn PFFs. We treated primary hippocampal neurons with different concentrations (70 nM, 140 

nM, 250 nM, 500 nM) of aSyn oligomeric species (UO, DO, HO) or aSyn monomers or PFFs (conc 

70 nM) as negative and positive controls. The extent of seeding was assessed by quantification 

of pS129 positive aggregates at two different time points, 7 days and 14 days after the treatment 

(Figure 3.5A, Figure 3.6). Immunohistochemical analysis at the 7 days and 14 days post-treatment 

revealed that none of the oligomer preparations exhibited seeding activity over the 

concentration range of 70-250 nM. Interestingly, at an oligomer concentration of 500 nM, only 

the UO oligomers showed marginal seeding activity. As expected, we observed robust seeding 

activity for aSyn PFFs at 70 nM but not aSyn monomers (70 nM, 140 nM, 250 nM, 500 nM). For a 

more quantitative assessment of oligomer seeding activity, we performed similar experiments 

and quantified the level of pS129 aggregates using high-throughput content imaging, as 

described previously16. We observed similar results as shown in (Figure 3.5B). These findings 

further support the idea that aSyn fibrils but not oligomers are the primary seeding-competent 

species capable of inducing the formation of pS129 positive aggregates.  
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Figure 3.5: Fibrils are the major seeds to induce the formation of pS129 positive aggregates in the primary 

hippocampal neurons. (A) A schematic workflow. (B) Probing for the formation of pS129 positive aggregates by ICC 

at 7 and 14 days post treatment with different types of oligomers and fibrils (N=3). Scale: 20 µm. (C) Formation of 

pS129 positive aggregates detected by high content imaging (HTS) at 14 days post treatment of different types of 

oligomers and fibrils at different concentrations (N=3). Note that very minimal pS129 aggregate formation by UO 

and none by DO and HO. 



87 
 

 

Figure 3.6: Fibrils act as seeds majorly to induce the formation of pS129 positive aggregates in the primary 

hippocampal neurons at different concentrations and different time points tested. Various samples tested – 70nM 

concentration at 7D (A), 250 nM concentration at 7D (B), 70 nM concentration at 14D (C), 250 nM concentration at 

14D. Scale bar: 20 µm 
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Figure 3.7: Oligomers do not induce pS129 aggregate formation in vivo. pS129 (EP1536Y) stained sections and 

quantifications from Amygdala (A), Striatum (B), and Midbrain (C). Scale bar: 200 µm. Abbreviations: M- Monomers; 

UO- Unmodified oligomers (2.5 µg); HO- HNE-induced oligomers (2.5 µg); DO- dopamine-induced oligomers (2.5 µg), 

F- pre-formed fibrils (2.5 µg), High = 5 µg. 
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3.2.4 Investigating in vivo seeding by different types of oligomers  

To further understand the seeding potential of oligomers under in vivo conditions, we performed 

intrastriatal injections in mice with different aSyn species and quantified pS129 levels in striatum, 

amygdala and midbrain regions. Different aSyn species included 2.5 µg of different types of aSyn 

oligomers (unmodified oligomers, dopamine-induced oligomers and HNE-induced oligomers) and 

compared them with mouse and human WT aSyn PFFs as positive control and PBS injected mice as a 

negative control. We also injected mice with higher doses of oligomers (5 µg for each type of oligomers). 

After 2 months, we collected brains from all injected mice and performed serial sectioning and pS129 

staining. Interestingly, pS129 level quantifications in Amygdala, striatum and midbrain region indicated 

that oligomers do not induce pS129 positive aggregate formation unlike mouse and human fibrils under 

in vivo conditions.  

 

3.2.5 None of the aSyn oligomers seed aSyn aggregation in vitro  

To gain better insight into the lack of accumulation of aSyn oligomers in neurons and their failure to induce 

seeding and aggregation of endogenous aSyn, we performed a series of studies to determine whether 

different types of oligomers can seed the aggregation of monomeric aSyn in vitro. We tested different 

conditions, including 20 µM monomers with or without 2 µM (10%) of different types of seeds (UO, DO, 

HO, fibrils) and equimolar combination of oligomers and fibrils (Figure 3.8A, 3.8G, 3.8M). In the absence 

of UO, DO or HO, monomeric aSyn (20 µM) showed ThT kinetics with a typical sigmoidal growth curve 

characterized by an initial lag phase followed by an elongation phase before reaching a plateau. In the 

presence of fibril seeds, we observed a decrease in the lag phase, suggesting a faster rate of aggregation 

and fibril formation. Interestingly, the kinetics of aggregation differed markedly in the presence of 

different types of oligomers. In the presence of 10% (2µM) of different types of oligomers, we did not 

observe any significant changes in the lag phase (Figure 3.8D, 3.8J, 3.8P), but we observed slow rate of 

aggregation (higher slope value corresponding to a slower rate of aggregation) compared to monomer 

alone and monomer plus fibril combination (Figure 3.8E, 3.8K, 3.8Q). However, there was no significant 

change in fluorescence intensity for the plateau in all the conditions tested (Figure 3.8F, 3.8L, 3.8R), 

suggesting that the presence of oligomers does not influence early oligomerization events or the extent 

of fibril formation, but seems to slow the elongation phase. These results are consistent with previous 

findings78, where they reported that one type of oligomers (unmodified oligomers, same preparation 

protocol as ours) slightly slow the rate of the aggregation process.  
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Figure 3.8: ThT aggregation kinetics in the presence of human aSyn UO, DO, HO alone or in combination with 

fibrils. (A, G, M) ThT aggregation kinetics curves of tested conditions with monomers only, 10% fibril seeds, 10% 

seeds of oligomers (UO, DO, HO), 10% seeds of oligomers and 10% seeds of fibrils in combination. (B, C, H, I, N, O) 
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SDS-PAGE analysis of samples collected at the end of the ThT kinetics experiment following filtration protocol661 

under different conditions. (D, J, P) Lag phase, (E, K, Q) rate of aggregation, (F, L, R) ThT plateau intensity 

quantifications of various conditions tested (Abbreviations: UO- unmodified oligomers; DO- Dopamine-induced 

oligomers; HO- HNE-induced oligomers; F- fibrils; T: total; P: pellet; M: monomer; O: oligomer) 

 

3.2.6 aSyn fibrils outcompete oligomers for aSyn monomers 

Since different species of aSyn (monomers, oligomers and fibrils) co-exist during aSyn aggregation 

process, we also investigated the seeding activity of aSyn PFFs in solutions containing a mixture of aSyn 

monomers and oligomers. Interestingly, in all of these tested conditions in the presence of fibrils and 

oligomers (2µM, 10% seeds), the fibril formation process was unaffected by the presence of different 

types of oligomers. These findings suggest that fibril seeds compete more efficiently for monomers 

leading to fibril formation and depletion of monomers, thus further supporting the hypothesis that aSyn 

fibrils are major seeding competent and aggregation inducing agents.  

 

Figure 3.9: TEM images of different conditions with or without fibril seeds after the filtration protocol: total and 

oligomeric fractions. (A) 20µM M only condition. (B) 20µM M + 10% F seeds. (C) 20 µM M + 10% UO seeds. (D) 20 

µM M + 10% UO + 10% F seeds. (E) 20 µM M + 10% DO seeds. (F) 20 µM M + 10% DO + 10% F seeds. (G) 20 µM M + 

10% HO seeds. (H) 20 µM M + 10% HO + 10% F seeds.  White Scale bar: 200 nm unless labeled. 
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In addition to performing the ThT kinetics assay, we also quantified the amount of monomers, oligomers 

and fibrils present at the end of the aggregation process in samples containing monomer alone, monomer 

with oligomers or fibrils seeds, and monomers with different types of oligomers and fibrils together. To 

understand the different species that could be present in this process, we collected samples and 

performed filtration661 protocol and TEM analysis. We quantified the levels of monomers, oligomers and 

fibrils at the end of ThT kinetics assay. In all the conditions tested, more than 90% of monomers were 

converted to fibrils and no oligomers were detected by sedimentation assay (Figure 3.8B, 3.8C, 3.8H, 3.8I, 

3.8N, 3.8O) at the end of ThT kinetics experiment. In addition, we performed TEM analysis (total and 

retentate (oligomeric) fractions after filtration protocol) of the various samples collected at the beginning 

and at the end of the experiment (Figure 3.9), and we confirmed the findings obtained by SDS-PAGE 

Coomassie staining upon filtration protocol. We found by TEM analysis that in none of the tested 

conditions we detected oligomeric structures in the retentate fractions at the end of the ThT kinetics 

assay. Our sedimentation and TEM analysis suggest that oligomeric species are intermediates that most 

likely re-enter the aggregation pathway through dissociation to monomers that are then more efficiently 

sequestered by the growing fibrils. 

 

3.2.7 Different types of oligomers disrupt plasma membrane and reduce metabolic activity 

Since oligomers do not induce pS129 aggregate formation in primary hippocampal neurons and in vivo, 

we assessed whether these oligomers induce toxicity in primary hippocampal neurons. To investigate this, 

we quantified LDH release (Figure 3.10A) and XTT metabolization (Figure 3.10B) after 14 days treatment 

with aSyn forms such as monomers, different types of oligomers and fibrils. Human and mouse aSyn pre-

formed fibrils induced a concentration-dependent decrease in the cell viability indicating reduced 

metabolic activity, while triggering a prominent rise in the LDH content within the culture supernatant 

indicating disrupted plasma membrane. Similarly, in the presence of different types of oligomers we 

observed prominent increase in LDH release and reduced cell viability – this effect was robust with 500 

nM conc compared to 140 nM conc of oligomers, in contrast no such effects were observed when treated 

with monomers. Our results suggest that irrespective of morphological, structural and conformational 

properties of oligomers, they cause toxicity by plasma membrane disruptions and reducing metabolic 

activity thereby cellular viability. Our results are consistent with previous findings where they reported 

oligomer induced toxicities assessed by different assays such as propidium iodide assay, MTT assay, 

calcein release 684,686,689,694,731-734. 
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Figure 3.10: Oligomers and fibrils reduce cellular viability metabolic activity. (A) % cytotoxicity quantified from LDH 

release, (B) cell viability quantified from XTT assay upon treatment with two concentrations (140 nM and 500 nM) 

of different forms of aSyn. Abbreviations: M- Monomers; UO- Unmodified oligomers; HO- HNE-induced oligomers; 

DO- dopamine-induced oligomers, mF- mouse pre-formed fibrils; hF- human pre-formed fibrils. Statistical analysis: 

non-parametric ANOVA, Kruskal-Wallis Test with Dunn’s multiple comparison test.  

 

3.3 DISCUSSION 

There has been a growing interest in developing antibodies and therapeutic strategies explicitly focused 

on targeting aSyn oligomers, which have increased in the past few years due to studies implicating aSyn 

oligomers as the critical mediator of aSyn cell-to-cell transfer and pathology spreading during the 

progression of PD and other synucleinopathies386,409,464,536,578,580,583,584,727. aSyn oligomers have also been 

implicated in aSyn-induced synaptic dysfunction561,562,647,725,727 and toxicity9,386,564,651,679,716,729. However, 

the precise mechanisms by which aSyn oligomers regulate pathology formation and spreading remains 

unknown. This is partially because a majority of studies on aSyn pathology spreading have relied on the 

use of preformed fibrils15,16,89,411,735. Limited studies have explored the role of aSyn oligomers in initiating 

aSyn pathology in model systems that reproduce LB-like inclusions. For the most part, studies on aSyn 

oligomer toxicity9,386,558,564,651,729,716 or cell-to-cell propagation386,409,464,578,580,583,584,727 focus on investigating 

one type of aSyn oligomers. Other studies on the role of de novo aSyn oligomerization relied on the use 

of aSyn fused to split GFP/YFP constructs728,729, which we recently shown to exhibit a high tendency to 

misfold and form off-pathway aggregates419. Therefore, whether aSyn oligomers are sufficient to mediate 

aSyn transmission and pathology formation and spreading remains unknown. The work in this chapter 
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aims to address this knowledge gap and examine the complex dynamics between aSyn monomers, 

oligomers, and fibrils during neurons' aSyn fibrillization, pathology formation and toxicity.  

Towards this goal, we first sought to systematically reassess the role of aSyn oligomers in the initiation of 

aSyn fibrillization, LB formation and toxicity. Given that we have limited knowledge about the biochemical 

and structural properties of aSyn oligomers in the brain, we did not rely on a single oligomer preparation. 

Instead, we used three different types of well-characterized aSyn oligomers (unmodified oligomers, 

dopamine-induced oligomers, and HNE-induced oligomers)668 that might form under disease-relevant 

conditions and exhibit distinct morphological and structural properties. We reasoned that this would 

enable us to explore, to the extent possible, the diversity of aSyn oligomers and rule out the possibility 

that what we observe is specific to one type of oligomers.  

aSyn oligomers have been reported to be obligate intermediate species that form before the formation 

of fibrils. However, the ability of oligomers to seed and accelerate the aggregation of monomeric aSyn has 

not been extensively studied. Herein, we showed that none of the three types of aSyn oligomers are 

capable of seeding aSyn fibrillization in vitro or in neuronal models of aSyn pathology formation. Instead, 

our ThT aggregation kinetics studies demonstrate that different types of oligomers cause delayed 

elongation phase and slower aggregation process compared to fibril seeds irrespective of their structural, 

chemical, and morphological properties. When fibrils are added to a mixture of oligomers and monomers, 

they compete more effectively for the monomers and the oligomer-induced delayed in aggregation is no 

longer observed.  

Our results with unmodified oligomers are consistent with a study by Lorenzen and colleagues where they 

reported increased lag phase and delayed elongation phase with unmodified oligomers (Lorenzen et al., 

2014). In another study by Yang et al. acetylated oligomers (prepared in similar conditions as unmodified 

oligomers) also delayed fibril elongation by acting as auto-inhibitors of acetylated-aSyn fibril formation575. 

In a separate study using a single-molecule amplification assay, oligomers have been shown to have low 

seeding potential compared to fibrils576.  However, our results are not consistent with a study by Bae and 

colleagues wherein they reported that HNE-induced oligomers act as seeds to induced aggregation of 

monomeric aSyn. This discrepancy can be explained by differences in the methods to prepare the HNE-

induced aSyn oligomers and the secondary structure properties of the oligomers used in the two studies. 

The HNE-induced oligomers prepared in this study were kept for 7 days of incubation at 37°C without 

agitation, and they exhibited a predominantly disordered structure similar to monomers577, whereas our 

HNE-oligomers (HO) and those prepared in previous studies exhibit a predominantly β-sheeted rich 
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secondary structure of HNE-induced oligomers668,684. Moreover, Bae et al., report the presence of 

heterogenous morphologies (spherical, ring-like, and curvilinear) of HNE-induced oligomers in their 

preparation compared to curvilinear morphologies that we observed in our study. Therefore, these 

morphological, and structural features might explain the differences that we observed in our study. In 

addition, other studies report the seeding ability of oligomers by in vitro ThT kinetics. However, we found 

these oligomer preparation steps are very different compared to ours and the initial concentration of 

oligomers used are very high e.g., Celej et al. report in vitro seeding properties of oligomer which are 

prepared in the absence or presence of HEPES buffers and without any additional purification steps other 

than a simple 100 kD filtration protocol to separate oligomers and monomers; oligomers prepared with 

such procedures might not be pure. In addition, seeding ability of these oligomers where tested with initial 

high concentration (8 µM) of oligomers736.  

 

To explain our findings, we describe here several possibilities that might explain our findings (Figure 3.11). 

In the presence of fibril seeds, fibrils recruit monomers efficiently, leading to rapid fibril growth and 

depletion of monomers, resulting in a short lag phase (Figure 3.11A). In contrast, oligomers do not seed 

efficiently and delay the aggregation process by initially sequestering monomers, thus delaying the initial 

nucleation events and/or slowing initial fibrillization events, i.e., reducing the amount of monomers 

available for fibrils for further growth (Figure 3.11B). This sequestration of monomers by oligomers 

appears to be more efficient for disordered dopamine-induced oligomers than β-sheeted unmodified and 

HNE-induced oligomers, as there is a greater lag-phase for dopamine-induced oligomers than for 

unmodified and HNE-induced oligomers. In the presence of both oligomers and fibrils, the fibrils always 

compete more efficiently for aSyn monomers (Figure 3.11C), thus favoring fibrils growth and accelerated 

aSyn fibrillization. The absence of oligomers at the end of the reaction could be explained by the fact that 

depletion of the monomers due to fibril formation shifts the oligomer to monomer equilibrium towards 

the monomers, which are then quickly sequestered by the growing fibrils (Figure 3.11D). These findings 

show that the oligomers we studied here represent off-pathway oligomers capable of re-entering the 

aggregation pathway through disassociation with monomers. It also suggests that lowering aSyn levels 

may provide a mechanism for reversing aSyn oligomers formation and toxicity. Essentially our study 

uncovers that fibrils display the highest seeding activity and propensity to induce aggregate formation.  
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Figure 3.11: Schematic representation and model of various events that are related to the aggregation process in 

the presence of different seeds. (A) monomers in the presence of fibrils as seed. (B) monomers in the presence of 

different types of oligomers, wherein the aggregation process is delayed or slowed – this could be mainly due to the 

interaction of off-pathway oligomers and monomeric aSyn. (C) monomers in the presence of both oligomers and 

fibrils, wherein higher affinity between fibrils and monomers or dissociation of monomers from oligomers could be 

acting to boost the faster aggregation process. (D) A schematics representation to show the aggregation process. (E) 

a schematic representation to show ThT kinetic curves with possible events that drive their aggregation process. ThT 

kinetics curve color -- i) red is for monomer plus fibril seeds or with fibril and oligomer seed; ii) black is for monomer 

only condition; iii) blue is for monomers plus oligomers condition. 
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A vast amount of literature suggests the presence of oligomers in the postmortem PD brains and in CSF 

of patients, indicating that aSyn oligomers could be secreted and contribute to seeding and spreading. To 

test this hypothesis, we investigated the ability of different types of aSyn oligomers to seed and induce 

fibril formation in neurons. To our surprise, only unmodified oligomers at higher concentrations (250 nM 

and 500 nM) induced a marginal level of pS129 positive aggregate formation but neither dopamine-

induced nor HNE-induced oligomers induced any pS129 positive aggregation in neurons at different 

concentrations over a period of 7-14 days post treatment. These results suggest oligomers are not seeding 

competent and that aSyn seeding activity is primarily driven by fibrils.  

Previously, a few studies investigated the propensity of oligomers to seed and induce intracellular aSyn 

aggregation in cellular model systems. Iron- and ethanol-induced aSyn oligomers have been shown to 

exhibit seeding properties and inducing aSyn aggregation formation in SH-SY5Y cells overexpressing A53T 

mutant aSyn386,580,691 and in primary cortical neurons580. Here, they looked at immunopositivity to aSyn 

antibody (Asy-1, epitope not available) alone was used to determine the seeding activity of oligomers and 

failed to perform any immunohistochemical or CLEM studies to determine whether these aSyn positive 

aggregates are fibrillar in nature. These oligomers are structurally and chemically different from the ones 

we used in our study. The seeding effect claimed by these oligomers in these studies could be explained: 

i) by the fact that these iron- and ethanol-induced aSyn oligomers reveal protofibrillar morphology by 

AFM imaging; ii) these studies were performed using an over-expression cellular model system, wherein 

the aggregation could be favored because of supra-physiological levels of aSyn386,691; iii) these studies 

failed to purify oligomers by chromatographic techniques (such as size-exclusion) therefore, the oligomers 

used for testing seeding might not be pure; iv) And these studies used very high concentrations (7 µM) of 

oligomers for testing the seeding effect. Therefore, higher concentrations of oligomers, over-expression 

cellular model system and absence of pure preparation of oligomers might explain their detection of 

immunopositivity to ASy-1 antibody (epitope not described) for aSyn aggregates. However, in our study, 

we used purified, well-characterized oligomers and a wide-range of concentrations (from 70 nM to 500 

nM) of oligomers in the primary neuronal model, a well-established model of fibril formation and LB-like 

inclusion formation16, for assessing the seeding activity of different types of oligomers that are 

morphologically and structurally different. 

A study by Pieri and colleagues reported seeding induced by large stable dopamine-induced and 

Glutaraldehyde induced oligomers in Neuro2A cells stably expressing ChFP-aSyn728. However, we have 

recently shown that fluorescent-tagged proteins exhibit a high tendency to misfold and form off-pathway 
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aggregates419. In their study, the seeding propensity of these oligomers is assessed solely based on 

fluorescence measurements upon aSyn aggregate formation, and no further characterization of aSyn 

aggregates using markers of LBs such as immunopositivity to ubiquitin, pS129, p62 or positivity to amyloid 

dyes, their insolubility and PK resistance properties and ultrastructural characterization of aSyn positive 

aggregates is investigated. Dopamine-induced oligomers are structurally and chemically similar to the 

ones we prepared; it is possible that supra-physiological levels of aSyn might induce aggregate formation 

in their cell lines. Though these studies report seeding based on aSyn overexpression or aSyn fused with 

ChFP constructs, these model systems do not recapitulate LB-inclusion formation and maturation.  

Though sparse evidence exists for the seeding effect of aSyn oligomers, several groups have shown that 

aSyn oligomers can spread from one cell to another or from one brain region to another. In 2005, Lee et 

al. reported that aggregated forms of aSyn could be secreted outside (via non-classical endoplasmic 

reticulum/Golgi-independent exocytosis) when higher levels of aSyn is expressed in SH-SY5Y cells, and the 

levels could be increased under stress conditions that induce proteasomal dysfunction (e.g., MG132, a 

proteasomal inhibitor)13 and mitochondrial dysfunction (rotenone)737. Though this study shows the 

presence of higher molecular weight aSyn bands in their Western blots, it is not clear whether these are 

oligomeric or fibrillar in nature. In another study, Danzer and colleagues demonstrated that ethanol and 

iron-induced oligomers could be secreted in exosomes, and their presence in exosomes could facilitate 

their seeding and transcellular spreading of pathology581. Studies in vivo support these spreading results. 

In one study, injection of oligomers in the olfactory bulb resulted in their spreading to other brain 

regions583. In a subsequent study Peelaerts et al. and Froula et al. demonstrated that oligomers are 

uptaken and spread to different brain regions464,727. The majority of these studies suggest that oligomers 

could be involved in spreading. Therefore, we investigated whether these could be forming de novo in the 

PFF-based neuronal seeding model and act as spreading agents for disease propagation. To our surprise, 

no oligomeric bands were detected by Western blots upon SEC fractionation (of neuronal lysates) and 

filtration protocol (performed on extracellular media) – this confirms that oligomeric aSyn may not be the 

major species formed during the LB-like inclusion formation and maturation and the cellular dysfunction 

seen in this model system are mainly attributed to the LB formation and maturation process16 but not 

majorly mediated by oligomeric intermediate species. Importantly, our findings highlight a key limitation 

of the PFF-based neuronal seeding model  ̶  that it is not a model of de novo aSyn aggregation, and it only 

models aSyn fibril growth and LB formation, but not early events associated with aSyn oligomerization. In 

addition, we also investigated whether different types of oligomers induce seeding and pS129 aggregate 

formation in different brain regions in vivo. To the best of our knowledge, this is the first study which 
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conclusively show that irrespective of morphological, chemical and structural properties different types 

of oligomers do not induce seeding and pS129 aggregate formation in Amygdala, striatum and midbrain 

regions. A limitation of our study is the caveat that cross-species seeding might be inhibited since our 

study utilized human aSyn oligomers in mouse brains. In the future, in vivo studies with mouse aSyn 

variants of different types of oligomers are required to overcome this limitation. 

Although there are several studies which suggest intermediate species such as oligomers to be toxic 

toxicity9,386,564,651,679,716,729. These studies used majorly one type of oligomers. In our study we made use of 

three different types of oligomers and compared their toxicity to monomers and fibrils. Our results 

demonstrate that irrespective of different morphological, structural and chemical properties, oligomers 

cause membrane permeability as evident by increased LDH release and reduced metabolic activity 

quantified by XTT metabolization. These toxicity properties of oligomers are similar to fibril-induced LDH 

release and metabolic activity. Therefore, these results might indicate that in the presence of oligomers 

there could be exacerbated cellular death. Future studies are required to address exact mechanism of 

toxicities induced by oligomers.  

In summary, our work demonstrates that fibrils are the most seeding competent species and suggest that 

fibrils are the critical mediators of pathology spreading in PD and other synucleinopathies and also 

oligomers induce toxicity similar to fibrils. Therefore, the oligomer hypothesis and results obtained from 

immunotherapy studies targeting oligomer-specific antibodies to reduce aSyn aggregates in the brain 

need to be revisited. Better therapeutic approaches are required to target fibrils to control the LB 

pathology spread to different brain regions in model systems of PD and clinical trials.  

 

3.4 METHODS 

3.4.1 Primary culture of hippocampal neurons and treatment with aSyn oligomers and fibrils 

The primary hippocampal neurons were cultured from P0 pups of WT mice (C57BL/6JRj, Harlan) and 

cultured as previously described in16. The neurons were seeded in 6 well plates (for SEC fractionations) at 

600000 cells/well and in 24 well plates (for ICC) at 125000 cells/well and in 96 well plates at 30000 

cells/well (for HCA imaging). For ICC, the cells were plated on coverslips (VWR, Switzerland) which were 

previously coated with poly-L-lysine 0.1% w/v in water (Brunschwig, Switzerland). For ICC and HCA 

analysis, after 5 days in culture, the WT hippocampal neurons were treated exogenously with different 

concentrations (70 nM, 140 nM, 250 nM, 500 nM) of human monomers (M), unmodified oligomers (UO), 

dopamine-induced oligomers (DO), HNE-induced oligomers (HO) and preformed fibrils (F). For SEC 
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fractionation experiments, after 7 days in culture, the WT hippocampal neurons were treated with 140 

nM human aSyn preformed fibrils. Primary neuronal culture procedures were approved by Swiss Federal 

Veterinary Office (animal license number VD 3392). 

 

3.4.2 Preparation of aSyn monomers, fibrils and different types of oligomers 

The preparation of human aSyn species such as monomers, different types of oligomers (UO, DO, HO) and 

fibrils (F) were performed and characterized by SDS-PAGE, TEM analysis and CD spectroscopy as described 

in 661. 

 

3.4.3 Immunocytochemistry (ICC)  

After aSyn species treatment, primary hippocampal neurons on coverslips were washed with PBS twice 

and fixed in 4% PFA for 15 min at RT until the immunocytochemical (ICC) procedure. After fixation, the 

coverslips were blocked with 3% BSA and 0.01 % Triton X-100, followed by incubation with primary 

antibodies and secondary antibodies with intermitted washing with PBS. The coverslips were mounted 

with a mounting medium and then were examined with a confocal laser-scanning microscope (LSM 700, 

Carl Zeiss Microscopy, Germany). 

 

3.4.4 Quantitative high-content wide-field imaging analysis (HCA) 

After treatment with different concentrations of aSyn monomers, oligomers and fibrils, primary 

hippocampal neurons plated in black, clear bottom 96-well plates (BD) were washed twice with PBS and 

fixed in 4% PFA for 15 minutes at RT and immunostained as performed for ICC. In addition, HCA analysis 

was performed as described in16. Briefly, images were acquired with IN Cell Analyzer 2200 (GE Healthcare) 

using Nikon 10x/0.45 Plan Apo objective lens and a high-throughput and high-resolution camera (16-bit 

sCMOS camera, 2048x2048 pixels) system with bin size 2 x 2. Nine fields of view were imaged in each 

duplicated well for each independent test condition. Image analysis was carried out using Cell Profiler 3.4 

software to identify and quantify the level of pS129 positive aggregates formed in MAP2-positive neurons.   

 

3.4.5 Cell lysis and WB analyses of SEC fractionation  

After treatment with 140 nM human aSyn fibrils for 7 and 14 days, primary hippocampal neurons were 

lysed as described in 612. For SEC fractionation studies, neurons from each well (of a 6-well plate) were 

lysed in TBS lysis buffer (50 mM Tris, 150 mM NaCl, pH 7.5) containing 1% Triton X-100 and supplemented 
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with phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich, Switzerland), protease inhibitors cocktails, 1 

mM phenyl methane sulfonyl fluoride (PMSF). Lysed neurons from 6 wells were pooled together and 

subjected to sonication using a fine probe [(0.5-sec pulse at an amplitude of 20%, 10 times (Sonic Vibra 

Cell, Blanc Labo, Switzerland], cell lysates were incubated on ice for 30 mins and centrifuged at 100,000 g 

for 30 min at 4°C. The supernatant (soluble fraction) was collected. For insoluble fraction pellet, the pellet 

after the first ultracentrifugation step was washed in TBS lysis buffer and sonicated with a fine probe [(0.5-

sec pulse at an amplitude of 20%, 10 times (Sonic Vibra Cell, Blanc Labo, Switzerland] and centrifuged for 

30 min at 100,000 g. After the ultra-centrifugation step, the supernatant was discarded, and the pellet 

(insoluble fraction) was resuspended in 2% sodium dodecyl sulfate (SDS)/TBS supplemented with 

phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich, Switzerland), protease inhibitors cocktails, 1 mM 

phenyl methane sulfonyl fluoride (PMSF) and sonicated using a fine probe (0.5-sec pulse at an amplitude 

of 20%, 15 times). To assess the presence of aSyn oligomers in the preformed fibrils (PFFs)-based neuronal 

seeding model, soluble fraction, either supplemented with or without 75 ug WT aSyn oligomers, was 

analyzed by size-exclusion chromatography (SEC). SEC fractionation was performed using a Superdex 200 

10/300 GL column (GE Lifesciences), equilibrated with PBS, pH 7.4. Different fractions (vol. = 500 ul) were 

collected and analyzed by western blotting analysis using 16% Tricine gels and probed with aSyn 

antibodies recognizing different epitopes: aSyn 91-99 (Syn-1) and aSyn 134-138. GraphPad PRISM 

software was used to plot the SEC chromatograms. 

 

3.4.6 WB analysis of extracellular media  

To probe for the presence of oligomeric aSyn species that might be released in the extracellular media 

WB analysis on the media samples was carried out. First, 3ml of neuronal media (treated with PBS or 

preformed fibrils) was isolated and subjected to centrifugation at 10000g for 10 min at 4C, and the pellet 

was discarded to remove any cellular debris and insoluble aSyn fibrils. Then, the supernatant was 

subjected to filtration protocol661 to separate filtrate and retentate that constitute monomer and 

oligomer, respectively. Two different amounts of total filtrate and retentate samples were loaded onto 

16% tricine gels, subjected to WB, and probed with Syn-1 antibody. This procedure was carried out on 

media that underwent a spike in with or without 10 ugs of human aSyn UO. 

 

3.4.7 ThT aggregation kinetics assay 

Fluorescence-based ThT aggregation kinetics assay was set up in a black 96-well optimal clear bottom 

plate (Costar), and each well was added with six SiLibeads® ceramic beads (Sigmund Lindner) with a 
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diameter of 1.0–1.2 mm. 650 ul of the master-mix solution containing 20 µM of monomer and 20 µM ThT 

was prepared in 1X PBS (GIBCO) for each test condition. To these wells, solutions containing aSyn species 

with or without seeds were added to set up the ThT kinetics assay. 110 ul of each sample was added to 

the wells to have five repeats. To these wells, different percentages [2.5% (0.5 µM), 5% (1 µM), 10% (2 

µM)] of seeds (UO, DO, HO, fibrils) were added. Two of the conditions contained both oligomers and fibrils 

as seeds in equal proportion [5% (1 µM) and 10% (2 µM)]. After adding all the samples, the plate was 

sealed with Corning® microplate tape and transferred to a Fluostar Optima plate reader (BMG labtech) 

for the ThT fluorescence measurements. The plate reader was set with the following parameters: 

continuous orbital shaking at 600 rpm at 37 °C, ThT excitation at 450 ± 10 nm and emission at 480 ± 10 

nm and the fluorescence was measured every 300 seconds. At the endpoint of the assays, the samples 

were analyzed by SDS-PAGE and TEM analysis. SDS-PAGE and TEM analysis was performed as described 

in661. Lag time and rate of aggregation are calculated as described in535. Data were analyzed with non-

parametric ANOVA analysis * p < 0.05, ** p < 0.01. 

 

3.4.8 Intrastriatal injection of different types of aSyn oligomers 

C57BL/6JRj male mice were ordered (Janvier Labs) at the age of 10 weeks and allowed to acclimate to the 

animal house for at least 2 weeks. About 4 mice were housed in a cage and kept at 23 °C (40% humidity) 

in a 12h/12h light/dark cycle with food ad libitum. 3 to 4-month-old C57BL/6JRj male mice were 

anesthetized by intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg xylazine. The animals were 

then mounted on a stereotaxic frame (model 963, Kopf, California, USA), and a lubricant eye ointment 

was applied. A hole was created in the right parietal bone (0.4 mm anterior and 2 mm lateral to the 

bregma) and 2.5 μg of aSyn unmodified oligomers, dopamine-induced oligomers, HNE-induced oligomers, 

mouse PFFs, human PFFs were injected to 8 mice per test sample and control PBS samples (N=8) were 

injected with a 34G cannula at the flow rate of 0.1 μl/min, 2.6 mm beneath the dura. In addition, 5 µg of 

unmodified oligomers, 5 µg of dopamine-induced oligomers and 5 µg of HNE-induced oligomers were 

injected to assess the potential seeding of high doses aSyn oligomers (N=3 for each high dose conditions). 

The cannula remained in place for 5 min after injection, and it was retracted in steps slowly and smoothly. 

All animal experiments and procedures were approved by the Swiss Federal Veterinary Office 

(authorization number VD 3499).  

3.4.9 pS129 level quantifications in different brain regions 
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The brains were isolated from injected mice after 2 months of intrastriatal injections and kept for fixation 

in PFA. The brains were cut 50 µm and regions containing the striatum, amygdala and midbrain were 

collected and subjected to pS129 staining. DAB pS129 stainings were performed, and pS129 levels were 

quantified using QPATH.  

 

3.5.0 XTT assay 

Global cell viability was assessed with the Cell proliferation kit II [2,3-Bis-(2-methoxy-4-nitro-5-

sulphophenyl)-2H-tetrazolium-5-carboxanilide (XTT)] (Roche Diagnostics) and the CytoTox 96® Non-

Radioactive Cytotoxicity Assay (Promega AG).  The assays were formatted in transparent, cell culture-

treated, flat-bottom, 96-well microplates that were previously coated with 0.1mg/ml Cultrex poly-L-lysine 

(R&D Systems) for 1h at room temperature. Primary hippocampal neurons were plated at a density of 3 x 

104 cells/ml and allowed to differentiate for 6 days. Cells were then challenged with different 

concentrations of aSyn oligomers and pre-formed fibrils for 14 days. Followingly, culture supernatants 

were collected and the cells were incubated with the XTT labelling buffer in fresh neuronal growth media 

at a 1:1 ratio supplemented with 0.3 mg/ml XTT electron coupling reagent for 4h in a humidified incubator 

with 5% CO2 and 95% air. Microplates were shaken gently on a Microtitre plate shake for 5 min and 

absorbance was measured at 492 nm with a reference wavelength of 690 nm in the Infinite® 200 PRO 

microplate reader (Tecan). Absorbance values are proportional to the cleavage of the yellow tetrazolium 

salt XTT into the orange, water-soluble formazan product by the mitochondrial dehydrogenase, and thus 

reflect the number of viable, metabolically active cells in the respective microcultures. Values were 

corrected to the blanks (background absorbance coming from the incubation media without cells) and 

expressed as a percentage of control PBS-treated cells. 

 

3.5.1 LDH release assay 

Collected supernatants were assayed for their lactate dehydrogenase (LDH) content with CytoTox 96® 

Non-Radioactive Cytotoxicity kit; LDH is a stable cytoplasmic enzyme that is rapidly released in the s 

supernatant upon plasma membrane perturbation. As per the manufacturer’s protocol, 50 µl of the 

collected supernatant was incubated with 50 µl of the kit-provided reaction mixture for 30 min at room 

temperature with a gentle agitation under light-protecting conditions. The reaction was then stopped by 

the addition of the kit-provided stop solution and the absorbance was measured at 490 nm with a 

reference wavelength of 650 nm. Absorbance values were corrected to the blanks and processed for the 

calculation of the percentage of cytotoxicity according to the following formula:  
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% Cytotoxicity = (Experimental value)/(Maximum LDH release from lysed cells)  x 100 

 

3.5.2 Statistics 

All the results were expressed as mean ± standard deviation (SD) of three independent experiments (N 

=3). The Assumption of normality was examined with D’Agostino–Pearson’s K-squared or Shapiro–Wilk 

tests. Differences among means were considered significant if p ≤ 0.05. Data were analyzed with non-

parametric ANOVA analysis Kruskal-Wallis Test with Dunn’s multiple comparison test * p < 0.05, ** p < 

0.01, *** p < 0.001. Statistical calculations were performed in GraphPad Prism 8 (GraphPad Software Inc., 

San Diego, CA, USA).  

 

3.5 Contributions of the authors 

Somanath Jagannath designed, performed and analyzed all experiments except toxicity studies, in vivo 

instrastrial injections. Somanath Jagannath wrote the chapter. Pedro Magalhães contributed to 

experiments in Figure 3.2, 3.3. Salvatore Novello performed in vivo intrastriatal injections and contributed 

to pS129 stainings of brain sections from oligomer injected mice. Theodora Panagaki performed oligomer 

toxicity studies and wrote toxicity findings. Hilal A. Lashuel conceived and conceptualized the study and 

contributed to the design of the experiments, interpretation of data and writing of the chapter. 
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Chapter 4: Gene expression changes in the Amygdala of a PFF-based 

mouse model of Parkinson’s disease reveal cell-type-specific 

dysregulation of PD risk genes and pathways 

 

4.1 INTRODUCTION 

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disease affecting 2-3% of the 

population over 65 years of age  ̶  PD is mainly sporadic, with only about 5-10% familial cases197. The major 

pathological hallmark of PD includes neurodegeneration in specific brain areas and Lewy bodies (LBs), 

intracellular proteinaceous inclusions containing several components, including misfolded and aggregated 

forms of a-synuclein (aSyn)5,200. The motor symptoms in PD are attributed to either the presence of LBs in 

substantia nigra dopaminergic neurons or their neurodegeneration. In addition, PD patients suffer from 

several non-motor symptoms, including depression, apathy, anxiety, sleep disorders, restless legs, and 

olfactory deficits, much of which usually precede the motor symptoms199. Many of these non-motor 

symptoms are linked with LBs or aSyn pathology formation in different brain regions such as the 

Amygdala, pedunculopontine nucleus (PPN), claustrum, locus coeruleus, the dorsal motor nucleus of the 

vagus, median raphe nucleus, lateral hypothalamus, ventral tegmental area and cortical regions203,205. In 

PD, the cell loss is not just restricted to the SN, but it is also observed in other brain regions585,738 and 

several studies suggest a complex interplay between aSyn pathology formation and neurodegeneration, 

pointing to cell-type-dependent response to aSyn aggregation and pathology formation and underscore 

the importance of elucidating cell-autonomous factors that may render a specific population of neurons 

vulnerable to LB pathology and cell death than others.  

 

In PD and DLB patients, it is known that several non-motor symptoms such as anxiety, depression and 

behavioral disorders are associated with the Amygdala and also several pathological studies point out that 

the amygdala brain region is also susceptible to developing LB inclusions and cell death590,739-741. To 

recapitulate the disease process, PFF-based rodent models are developed. In these model systems, 

injection of aSyn PFFs into mice brains has been shown to induce aSyn pathology formation and spreading 

in different brain regions and behavioral deficits reflecting symptoms of PD patients742-744. Interestingly, 

in this model system, not all neurons develop pS129 positive aggregates, as seen in the post-mortem 

brains of PD patients. Instead, a selected population of neurons develops these pS129 positive inclusions 
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within different brain regions. In a previous study using a PFF-based seeding model of PD, Stoyka et al. 

showed pS129 positive aggregates in some populations of neurons in the amygdala brain region, 

suggesting cell-selective vulnerability to pathology formation519. Previous studies have indicated that 

pS129 positive inclusions in specific brain regions depend on the amount of injected aSyn PFFs and the 

level of aSyn  expression493,744. In addition, it has been demonstrated that CamKII and SATB2 positive 

excitatory neurons are susceptible to developing pS129 positive aggregates but not inhibitory neurons519. 

However, the molecular or gene expression changes that take place in neuronal types that develop pS129 

positive aggregates versus those that do not develop pS129 aggregates and how neuronal and non-

neuronal cell types in the Amygdala respond to pS129 aggregate burden in the amygdala brain region at 

an early disease stage is not well understood. 

 

We hypothesize that the cellular environment of a particular cell type plays a crucial role in driving the 

disease process that includes susceptibility of cell types to develop pS129 positive aggregates and/or 

neurodegeneration and how different cell types respond to disease burden in terms of their gene 

expression changes. Towards testing this hypothesis, we investigated transcriptomics changes in different 

cell types in the amygdala brain region, which we and others have shown to be more susceptible to 

developing pS129 positive aggregates and where aSyn pathology is reproducibly observed following 

inoculation with aSyn preformed fibrils in the striatum372,518,519. We performed snRNA sequencing on 

amygdala brain regions isolated and pooled from PBS (N=10) and PFF (N=10) injected mice brains and 

report findings from 6980 single-nuclei transcriptomics profiles of different cells types from the Amygdala 

and explored transcriptomics changes and associated pathways. We report that most of the top 100 

differentially expressed genes (DEGs) are from inhibitory and excitatory neurons compared to non-

neuronal cell types. Furthermore, we observed that inhibitory and excitatory neurons upregulate and non-

neuronal cells downregulate several genes in these DEGs. Significantly upregulated genes in neurons are 

mainly involved in neuronal electrical activity, and various protein binding activities and downregulated 

genes in non-neuronal cell types are involved in multiple functions ranging from the receptor, ion and 

protein binding to GTPase regulatory activities. Specifically, several genes known to have a role in protein 

folding and degradation are downregulated in oligodendrocytes. Therefore, Functional gene enrichment 

analysis suggests that neuronal cells increase their neuronal activity, whereas non-neuronal cells display 

reduced regulatory activity (GTPase regulatory activity, kinase activity) upon LB-like inclusions in the 

Amygdala. In addition, we report here that the gene expression profile of a handful of PD risk genes such 

as Sncaip, Park7, Maob, Hspa8, Scl2a3 and Hsf3 and some pathways that have been associated with PD 
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are differentially altered in specific cell types. Our study highlights the importance of the involvement of 

unique gene expression changes and their associated pathways in different cell types that drive the 

disease process at an early stage in a PFF-based mouse model of PD. 

 

4.2 RESULTS 

4.2.1 Single-nucleus RNA sequencing of the Amygdala brain region from PBS and PFF injected 

mice  

To perform single-nuclei RNA sequencing (snRNA-seq), we isolated ipsilateral and contralateral amygdala 

brain regions from PBS and PFF injected mouse brains and subjected them to nuclei separation protocol. 

Nuclei suspension was then used for library preparation and snRNA-seq with the 10X genomics platform. 

Sequencing raw data underwent pre-processing, filtering and analysis (Figure 4.1A).  

The procedure to obtain homogenous clear nuclei suspension required optimization steps as the samples 

come from frozen adult mice brains. Optimization steps such as the introduction of an homogenization 

steps with douncer and OptiPrep purification as described in methods were performed and these steps 

resulted in obtaining higher percentages of good quality nuclei after sequencing. We targeted 4000 nuclei 

for sequencing in amygdala samples, and we obtained data from 3446 nuclei from PBS and 3758 from the 

PFF sample. After QC filtering, we obtained 3315 and 3665 from PBS and PFF samples, respectively, and 

we did not find any significant differences in QCs between our sample groups (Figure 4.1B). 

To classify major cell types in our samples, we combined nuclei from PBS (n = 3315 nuclei) and PFF (n = 

3665 nuclei) injected brains, followed by unsupervised clustering. For visualization purposes, we 

performed dimensionality reduction and embedding of the joined data (Figure 4.2A) using Uniform 

Manifold Approximation and Projection (UMAP). We identified a total of 18 distinct clusters that we 

annotated based on their gene expression profiles (Figure 4.2B and 4.2C). Specifically, we cross-

referenced the literature for genes that were highly enriched in the different clusters, and we selected 

some gene markers to look at their expression in different clusters: Slc17a7 identified excitatory neurons, 

Gad1 inhibitory neurons, Cldn11 for oligodendrocytes, Clql1 for oligodendrocyte progenitor cells (OPC), 

Cx3cr1 for microglia, Aldh1l1 for astrocytes cells in different clusters of the combined dataset (Figure 

4.2C). For analysis in this chapter, we focused on major types of neurons and non-neuronal cell types 

(Figure 4.2D). It has been reported previously that different types of neurons exhibit varied tendency to 

develop aggregates, with excitatory neurons more susceptible than inhibitory neurons. All major cell types 
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could be identified in our samples and the numbers of these cell types in both the groups remained similar. 

We could not classify the C8 cluster to a distinct cell type, which we think arises from RNA content from 

cytosolic fragments that were carried over in the nuclei preparation down to the 10X Genomics Chromium 

experiment. Since LB-like inclusions are found in cytosols, and these clusters represent contents that could 

mainly be located outside nuclei, we have included them in our dataset and analysis. 

 

Figure 4.1: Workflow and QC of snRNA-seq from PBS and PFF amygdala brain regions. (A) Experimental workflow. 

(B)  Quality control metrics: number of genes per cell (nFeature_RNA), number of UMI’s per cell (nCount_RNA) and 

percentage of mitochondrial genes per cell (percent.mt) before and after filtering. Abbreviations: BF: before filtering; 

AF: After filtering 
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Figure 4.2: Dimensionality reduction, clustering and cell-type annotation. (A) UMAP plot overlay of PBS and PFF cells. 

(B) Unsupervised clustering of PBS and PFF by UMAP. (C) Violin plots showing specific markers expression in different 

clusters. (D) UMAP plots showing manually annotated cell types. (E) Cell-type populations in PBS and PFF datasets. 
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4.2.2 DEGs in different cell types indicate impaired neuronal signaling and regulatory pathways 

To identify the effect of PFFs injections on each cell type of the Amygdala, we performed a pairwise 

comparison of gene expressions in PBS and PFF samples within the same cell types. A total of 1565 DEGs 

genes (757 upregulated and 808 downregulated) were identified across different cell types we classified 

(Figure 4.3A)– demonstrating that a large number of transcriptomic changes are seen in different cell 

types in the Amygdala, which is one of the regions affected at early PD stage. Interestingly, glial cells seem 

to have the highest number of DEGs expressed, especially in relation to the total number of genes. Analysis 

of the top 100 DEGs and their distribution in different cell types revealed that a substantial number of 

these changes are in inhibitory and excitatory neurons (Figure 4.3B). Gene expression levels of several 

genes are differentially affected in different cell types (Figure 4.3C). We observed these significant DEGs 

in inhibitory, excitatory and oligodendrocytes. Some of the DEGs in different cell types (Figure 4.3) and 

their involvement in the molecular or cellular functions will be discussed in the following sections. 

4.2.2.1 Inhibitory neurons 

The significantly upregulated genes in inhibitory neurons are mainly found to have several distinct 

functions. Among these, a handful of these genes are associated with PD. Ryr3 gene is involved in calcium 

release from the endoplasmic reticulum into the cytosol and thereby regulates calcium homeostasis, and 

calcium ion channels or controls several biological processes that require calcium for their activity745,746. 

Association between the Ryr3 gene and Alzheimer’s disease has been reported wherein it is known to play 

a dual role as a potential compensatory/protective role or pathological role of amplifying Abeta peptide 

production or synaptic deficits747. Moreover, Ryr3 is involved in beta2 adrenergic receptor signaling, 

associated with PD748. Therefore, Ryr3 gene upregulation in inhibitory neurons might be involved in 

calcium signaling and synaptic transmission, though not developing aggregates in inhibitory neurons. 

Another gene that regulates calcium levels is Cacnb2 (Calcium Voltage-Gated Channel Auxiliary Subunit 

Beta 2), a protein-coding gene that increases peak calcium current, shifting voltage dependencies of 

activation and inactivation, modulating G-protein inhibition and controlling alpha-1 subunit for membrane 

targeting. Increased expression of Cacnb2 suggests increased calcium concentration in the inhibitory 

neurons, which could be a response to LB-like inclusion burden in the Amygdala at the early disease stage. 

In addition, several genes have been described that play a regulatory role. i) Mme, a protein-coding gene 

believed to play a role in the ternary complex assembly of synaptic proteins at the postsynaptic membrane 

and coupling signal transduction to membrane/cytoskeleton remodeling. ii) Rgs9, a protein-coding gene 

involved in various signaling pathways by accelerating the deactivation of G proteins. iii) Pde10a, a protein 
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coding gene involved in regulating the intracellular concentration of cyclic nucleotides. iv)  Strn, involved 

in dendritic Ca2+ signaling.  

Specifically, downregulated genes in inhibitory neurons include i) Gnas, involved in regulating signaling 

pathways controlled by GPCRs, ras signaling pathway; ii) Shank1, required for development and function 

of neuronal synapses; iii) Cadm1, which plays a role in the formation of dendritic spines and in synapse 

assembly; iv) Slc8a1, contributes to the regulation of cytoplasmic calcium levels; Taken together, several 

of these specifically expressed genes in inhibitory neurons are involved in calcium signaling, GPCR based 

signal transduction, cytoskeleton remodeling, synaptic function, cyclic nucleotide-binding, which suggest 

the involvement of complex regulatory processes that might be taking place in interneurons to prevent 

aSyn aggregation or promoting degradation of aSyn aggregates. 

4.2.2.2 Excitatory neurons 

In excitatory neurons, several genes are specifically up and downregulated. Upregulated genes include:  

i) Pde4d, involved in the hydrolysis and inactivation of cyclic adenosine monophosphate (cAMP). cAMP 

regulates signal transduction pathways such as cAMP/PKA/CREB and Epac/Akt signaling pathways749 – 

dysregulation of which is reported in several neurodegenerative diseases including PD. Interestingly, 

inhibition of Pde has been shown to reduce neuroinflammation, aSyn aggregate levels and 

neurodegeneration750,751. To the best of our knowledge, this is the first time increased Pde4d levels are 

reported in excitatory neurons, which are susceptible to developing aSyn aggregates. Therefore, inhibiting 

Pde4d in excitatory neurons could be a therapeutic strategy for PD. 

ii) Mef2c gene is particularly upregulated in excitatory neurons, which is thought to be involved in 

suppressing the number of excitatory synapses and thus regulating basal and evoked synaptic 

transmission; this function could be an indicator of reducing the spread of aggregates from cell to cell via 

synaptic terminals, as a measure by excitatory neurons to counteract aSyn aggregates.  

iii) Rgs6, involved in the regulation of GPCR signaling cascades. GPCR signaling pathways are implicated in 

several neurodegenerative diseases, including PD and targeting them with therapeutic agents has shown 

to improve PD symptoms752.  

Significantly downregulated genes in Excitatory neurons include: i) Meis2, involved in transcription factor 

binding and activity; ii) Nr4a3, acts as a transcriptional activator; iii) Gpc5, encodes for heparan sulfate 

proteoglycans; iv) Sema3e, mediates reorganization of the actin cytoskeleton, specificity of synapse 
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formation. In sum, genes that are specifically expressed in excitatory neurons are involved in synaptic 

function, GPCR-based signaling cascades, expression of membrane proteins, reorganization of 

cytoskeletons and transcriptional control. 

4.2.2.3 Oligodendrocytes  

In oligodendrocytes, several genes are specifically up or downregulated. Upregulated genes include i) 

Plin4 gene is particularly upregulated in oligodendrocytes which is a protein-coding gene, and it is found 

to act as a coat protein involved in the biogenesis of lipid droplets; ii) Pex5l, a protein-coding gene which 

encodes an accessory subunit of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, 

regulating their cell-surface expression and cyclic nucleotide dependence; iii) Rhoj, involved in GTPs 

binding and GTPase activity; iv) Zbtb16, involved in DNA-binding transcription factor activity. 

Downregulated genes include i) Ttc3, encoding for E3 ubiquitin-protein ligase activity and ubiquitin-

protein transferase activity; ii) Atp8b1, involved in nucleotide binding, cation-transporting ATPase activity; 

iii) Ahsa2, encodes for co-chaperone that stimulates HSP90 ATPase activity; iv) Nfat5, DNA-binding and 

transcription factor activity. Taken together, these genes are involved in diverse functions such as 

biogenesis of lipid droplets, GTPs binding, nucleotide binding and activation of ATPase activity. 
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Figure 4.3: DEGs in different cell types in PBS and PFF amygdala samples. (A) total number of DEGs. (B) Top 100 DEGs 

genes in different cell types. (C) Heatmap showing mean expression of selected genes in different cell types in PBS 

and PFF samples. * indicates significance level 
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4.2.3 Gene Ontology functional annotation reveals several dysregulated molecular functions 

and specific cellular components in different cell types of the PFF amygdala brain  

To gain an insight into the impact of gene expression changes on the function of in individual cell types, 

we functionally annotated upregulated or downregulated genes in particular cell types by performing 

gene ontology enrichment analysis using the molecular function, cellular component terms using 

gProfiler. For GO:MF terms for upregulated genes: we found that inhibitory neurons are associated with 

neuronal signaling in particular ion channel and ion transporter activities, cyclic-nucleotide 

phosphodiesterase activity, and protein binding (Figure 4.4A). The genes that are found to be associated 

with ion channel activity are Cacnb2, Ryr3, Kcnk2, Kcnab1, Cacna2d3, Ano3, Slc24a4, Itpr1, Slc24a2. Itpr1 

gene encodes for a receptor which, upon stimulation by inositol 1,4,5-triphosphate and cytosolic Ca2+, 

causes calcium release from the endoplasmic reticulum753. Therefore, Itpr1 could be involved in increased 

calcium levels and associated calcium signaling in inhibitory neurons. In excitatory neurons, we found 

molecular function terms associated with cell adhesion molecule binding, and cadherin binding. The genes 

that are found to be associated with cadherin binding are Ctnna3, Ptprt, Cdh7, Cdh13, and Cdh8. Among 

these, Cdh8 encodes the Cadherin family of proteins involved in calcium-dependent cell-cell adhesion and 

GWAS studies have implicated Cdh8 in being associated with PD754. 
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Figure 4.4: Gene Ontology enrichment analysis of molecular function terms. A) GO:MF of upregulated genes. B) 

GO:MF of downregulated genes in different cell types of PFF amygdala compared with PBS are plotted as a function 

of negative log 10 of the adjusted p-value. 

 

We found molecular function terms for downregulated genes to be associated mainly in non-neuronal cell 

types. Nucleoside or nucleotide binding was significantly enriched across astrocytes, excitatory neurons, 

and microglia. In oligodendrocytes, these are associated with unfolded protein binding, heat shock protein 

binding, chaperone binding, and HSP70 protein binding – all of these terms are associated with processes 

involved in protein misfolding and degradation processes. Therefore, dysfunction of protein misfolding 

and degradative machinery in oligodendrocytes could be an early event in PD pathogenesis. 
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Figure 4.5: Gene Ontology enrichment analysis of cellular component terms. A) GO:CC of upregulated genes. B) 

GO:CC of downregulated genes in different cell types of Amygdala of PFF compared with PBS are plotted as a function 

of negative log 10 of the adjusted p value. 

 

To identify the cellular components where these differentially expressed genes are acting on or present, 

we performed GO enrichment analysis using cellular component terms for upregulated genes (Figure 

4.5A) in different cell types; we observed that upregulated genes are mainly associated with neuronal 

compartments such as synaptic membranes, synapses, neuronal cell body, spines, axons, ion transporter 

complexes in excitatory and inhibitory neurons. These results align with the finding that molecular 

functions of upregulated genes are mainly involved in neuronal signaling, and this signaling occurs mainly 

via plasma membrane and synapses. In contrast, GO enrichment analysis using cellular component terms 

for downregulated genes (Figure 4.5B) in different cell types revealed that distinct downregulated genes 

are localized in distinct locations such as organelle, nucleoplasm, myelin sheath, ribosome compartment 

and these were observed mainly for non-neuronal cell types. Furthermore, this analysis revealed that 

several of these differentially expressed genes in different cell types are localized to specific locations for 

their particular functions. 
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4.2.4 The expression of PD-risk genes is altered in specific cell types in the Amygdala of PFF 

injected mice brains 

To identify specific cell types that significantly contribute to PD progression, we looked at gene expression 

levels of PD-risk genes in different cell types. We obtained the top 125 PD-risk genes based on gene-

disease association scores from the DisGeNET database (UMLS CUI ID: C0030567) and quantified their 

gene expression levels in different cell types of PFF and PBS samples (Figure 4.6A). ~90% of these PD-risk 

genes have unchanged or no major change in gene expression levels in different cell types. Interestingly, 

we identified ~10% of these 125 top PD-risk genes (Sncaip, Park7, Maob, Hspa8, Aif1, Slc2a3, Hsf3, Hgf, 

Trpm2, Nr4a2, Bdnf) specifically up-or down-regulated in different cell types of Amygdala of PFF compared 

to PBS injected mice brain (Figure 4.7).  

 

Figure 4.6: PD risk genes: UpSet plot representing the significance scores of PD-risk gene(s) differentially expressed 
in PFF compared with PBS. Dots represent the gene significances, colored by the associated cell type. The numbers 
above the boxplots represent the number of genes in the cell-type(s) group. PD risk genes are obtained from the 
DisGeNET database (UMLS CUI ID: C0030567) 
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Figure 4.7: Normalized mean expression level of PD risk genes in different cell types of PFF compared with PBS. PD 
risk genes are obtained from the DisGeNET database (UMLS CUI ID: C0030567) 

 

Sncaip is a protein coding gene that encodes aSyn interacting protein called Synphilin-1. Synphilin-1 has 

been shown to interact with aSyn385 and present in LBs 253 and clearance of soluble and misfolded aSyn755. 

We detected an almost 1.5-fold increase in Sncaip gene expression in the microglia of the PFF sample. In 

PD, microglia are known to activate under pathological conditions756,757 and clear aSyn aggregates via 

autophagy758. Therefore, an increase in Sncaip gene expression might indicate the role of Synphilin-1 

mediated clearance of aSyn in microglia.  

Park7 is a protein-coding gene that encodes DJ-1. We detected an almost four-fold decrease in Park7 gene 

expression in OPCs in the PFF sample. DJ-1 has been shown to act as a chaperone with protease activity, 

maintaining the mitochondrial function, anti-oxidant scavenger and regulating transcription activity, and 

mutations in Park7 is linked with early-onset PD759,760. In addition, DJ-1 has also been shown to inhibit aSyn 
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aggregation by acting as a molecular chaperone761 and by regulating chaperone-mediated autophagy762. 

A decreased expression of PARK7 in OPCs might be involved in aSyn aggregation and formation of glial 

cytoplasmic inclusion763, a pathological hallmark of Multiple System Atrophy (MSA).   

Moab is a protein-coding gene that encodes monoamine oxidase-b. We detected an almost two-fold 

decrease in Moab in the PFF sample, specifically in astrocytes. Inhibition of Moab has been shown to 

facilitate aSyn secretion and delay its aggregation764. And also, astrocytes are shown to be involved in 

spreading aSyn aggregates765. These studies suggest that at early stages, decreased expression of Moab 

might be involved in transferring endocytosed aSyn aggregates by astrocytes to neighboring cell types and 

contribute to aSyn aggregate spreading in the brain. Interestingly, we found an almost 1.5-fold increase 

in Maob expression level in pericytes. Activation of pericytes, compromised blood-brain-barrier 

integrity766, and increased expression of monoamine oxidase-a has been reported in neighboring 

endothelial cells in vascular regions of brain767 in PD model systems – these alterations have been linked 

with PD. To the best of our knowledge, this is the first report where monoamine oxidase levels are 

increased in pericytes under disease conditions in PFF injected brain. Therefore, increased pericyte 

expression might lead to pericyte activation and a compromised blood-brain barrier.  

Hspa8 is a protein-coding gene that encodes a heat shock protein 70. Hspa8 expression seems to be 

reduced in all cell types, suggesting compromised protein homeostasis and aggregates accumulation768.  

Slc2a3 is a protein-coding gene that encodes a protein that is involved in glucose uptake across the cell 

membrane. Decreased glucose uptake and metabolism are associated with several neurodegenerative 

diseases, including AD, PD and HD769. In our study, expression of which is two-fold and threefold increased 

in OPC and microglia, respectively. These findings might suggest that compensatory mechanisms by OPCs 

and microglia to increase glucose uptake and glucose metabolism to provide energy required to facilitate 

various biological processes that are aimed toward the normal functioning of cells and degradation of 

aggregates, both are considered to be energy demanding.  

Hsf3 is a protein-coding gene that encodes heat shock transcription factor 3, which binds to the heat shock 

promoter element and activates the transcription of non-classical heat shock genes (e.g., Pdzd2, Prom2) 

and protects cells against heat shock and proteotoxic stress770. Specifically, in astrocytes, we detected an 

almost three-fold increase in Hsf3 gene expression, which might indicate expression of non-classical heat 

shock genes, which might prevent astrocytes from proteotoxic stress upon increased aSyn aggregates 

level under pathological conditions. 
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Trpm2 encodes a tetrameric calcium-permeable cation channel which is sensitive to oxidative stress. We 

detected an almost two-fold increase in Trpm2 level in microglia. Under pathological conditions, Trpm-2 

mediated calcium signaling has been shown in aberrant microglial activation and induction of 

neuroinflammation771. Therefore, increased expression of Trpm2 might be playing a significant role in 

microglial dysfunction and exacerbating the disease process. In conclusion, differential gene expression 

levels of PD risk genes suggest that each cell type responds distinctively to the LB-like inclusion burden in 

the Amygdala.  

4.2.5 Several pathways implicated in PD are affected in different cell types 

To identify pathways that could be dysregulated in different cell types, we performed GO functional 

enrichment analysis and identified several KEGG pathways that are dysregulated in different cell types 

(Figure 4.8). Among these pathways, Parkinson’s disease pathway (Figure 4.9) is a significant one, wherein 

we observed interesting changes in gene expression levels. Interestingly, the Ryr3 gene is upregulated in 

the inhibitory neuron (that do not develop aggregates), and Ryr3 is downregulated in excitatory neurons 

(that develop aggregates). Ryr3 plays a role in beta-2 adrenergic receptor signaling, and agonists of beta-

adrenoreceptors are shown to reduce aSyn transcription748. Therefore, in inhibitory neurons, these 

receptors could be activated and, in turn, less or no aSyn transcription, suggesting no aggregates or fewer 

aggregates that degradative mechanisms could clear. In contrast, opposite in excitatory neurons, there 

could be higher aSyn transcription, thereby forming aSyn aggregate. We also report here several 

pathways, which are associated with PD and neurodegeneration, but it is not known how the genes we 

identified play a role in the pathogenesis of PD. Further studies are required to fill this knowledge gap.  

 

Figure 4.8: Gene Ontology enrichment analysis of KEGG pathway terms. Several pathways related to PD are 

dysregulated in PFF compared to PBS sample. 
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Figure 4.9: Parkinson disease related KEGG pathway marked by genes that were found to be significant for 

particular cell types. The colour code represents the avgLogFC in PBS vs. PFF for cell types (from left to right): InhNeu, 

ExcNeu, Pericytes and c8. 

 

4.3 DISCUSSION 

Although previous studies have carried out single-cell RNA sequencing studies in PD model systems, none 

of these studies used a model system wherein cells in the brain regions studied developed LB-like 

inclusions. To the best of our knowledge, this is the first study that investigates single-cell transcriptomics 

changes in different cell types such as neuronal (excitatory and inhibitory) and non-neuronal (astrocytes, 
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microglia, oligodendrocytes, OPC, pericytes) from a brain region (Amygdala) that abundantly develops 

pS129 positive aggregates in a PFF-based model of PD at an early time point during the disease process.  

This study reports a total of 6980 single-cell transcriptomic profiles of ipsi and contralateral amygdala 

brain regions from age-matched PBS and PFFs injected mouse brains. We report several novel findings in 

this study. We found that different cell types respond differently to the aSyn aggregate burden in the 

amygdala brain region by differentially upregulating or downregulating genes. GO-based functional 

annotation revealed several unique molecular functions of upregulated genes. GO:MF terms for 

upregulated genes are enriched mainly in neurons but not in non-neuronal cell types – among these, 

significant changes in upregulation of genes are observed in inhibitory neurons compared to any other 

cell type, whereas downregulation of genes is observed mainly in non-neuronal cells. GO:MF terms for 

upregulated genes in inhibitory neurons are associated with neuronal signaling in particular ion channel 

and ion transporter activities, whereas downregulated genes in other cell types are associated with 

regulatory activity such as ATPase activator, protein or nucleotide binding, chaperone activity. These 

findings suggest that neuronal signaling-related functions are upregulated in neurons that do not develop 

aggregates, suggesting that increased neuronal signaling in inhibitory neurons could be a protective action 

in the early stage. We also report several pathways that are implicated in PD that are dysregulated in 

many or a few cell types.  

It is previously believed that aSyn is one of the key drivers of the disease phenotype or formation of pS129 

positive aggregates493,744, but to our surprise, we did not observe any significant upregulation or 

downregulation of aSyn gene expression in any of the cell types we looked at. Our work also identified 

the contribution of specific cell types that might significantly contribute to PD progression. We identified 

several PD risk genes (Sncaip, Park7, Moab, Ddc, Hspa8, Aif1, Slc2a3, Hsf3, Trpm2) that are specifically up-

or down-regulated in different cell types of the Amygdala of PFF compared to PBS injected mice brain—

suggesting that targeting these genes in these specific cell types could be a novel strategy to manipulate 

the disease process and reduce pathological effects. In addition, we also report in this study several genes 

that are solely up or downregulated in particular cell types – which could be investigated further to 

delineate their specific contributions towards normal or disease state in a specific type of cell using genetic 

and/or pharmacological approach. 

As major limitation of our study is the absence of biological repeats therefore results described here do 

not have statistical power to solidify our conclusions. In addition, proteomic analysis needs to be 

performed along with transcriptomics to correlate whether gene expression changes are also seen in 
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translated protein levels in different cell types in the follow-up studies. Although our study cannot 

distinguish between transcriptomic changes in excitatory neurons that develop pS129 positive aggregates 

versus those that do not, our findings, however, suggest that at early time points (2 months after PFF 

injections), different cell types such as those that develop pS129 positive aggregate (excitatory neurons) 

and those that do not develop aggregate (inhibitory neurons) show unique molecular, transcriptomic 

changes in response to aSyn aggregate burden in amygdala brain regions. These findings establish that 

different cell types either promote or prevent, or regulate aggregate formation in them, and they could 

be regulating transcriptomic changes and functioning synergistically to cope with the aSyn disease burden 

in the Amygdala. In the future, sophisticated genetic and functional studies are required to fill this 

knowledge gap. 

 

4.4 METHODS 

4.4.1 Preparation of recombinant mouse WT aSyn preformed fibrils 

Recombinant mouse WT aSyn preformed fibrils (PFFs) were prepared as described previously89. In brief, 

aSyn PFFs were generated from recombinant mouse (m) aSyn protein. The lyophilized protein was 

dissolved in PBS at 4mg per 600ul and set to pH 7.4. The solution was centrifuged for 5 min through a 0.2 

μM filter at 5000 rpm, and purity was confirmed by mass spectrometry and HPLC. The supernatant was 

incubated under constant agitation of 900 rpm on an orbital shaker at 37°C for 5 days. The generated 

maSyn fibrils were sonicated briefly (40% amplitude, one pulse for 5 s) and then were aliquoted and stored 

at -80 °C. These sonicated fibrils (PFFs) were further characterized by ThT binding assay, Transmission 

electron microscopy, filtration protocol and SDS-PAGE analysis to quantify the presence of monomers and 

oligomers in the sample. Thioflavin T (ThT) binding was performed to assess amyloid formation with 

excitation at 450 nm, and emission at 485 nm (Bucher Analyst AD plate reader). Samples were treated 

with ThT (10 μM, in 50 mM glycine, pH8.5) in black 384-well plates (Nunc). The remaining soluble protein 

was subjected to filtration protocol772 and analyzed by SDS-PAGE (15% polyacrylamide gel) and Coomassie 

(Life Technologies) staining. Samples were applied on glow-discharged Formvar/carbon-coated 200-mesh 

copper grids for analysis by transmission electron microscopy. 

4.4.2 Animals and intrastriatal injection of recombinant mouse WT aSyn fibrils 
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C57BL/6JRj male mice were ordered (Janvier Labs) at an age of 10 weeks and allowed to acclimate to the 

animal house for at least 2 weeks. About 2-3 mice were housed in a cage and kept at 23 °C (40% humidity) 

in a 12h/12h light/dark cycle with food ad libitum.  

4 to 5-month-old C57BL/6JRj male mice were anesthetized by intraperitoneal injection of 100 mg/kg 

ketamine and 10 mg/kg xylazine. The animals were then mounted on a stereotaxic frame (model 963, 

Kopf, California, USA), and a lubricant eye ointment was applied. A hole was created in the right parietal 

bone (0.4 mm anterior and 2 mm lateral to the bregma), and 10 μg of mouse WT aSyn PFFs in 2.5 μl of 

PBS or 2.5 μl of PBS as control were injected with a 34G cannula at the flow rate of 0.1 μl/min, 2.6 mm 

beneath the dura. The cannula remained in place for 5 min after injection, and it was retracted in steps 

slowly and smoothly. All animal experiments and procedures were approved by the Swiss Federal 

Veterinary Office (authorization number VD 3499). 

4.4.3 Brain tissue dissection and nuclear extraction 

After two months of PFFs injection time period, the animals were deeply anesthetized with intraperitoneal 

injection of 100 mg/kg ketamine and 10 mg/kg xylazine and sacrificed. The brains were collected and 

quickly frozen in liquid nitrogen and stored at -80 °C. Prior to amygdala brain region dissection, all the 

brains were kept on dry ice to prevent immediate thawing. Each of the brains was thawed for about 4-5 

seconds and placed in acrylic brain matrice (brain matrice (Acrylic) for mouse Coronal, 1mm; TED PELLA) 

and cut using blades (PELCO® Blades for use with Brain Matrices, TED PELLA). Each of the brain sections 

were placed in PBS solution in a 6 well plate placed on ice until the Amygdala brain region dissection. The 

brain sections that contain the Amygdala brain region were separated, and ipsilateral and contralateral 

amygdala brain regions were punched and isolated using precision brain punches 2mm dia (TED PELLA). 

All the punched amygdala brain regions were kept in 2 ml solution D (250 mM sucrose, 25 mM KCl, 5 mM 

MgCl2, 20 mM Tris-HCl  pH 7.5, 1mg/ml actinomycin D, 0.02% sodium azide; 0.22um filtered) and 

homogenized in a douncer with 40 strokes. The solution was transferred to a 15 ml falcon tube and 

centrifuged 1 min max at 4C. Pellets were resuspended in 3 ml solution D, and 2ml Optiprep was added 

and centrifuged for 10 min at 3200g at 4C. The resulting supernatant was discarded, and one more round 

of OptiPrep purification was performed. The resulting pellet was resuspended in a 500 ul Nuclear PBS 

buffer solution (1x PBS, 5% BSA, 20 U/ul RNAase inhibitors, 1mg/ml actinomycin D). This nucleus-

containing solution was filtered using a 40 um Flowmi Cell Strainer (Bel-Art). The filtered solution was 

integration and individuality of extracted nuclei, and nuclei were counted to have around 1000 nuclei/ul 

for library preparation and sequencing using 10x genomics technologies.  
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4.4.4 snRNA library construction and sequencing 

15 to 20 ul of the nuclei suspension were used to perform 10x RNA library construction following the 10XG 

3′ reagent kit v3.1 and user guide CG000204 Rev D in 10X Chromium single cell controller. The sequencing 

(with a target nuclei number 4000) was performed in the HiSeq4000 instrument by gene expression core 

facility, EPFL.  

4.4.5 Data demultiplexing and quality control 

A total of 273 Mio reads for the PBS sample (resp. 261 Mio reads for PFF sample) were processed using 

CellRanger workflow (v. 6.0.1), using the pre-built mouse reference genome mm10-2020-A. This resulted 

in 3446 estimated PBS nuclei and 3758 PFF nuclei, with 79K (resp. 69.5K) mean reads per cell and 2566 

(resp. 2586) median genes per cell. PBS and PFF samples were then aggregated using the cellranger aggr 

function with the default settings. This resulted in 7204 nuclei, with 68.6K mean reads per cell and 2557 

median genes per nuclei. Aggregated results were then imported and analyzed into R (v. 4.0.0) using the 

R package Seurat (v3.1.5). Nuclei with more than 20000 UMI counts, detecting less than 200 or more than 

6000 genes, and detecting more than 10% of mitochondrial genes, were removed from the analysis. A 

total of 6980 nuclei (3315 PBS and 3665 PFF) and 19136 genes remained. 

4.4.6 Clustering, cell-type annotation  

The 18 clusters obtained at a resolution of 0.8 were characterized and associated with a given cell-type, 

based on some known cell-type markers expression levels. 

4.4.7 Differential expression analysis and functional enrichment analysis 

Marker gene identifications were performed using FindAllMarkers, requiring a minimum of 100 cells per 

group. Differential gene expression between PBS and PFF cells was done using FindMarkers, with a 

minimum group size of 5 cells. Upregulated genes were selected with the following criteria: p<0.05 and 

positive negative log fold change, and down-regulated genes were selected with the following criteria: 

<0.05 and negative log fold change. Gene Ontology enrichment analysis (molecular function, cellular 

component, KEGG pathways) for upregulated and downregulated genes in different types of cells was 

performed using g:Profiler773 with the following parameters: significance threshold method: g_SCS; user 

threshold: 0.05, statistical domain scope: only annotated genes. 

4.4.8 PD risk genes analysis and pathways analysis 

To identify the expression level of PD risk genes in different cell types of the Amygdala, we obtained the 

top 125 PD-risk genes based on gene-disease association score from the DisGeNET database (UMLS CUI 
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ID: C0030567) and screened for gene expression changes by looking mean expression levels and 

significance level in different cell types of PBS and PFF samples.  

 

4.5 Contributions of the authors 

Somanath Jagannath and Hilal A. Lashuel conceived, conceptualized and designed the experiments. 

Somanath Jagannath performed raw data analysis and data extraction, interpretation and wrote the 

chapter with the feedback from all the authors. Marion Leleu performed bioinformatics analysis and 

generated figures 4.1B, 4.2, 4.3, 4.6, 4.9 based on the inputs from Somanath Jagannath, Gioele La Manno 

and Nicolas Guex.  
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CHAPTER 5: CONCLUSION 

5.1 Achieved results, limitations and future perspectives  

In Chapter 2 of this thesis, we used multiple techniques to assess the aSyn species specificity of several 

commonly used conformational-specific and aggregation state aSyn antibodies. This was achieved using 

well-characterized preparation of aSyn monomers, fibrils and different preparation of oligomers of 

distinct structural and biochemical properties. Our results demonstrated that: i) no antibodies could be 

identified that were solely monomer-specific, oligomer-specific or fibril specific;  ii) all the antibodies that 

recognized aSyn oligomers also recognized aSyn fibrils and some recognized all three species (oligomers, 

fibrils and monomers); iii) the antibody clone 26F1 is the only antibody that was shown to be highly 

specific for -sheet-enriched oligomers, it detects oligomers and HNE-induced oligomers and fibrils but 

not for unstructured DA-induced oligomers and structurally disordered monomers; All other antibodies 

recognized both structured (β-sheet enriched) and disordered oligomers, suggesting that their specificity 

could be driven by avidity rather than conformational specificity iv) the antibody clone 5G4 showed 

increased immunoreactivity toward -sheet-enriched oligomers, HNE-induced oligomers and fibrils, and 

unstructured DA-induced oligomers and almost no immunoreactivity toward monomers; iv) antibodies 

clones A17183A, A17183E, SYNO4 preferentially detected all three types of oligomers and fibrils but 

reacted very weakly toward monomers; v) the majority of the other antibodies (such as 9029, 12C6, 

ASyO5, SYN-1, and SYN211) exhibited immunoreactivity towards all aSyn species under the conditions 

tested here. MJFR-14 shows more specificity to aggregated forms of aSyn by ELISA but showed higher 

immunoreactivity to monomers by slot blot and Western blot analyses.   

Although we failed to identify antibodies that target a single specific form of aSyn i.e., monomers, 

oligomers or fibrils, our results show that it is possible to develop antibodies that target β-sheet rich aSyn 

oligomers and fibrils or oligomers and fibrils of diverse conformational properties. Such antibodies could 

represent more reliable tools for measuring the total levels of aggregated aSyn. Finally, our findings show 

that it is unlikely that any of the existing oligomer-specific immunoassays can provide an accurate 

assessment of the levels of aSyn oligomers or capture the diversity of aSyn by Western blots and possible 

in tissues. Therefore, we propose that these oligomer assays should be reassessed for their ability to 

distinguish between aSyn oligomers and fibrils. The interpretation of previous and future studies should 

take into account the specificity and limitation of the antibodies used. Future studies aimed at deciphering 

the role of different aSyn species in the pathogenesis of PD should be carried out using multiple antibodies 

characterized using aSyn multiple calibrants that capture, to the extent possible, the diversity possible of 
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aSyn species in the brain. A similar approach can be applied to facilitate the development of accurate 

assays to assess the target engagement of therapeutic antibodies.  

One major limitation of our work is that while we used diverse and well-characterized aSyn preparations 

of monomers, oligomers (different types), and fibrils to screen the antibodies, it remains unclear how 

these species occur in the brain. That being said, we hypothesized that screening using a diverse set of 

species instead of using one specific type of aSyn oligomer is the best that we can do to approximate the 

complexity of aSyn species in vivo. In this direction, future work is required for the development of tools 

and techniques to isolate oligomers from the patient brains and use these patient-derived oligomers as 

immunogens to develop antibodies. This will ensure that antibodies will detect oligomers present in the 

brains and help identify the diversity of conformations of oligomers that might be present in the PD and 

related synucleionopathic brains. The second limitation is that our study focused on exploring the diversity 

of oligomers but not fibrils. Therefore, future studies that incorporate morphologically, structurally, and 

chemically different fibrils will enable us to identify the specificity of these antibodies. The third limitation 

is that aSyn is subjected to different modifications in vivo, while all our protein standards were generated 

from unmodified recombinant aSyn. However, it is important to note that while we know a great deal 

about the different types of PTMs that occur in LBs and LNs and aSyn aggregates, very little is known about 

the PTM patterns of aSyn oligomers in vivo. Therefore, further studies are required to generate PTM 

modified oligomers and assess whether any of these conformation-specific antibodies preferentially 

detect specific PTM modified oligomers and any cross-reactivity to different PTM modifications – this will 

help in detecting if oligomers in the patient brains are PTM modified and that information could be used 

to specifically target PTM modified oligomers to halt or slow the disease progression, similar to what has 

been reported with so-called oligomer-specific immunotherapy approach. 

In chapter 3 of this thesis, we systematically addressed the current knowledge gaps on the role of aSyn 

oligomers in the initiation, seeding and pathology spreading of aSyn. Towards this goal, we used different 

biophysical approaches to investigate aSyn seeding in vitro and neurons and animal models of aSyn 

seeding and pathology spreading. Our results demonstrated that i) oligomeric forms of aSyn do not form 

in the PFF-based neuronal seeding model, where the process is dominated by fibril-mediated seeding and 

fibril growth; ii) different types of oligomers (UO, DO, and HO) do not have seeding activity in vitro and 

primary hippocampal neurons, and their presence slows rather than accelerates aSyn fibrillization; iii) 

fibrils and oligomer growth occur through monomer addition, and fibrils compete more efficiently for 

monomer addition. Also, depletion of monomers might favor oligomer dissociation or monomers that 
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could be cleared or re-enter the aggregation pathway through addition to fibrils. Finally, we demonstrate 

that only at higher concentrations we observe toxicity induced by oligomers, therefore, future studies are 

required to address oligomer toxicity wherein lower concentrations which are closer to physiological 

levels of aSyn and revisit the oligomer toxicity hypothesis put forth by several studies. 

A major limitation of our work in chapter 3 is the use of the PFF-based neuronal seeding model to assess 

the presence of oligomers, it remains to be tested whether a similar phenomenon occurs in other model 

systems of PD, such as de novo cellular models of PD, lentiviral-based overexpression model systems. That 

being said, we hypothesized that PFF-based model system could be better in our study as this model 

develops LB-like inclusions that recapitulate several biochemical, and structural features of LBs observed 

in postmortem brains of PD patients. In this direction, future studies are required to address the presence 

of oligomers in different model systems of PD using a combination of tools that allow detection under 

non-denaturing conditions (dot blot, ELISA with oligomer-specific antibodies, gel-filtration 

chromatographic, clear native-PAGE) and those that allow detection under denaturing conditions 

(Western blotting, immunoprecipitations). The second limitation of our studies is that we used oligomers 

prepared from unmodified recombinant aSyn monomers to determine the seeding, spreading and toxicity 

studies. There could be PTM modified oligomers in the patient brains. Therefore, future studies are 

required to address whether PTM modified oligomers inhibit, promote or accelerate aSyn aggregation 

process. A third limitation of our work is the use of in vitro generated oligomers which might display 

different seeding/toxicity properties compared to oligomers derived from patient brain, future studies 

are required to address this limitation.  

We investigated how different cell types in Amygdala might contribute to PD pathogenesis by single-cell 

transcriptomics in Chapter 4 of this thesis. We were able to identify several important findings that might 

explain why some neurons are susceptible or resistant to developing pS129 positive aggregates and how 

non-neuronal cell types such as astrocytes, microglia, oligodendrocytes, pericytes respond to aggregates 

load in the Amygdala brain region. Specifically, we demonstrated that different cell types respond 

differently to the aSyn aggregate burden in the amygdala brain region by differentially upregulating or 

downregulating genes. Inhibitory neurons that abundantly develop aggregate are shown to display several 

upregulated genes that are associated with neuronal activity. Conversely, non-neuronal cell types express 

several downregulated genes associated with regulatory activities such as ATPase activator, protein or 

nucleotide binding, and processes related to protein degradation. These findings indicate that neuronal 

signaling-related functions are upregulated in inhibitory neurons that do not develop aggregates, 



130 
 

suggesting that increased neuronal signaling in inhibitory neurons could be a protective action in the early 

disease stage. We also demonstrated that the expression level of several PD risk genes and pathways are 

differentially affected in different cell types. Further studies are required to validate these various gene 

expression changes in cellular and animal model systems by following approaches: 1) knockdown of 

upregulated genes using small interfering RNAs (siRNAs) and short haipin RNAs (shRNAs), or the 

suppression of translation of specific genes using microRNAs (miRNAs), 2) enhance gene expression of 

downregulated genes using lentiviral or adeno-associated virus-mediated strategies. We believe that this 

approach might help prevent or halt the seeding process and subsequent recruitment of endogenous aSyn 

for the maturation of LB-like inclusions and their clearance in different neurons. 

In the future, it needs to be determined whether these changes are uniform across other brain regions 

and how transcriptomics changes are regulated at different stages of the disease process. A major 

limitation of our work is the absence of functional studies and morphological characterization of neurons 

that develop aggregates versus those that do not. Therefore, in the future, single-cell Patch-seq studies 

are required to correlate transcriptomics, electrophysiology and morphology of susceptible and resistant 

neurons at single-cell levels. These studies will pave the way for identifying cell-autonomous factors in 

different brain regions that might be driving the disease process and targeting these for therapeutic 

purposes or disease-modifying therapies.  
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